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	Executive Summary




The following is a summary of the major project activities that have taken place over the completed quarter.  For more details, see the individual reports in the last section of this report.








Research Projects

Energy Recovery and Conversion 
1-Force-Fed Cooling of Photovoltaic Arrays for High-Efficiency Solar Energy Conversion Systems

S. Dessiatoun (UMD), M. Ohadi (PI)

Objective: To create a database on the available cooling techniques for high heat flux solar concentrator arrays necessary for efficient conversion of solar energy to electric power, and to design and fabricate an experimental prototype and associated setup to verify the feasibility of this concept and the capacity for force-fed cooling. 
Progress:


· Tested two heat sinks in an open-loop test setup with water under different input power levels.
· Calculated thermal parameters.
· 
· 
· 
· 
2-Sulfur Recovery from Gas Stream using Flameless and Flame Combustion Reactor


Prof. A.K. Gupta (UMD), M. Sassi (PI)

Objective: To obtain fundamental information on the thermal process for sulfur recovery from sour gas by conventional flame combustion and flameless combustion using numerical and experimental studies. The ultimate goal is to determine optimal operating conditions for sulfur conversion.

Progress: 
· Added a pressure regulator to the facility to measure the pressure of the facility. 
· Incorporated a gas chromatograph into the test setup to analyze the concentrations of non-sulfur and sulfur-bearing compounds in the exhaust gases.
· Studied temperature distribution in the reactor at selected radial directions at different axial positions in the facility. Tested different flow rates and runs to determine the temperature standard deviation. 
· Carried out a detailed examination of the reduced mechanism evolution with the reaction progress along a plug flow reactor. This examination shows good agreement with the global behavior as well as provides a good understanding of the reactions under the main Claus reaction conditions.
· 
· 
· 
3-Solid Oxide Fuel Cells for CO2 Capture and Enhanced Oil Recovery


G. Jackson (UMD), S. Dessiatoun (UMD), V. Eveloy (PI), A. Almansoori (PI)

Objective: To investigate the feasibility of implementing advanced solid oxide fuel cell (SOFC) technology for producing power from oil well off-gases while providing a source of concentrated CO2 for sequestration and enhanced oil recovery.
Progress: 

· The UM team continued to analyze data on electrochemical oxidation of direct n-butane/steam feeds and to explore the effects of CeO2 addition in the anode and its impact on carbon deposition. 

· Compared Ni/CeO2/YSZ anodes and Ni/YSZ anodes, which indicated that the presence of CeO2 in the anode is vital for eliminating excessive carbon deposition in the anode for stable operation on light gases characteristic of petroleum processing.  
· Developed further modeling, including a refinement of the down-the-channel 2-D model.  
· UM hosted Petroleum Institute’s Prof. K. Nandakumar, who visited UM from September 17-19, 2008.  Discussions with Nandakumar explored ways of strengthening the collaboration particularly related to model development both at the SOFC level and the broader system level.  
· Paul Jawlik successfully defended his M.S. thesis on the work. 
· The UM team submitted an abstract for the upcoming Energy 2030 conference at PI.

· 
· 
· 
· 
4-Fundamental Immiscible Porous Media Studies for Improved Reservoir Models


K. Kiger (UMD), A. Riaz (UMD), A. Shooshtari (UMD)

Objective:  To study experimentally and numerically the detailed mechanics of immiscible two-phase flow in porous media, with the intent to explore the nonequilibrium mechanisms responsible for the breakdown of traditional continuum equations used for reservoir simulation. The outcomes of this research will enable the rational modeling extension of the traditional equilibrium relative permeabilties to account for the non-equilibrium conditions which occur for unstable displacement conditions.
· Progress:
· Co
· ntinued work on determining the proper fluids and solid matrix material that will permit the index-matched experiments.  Candidate fluids are aqueous mixtures of zinc iodide and microscopy oils. 

· Investigated the various imaging options available for determining the high-resolution measurements needed for these flows. Both optical coherence tomography (OCT) and fluorescent confocal microscopy have been identified as potential options.

· Submitted two papers for poster presentation at the Energy 2030 conference.
5-Solar Cooling


R. Radermacher (UMD), Yunho Hwang (UMD), R. Kubo (PI), P. Rodgers (PI)

Objective:  To design, fabricate, and test a solar cooling system with the highest possible cooling COP measured to date.

Progress:

· Sized the solar sub-system. 

· Sized the cooling sub-system based on Abu Dhabi design conditions.
· Finalized the size of the complete system.
· Wrote a paper on a high efficiency solar cooling technique. 

· 
· 
· 
6-Waste Heat Utilization in the Petroleum Industry


R. Radermacher (UM), Yunho Hwang (UM), S. Al Hashimi (PI), P. Rodgers (PI)

Objective: To utilize waste heat in petroleum processing plants to minimize overall energy consumption.

Progress: 


1. 
2. 
3. 
· Modeled the following in ASPEN:

4. APCI basic energy plant model.
5. Enhancements to APCI natural gas liquefaction cycle.
6. Single- and double-effect water/LiBr absorption chiller.
7. Single-effect ammonia/water absorption chiller.
Energy Efficient Transport Processes

1-Thermally Enhanced Polymer Heat Exchanger for Seawater Applications

A. Bar-Cohen (UM), Dr. Peter Rodgers (PI), Dr. Ahmed Abdala (PI)

Objective: To address the fundamental thermal performance issues associated with the use of thermal high-conductivity polymer materials in heat exchangers. 

Progress:  

· Collected data on thermally enhanced PolyOne polymer heat exchanger.

· Patrick Luckow, Juan Cevallos, Avram Bar-Cohen and Peter Rodgers attended the 2008 Energy Sustainability Conference August 10-14 to present their paper, “Energy Efficient Polymers for Gas-Liquid Heat Exchangers.”

· Submitted Polymer Heat Exchangers review paper to a professional publication.

· Measured in-plane thermal conductivity of PolyOne thermally-enhanced Nylon 12, and completed experimental verification of fiber orientation Moldflow prediction.

· Completed Moldflow filling parametric analysis and created response surface models.


· 
· 
· 
· 
· 
· 
2-An EHD-Enhanced Gas/Liquid Separator


S. Dessiatoun (UM), M. Ohadi (PI), A. Goharzadeh (PI)

Objective: To study hybrid inertia-EHD gas-liquid separation phenomena for electrically conductive and nonconductive liquid particles suspended in a moving gaseous medium.


Progress:  

· Modified the air-oil separation test setup.
· Performed parametric study on air-oil separation.
· 
· 
· 
· 
3-Study of Condensing Flows in a Micro-scale Channel with a Micro-element Array and Visual Techniques


S. Dessiatoun (UM), A. Shooshtari (UM), A. Goharzadeh (PI)

Objective: To investigate the fundamentals of the two-phase condensing flow phenomenon in a sub-millimeter microchannels.

Progress:
· Completed pressure drop study of constant quality flows with R-134a and R245fa.
· Conducted visualization tests on two-phase flows for Microchannel Condenser 1.
· Designed a visualization test for Microchannel Condenser 2 for PI.
· 
· 
Energy System Management
1-Robust Optimization of Petrochemical Systems


S. Azarm (UM), S. Al Hashimi (PI), T. Al Ameri (PI)

Objective: The objective of this study is to develop a framework for robust optimization the design of a distillation column, while considering the net profit effect at the plant level. 

Progress: 

· Revised the previously developed reactor-distillation model with the following improvements: (i) the reactor model has been refined to account for more design variables and parameters; (ii) a second distillation column model has been added to facilitate separation of multiple distillates; (iii) compatibility issues among different subsystems have been resolved.
· Set up and solved the all-at-once multi-objective multi-disciplinary optimization problem for the revised reactor-distillation model, and achieved convergence.
· Obtained preliminary Pareto solutions for the reactor-distillation system optimization problem in a deterministic case.
· Extended the recently developed single-level, single-objective, robust optimization approach to multi-objective robot optimization. 
· Continued a comparative study between the proposed single-level MORO and our previously developed MORO. We have obtained preliminary results that show that the number of simulation calls required by the new MORO approach is an order-of-magnitude less than the previous MORO technique. Our current results show that the new MORO approach is generic and applicable to a wide class of problems in energy systems.
· Completed a journal paper in the area of combined robust optimization and sensitivity analysis; paper is being reviewed and finalized by PI.
· Preparing a journal paper based on the proposed single-level MORO.
· Preparing an abstract of the single-level MORO to be submitted to Energy 2030 conference.
· 
· 
· 
· 
· 
· 
· 
2-Dynamics and Control of Drill Strings on Fixed and Floating Platforms


B. Balachandran (UM), M. Karkoub (PI), Y. Abdelmagid (PI)

Objective: To develop and analytically and numerically study control-oriented models for drill strings; to investigate control of an under-actuated nonlinear system (drill string) with complex interactions with the environment; and to build a drill-string testbed at the PI/UM to test the theoretical findings.

Progress: 

· Performed calibration experiments and preliminary unbalanced mass experiments. 
· Collected data and performed analyses. 
· Submitted a conference abstract entitled  “Reduced-Order Models for Drill-String Dynamics,” authored by C. M. Liao, B. Balachandran, M. Karkoub, and Y. Abdelmagid, to the Second Energy 2030 Conference.
· Submitted a journal manuscript entitled “Drill String Torsional Vibration Suppression Using GA Optimized Controllers,” authored by M. Karkoub, Y. Abdelmagid, and B. Balachandran, to the Canadian Journal of Petroleum Technology.
· Preparing a journal article for submission to the ASME Journal of Vibration and Acoustics.
· 
· 
· 
· 
· 
3-Developing Corporate Dashboards for Multi-Unit Firms:  An Agent-Based Approach

P. K. Kannan (UM), T. Al Ameri (PI)

Objective: To develop measurement systems that will incorporate the interconnectedness among the units and provide clear guidelines at the multi-unit level through dashboards that will enable the management of such complex systems and improve the understanding of such systems. The project will also enable managers to understand the implications of their various policies and decisions at the multi-unit level through the use of agent-based models.
Progress:

· With the departure of Dr. Tareq Al Ameri from PI, the project team interacted with Dr. Ali Almansoori and Dr. Saleh Al Hashimi on continuing the project and discussed the model development with them.

· Developed a framework for a multi-plant problem within a refinery setting to tie the research more closely with PI’s research contexts based on the comments from Dr. Al Hashimi and Dr. Almansoori. 
· 
· 
· 
· 
4-Development of a Probabilistic Model for Degradation Effects of Corrosion-Fatigue-Cracking in Oil and Gas Pipelines


M. Modarres (UM), A. Seibi (PI)

Objective: To propose and validate a probabilistic model for health management of oil pipelines in process plants.

Progress:
· Received and installed the Cortest corrosion-fatigue testing equipment at UM. The expected training and testing date at UM is 10/27/2008.  
· Submitted a purchase order to Innovative Testing Services (ITS), located in Scotia, New York to conduct pitting and corrosion fatigue testing.  The expected date for the first batch of results is late December 2008.  


· 
· 
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	Introduction




In line with its mission to provide world-class education to the citizens of the United Arab Emirates in engineering and the applied sciences, the Petroleum Institute (PI) of Abu Dhabi, UAE, has entered into a long-term collaborative effort with the University of Maryland (UM) to enhance its own undergraduate, graduate studies/research, and continuing education practices. The PI was founded by Emiri decree in 2001 under the direction of H.H. Sheikh Khalifa bin Zayed Al-Nahyanand.  It is sponsored by a consortium of Abu Dhabi National Oil Company (ADNOC) and its international partners (Shell, BP, Total, and Japan Oil Development Company.
The PI and UM recognize the many potential benefits for both institutions that could result specifically from collaborative educational and research activities in the field of Energy Sciences and Engineering.  The Energy Education and Research Collaboration (EERC) has been created within the A.J. Clark School of Engineering at the University of Maryland to provide the administrative structure and academic oversight for these collaborative efforts.

During this seventh quarter of the EERC’s funded effort, partnerships between UM and PI faculty have been further solidified, and significant progress has been made on the collaborative research projects.

Dr. K. Nandakumar Visits UMD

Dr. Krishnaswamy Nandakumar, the GASCO Chaired Professor of the Chemical Engineering Department at PI, visited UM on September 17-19, 2008. On the 19th of September, he gave a seminar for the Mechanical Engineering Distinguished Lecture Series titled “Multiphase Computational Fluid Dynamics: A New Tool to Aid in Scale Up of Chemical Processes.” 

Dr. Nandakumar attended the Center for Environmental Energy Engineering – Small Autonomous Energy Systems Consortium Meeting and SOFC research program review on the morning of September 18. During the rest of his visit, he met with several professors from the Mechanical, Chemical, Fire Protection, and Chemistry and Biomolecular engineering departments and visited the Fuel Cell and Catalysis labs. UM Professors Greg Jackson and Bryan Eichhorn hosted this visit. 
PI Distance Learning Students

The table below shows a list of students currently working on EERC projects, their advisors at UM, and the PI collaborating faculty.  The table also includes the degrees sought and the students’ funding sources. 

	UM Professor 
	PI Professor
	Student
	Degree
	Funding Source

	Modarres
	 Seibi (TCM)
	Mohamed Chooka
	Ph.D.     
	ADNOC

	 
	 
	
	
	

	Balachandran
	Karkoub (TCM)*, Abdelmagid
	Chien-Min Liao
	Ph.D.   
	EERC

	Dessiatoun
	Ohadi, Goharzadeh, Kubo
	Mohamed Alshehhi
	Ph.D.    
	ADNOC

	 
	
	Ebrahim Al-Hajri
	Ph.D.    
	ADNOC

	 
	
	Elnaz Kermani
	M.S.       
	EERC

	Azarm
	Al Hashimi, Al Ameri  
	Genzi Li
	Ph.D. (graduated 8/2007)
	

	 
	 
	Wei Wei Hu
	Ph.D.   
	EERC

	Gupta
	Sassi
	Hatem Selim
	Ph.D.     
	EERC

	Bar-Cohen
	Rodgers, Abdala
	Juan Cevallos
	M.S.
	EERC

	
	
	Patrick Luckow 
	M.S.
	EERC

	Radermacher
	Al Hashimi, Rogers, 
	Ali Alalili
	Ph.D.     
	ADNOC

	 
	
	Amir Mortazavi

Chris Somers

Paul Kalinowski
	M.S.

M.S.

M.S. (graduated 9/2007)
	EERC

EERC

Mannheim

	Jackson
	Eveloy (TCM), Almansoori (TCM)*
	Paul Jawlik
	M.S.       
	EERC

	
	
	Siddharth Patel
	M.S.        
	EERC


* = To be assigned

TCM = Thesis Committee Member

CA = Co-advisor

At this point we have seven Ph.D. students and seven M.S. students at UM. 

Quarterly Report Schedule

Only the final report remains for Phase I of the EERC.  The final report will be submitted in December, 2008.
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Energy Recovery and Conversion Projects


	








	Force-Fed Cooling of Photovoltaic Arrays for High-Efficiency

Solar Energy Conversion Systems

UMD Investigators: Dr. S. Dessaitoun, Dr. A. Shooshtari

GRA’s: E. Kermani,

PI Investigator(s): Dr. M. Ohadi

Start Date: March 2007
Report Date:  31 October 2008


1.
Objective/Abstract

The proposed project will create, based on a survey of available literature, a database on the available cooling techniques for high heat flux solar concentrator arrays necessary for efficient conversion of solar energy to electric power. The typical cooling load necessary for optimum radiation concentration and optimum photovoltaic conversion efficiency will be identified, and a novel force-fed cooling technique that has been developed at UMD will be applied to contain this cooling load. An experimental prototype and associated setup will be designed and fabricated to verify the feasibility of this concept and the capacity for cooling by this technique. Based on these experimental results, the radiation concentration levels acceptable to this cooling capacity will be redefined. The type of fluid and its flow rate, the temperature of the surface where solar radiation is incident, and the uniformity of temperature on this active area are the main issues that will be addressed in this proposed project. The scalability of this technique for uniform cooling of industry-scale extended area panels will be a guiding parameter for the design and development of the heat exchanger prototype proposed here.

2.
Deliverables Scheduled for the Completed Quarter

· Experimental Test Results

Two heat sinks have been tested in an open-loop test setup with water under different input power and the thermal parameters have been calculated and studied.
3.
Summary of Project Activities for the Completed Quarter

Two heat sinks have been completely packaged and tested under different input power levels. The geometrical dimensions of the microchannel in the two heat sinks tested are presented in Table 1.

Table 1. Geometrical dimensions

	Channel depth, ((m)
	200
	200

	Channel width, ((m)
	20
	40

	Fin width, ((m)
	20
	40

	Channel length, ((m)
	400
	400

	Hydraulic diameter, ((m)
	36
	67

	Number of channel per cm
	250
	125


The geometrical dimensions of the flow distributor for the two heat sinks are presented in Table 2.

Table 2. Geometrical dimensions of the manifold

	Inlet width, ((m)
	120

	outlet width, ((m)
	240

	Manifold height, ((m)
	500

	Manifold wall thickness, ((m)
	220

	Number of outlet flow
	13

	Number of inlet flow 
	13


A typical test run started with a degassing process. The trapped air was removed from the loop by running the system continuously for about 30 minutes. In the current experiments, the overall flow rate ranged from 0.3 gr/s to 1.3 gr/s. For each flow rate, the power input was increased from zero to the maximum output that the wirebond could tolerate. For each test run, the temperature and pressure drop were closely monitored. After about 5 minutes, steady-state condition was identified and data was sampled continuously for about one minute. Using the calibration curve, all temperatures were calibrated. After each test flow measurement was performed by collecting and weighing the DI water for certain amount of time, the power dissipation was determined from the product of the voltage and current measured at the heater. 
It should be mentioned that actual heat input may be less than the measured value due to losses to the environment. Power input measured agreed within 5% of the heat transferred to the water. 

Here the experimental results of the first heat sink with hydraulic diameter of 67 (m and second heat sink with hydraulic diameter of 36 (m are presented. 

First heat sink with hydraulic diameter of 67 (m
The heat transfer coefficient obtained at each flow rate is presented in Figure 1. The overall heat transfer coefficient h is calculated by 


[image: image3.wmf]
Heat transfer area A is defined as the total projected area. The heating power Q received by water is calculated by the energy conservation equation from the inlet and outlet working fluid temperature assuming negligible heat losses to the surroundings. 
[image: image4.wmf] is the mean temperature difference between the channel walls and the working fluid.  
[image: image5.wmf], the average heater temperature, was determined by the three thermocouples placed on the heater. 
[image: image6.wmf]and 
[image: image7.wmf]are the inlet and outlet bulk temperatures of the working fluid. The mean temperature of the water 
[image: image8.wmf]is used to characterize the physical properties of the working fluid, including thermal conductivity K, density 
[image: image9.wmf], and specific heat 
[image: image10.wmf]. 

[image: image11.emf]
Figure 1. Variation of heat transfer coefficient versus flow rate.

As seen in Figure 1, the heat transfer coefficient increases as the water flow rate increases, and the variation seems linear. At its peak, the heat transfer coefficient is 57528 W/m2K. The uncertainty in heat transfer coefficient for all test points averaged 7% with a maximum uncertainty of 8.9%. 
The temperature difference in the water between the inlet and outlet versus input power at different flow rates is plotted in Figure 2. The maximum power applied to this sample was 58 W, and water inlet temperature was 24 0C. As predicted, at each input power when the flow rate was low, temperature difference was high. Also, by increasing input power at constant flow rate, the water temperature difference increases. The maximum water temperature difference occurred at 58 W and 0.693 gr/s flow rate and was 20.3 0C.
The variation of average surface temperature versus input power at different flow rates is presented in Figure 3. Here it is seen that surface temperature increases linearly with an increase in power; however, it decreases with an increase in flow rate due to higher heat transfer coefficient. The maximum surface temperature was 48.2 0C, attained at 58 W and 0.66 gr/s flow rate.
The results of the pressure drop versus flow rate in this heat sink are presented in Figure 4. The flow rate between 0.6 gr/s and 1.2 gr/s and pressure drop between 5.84 kPa and 19.88 kPa was obtained for this case. The error in the pressure drop measurement is negligible, and the accuracy of the flow rate calculation is 0.05 gr/s.

[image: image12.emf]
Figure 2. Variation of water temperature versus input power.
[image: image13.emf]
Figure 3. Variation of heater surface temperature versus input power.

[image: image14.emf]
Figure 4. Variation of pressure drop versus flow rate.

Second heat sink with hydraulic diameter of 36 (m
In Figure 5 the pressure drop versus flow rate is presented for flow rates between 0.3 gr/s and 1.1 gr/s. Pressure drop was obtained between 3.66 kPa and 22.67 kPa. The error in the pressure drop measurement is negligible, and the accuracy of flow rate calculation is 0.05 gr/s.

[image: image15.emf]
Figure 5. Variation of pressure drop versus flow rate.

The heat transfer coefficient versus flow rate for this sample is presented in Figure 6. Similar to the first sample, the heat transfer coefficient increased with flow rate linearly. The uncertainty in heat transfer coefficient for all test points averaged 8.5% with a maximum uncertainty of 17%. 

As for the first sample, the temperature difference in water versus input power at different flow rate is plotted in Figure 7. The power increment in this sample was the same as the first, but the maximum power was increased to about 75 W and the inlet water temperature was 26 0C. The same trends were obtained for this sample, although in this case, at very low flow rate the temperature difference in water sharply increased to about 34.3 0C.

[image: image16.emf]
Figure 6. Variation of heat transfer coefficient versus flow rate.

[image: image17.emf]
Figure 7. Variation of water temperature versus input power.

Figure 8 illustrates the average surface temperature versus input power at different flow rates. As demonstrated in the previous graph, the trend in this test and in sample one are the same except for a very low flow rate, at which surface temperature increased sharply with flow rate. Linear behavior was also obtained in this figure. The maximum surface temperature was 61.5 0C, attained at 48 W and 0.3 gr/s flow rate. When the flow rate is increased, heat transfer coefficient is higher, and therefore the surface has a lower average temperature.
[image: image18.emf]
Figure 8. Variation of heater surface temperature versus input power.

Comparison of the heat transfer performance of the heat sinks

We compared the Nusselt number versus Reynolds number for the two test samples. The overall Nusselt number for the de-ionized water flowing through the sample is defined as 


[image: image19.wmf]
The mean temperature of the water is used to characterize physical properties of the de-ionized water, and the hydraulic diameter is defined as 
[image: image20.wmf]. Figure 9 shows the effect of Reynolds number on the average Nusselt number. As the Reynolds number increases, a higher Nusselt number is obtained and overall agreement between these two samples is achieved. 

These results were compared against the available literature, for which a study by Jiang et al. [1] was selected. Their research demonstrated that the average Nusselt number decreases from 12.9 to 3.0 with an increase in X+ (where X+ is defined as L/(RePrD)). They observed a two-flow regime in Nu.  For the X+ relationship for X+<0.05, the average Nusselt number decreases sharply with increasing X+, whereas for X+>0.05 the average Nusselt number decreases very slowly with increasing X+. They concluded that different heat transfer regimes are due to flow regimes and the thermal entry effect and thus proposed a Nu and X+ correlation as:


[image: image21.wmf]

 EMBED Equation.DSMT4  [image: image22.wmf]
[image: image23.emf]
Figure 9. Variation of Nusselt number versus Reynolds number for first and second heat sinks.

[image: image24.emf]
Figure 10. Variation of Nusselt versus X+ for two heat sinks.

This trend is also observed in the results of this research. As presented in Figure 10, the  average Nusselt number versus X+ demonstrates a decreasing trend up to X+ = 0.05, which proves that the flow should be in the developing regime. As predicted, the manifold helps to promote redeveloping flow in each channel, which enhances the heat transfer capability.

Experimental results against Jiang et al. correlation are presented in Figure 11 and demonstrate reasonable agreement with the correlation.

[image: image25.emf]
Figure 11. Comparison of Nusselt number versus X+ number of the experiment against Jiang et al.’s correlation.

4.
Difficulties Encountered/Overcome

· Lack of literature about thermal behavior of manifold microchannels. 
5.
Planned Project Activities for the Next Quarter

· Finalize the results and propose recommendations.
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Justification and Background

The abundance of solar energy in Middle Eastern countries provides significant opportunity for development of eco-friendly power generation technologies essential in the modern world. Several decades of research have produced significant knowledge and innovations in design of economically viable, silicon-based photovoltaic (PV) panels and mirrors for concentration of solar radiation and its conversion to electric power. One of the outstanding challenges in this field is the active and uniform cooling of these large-area, high heat flux solar concentrator arrays, because the conversion efficiency is heavily dependent on device temperatures and drops significantly with an increase in temperature. If an appropriate cooling technique is possible, these solar panels will become more effective and commercially viable, which could pave the way for a rapid transition of the current power generation industry towards eco-friendly alternatives for local use, increasing currently available export resources and also creating a base for future energy export technologies.

Among several techniques enabling the use of solar energy, solar photovoltaics exhibit significant potential for economic and eco-friendly process for power generation industry. After five decades of research and development, photovoltaic energy production is growing exponentially across global markets. Northern Europe and Japan currently lead in the research and commercialization of PV technology. Solar panels on the facades and roofs of commercial and residential buildings are common pictures in these countries, where solar energy is used in every aspect of utilities, including heating, cooling and lighting needs. Most of those countries have climates with high cloudiness and low intensity direct sunlight, limiting the energy conversion effect. The static PV arrays that work well with dispersed sun light have already been developed. These cells are used in the static arrays and are simple silicon-based cells with poor conversion efficiency. 

Progress has been made on decreasing the cost and consumption of solar array material by using thin film PV cells. Daytime tracking of the sun by sensor-enabled drives offers significant benefit in increasing solar array effectiveness. Also, in the recent decade, works have been published on the concentration of solar radiation by parabolic mirrors and lens structures onto smaller sized solar panels, which greatly reduce the cost and increase conversion efficiency by increasing specific power. The US Department of Energy has recently reported exceeding 40% efficiency level with concentrated arrays compared to 8.5% for static arrays. The efficiency of the array increases with the level of concentration if array temperature is kept at a low constant value. The same low array cost compared to the total system cost will allow updating to current technology. The radiation concentration up to 80,000 times is theoretically possible but currently just 400 to 500 times is feasible due to high heat dissipation requirement on the PV concentrator arrays.

Approach

UM-side participation

1. Conduct extensive literature survey on PV radiation concentrators. Summarize available cooling technologies for these arrays with notes on their cost, size and other scalability issues.

2. Evaluate cooling loads, taking into account recent advances in radiation concentration technologies and conversion efficiencies.

3. Develop a force-fed heat exchanger prototype capable of rejection of this expected heat flux. Explore the possibility of MEMS fabrication techniques for creating micro-grooves integrated with solar panels. Also identify possible fluid choices and pumps to meet the demand.

4. Conduct experimental study on force-fed-based single- phase processes to determine cooling capacity.

5. Based on outcome of experiments, design, fabricate, and test a complete PV converter and cooler package in the field.

6. Make recommendations for a radiation concentration that is commensurate with this thermal management technique.

PI-side participation

1. Provide information and symbiotic assistance to the UM team regarding current concentrator designs, available cooling techniques and expected heat loads.

2. Prepare a solar concentrator to be packaged with UM-made heat exchanger for final testing.

3. Corroborate UM testing of the concentrator and cooling element in UAE desert conditions

4. Provide contributions to the preparation of final project report and recommendations.

Two-Year Schedule

UM-side participation

Year 1

· Literature review and summary

· Design of force-fed cooler for PV array

· Fabrication of experimental prototype and experimental loop

Year 2 

· Finalized experimental setup
· Experimental results
· Recommendations for optimized PV converters with respect to developed cooling capacity

· Final report

PI-side participation

Year 1

· Input on literature review and summary
· Discussion and assistance in design of test prototype
· Concentrator design
Year 2

· Discussion and assistance in experimentation
· Concentrator fabrication or participation in fabrication
· Testing of concentrator and cooling system in UAE conditions

· Input on final report and recommendation
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1.
Objectives / Abstract

The main objective is to obtain fundamental information on the thermal process of sulfur recovery from sour gas by conventional flame combustion as well as flameless combustion, using numerical and experimental studies. Our ultimate goal is to determine optimal operating conditions for enhanced sulfur conversion. Therefore, an experimental study of the flameless combustion processes of the Claus furnace is proposed and the results are compared with the normal flame process in order to determine the improved performance. In this study we will explore different operating conditions and perform exhaust gas analyses of both flame and flameless modes of reactor operation in order to seek our quest for attaining enhanced sulfur recovery.

Specific objectives are to provide: 

· A comprehensive literature review of the existing flame combustion process for sulfur removal with special reference to sulfur chemistry.  

· Near isothermal reactor conditions and how such conditions assist in the enhanced sulfur recovery process.  

· CFD simulation of the flame and flameless combustion in the furnace. 

· Determination of the chemical kinetics and the major reaction pathways to seek for high performance

· Design of a flameless combustion furnace for experimental verification of the numerical results.  

· Measurements and characterization of the flameless combustion furnace using high temperature air combustion principles, including the conditions of flameless combustion. 

· Experiments with different sulfur content gas streams using the flame and flameless combustion furnace modes of operation. 

· Installation of the appropriate diagnostics for quantification of stable and intermediate sulfur compounds in the process.

· Flow and thermal field characteristics in the reactor

· Product gas stream characteristics and evaluation of sulfur recovery and performance in the process.

2.
Deliverables for the Completed Quarter

· A pressure regulator was added to the facility to measure the pressure of the facility to make sure that all the test runs occur at the same pressure. The pressures of the reactants (H2S, O2, and CH4) were also measured before introducing them into the reactor/combustion zone. 
· A gas chromatograph was incorporated to analyze the concentrations of non-sulfur and sulfur-bearing compounds in the exhaust gases.
· Temperature distribution in the reactor was studied at selected radial directions at different axial positions in the facility for the experimental conditions described in our last quarterly report. Different flow rates and runs were also tested to determine the temperature standard deviation. This allowed us to quantify the temperature deviation from the average temperature in the facility. 
· A detailed examination of the reduced mechanism evolution with the reaction progress along a plug flow reactor was carried out. This helped us to determine the behavior of the chosen elementary reactions. This examination shows good agreement with the global behavior as well as provides a good understanding of the reactions under the main Claus reaction conditions.
3.
Summary of Project Activities for the Completed Quarter

During the reported quarter, progress continued in the areas of experimental facility upgrade, experimental tests, and chemical-kinetics calculations. In this report we discuss two main updates in the experimental facility: a gas chromatograph, which allows us to analyze the exhaust gas composition, and a pressure regulator, which allows us to measure the reactant flow rates and the facility. Moreover, temperature scanning along the hydrogen sulfide reactor was carried out in radial directions at different axial locations at the same fuel/oxygen flow rates given in the previous quarterly report. The previous report included only the axial temperature measurements. The temperature scanning gave us the spatial distribution of the reactor temperature at different experimental conditions. In addition, temperature standard deviation was calculated, which provides us with the temperature homogeneity within the reactor. Finally, progress on the chemical kinetics simulations continued with a detailed examination of the history of the reduced mechanism pathways in a plug flow reactor at the Claus conditions. Monitoring the behavior of the main species (H2S, S2, and SO​2) along the reactor showed good interpretation for the Claus process global reactions. This will allow us to determine the detailed kinetics and flow thermal behavior for optimum performance.

3.1 Experimental facility

In the last report we described the main components of the sulfur-removal test-stand at the UMD Combustion Laboratory. During the reported quarter, we have added components to the facility to aid in obtaining better quality data and to avoid the common errors introduced from the various components/sections in the facility.  We also added some diagnostic devices to the facility. The various components in the facility and the diagnostics are discussed below.

3.1.1. Gas chromatograph

Gas chromatography (GC) is used to analyze exhaust gas concentrations for different conditions. Typically, we have in our exhaust stream H2, O2, SO2, CO2, CO, H2S, and SO3. Two columns are used in this GC to analyze these different gases (a GASPRO column and a MOLSIEVE column). Both columns are 30m long, with a 0.53-mm inner diameter. The first column is used to separate the sulfur compound products from the injected sample, while the MOLESIEVE column is used to detect CO, CO2, and H2. The GC contains three different detectors, FID, FPD, and TCD, to detect different gases present in the sample. In our application we will initially focus on two of the detectors, the TCD (thermal conductivity detector) and the FPD (flame photometric detector). The TCD can be used for any gas detection. However, it does not detect sulfur compounds very accurately, so the FPD must be used to detect the sulfur compounds. A Deans switch is used to split the sample and charge both columns with the required flow. Figures 1-3 show photographs of the GC in the combustion lab, while Figure 4 gives a schematic diagram of the setup used inside the GC. 


[image: image55]
Figure 1. Photograph of gas chromatograph for sulfur-bearing compounds. 


[image: image56]
Figure 2. Photograph of the columns and setup of the Deans switch. 

[image: image57]
Figure 3. Photograph of the FID and FPD in the GC.


[image: image58]
Figure 4. Schematic diagram of the setup in GC.

3.1.2. Pressure Regulator

Since the flow rates of oxygen, methane, and hydrogen sulfide are measured by the flow controllers on a volume basis, we needed to make sure that the flow rates were not a function of the pressure in order to allow precise calculation of the fuel/oxygen ratio. Also, to assure that the volume was a direct function of the number of moles, we had to make sure that both pressure and temperature were constant (from the equation of state). Therefore, a pressure regulator and a four-way valve were attached to the facility to give pressure readings of reactant gases (O2, CH4, and H2S).  This regulator allowed us to measure the flow pressure after the flow controllers and before the flow was introduced into the facility. We will make sure that the different flows have the same pressure so we can obtain an accurate the fuel/oxygen ratio. Meanwhile, the facility pressure will be measured to make sure that the pressure does not deviate from run to run. Another modification to the facility now allows us to take the pressure signal without interfering with the reactions that occur in the facility. This also allows us to make sure that the pressure signal is representative of the facility pressure. Figures 5 and 6 show the modifications to the facility. Figure 7 shows a schematic diagram of the pressure measurement setup, including the pressure regulator and the four-way valve.


[image: image59]
Figure 5. Photograph of pressure probe in the facility.


[image: image60]
Figure 6. Photograph of the control board, including the pressure regulator and four-way valve.

[image: image61]
Figure 7. Schematic diagram of setup for pressure measurement. 

3.2. Experimental results on radial temperature distribution along the H2S reactor 

From our previous studies the reaction between H2S and O2 must occur at near isothermal temperature conditions in the reactor in order to obtain the highest possible sulfur recovery efficiency. Figure 8 shows the effect of the homogenous reactor temperature on the conversion efficiency, and how it is significantly better than the conversion efficiency that could be obtained by normal combustion conditions, which often contain hot spots in the combustion zone.


[image: image62]
Figure 8. Effect of change in reactor temperature on conversion efficiency.
In the previous report we showed the change in the facility temperatures along the centerline at different flow rates. The results showed that the obtained temperature distribution was fairly homogenous along the centerline.  In this report we will show the change in temperature distribution in the radial direction (normal for the hydrogen sulfide flow conditions) at different flow rates. The flow rates we chose were the same as those used in our previous quarterly report. This approach allowed us to compare and couple the previous results with the current data. Figure 9 shows the technique used to measure the radial temperature distribution. The axial locations that we have measured were the same as those given in our previous report for axial temperatures. The thermocouples were moved radially using a traverse mechanism in steps of 0.05 inches. The readings were taken only after making sure that the temperature was settled and the variations did not exceed 0.5 K.

Figure 10 shows the radial temperature distribution at different axial locations. Increasing the fuel and air flow rates will increase the temperature variation in the facility, but this variation is still within the acceptable range. In order to highlight the temperature variation, we have calculated the standard deviation (σ) for each case to determine how much the temperatures deviate from the reactor average temperature. We found the following:

Case (1): VCH4= 2.05 lit/min, VO2= 4.1 lit/min, and σ = 6.85 K

Case (2): VCH4= 3.2 lit/min, VO2= 6.5 lit/min, and σ = 6.87 K

Case (3): VCH4= 3.8 lit/min, VO2= 7.6lit/min, and σ = 8.65 K

Case (4): VCH4= 4.6 lit/min, VO2= 9.2 lit/min, and σ = 15.1 K

One can see that the worst-case scenario is the case with the highest fuel and air flow rates, which results in highest temperatures. However, the standard deviation was still found to be 15.1 K, which is better than using normal combustion conditions.   

[image: image63.emf]
Figure 10 (a). Radial temperature profiles at different axial locations with VCH4= 2.05 lit/min 
and VO2= 4.1 lit/min.
[image: image64.emf]
Figure 10 (b). Radial temperature profiles at different axial locations with VCH4= 3.2 lit/min
 and VO2= 6.5 lit/min.

[image: image65.emf]
Figure 10 (c). Radial temperature profiles at different axial locations with VCH4= 3.8 lit/min 
and VO2= 7.6lit/min.

[image: image66.emf]
Figure 10 (d). Radial temperature profiles at different axial locations with VCH4= 4.6 lit/min
 and VO2= 9.2 lit/min.

Figure 11 presents the temperature contours in the hydrogen sulfide reactor for the different cases. One can see that the potential core for the temperature gets shorter with an increase in oxygen and fuel flow rates. This could be attributed to the higher heat convection that takes place at the higher flow rates due to the increased the velocity.
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                           (a)                         (b)                        (c)                        (d)

Figure 11. Temperature contours at different flow rates 

(a) VCH4=2.05 lit/min, VO2=4.1 lit/min, (b) VCH4=3.2 lit/min, VO2=6.5 lit/min,

(c) VCH4= 3.8 lit/min, VO2= 7.6 lit/min, (d) VCH4=4.6 lit/min, VO2=9.2 lit/min.
3.3. Evolution of the reaction pathways of the hydrogen sulfide/oxygen reaction in a plug flow reactor

In the last quarterly report we suggested a reduced mechanism for the H2S/O2 reaction. In this report we will discuss another important issue, which deals with the evolution of the main species (H2S, SO2, and S2) throughout this reduced mechanism at different sections of the plug flow reactor with H2S/O2 mixture. Since the reaction is very fast, the plug flow reactor was chosen as 1cm in length.  This length allowed us to accurately trace the reaction progress using a fine simulation step of 10E-8 cm. In addition, another important elementary reaction [1], Reaction 18, given in Table 1, was incorporated in the reduced mechanism. This reaction contributes tremendously to S2 production, where the reverse reaction is triggered under the rich conditions (our case) to form SO and then S2. 

Table 1.  Elementary reactions

	#
	Elementary Reactions

	1
	H2S+M (S+H2+M        

	2
	H2S+H(SH+H2            

	3
	H2S+O(SH+OH          

	4
	H2S+S(HS2+H            

	5
	SH+O(H+SO              

	6
	SH+OH(S+H2O          

	7
	SH+HO2(HSO+OH     

	8
	S+O2(SO+O               

	9
	SH+O(S+OH                  

	10
	H+SO2+M(HOSO+M      

	11
	HS2+H(S2+H2                 

	12
	HS2+O(S2+OH                

	13
	HS2+S(S2+SH                 

	14
	SH+S(S2+H

	15
	SO+O2(SO2+O               

	16
	HSO+H(SH+OH             

	17
	HOSO+O2(HO2+SO2        

	18
	SO+OH = SO2+H


The following study presents the suggested reduced mechanism evolution in a plug flow reactor where hydrogen sulfide and oxygen are introduced under perfectly mixed conditions. In the following, the pathway mechanism will be shown at different location, shown in Figure 12, of the reactor. 


[image: image71]
Figure 12. Schematic diagram for the plug flow reactor with different sections under focus.

First section (x=0.0 cm)
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Figure 13. Reduced mechanism pathways at inlet (x=0.0 cm) of the reactor.

Figure 13 shows the reaction mechanism pathways for the hydrogen sulfide oxygen reaction at the inlet of the reactor (X=0.0 cm), indicating that the reaction starts with hydrogen sulfide dissociation into H2 and S. This explains why the reaction does not take place at low temperatures, as the energy is not sufficient to trigger this reaction in the beginning.

Second section (x=0.07928 cm)
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Figure 14. Reduced mechanism pathways at (x=0.07928 cm).
Figure 14 shows the mechanism pathway for the H2S/O2 reaction at x=0.07928 cm. The numbers above the arrows refer to the reactions shown in Table 1, while the negative signs indicate that the reaction proceeds in the reverse direction. Since the flow speed is 1 cm/s, the residence time is equal to the distance. One can see that hydrogen sulfide starts to produce more intermediate species. Moreover, Reaction (-1) is much slower than Reaction (2), indicating that the reaction proceeds in the direction of hydrogen production. Furthermore, Reaction (15) is slower than Reaction (-18), so the net reaction proceeds in the direction of producing SO, and consequently the production of S2. Finally, SH is the most important intermediate species in the reaction mechanism.

Third section (x=0.789 cm)
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Figure 15. Reduced mechanism pathways at (x=0.789 cm).

The following Figures 16-18 show the evolution of the main species concentrations at the same sections chosen above.  The black color refers to the concentration of the species at this section, and the gray color is the complementary 
up to the maximum concentration of this species in this section. The Claus conditions could be understood from these figures: where H2S decreases, SO2 almost reaches its maximum value at Section 2 and then decreases at Section 3. This means that it starts to contribute in forming S2, and S2 and H2O increase from Section 2 to Section 3.  
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Figure 16. Concentrations of different species at the first section (x=0.0 cm).
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Figure 17. Concentrations of different species at the second section (x=0.07928 cm).
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Figure 18. Concentrations of different species at the third section (x=0.789 cm).

3.4.
Summary

Two main components have been added to the facility in order to improve our diagnostics and data acquisition capabilities. The first component is the gas chromatograph, which will be used to analyze different kind of gases by using two columns and two detectors. The second is a pressure regulator to measure the pressure of the reactants before introduction of gases into the reaction zone. The pressure regulator also helps to quantify the conditions in the facility. A slight modification has also been carried out in the facility to enable us to take the pressure signal properly. Moreover, the temperature scanning which started in the previous report (axial temperature measurement) has been completed for the given set of conditions, so the complete mapping of the axial and radial temperature distributions in the reactor are now known. This is critical for the Claus process. The radial temperatures are measured at the same axial sections as those reported in our previous report. This will enable us to incorporate the previous results with the current ones and perform spatial distribution for the temperatures at different flow rates. Finally, a study for the evolution of the reduced reaction mechanism has been carried out by tracing the reaction mechanism pathways at different sections of a plug flow reactor. The study showed good agreement with the global Claus conditions. These data have provided us a good understanding of the behavior of the main species within the reactor. 

 5.
Difficulties Encountered/Overcome

None.

6.
Planned Project Activities for the Next Quarter

· Examine mixedness between different gases in the facility by simulating the non-reactive gases (CO2 and N2) and then the reactive case.

· Provide a comprehensive examination of the reduction strategy by checking the effect of each reaction in the detailed mechanism on each species. Then we will apply the steady state assumption for some intermediate species, such as SO, HOSO, and SH. This will enable us to further develop the reduced mechanism into a single-digit reaction. 

· Study experimentally the effect of the reactor temperature on the distribution of various chemical species. This will allow us to monitor and analyze the sulfur the asymptotic value of the main species and help obtain the conversion efficiency.

· Study the CFD simulations to determine the role of flow, thermal and kinetic parameters that affect the local conditions which subsequently affect the conversion efficiency.

Appendix



Justification and Background

Hydrogen sulfide is present in numerous gaseous waste streams from natural gas plants, oil refineries, and wastewater treatment plants, among other processes. These streams usually also contain carbon dioxide, water vapor, trace quantities of hydrocarbons, sulfur, and ammonia. Waste gases with ammonia are called sour gases, while those without ammonia are called acid gases. Sulfur must be recovered from these waste streams before flaring them. Sulfur recovery from sour or acid gas typically involves application of the well-known Claus process, using the reaction between hydrogen sulfide and sulfur dioxide (produced at the Claus process furnace from the combustion of H2S with air and/or oxygen), yielding elemental sulfur and water vapor: 2H2S(g) + SO2(g) = (3/n) Sn(g) + 2H2O(g) with ΔHr= -108 kJ/mol. Therefore, higher conversions for this exothermic, equilibrium-limited reaction call for low temperatures, which lead to low reaction rates that dictate the use of a catalyst. The catalytic conversion is usually carried out in a multi​stage, fixed-bed, adsorptive reactor process, which counteracts the severe equilibrium limitations at high conversions. This technology process can convert about 96% to 97% of the influent sulfur in H2S to S. However, higher removal requires critical examination of the process and use of a near isothermal reactor, since the conversion is critically dependent upon the exothermic and endothermic conditions of the reactions. 

Flameless combustion has been shown to provide uniform thermal field in the reactor so that the reactor temperature is near uniform. Reactor size can also be reduced, and combustion-generated pollutants emissions can be reduced by up to 50%.  Energy efficiency can be increased by up to 30%. The application of this technology appears to offer great advantages for the processes under consideration. The UAE, which pumps about 2.4 million bpd of crude oil, is also home to the world’s fifth biggest gas reserves at about 200 trillion cubic feet. Abu Dhabi Gas Industries (GASCO), an operating company of the Abu Dhabi National Oil Company (ADNOC), is leading a drive to boost gas production in the UAE from five to seven billion cubic feet per day. This calls for sulfur recovery capacity of over 3,000 metric tons per day with the associated SOx and NOx emissions. Therefore, the adoption and further development of flameless combustion technology for sulfur recovery among other commercial and industrial heating processes is expected to be crucial and beneficial, both economically and environmentally.

The conventional sulfur recovery process is based upon the withdrawal of sulfur by in situ condensation within the reactor. The selective removal of water should, however, be a far more effective technique, as its effect on the equilibrium composition in the mass action equation is much greater. The in situ combination of the heterogeneously catalyzed Claus reaction and an adsorptive water separation seems especially promising, as both reaction and adsorption exhibit similar kinetics, and pressure can be adapted to the needs of the adsorptive separation. Such an adsorptive reactor will lead to almost complete conversion as long as the adsorption capacity is not exhausted. There are numerous possibilities for implementing these two functions, ranging from fixed-beds with homogeneous catalyst/adsorbent mixtures to spatially structured distributions or even fluidized beds. Most of the previous studies have concentrated on the Claus catalytic conversion reactors and the TGTU. However, some previous studies have identified the Claus furnace as one of the most important yet least understood parts of the modified Claus process. The furnace is where the combustion reaction and the initial sulfur conversion (through an endothermic gaseous reaction) take place.  It is also where the SO2 required by the downstream catalytic stages is produced and the contaminants (such as ammonia and BTX (benzene, toluene, xylene) are supposedly destroyed. The main two reactions in the Claus furnace are: H2S + 3/2 O2 = SO2 + H2O, with ΔHr= -518 kJ/mol, and 2H2S + SO2 = 3/2 S2 + 2H2O, with ΔHr= +47 kJ/mol. This last endothermic reaction is responsible for up to 67% conversion of the sulfur at about 1200 °C. Moreover, many side reactions take place in the furnace; these side reactions reduce sulfur recovery and/or produce unwanted components that end up as ambient pollutant emissions. Therefore, it would be useful to combine the endothermic and exothermic process using an isothermal reactor offered by flameless oxidation combustion.



Approach

Critical review 

We propose to conduct a critical review of the various approaches used for sulfur removal from the sour gas. The emphasis here will be on sulfur chemistry with due consideration to the fate of ammonia. Following the review, an experimental and a CFD numerical study of the flameless oxidation of the fuel will be conducted as follows: 

CFD simulation 

A numerical simulation study of the flame under normal and flameless oxidation of fuels in the furnace will be conducted using the available codes. Global features of the flow and thermal behavior will be obtained using the Fluent CFD and Chemkin computer codes. These codes provide detailed simulation of the flow, thermal and chemical behaviors (i.e., detailed chemistry) in the reactor flow using gas-phase reactants. The sulfur in the fuel is in gas phase, so we will be able to simulate and monitor the fate of sulfur during various stages of endothermic and exothermic reactions and over a range of temperature regimes, including those covered in the Claus furnace process. The simulation results will also guide the final design of the flameless furnace. The simulations will also help assist in the experimental program for data validation with the eventual goal of implementing the process for sulfur removal.  

Experimental study  

An experimental study of the flameless vs. normal flame combustion process for the conditions examined in the theoretical study, including that of Claus furnace, will be conducted. We will explore the operating conditions and the exhaust gas analysis under conditions of both flame and flameless modes to determine the extent of sulfur conversion under the two conditions over the temperatures that can simulate endothermic and exothermic conditions in the Claus furnace. The goal is to seek conditions that yield the highest sulfur recovery from a process. To some extent, these conditions will be based on the composition of the acid/sour gas, from sulfur-rich (> 50% H2S) to lean (< 20% H2S). It is expected that our fundamental information will contribute to the eventual design guidelines of an advanced sulfur recovery process furnace operating under flameless combustion mode.
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1.
Objective/Abstract

This multi-faceted project will investigate the feasibility of implementing advanced solid oxide fuel cell (SOFC) technology for producing power from oil well off-gases while providing a source of concentrated CO2 for sequestration and enhanced oil recovery.  This project will explore fundamental issues in identifying preferred material combinations for durable SOFC anode operation with typical oil well off-gas composition. Along with these fundamental issues, multi-scale modeling will include detailed models for assessing SOFC membrane electrode assembly architectures for optimal operation with hydrocarbons, and higher-level system models for evaluating integrated systems with all accessory equipment within the context of oil well operation.  System models will assess the economic viability of such a system and thereby determine technology performance requirements for successful implementation of SOFC-based systems for enhanced oil recovery with CO2 injection.

2.
Deliverables for the Completed Quarter

Task 1:  Experimental study of SOFC MEA’s for hydrocarbons

· Continued testing of membrane electrode assemblies (MEA’s) of both Ni/YSZ and Ni/YSZ/CeO2 anodes for performance on n-butane for a range of temperatures.

· Developed protocol for isolating anode performance from experimental measurements.
Task 2: Numerical modeling for design of SOFC architectures 

· Refined down-the-channel fuel cell model for analysis of fuel cell performance on syngas streams.

· Derived first-generation CeO2 microkinetic mechanism for use with MEA models.

· Hosted PI Professor Nandakumar to discuss forward direction and modeling effort
Task 3: System-level analysis of integrated SOFC plants  

· Explore level analysis of integration of SOFC into petroleum processing,

· Provide abstract for Energy 2030 Conference at PI in November 2008.
Task 4: Identification of multi-university research team for SOFC’s in the petroleum industry.

· No activities are planned for this task at this time.

3.
Summary of UM Project Activities for the Completed Quarter

The UM team continued to analyze data on electrochemical oxidation of direct n-butane/steam feeds and to explore the effects of CeO2 addition in the anode and its impact on carbon deposition.  Comparisons between Ni/CeO2/YSZ anodes and Ni/YSZ anodes indicate that the presence of CeO2 in the anode is vital for eliminating excessive carbon deposition in the anode for stable operation on light gases characteristic of petroleum processing.  In addition to these tests, further modeling developments included a refinement of the down-the-channel 2-D model.  Finally, UM hosted Petroleum Institute’s Prof. K. Nandakumar, who visited UM from September 17-19, 2008.  Discussions with Nandakumar explored ways of strengthening the collaboration particularly related to model development both at the SOFC level and the broader system level.  Also during this quarter, Paul Jawlik successfully defended his M.S. thesis on the work. Finally, the UM team submitted an abstract for the upcoming Energy 2030 conference at PI.
Task 1:  Experimental study of SOFC MEA’s for hydrocarbons

Experiments were conducted on MEA’s with Ni-YSZ anodes to compare the performance of similar MEA’s with Ni-CeO2-YSZ co-fired anodes at similar conditions.  The principal purpose of these tests was to explore whether the carbon-tolerance of the Ni-CeO2-YSZ in testing with C4H10–steam feeds could be duplicated without the CeO2.  This was to determine whether the carbon tolerance was due to the unique catalytic and electrocatalytic behavior of ceria or due to the anode micro-architecture developed in this program.  The results showed that the Ni-YSZ anodes did not provide long-term stability or equally high power densities with C4H10–steam feeds at S/C of 1.5 as the Ni-CeO2-YSZ anodes.  Figure 1 shows an example of curves of the two anodes for the C4H10-steam feeds at approximately 800 °C and indicates the lower activation overpotentials associated with the CeO2-containing anodes.  In addition to boosting the performance, the added CeO2 suppresses the carbon deposition on the cell surface and thereby provides improved stability.  Figure 2 shows the degradation of the cell due to carbon deposition on the Ni-YSZ, causing reduced stability between the current collector anode interface.
[image: image79.emf]
Figure 1. IRbulk-corrected voltage vs. current density curves for an Ni/YSZ anode-supported cell and a co-fired Ni/CeO2/YSZ anode-supported cell, both operating at Tcell = 800 °C on n-butane with steam at a steam-to-carbon ratio of 1.5.

[image: image80.emf]
Figure 2.  Ni/YSZ anode-supported cell after testing on butane-steam mixtures for multiple days, showing carbon deposits which caused wire mesh delamination and led to cell degradation not observed in Ni/CeO2/YSZ anodes tested under the same conditions.
In addition to the testing, a methodology was developed to isolate the anode overpotentials to compare different anodes as well as the same anode with different fuel compositions by removing variations in electrolyte and cathode from different tests. This method included finding the overpotentials associated with leakage currents that were due to “pinholes” in the 10-15 µm thick electrolytes. SEM images suggest that pinholes may arise from sub-micron bubbles in the otherwise dense electrolyte structure. The leakage current is manifested as a lower open-circuit voltage (OCV) than the thermodynamically predicted OCV at the testing conditions. The leakage current effect was accounted for by testing the cell at the minimal anode overpotential conditions with a 1:1 H2:Ar feed with 3% H2O. This H2-rich fuel feed minimizes anode overpotentials and can be modeled quite effectively with UM through-the-MEA models [1].  The combination of the model results and the measurements with the H2-rich feed allows for the cathode and electrolyte voltage losses to be isolated and then subtracted for a given cell with other fuel feeds at the same temperatures. The electrolyte losses (i.e., Ohmic losses) are found from high-frequency impedance from EIS measurements over a range of overpotential.  For cells tested in this study, the bulk resistance has a linear dependence with the current density over the range of measurements. Subtracting the resulting cathode and electrolyte losses for a given current density provides the anode overpotential.  Figure 3 shows the baseline anode overpotential with H2 fuel at 800 °C and also the overpotential for C4H10/H2O feeds with an S/C ratio of 1.5 at both 800 and 700 °C.  The results show that with the hydrocarbon feed, anode voltage losses are dominant.

[image: image81.emf]
Figure 3. Anode overpotential vs. current density curves for a Ni/YSZ anode-supported cell and a co-fired Ni/CeO2/YSZ anode-supported cell – both operating at Tcell = 800 °C on n-butane with steam at a steam to carbon ratio of 1.5.

Task 2: Numerical modeling for design of SOFC architectures 

Modeling efforts continued on two-fronts during this quarter.  Firstly, refinements were made in the through the MEA model to improve heat transfer models in the porous media to be coupled with the Dusty-Gas transport models being used for the species flux models.  These studies resulted in further exploration of endothermic hydrocarbon steam reforming on local temperature gradients through the MEA.  In general, results performed with methane and steam anode feeds still show temperature profiles that have relatively small temperature differences even when reforming rates are strong.  
For the non-isothermal, through-the-MEA model, the implementation of detailed methane oxidation chemistry adopted from previous references and UM work [2, 3] allowed for further tests of the energy equation to determine the expected thermal gradients perpendicular to the electrolyte.  The internal (endothermic) reforming of a near-pure natural methane gas stream (95% CH4, 3% H2, 2% H2O by mole) in the anode support layer causes only a few degrees temperature loss in the MEA until currents approach 1.0 A/cm2.  The higher current densities at temperatures ≥ 800 °C provide adequate H2O concentrations to encourage catalytic reforming on Ni surfaces and the production of H2 and CO for eventual electrochemical oxidation in the anode functional layer.  Figure 4 shows the predicted Vcell-i curve for a Ni/YSZ-anode-supported MEA operating at 800 °C with the simulated natural gas feed under non-isothermal cell conditions but with 800 °C gas feeds.  The Vcell-i  curves in Figure 4 identify points where species profiles are shown in Figure 5 for all major species.  As shown in Figure 5b, the production of H2 and CO increases in the porous anode support layer, and then those intermediate species are consumed near the electrolyte due to electrochemical oxidation. 
[image: image82.emf]
Figure 4. Predicted Vcell vs. current density curve for an Ni/YSZ anode-supported MEA with 1020 µm thick anodes, 10 µm thick YSZ electrolytes, and 50 µm-thick LSM/YSZ cathodes operating at 800 °C flow temperatures with a 95% CH4 , 3% H2, and 2% H2O feed at 800 °C.  Points indicate operating conditions for profiles in Figure 5.
The down-the-channel model with heat transfer has been developed further and used in system studies as described in the following section.

Further modeling efforts for follow-on efforts were discussed with Prof. Nandakumar from the PI.  Proposals were discussed to improve microarchitecture models by combining recent work by Nandakumar’s group on cermet particle packing [4] with UM’s fundamental kinetic models and measurements on microfabricated patterned anodes [5].  The use of this particle-packing model for anode microsturctures may also be combined with UM’s work on ceria kinetics to explore the mechanisms for CeO2 for providing improved performance with carbonaceous fuels.  This model may also allow for microstructure optimization of Ni-CeO2-YSZ anodes for performance with oil-well off gases.  Further discussions were held on furthering the model efforts when Prof. Jackson from UM visited the PI during the upcoming workshop in Abu Dhabi during the first week of November.
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Figure 5. Predicted species profiles for internal reforming in Ni/YSZ anode-supported MEA at conditions indicated in Figure 4.  Cell is operating at 800 °C flow temperatures with a 95% CH4 , 3% H2, and 2% H2O feed at 800 °C.
Task 3: System-level analysis of integrated SOFC plants  

The UM group began some system-level analysis work by adapting modeling tools for smaller-scale SOFC systems using catalytic partial oxidation fuel processing and anode exhaust combustion for waste-heat recovery [6].  While such a system is not preferred for some petroleum processing, catalytic partial oxidation processing of light hydrocarbons is being considered in some applications which are off-shore and are volume-constrained.  Preliminary system studies provided an understanding of how non-isothermal effects in an SOFC channel can cause non-monotonic efficiency and power densities with respect to SOFC operating-voltage per cell.  This is shown in Figure 6, and this behavior arises because increased voltage can increase operating temperatures, which tends to lower overpotentials, particularly in the cathode and electrolyte.  The results in Figure 6 are part of a system model which includes the catalytic partial oxidation reactor with simple equilibrium exhaust and a downstream waste-heat recovery for heating the SOFC air stream, as similar to those reported in an earlier reference [6].  A full system more directly relevant to energy recovery from oil well off-gas will be modeled and presented during the upcoming quarter.

[image: image84.emf]
Figure 6. Predicted SOFC system efficiency and power density (per area of electrolyte membrane) as a function of average Vcell for a partial oxidation reformate fueled SOFC.  Cells include 10 cm-long tubular channels operating at P = 1 atm with temperatures ranging from 700 to 900 °C based on thermal analysis of system.
4.
Difficulties Encountered/Overcome

The program has had difficulty with consistent electrolyte performance, and this has led to the development of the methodology for isolating anode overpotentials to compare anodes as well as different fuel feeds for the same anode.
Difficulties have also been encountered on starting the system-level studies.  UM has been developing system-level modeling tools for other systems.
5.
Planned Project Activities for the Next Quarter

Activities are expected for Tasks 1-3, and some discussions will begin concerning Task 4, as the next phase of this collaboration is being discussed.

Task 1:  Experimental study of SOFC MEA’s for hydrocarbons

· Continue to test more Ni/CeO2/YSZ anode-supported MEA’s for stability and higher power densities, particularly for methane and butane feeds.

Task 2: Numerical modeling for design of SOFC architectures 

· Validate electrochemical models for CeO2 and study optimal anode architectures for hydrocarbons with 1-D through-the-MEA models. 

· Use the down-the-channel model to provide a wide array of results for methane and reformate fueled SOFC performance relevant for system-level studies.
 Task 3: System-level analysis of integrated SOFC plants  
· Use UMD Matlab-based tools in combination with the down-the-channel model results to assess SOFC performance in a petroleum recovery facility operating on selected light hydrocarbon off-gases.
Task 4: Identification of multi-university research team for SOFC’s in the petroleum industry.

· Nothing will be planned on this task until after high-level discussions are held to indicate PI interest in expanding this effort.
Appendix 


Justification and Background

SOFC power plants provide a unique opportunity to provide ultra-high efficiencies (> 64% electrical) while simultaneously separating CO2 emissions from N2 dilution for efficient CO2 sequestration [7].  While SOFC architectures/MEA’s have been developed for operating with small molecule fuels (H2, CO, and CH4), challenges remain to develop SOFC assemblies for higher hydrocarbon fuels although recent progress in SOFC design and materials has indicated the feasibility of such systems.  The UMD Team has been evaluating SOFC anodes for small hydrocarbon fuels, and their recent unpublished work on alternative ceria-based anodes show promise for stable operation with hydrocarbons.  

This work, combined with the development of detailed microstructure models and higher-level system models, will provide the basis for pursuing a combined experimental and multi-scale modeling effort that will explore the possibility of implementing new high-temperature solid oxide fuel cells in petroleum extraction. These models will aid in both high-efficiency power production and production of concentrated CO2 streams for enhancing oil recovery while sequestering CO2 emissions.  This collaborative work will allow the Petroleum Institute and UMD to become leaders in promoting SOFC technology to improve the operation of and reduce the environmental impact of oil recovery.


Approach

Four tasks identified for this project are presented here.

Task 1:  Experimental study of SOFC MEA’s for hydrocarbons

UMD has high-temperature single-cell rigs with electrochemical characterization tools, electronic flow controls, and data acquisition for studying SOFC MEA’s.  This project will expand these capabilities to study porous MEA architectures of ceria-based anodes for stable operation on C3-C5 gases.  Experiments will explore the role of metal doping of the ceria for improved electronic conductivity and activity for fuel breakdown to avoid carbon build-up. The experiments will include V-I measurements as well as impedance spectroscopy to validate models developed in Task 2, as well as post-testing microscopy and surface characterization to evaluate the durability of the SOFC anodes for the different fuels. After being established at UMD, these capabilities will be duplicated at the Petroleum Institute (PI) with the aid of UMD researchers such that faculty at the PI will also participate in this effort while providing PI students a chance to explore SOFC technology.  A UMD Graduate Student/Research Associate (RA) jointly supervised by the UMD and PI Teams will assemble the experimental facilities at PI by the end of the first year of the project.  This will permit, in the second year of this project, the PI Team to commence assessing the reproducibility of experimental measurements performed at UMD.  This will also provide PI students an opportunity to explore SOFC technology.  

Task 2: Numerical modeling for design of SOFC architectures

 Modeling of membrane electrode assemblies will explore optimal design of SOFC’s for hydrocarbon operation and high fuel conversion efficiency to provide optimal CO2 capturing by eliminating downstream combustion of unburned fuel.  This work will build on 1-D and 2-D detailed Matlab/Cantera-based models developed at UMD for SOFC MEA analysis.  New efforts will involve the development and validation of hydrocarbon kinetic models on preferred anode materials identified in Task 1. Depending upon the availability of a RA/Graduate Student which PI plans to recruit for the project (see Key Personnel), and computational hardware/software resources at PI, the PI Team may i) expand the parametric analysis space explored at UMD using Matlab/Cantera-based models provided by the UMD Team, and/or ii) investigate numerical modeling methodologies and software to explore the feasibility of implementing multi-physics models used in the UMD Team’s Matlab/Cantera models, into commercially-available computational fluid dynamics (CFD)-based software to improve the simulation of SOFC MEA’s having complex geometries.  
Task 3: System level analysis of integrated SOFC plants  

The economic and engineering viability of an integrated SOFC plant for CO2 sequestration and efficient power production will be investigated numerically by the UMD Team, and possibly the PI Team - if compatible with man-power, and computational hardware and software resources available at PI - within the context of petroleum production, using Matlab-based system level modeling tools developed at UMD and possibly other process analysis software to be identified for use at PI.  These tools will be used to explore overall balance of plant, adequacy of fuel supplies, and power requirements for CO2 capture.  If possible, this work will be done in consultation with ADNOC experts. 

Task 4: Identification of multi-university research team for SOFC’s in the petroleum industry. 

The UMD/PI team will spend a portion of his time developing a broader-base team for pushing this project further toward implementation. Potential partners may include the Colorado School of Mines and the Norwegian University of Science and Technology, with whom UMD has established collaborations in other research areas.  Industrial partners may also be considered.
Two-Year Schedule

Year 1:
· Begin experiments for identifying preferred material systems using ceria-based anodes for hydrocarbon SOFC operation.
· Perform post-testing material characterization for evaluation.
· Acquire equipment for assembly rig at the PI.
· Adopt Matlab SOFC models at UMD for hydrocarbon studies.
· Undertake CFD modeling at PI. 
Year 2:
· Perform experiments with preferred material systems for typical off-gas compositions (with varying team loadings).

· Validate models and perform SOFC design for both MEA microstructure and overall all fuel cell size. 

· Establish system level models at both institutions, and Identify preferred system configurations for overall balance of plant.
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	Fundamental Immiscible Porous Media Studies for Improved Reservoir Models
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1.
Objective/Abstract

Current reservoir simulation models are based on an empirical extension of porous media single-phase flow, which is known to poorly represent flow behavior in a wide range of relevant operating conditions. Experiments and numerical simulations are proposed to study the detailed mechanics of immiscible two-phase flow in porous media, with the intent to explore the nonequilibrium mechanisms responsible for the breakdown of traditional continuum equations used for reservoir simulation. The experiments will be conducted with an index-matched visualization facility, which will permit both microscopic (pore scale) and mesoscopic measurements of the constituent phases and the local velocity field. The simulations will be conducted with a combination of simple pore network models and direct numerical simulation of the micropore dynamics. The outcomes of this research will enable the rational modeling extension of the traditional equilibrium relative permeabilties to account for the non-equilibrium conditions which occur for unstable displacement conditions.
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2.
Deliverables for the Next Six Months
The current funding represents an initiation seed program in anticipation of a fully funded project during Phase II or a separate project outside the currently established agreement.  As such, the efforts are directed towards developing the computational tools, techniques and test facility that will be needed for the successful completion of the project. The following experimental work will be completed over the next six months:

4. Determine working fluids compatible with viscosity ratio and index of refraction requirements for the experimental technique.

5. Design and construct the initial version of the test cell required for the experiments.

6. Develop the image processing routines needed to determine the interface location and local fluid motion within the pore volumes. 

3.
Summary of Project Activities for the Completed Quarter
Since the previous quarter, work has progressed in determining the proper fluids and solid matrix material that will permit the index-matched experiments. The candidate fluids are aqueous mixtures of zinc iodide, which has a very high solubility in water and of which a sufficient concentration can alter the index of refraction  of silicon dioxide (n ~ 1.46) or borosilicate glass (n ~ 1.52). The other immiscible candidates are various microscopy oils, which are available in several different grades of viscosity and indexes of refraction. Tests for the next quarter include physical experiments to determine the exact index of refraction of the solid matrix, and then ordering the appropriately matched oils.

Work has also progressed on investigating the various imaging options available for determining the high-resolution measurements needed for these flows. Both optical coherence tomography (OCT) and fluorescent confocal microscopy have been identified as potential options, and we are consulting with manufacturers of the various instruments to determine the instruments’ ultimate capability and suitability for the proposed experiments.

In addition to the above experimental program, a computational effort is underway in collaboration with Dr. Amir Riaz, and in coordination with Dr. Amir Shooshtari. The short-term goals for the numerical work include:

1. Demonstrate the operation of the pore-network model to replicate simple, known physics.

2. Extend pore-network model to include effects of pore morphology.

3. Develop iterative linear solvers for larger problems.  

To date, this computational work has taken the form as part of a summer intern project for Mr. Mohamed Al Hebsi, who visited the University of Maryland from the Petroleum Institute for 7 weeks in July and August 2008.  Mr. Hebsi successfully set up and ran a pore-network simulation model developed by Dr. Riaz, with the goal of extending its functionality to a broad range of parametric space. The development of the pore-network model is a complementary tool to the pore-scale tests to be completed as part of the experimental program, as well as to the direct numerical simulation tool. This work has continued with the hiring of Mr. Don Daniel, who is an M.S. student currently working with Dr. Riaz. Don’s work has focused on devising a methodology of volume averaging for deriving Darcy scale equations and effective coefficients. The standard volume averaging method is based on steady-state flow and the a priori knowledge of the spatial scale of the averaging volume for single-phase flows. We will extend this formulation to unsteady flow processes involving the interaction of multiple phases that set the averaging scale.

Synergistic Activities
In addition to the above technical work, Dr. Riaz and Dr. Kiger traveled to Abu Dhabi to visit the Petroleum Institute, ADNOC and ADCO. The purpose of the trip was to stimulate discussion about problems of common interest related to the physics and modeling of reservoir production and enhanced oil recovery. Two external collaborators, Dr. Hamdi Tchelepi of Stanford University, and Dr. Fathi Boukadi of the University of Louisiana at Lafayette, also made the trip. The group visited the faculty and staff of the Petroleum Institute as well as several managers from ADNOC and the director of operations from ADCO. Continued talks are currently underway with staff from ADCO and faculty at the PI.

Two papers have also been submitted for poster presentation at the Energy 2030 conference:
1) “Stability of two-phase vertical flow in EOR applications,” by A. Riaz & H. Tchelepi

2) “Turbulent dynamics of particle-laden pipeline flow,” by K. Kiger and C.-H. Pan

Appendix
Justification and Background

Experimental work will be conducted to study the details of both the micro- and macroscopic behavior of the displacement process in the intermediate viscosity and capillary regime during the onset of fingering instabilities. Knowledge of the detailed pore-scale dynamics (interface configuration) and the resulting macroscopic evolution (relative phase saturation and velocity field) are needed in order to advance the current state of continuum modeling to cover a broader range of parametric space. Specifically, recent work has proposed generalized extensions to the standard relative permeability coefficients, which include permeability interaction terms to account for nonlinear phase interactions. To assess the development of these models, interaction of the capillary forces with the flow induced viscous effects in the vicinity of the incipient finger need to be characterized. 

Approach

Toward this goal, a laboratory scale, two-phase porous flow visualization facility will be constructed. The working fluids (aqueous salt solutions and various grade silicone oils) and porous media will be selected to generate an index-of-refraction matched system, which will allow for a clear view of the interior processes with minimal optical distortion. Separate fluorescent dyes will be used to mark both working fluids, which when combined with appropriate filters, will allow unambiguous measures of each phase volume fraction, interface geometry and the porosity of the media. Use of two different optical configurations will permit visualization of the microscale and macroscale behavior. These imaging systems will be mounted on a traversing stage to allow for a three-dimensional reconstruction of the fluid configuration from the sampled two-dimensional images. Lastly, the phases will also be seeded with neutrally buoyant micron-sized tracer particles, which will be used to measure the local velocity field of both phases. Our lab has expertise in developing and applying particle image velocimetry techniques to the study of multiphase systems, which can be leveraged to the proposed work. 

The concurrent numerical work will produce a complimentary set of results that will be used to obtain detailed flow field information difficult to access through the experiments. This includes the determination of phase saturation distribution, interfacial area, film thickness on solid surfaces, contact angle variation with capillary number and viscosity ratio. Numerical simulations will also be used to explore a wider range of parameters and flow conditions than those possible with experiments. 

Numerical simulations will be calibrated rigorously through a detailed comparison with experimental observations and the velocity field data obtained with particle image velocimetry. Together, numerical simulations and experiments will produce detailed flow field data that will be utilized to determine the averaged behavior of the flow process over various length scales containing different pore configurations. The average behavior of the flow statistics will determine the validity of the standard multi-phase flow models as well as suggest new averaging strategies for averaging of derivative based quantities such as pressure and temperature fields.  

Numerical simulations will be based on the Volume of Fluid, finite element method. This method will be extended to take into account the discontinuous nature of the interface separating the fluids. The standard implementation is based on the introduction of a source term representing the interfacial forces into the momentum equations. This methodology gives rise to an interface that is not smooth in the gradient and hence does not accurately represent the interfacial curvature terms. The new implementation will use the level set function to model the interface, The interfacial conditions will then determined from the exact interface representation to produce accurate flow conditions across the interface. 

Five-Year Schedule

The timeline for the proposed work is as follows:

Year 1:
Facility construction, regime identification, preliminary visualizations, development of image reconstruction routines;

Year 2:
Testing of initially selected conditions, development of PIV method for porous media application

Year 3:
Testing phase: influence of capillary number and viscosity ratio under various conditions; Start construction on demonstration rig for PI; Application of test results toward model development.

Year 4:
Continued testing at UMD, shakedown and initial testing at PI; continued model development

Year 5:
Final testing based on feedback from earlier model assessment; final model development
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1.
Objective/Abstract

The main objective of this project is to design, fabricate and test a solar cooling system with the highest possible cooling COP measured to date.  The approach involves combining a very efficient concentrating PV-T collector with a separate sensible and latent cooling approach developed at CEEE. This solar cooling system is expected to operate under the UAE’s harsh climate conditions.  

2.
Deliverables for the Completed Quarter

The following tasks were accomplished:

8. Size the solar sub-system 

9. Size the cooling sub-system based on Abu Dhabi design conditions

10. Finalize the size of the complete system

11. Write a paper on a high efficiency solar cooling technique 

3.
Summary of Project Activities for the Completed Quarter

The main system components (collector array, vapor compression cycle and desiccant wheel) have been reconsidered and resized separately. Then the modified sub-systems were coupled to construct the complete system. The components were redesigned based on Abu Dhabi design conditions.

The collector array was sized to provide 8 kWe and 34 kWth. The storage and necessary components to deliver the collector output to the load have also been resized accordingly. Moreover, the VCC was modeled based on a 5-ton unit using R410A from TRANE. Previously, the VCC was modeled in EES, and TRNSYS had to call EES at every time step. To avoid this, the manufacturer’s catalog data was arranged in a format that TRNSYS can recognize. In addition, the desiccant wheel cycle has been sized based on ASHRAE’s 1% design conditions for Abu Dhabi. Finally, the whole system was constructed by coupling the two sub-systems, and the monthly performance was investigated.

3.1 Sizing the Solar Sub-System 

The solar sub-system was sized to deliver 8 kWe and the 34 kWth. In order to achieve this output, different configurations—parallel and series collector arrangements—were tried. The collector was sized base on the following conditions:

Total Solar Radiation = 800 W/m2
TAmbient = 25oC

Figure 1 shows the thermal and electrical outputs of the collectors at the design conditions.
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Figure 1. The CPVT outputs.

The various electrical components needed to deliver the electrical output to the load were added. In addition, a battery array was used to store excess electrical output. Hot-water storage was also added to store the thermal output. The solar sub-system can be seen in Figure 2.
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Figure 2. Solar sub-system.

The thermal and electrical performances of the solar sub-system can be seen in Figure 3 and Figure 4, respectively.

[image: image101.png]8 8 & 8 8 3 8 8

Collector Pump is ON

Collector Pump is OFF

>

7
/





Figure 3. Thermal performance of the solar sub-system.
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Figure 4. Electrical performance of the solar sub-system.

3.2
Sizing the Cooling Sub-System

A brief survey of the commercially available VCC, using R410A with a cooling capacity of 5 tons, has been conducted and is summarized in 
Table 1

. One major modification to the system is the use of TRNSYS to model VCC instead of EES. The TRNSYS model is capable of calling external files containing the unit’s testing data. Therefore, the VCC TRNSYS model will be based on an actual product.

Table 1. Commercially available VCC using R410A

	Company
	Commercial Name
	Capacity [Tons]
	Price [$]
	Data

	Trane
	XB13/4TTB3060A
	5
	Contacted
	Contacted

	
	XR13/4TTR3060A
	5
	
	

	
	XR14/4TTR4060C
	5
	
	

	York
	CZH
	5
	
	Available

	
	CZE
	5
	
	

	
	CZB
	5
	
	

	Carrier
	24ANA1, 24ANA7
	5
	
	

	
	24APA5, 24APA3
	5
	
	

	
	38HDR
	5
	
	

	
	24ACA3, 24ACA4, 24ACR3
	5
	
	


The unit chosen is made by TRANE and can provide heating and cooling during the winter and summer, respectively. The data was converted to SI units and arranged in a format that TRNSYS could recognize. A sample of the heating and cooling data files created can be seen in 
Figure 5

.
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Figure 5. Cooling and heating test data files.

Many TRNSYS runs were carried out to double-check the data files. Then, the vapor compression cycle VCC was sized to provide 15 kW of cooling at 1% ASHRAE design conditions for Abu Dhabi, as shown in Figure 6.
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Figure 6. VCC performance at 1% ASHRAE design condition for Abu Dhabi.

The sensible and latent loads on the VCC can be seen in Figure 7.
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Figure 7. Sensible vs. latent load on VCC.

In addition, the desiccant wheel cycle (DWC) was sized to deliver 5 kW at Abu Dhabi 1% ASHRAE design conditions and air mass flow rate of 700 kg/hr. The properties of the inlet-processed air and outlet-processed air are shown in Table 2.
Table 2. Processed air properties
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The DWC was coupled with the VCC to be added to the conditioned space to form the cooling sub-system as shown in Figure 8. The performance of the cooling sub-system was then investigated. The system was sized based on the following conditions:

Tamb = 45 oC

wamb = 15 gw/kga
Tcs = 25 oC

wcs = 9 gw/kga
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Figure 8. The cooling sub-system.

The conditioned space’s temperature was monitored to insure that it was in the comfort zone during the simulations. As explained previously, 10% of the mass flow rate of the air leaving the conditioned space is sent to the DWC, while the rest is re-circulated to be mixed with the preconditioned air in the DWC, as shown in Figure 9.
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Figure 9. Mass flow rates of the air in the cooling sub-system.

Figure 10 shows the electrical power consumed by the VCC. The VCC is turned on or off based on the conditioned space temperature. The VCC is turned on once the temperature increases by 3 K above the set point, 22°C. 
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Figure 10. The VCC power consumption.

The advantage of the pretreatment of the air by the DWC before entering the VCC can be see very clearly in Figures 11 and 12. Figure 11 shows the sensible and the latent loads on the VCC when the DWC is on. This figure shows that the DWC accommodates the latent load, whereas the VCC accommodates only sensible load. By treating latent and sensible loads separately, the VCC can be operated at higher evaporator pressure, hence reducing the cycle pressure ratio and increasing the compressor efficiency. Figure 12 shows the case when the DWC is turned off. In this case, more loads have to be taken care of by the VCC latent and sensible loads, which increase the power consumption.
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Figure 11. VCC loads when DWC is ON.
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Figure 12. VCC loads when DWC is OFF.

The temperature and humidity ratios at various points in the cooling sub-system are recorded, as shown in Figure 13. The processes that the air goes through can be seen in Figure 14.
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Figure 13. State points in the cooling sub-system.

[image: image114.png]Absolute Humidity [kg-Waterfkg-DryAir]

0.020

0.015

0.010

0.005

0.000

30

35

40

45 50 55
Temperature [C]

60 6 0 75

80

EY





Figure 14. Air state points in various locations in the cooling sub-system.

The ambient air, state 1, goes through dehumidification and heating when it passes through the desiccant wheel. The air then is sensibly cooled by the rejected heat from the conditioned space’s ventilation air through the heat recovery wheel. After that, the air is mixed with the re-circulating air, state 4. The fresh air is cooler and drier than the ambient conditions even before going through the VCC. State 5 is the state of the air leaving the VCC going into the conditioned space. State 6 represents the conditioned space, and state 7 is the regeneration air leaving the building after the heat recovery wheel. The purpose of the thermal output of the solar collector is to move the air from state 7 to 8 by using the water-air heat exchanger. Finally, the regeneration air is heated and humidified after passing through the desiccant wheel.  

3.2 Constructing the Solar Cooling System 


The solar sub-system is coupled with the cooling sub-system to form the complete system, as illustrated in Figure 15.
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Figure 15. Complete solar cooling system.

The difference between the monthly total solar radiation on a horizontal surface and a surface with a two-axis tracking system for Abu Dhabi is shown in Figure 16.
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Figure 16. Monthly solar radiation.

The monthly thermal performance of the whole solar cooling system is shown in Figure 17. 
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Figure 17. Thermal performance of the solar cooling system.

The figure shows that the total amount of heat provided by the hot water storage tank is higher than what is required to regenerate the DWC.  

The monthly electrical performance of the solar cooling system is shown in Figure 18. The figure shows that grid power is needed only in July and August, due to the increase in the VCC required electricity during these two months and the lower solar radiation available.  
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Figure 18. Electrical performance of the solar cooling system.

The monthly variation of the latent and sensible loads on the VCC is shown in Figure 19. It can be seen that the latent load represents a small fraction of the VCC load even during summer.
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Figure 19. Monthly latent and sensible loads on the VCC.

The hourly temperature and humidity ratio of the conditioned space is plotted in Figure 20. The summer and winter comfort zones are defined based on ASHRAE guidelines. It can be seen that the conditions inside the space are always kept within the comfort zones.
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Figure 20. Space conditions.

4.
Difficulties Encountered/Overcome

· Predicting the performance of the solar cooling system
· Sizing the different components in the system 
· The process of converting the data to TRNSYS units and reorganizing the manufacturer’s format to TRNSYS format

5.
Planned Project Activities for the Next Quarter

The following activities are to be conducted in the next quarter:

· Carry out a parametric study

· Planning the experiment set-up
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1.
Objective/Abstract

The main objective of this project is to minimize overall energy consumption of gas or oil processing plants by utilizing waste heat and/or improving cycle design.  Consideration will include use of absorption chillers and two-phase expanders, among other options. 
2.
Deliverables for the Completed Quarter

The following were modeled in ASPEN:

15. APCI basic energy plant model

16. Enhancements to APCI natural gas liquefaction cycle

17. Single- and double-effect water/LiBr absorption chiller

18. Single-effect ammonia/water absorption chiller

3.
Summary of Project Activities for the Completed Quarter

The APCI basic liquefaction cycle was modeled. This cycle is the same version as the ADGAS LNG plant. One of the ways to enhance the efficiency of the plant is to enhance the efficiency of the liquefaction cycle. To achieve this goal, the effect of replacing expansion valves with expanders was modeled. There are three kinds of expanders: liquid turbines, two-phase expanders and gas expanders.  In addition, other opportunities for LNG plant enhancements include heat integration and waste heat utilization. A potential use for waste heat is cooling, which is especially valuable in the Middle East. Absorption chillers are one of the best technologies for converting waste heat to cooling capacity because of their versatility and efficiency. To this end, several different absorption chiller designs have been modeled.
3.1
Natural Gas Liquefaction and Fractionation Modeling

The APCI liquefaction process was selected for modeling because ADGAS and about 77% of LNG plants are utilizing this technology for natural gas liquefaction. Therefore, the improvements could be applicable to the majority of LNG plants. For the sake of simplicity, the gas-sweetening process and flash-gas utilization were not considered in the model.  

Cycle efficiency could be improved by replacing expansion valves with expanders. These options were modeled in ASPEN and were evaluated based on both energy efficiency and capacity improvements. Gas expanders are a readily available technology and typically exist at high efficiencies (>70%). Liquid turbines are a well-developed technology, and may be available with efficiencies over 90%. Two-phase expanders are under development with current efficiencies in the vicinity of 80%. The effect of replacing expansion valves with liquid turbines and gas expanders was examined. These results are shown in Table 1. To illustrate the difference between the APCI base liquefaction cycle and the cycle improved with LNG, MXR* and propane expanders, their ASPEN model diagrams are shown in Figure 1 and Figure 2, respectively.  

Table1: The effects of replacing expansion valves with expanders
	 Option
	Compressor Power [MW]
	Power Generation [MW]
	LNG Production [kg/s]

	APCI base cycle
	101.875
	-----
	98.831

	APCI improved with LNG expanders
	101.875
	0.648
	100.06

	APCI improved with both LNG and MXR* expanders
	101.188
	1.849
	100.06

	APCI improved with LNG, MXR* and propane expanders
	100.706
	3.911
	100.06


* MXR: Mixed Refrigerant 
[image: image140.wmf]
Figure 1. ASPEN model diagram for APCI base liquefaction cycle.
[image: image141.wmf]
Figure 2. ASPEN model diagram for APCI cycle improved with LNG, MXR* and propane expanders.
3.2
Absorption Chiller Modeling
Absorption chillers were modeled as a means of utilizing waste heat. They take waste heat from a gas turbine and convert it into a cooling load to reduce the energy demands of the propane chiller cycle.

The two main designs employ ammonia/water and water/lithium bromide, respectively, each with various advantages and disadvantages. Additionally, either design can be single- or double-effect. The double-effect sacrifices simplicity for higher COP. For this project, both single- and double-effect water/LiBr and single-effect ammonia/water were modeled.

The main obstacle in modeling chillers in ASPEN was finding a suitable property method. This was an issue because absorption chillers operate at subcooled temperatures, where limited property data was available. Beyond finding a suitable property method, the main challenge was decomposing the chiller into suitable components that ASPEN could model. The model is shown in Figure 3. The desorber was particularly complicated because it is where the solution and water are separated.

Now that these models have been completed, they will be integrated into the plant cycle models as part of a larger optimization strategy.

3.2.1 Single-Effect Water/Lithium Bromide Cycle
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Figure 3. Single-effect water/lithium bromide model.
The model was compared to the EES model as summarized in Table 2. The errors are acceptable, being in the range of 4% or less.

Table 2. Single-effect water/lithium bromide model accuracy 


[image: image143.wmf]
3.2.2 Double-Effect Water/Lithium Bromide Cycle
Using a similar technique, a double-effect absorption chiller was also modeled. Double-effect chillers provide higher COP’s, but have more components and require higher-temperature waste heat.
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Figure 6. Double-effect water/lithium bromide model.
The double-effect model was compared to predicted EES values, as shown in Table 3.
Table 3: Double-effect water/lithium bromide model accuracy 

[image: image145.wmf]
3.2.1 Single-Effect Ammonia/Water Cycle
Finally, a single-effect ammonia/water model was completed in ASPEN, as shown in Figure 7. While the COP of the ammonia water cycle tends to be lower than that of a water/lithium bromide cycle, ammonia/water can deliver lower cooling temperatures. A second cycle adding a precooler was also modeled but is not shown.
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Figure 7. Single-effect ammonia/water model.
The comparison with the EES model is shown in Table 4.
Table 4. Single-effect ammonia/water model accuracy

	Component
	Units
	EES
	ASPEN
	% Error

	
	
	
	
	

	Desorber
	kW
	266
	253.8
	4.6%

	Absorber
	kW
	235
	219.3
	6.7%

	Condenser
	kW
	173
	175.8
	1.6%

	Evaporator
	kW
	168
	167.7
	0.2%

	
	
	
	
	

	COP
	
	0.632
	0.661
	4.6%


4.
Difficulties Encountered/Overcome

· Assessing LNG plant parameters and gas compositions
· Assessing parameters of specific gas turbines (GE MS6001) for modeling

· Finding suitable property methods in ASPEN for absorption chiller modeling
5.
Planned Project Activities for the Next Quarter

The following activities are to be conducted in the next quarter:

· Modeling AP-X LNG plants and enhancing cycle design based on energy efficiency
· Modeling compressor drivers and integrating them to LNG plant model
· Investigating benefits of incorporating absorption chillers into LNG plants 
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Justification and Background

Waste heat utilization opportunities are abundant in the oil and gas industry. Proper use of waste heat could result in improved cycle efficiency, reduced energy usage, reduction in CO2 emissions, and increased production capacity.

CEEE at the University of Maryland has extensive experience in the design and implementation of integrated combined cooling, heating, and power (CCHP) projects. The faculty at PI has experience in the design and operation of petroleum processing plants. Jointly the team is well equipped to address the challenge posed by this project.


Approach

1. Assess waste heat (WH) sources (PI) 

2. Assess WH conversion processes (UM) 

3. Assess utility requirements (PI) 

4. Match WH sources/processes and utility requirements (PI, UM) 

5. Develop/implement of software for system analysis (PI, UM) 

6. Rank and propose implementation of 1 or 2 preferred systems (PI, UM) 

7. Define additional R&D as needed (PI, UM)

Two-Year Schedule

June 1, 2007
Report assessing WH sources and utility requirements

June 1, 2007
WH conversion options report

Oct. 1, 2007
Useful version of software

Apr. 31, 2008
Ranking of systems and selection

Nov. 31, 2008
Report recommended steps forward
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1.
Objective/Abstract

The proposed two-year study will address the fundamental thermal performance issues associated with the use of thermal high-conductivity polymer materials, addressing their advantages and limitations and defining the heat exchanger configurations that optimize the unique characteristics of high conductivity polymer materials.

To achieve optimum thermal performance, a clear understanding of the thermal engineering characteristics of fiber-enhanced polymer tubes/channels and the fundamental thermo-fluid predictive relations that underpin heat exchange in such configurations will be developed.

Successful completion of this effort will provide fundamental thermofluid modeling relations for thermally enhanced polymer tubes and channels; it will also provide the basis for determining the environmental, weight, and cost advantages resulting from future applications of this technology to seawater heat exchangers for shipboard heat exchangers and for the petroleum and power industries.

2.
Deliverables Scheduled for the Completed Quarter

· Data collection on thermally enhanced PolyOne polymer heat exchanger.

· Complete revisions on least-material optimization paper.

· Patrick Luckow, Juan Cevallos, Avram Bar-Cohen and Peter Rodgers are scheduled to attend the 2008 Energy Sustainability Conference August 10-14 to present their paper, “Energy Efficient Polymers for Gas-Liquid Heat Exchangers.”

· Submit Polymer Heat Exchangers review paper to a professional publication.

· Measure in-plane thermal conductivity of PolyOne thermally-enhanced Nylon 12, and complete experimental verification of fiber orientation Moldflow prediction.

· Complete Moldflow filling parametric analysis and create response surface models.

· Juan Cevallos will complete a first draft of his Master’s thesis.
3.
Summary of Project Activities for the Completed Quarter

· Data collection on thermally enhanced PolyOne polymer heat exchanger

· Prior to further data collection, thermocouples were again calibrated in an ice bath and boiling water, revealing overall thermocouple uncertainty of 0.5°C.
· Experimental apparatus (Figure 2) was assembled with the PolyOne polymer heat exchanger.
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	Figure 1.  Polymer heat exchanger test apparatus.


· Data was collected for the PolyOne polymer heat exchanger, with results shown in Figure 2a, well within experimental uncertainty.

· Results of ABS and PolyOne heat exchangers were plotted and compared to theoretical predictions. PolyOne heat exchanger showed approximately 70% performance gain over ABS.
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	(a) PolyOne heat exchanger results.
	(b) Comparison of PolyOne to ABS heat exchanger.

	Figure 2.  Cross-flow heat exchanger made with thermally enhanced Nylon 12.


· Complete revisions on least-material optimization paper

· Prior revision of least-material optimization paper was split into two potential papers, “Validity of Least Material Equations for Low k fins” and “Minimum Mass Heat Exchanger Design.” 
· Revisions are ongoing for both papers, for potential submission to Applied Thermal Engineering journal.
· Patrick Luckow, Juan Cevallos, Avram Bar-Cohen attended the 2008 Energy Sustainability Conference August 10-14 to present their paper, “Energy Efficient Polymers for Gas-Liquid Heat Exchangers”

· Patrick Luckow presented the paper to an audience of industry and academic participants. A lively discussion followed the presentation, showing a strong interest from the heat transfer community in thermally enhanced polymer heat exchangers.
· Study of anisotropic fins

· Finite element models (Figure 3) were developed to understand the behavior of fins and fin arrays with anisotropic thermal conductivity, due to variations in the carbon fiber orientation resulting from the injection molding process.
· Development of an analytical model for the heat conduction in a two-dimensional anisotropic fin is in progress, with finite-element verification in Ansys.
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	(a) Isotropic, k=20 W/mK.
	(b) Anisotropic; Fins: kx =ky=20 W/mK, kz=2 W/mK ; Base: kx =ky=2 W/mK, kz=20 W/mK.

	Figure 3.  Finned array with constant base heat flux; W=L=5cm,Hfin=1cm, Nfin=10, tb=5mm, tfin=1.5mm, h= 30 W/m2K, qflux=1e5 W/m2 .


· Submit Polymer Heat Exchangers review paper to a professional publication.


A draft of the paper is undergoing review. Several changes regarding scope and form have been made.

· Measure in-plane thermal conductivity of PolyOne thermally enhanced Nylon 12, and complete experimental verification of fiber orientation Moldflow prediction.

· A disk (12.7 mm diameter) was injection-molded, and the thermal conductivity was measured using the laser flash test. However, Moldflow simulations revealed a flow pattern—extensional flow in the core—that causes the fiber orientation and the conductivity to vary with location. The micro-images, shown in Figure 4, confirm these predictions. More experiments are needed to address this issue.
	[image: image158.jpg]



	[image: image159.jpg]




	(a) Orientation at edge of disk
	(b) Orientation at core of disk

	Figure 4.  Cross sectional pictures of laser flash test specimen used to measure thermal conductivity.


· Complete Moldflow-filling parametric analysis and create response surface models.

· Numerous Moldflow simulations have been performed, and the data obtained from these was used to develop a meta-model for predicting filled volume percentage of a finned plate with single-gate injection. Figure 5 shows a plot of percent volume filled and illustrates the use of the meta-model as a design tool.
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	Figure 5.  Percent volume filled as a function of base length and base thickness  

(H = 10 mm, S = 10 mm, t = 2 mm).


· Cost models for materials, production, and tooling have been created for injection molding of a finned plate, based on existing models (www.custompartnet.com). These cost models will be modified to reflect the parameters of PolyOne’s thermally enhanced Nylon 12.
· Moldflow simulation data have been compiled to develop meta-models for 2-gate and 4-gate injection. These models, along with the cost models, will serve to assess the manufacturability of a finned plate using a thermally-enhanced material.
· Juan Cevallos will complete a first draft of his Master’s thesis


Thesis work is still under way. Juan has applied for admission to the PhD program at UMD. 

4.
Difficulties Encountered/Overcome


None to report. 

5.
Planned Project Activities for the Next Quarter

· Complete revisions of least-material optimization paper

· Finish and verify analytical derivation for two-dimensional, orthotropic rectangular plate fin.

· Study effects of changing thermal conductivity along the fin, based on simulations of fiber orientation.

· Develop a complete cost model for manufacturing a heat exchanger, via injection molding, using a thermally enhanced polymer.

· Finalize experimental verification of fiber orientation Moldflow prediction.

· Complete new draft for Polymer Heat Exchanger review paper.

4. 


· 
· 
· 
· 
· 
· 
· 
 Appendix


Justification and Background

High thermal-conductivity polymer heat exchangers could play an important role in seawater-based cooling systems for the power industry, naval applications, and coastal petroleum refineries. Such advanced heat exchangers could facilitate the more direct use of seawater in these applications, while providing reduced weight, greater resistance to corrosion and fouling, reduced energy consumption, and greater geometric flexibility and ease of manufacturing, relative to the technology in use today.

While conventional metal heat exchangers are generally incapable of providing reliable long-term service with salt water (and other corrosive fluids), to date the cost, complexity, and the restricted availability of exotic corrosion-resistant materials have limited the design and application of seawater heat exchangers.  

Compact, high performance heat exchangers fabricated of high thermal-conductivity polymers offer a promising alternative to these exotic materials in refineries and power plants located along the coast, where seawater is the primary coolant.


Approach

1.
Review the available compact liquid-liquid heat exchanger concepts, e.g., shell-in-tube and plate-coil, and identify their strengths and weaknesses.

2.
Define the relevant heat exchange metrics, e.g., kW/m3 and COP (kW heat/kW pumping), and rank the concepts by these metrics.

3.
Review and tabulate the thermal, chemical, and mechanical properties of thermally enhanced polymer materials suitable for use in liquid-to-liquid heat exchangers.  

4.
Apply the selected metrics to conventional polymer and thermally enhanced polymer heat exchangers, and re-rank the heat exchanger concepts.

5.
Develop new polymer nanocomposite materials and compare their thermal, chemical, and mechanical properties to the best-known thermally enhanced polymeric materials.

6.
Select the most promising polymer materials and configuration(s) for seawater heat exchange and determine the theoretical performance limits for these configurations/materials.

7.
Fabricate and test polymer tube/channel heat exchanger “building blocks” to determine the pressure drop and heat transfer coefficients achievable. 

8.
Correlate baseline thermofluid data for “building block” tube/channels and compare to theoretical predictions. 

9.
Develop a test loop for testing of pilot scale polymer heat exchangers, representative of industrial applications. 

10.
Develop recommendations for seawater-cooled, thermally enhanced polymer heat exchangers for specific applications, such as in the power industries, refineries, and aboard ships.

Two-Year Schedule

Year 1: 

Conduct literature review on: (i) the strengths and weaknesses of various commercially available heat exchanger designs and (ii) current usage of polymer heat exchangers. 

Assess the thermal, chemical, and mechanical properties of thermally-enhanced polymer materials suitable for use in liquid-to-liquid heat exchangers. 

Assess theoretical performance limit of polymer candidate materials and configuration(s). 

Construct laboratory-scale test apparatus for thermal characterization of polymer heat exchanger “building block” tube/channels. 

Fabricate polymer nanocomposite materials suitable for polymer heat exchangers. 

Characterize thermal properties of polymer “building block” tube/channel heat exchanger test vehicles. 

Correlate baseline thermofluid data for “building block” tube/channel with theoretical predictions. 

Year 2: 

· Construct a test loop for thermal characterization of pilot scale polymer heat exchangers representative of industrial applications. 

· Characterize thermal properties of pilot-scale polymer heat exchangers. 

· Recommend seawater-cooled, thermally enhanced polymer heat exchangers for specific applications. 
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	An EHD-Enhanced Gas-Liquid Separator
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1.
Objective/Abstract

To study hybrid inertia-EHD gas-liquid separation phenomena for electrically conductive and nonconductive liquid particles suspended in a moving gaseous medium. This is useful in a variety of applications, including the petrochemical and process industries, refrigeration and cryogenics, and micron/sub micron air filtration and clean room applications.

2.
Deliverables Scheduled for the Completed Quarter

· Modification of the air-oil separation test setup

· Parametric study on air-oil separation
3.
Summary of Project Activities for the Completed Quarter

5. Air-Oil Separation

A parametric study was conducted to investigate the effect of electrode polarity, applied voltage, air velocity and temperature on separation efficiency for the air-oil mixture. Figure 1 shows the experimental test setup. 


[image: image161]
Figure 1. Air-oil separator test setup.
The oil separator geometry is a wire-cylinder separator. The diameters of the wire and cylinder are 0.08 mm and 20 mm, respectively. The length of the separator is 150 mm. 

For the experiments, the air passed through the oil reservoir, where the oil droplets were injected into the air flow. Then the air-oil droplet mixture entered the conventional oil separator as the first separation stage to clean the air from the big oil droplets and other matter particulates. After the first-stage separation, the mixture entered the EHD oil separator to remove the finer oil droplets. 

The corona onset voltage for this geometry was 3.8 kV. This value was verified analytically and experimentally. After this voltage was reached, the particles began to be charged and therefore separated.

The first study was focused on the effect of electrode polarity on separation efficiency. The effect of polarity on the relation between current and voltage is shown in Figure 2. The negative polarity has higher ion emissions, and therefore it has a better separation efficiency, as shown in Figure 3.
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Figure 2. Current-voltage relation for positive and negative polarities.
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Figure 3. Separation efficiency for positive and negative polarities.

The second study highlights the effect of air velocity on separation efficiency. As the air velocity decreases, the efficiency is enhanced because of the increase of the particle resident time during which charged particles travel to the collector electrode, as shown in Figure 4.
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Figure 4. Effect of velocity on separation efficiency.

The final study involves the effect of temperature on efficiency. Increasing flow temperature increases ions emissions (Figure 5), and therefore increases efficiency (Figure 6).
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Figure 5. Current-voltage relation for different flow temperatures.
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Figure 6. Effect of flow temperature on separation efficiency.

4.
Difficulties Encountered/Overcome

Some challenges in the design of gas-and-conductive liquid separator can be identified as: 
a. Prevention of charge leakages and/or shortages due to the conductive nature of fluid
b. Power supply design and control mechanisms
5.
Planned Project Activities for the Next Quarter

a. Testing air-oil separator with different electrode geometries 

b. Continuing work on the numerical model by considering particle breakup

c. Finishing a journal paper highlighting the experimental work on air-oil separation.



· 
· 
· 

· 

1. 
2. 
3. 















· 

· 

1. 

2. 




· 
· 

· 
· 
· 

Appendix



Justification and Background

Separation comprises a significant part of the oil and natural gas production process.  In many stages of this process, electrostatic separation significantly increases the efficiency and often decreases the cost of production. Most of the oil producers, including ADNOC, operate where the climate is hot and therefore use refrigeration and air-conditioning equipment.  The efficiency and reliability of this equipment appreciably suffers due to mal-distribution of lubricant oil in the system. Electrostatic separation can correct this mal-distribution and improve the efficiency of this refrigeration and air-conditioning equipment.   Similarly, vapor compression equipment with lubricant circulation is also used in oil refinery processes. This circulation can be significantly improved using EHD separators to increase heat-pumping efficiency. UM has already developed a working prototype for gas-and-non-conductive droplet separation. However, the fundamentals of this separation mechanism must be better understood to enable optimization of the working design. There is also a need to explore the feasibility of separation of gas-and-conductive liquid mixtures, which poses additional challenges.  

Conventional gas/liquid separators are based on inertial and gravitational forces. They have poor efficiency when separating micron-size particles in the flow due to low gravitational and inertial forces acting on small particles. In contrast, electro-hydrodynamic (EHD) forces strongly affect particles of such size. The combination of a conventional separator with EHD allows us to create the most effective and lowest pressure-drop particle separator, with potential applications to separation of electrically conductive and non-conductive liquid particles. The separation of electrically conductive particles like water-air mixtures (fog) imposes significant design constraints on separator electrode design and high-voltage power supply selection. 



Approach

Detailed analysis and identification of the phenomena and the design challenges involved in effective implementation of the mechanism. Parametric study of existing and improved separators. Design iterations, including numerical flow and field simulations, fabrication, and testing. Creation of database and engineering design correlations.


Two-Year Schedule

Year 1: 

· Conduct literature review to study current technologies for separation of solid or liquid particles from gas flows by electrostatic and electro-hydrodynamic (EHD) forces. 

· Evaluate existing technologies and assess their applicability to flow separation of gas-and-liquid-droplet mixtures.  

· Evaluate and optimize current designs of UM EHD separators for non-conductive liquid particles in gas flow. 

· Design and fabricate a two-phase gas-liquid droplet separator capable of operating with conductive fluids. Conduct a parametric study of separators for different conductive fluids, concentrations, and gas flow rates. 

Year 2: 

· Continue optimization and numerical study of hybrid gas-and-non-conductive liquid droplet separator. Continue parametric experimental study of gas-and conductive separator. 

· Design iterations and implementation. 

· Experiment on different designs. 

· Present the best design to ADNOC group of companies.

· Develop design correlation.  

· Prepare report. 
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1.
Objective/Abstract

The proposed two-year study will investigate, by different experimental techniques, the fundamentals of the two-phase condensing flow phenomenon in a sub-millimeter microchannel. In order to understand the mechanism of the flow, local measurements of heat flux, temperature and flow velocities are necessary. The present project intends to use an optimum flow-visualization technique to measure heat flux distribution and local fluid- and vapor-phase velocities, respectively.

2.
Deliverables Scheduled for the Completed Quarter 

· Completed pressure drop study of constant quality flows with R-134a and R245fa.
· Conducted visualization tests on two-phase flows for microchannel condenser 1.
· Designed a visualization microchannel condenser 2 for PI.
3.
Summary of Project Activities for the Completed Quarter

Condensation Results
Experimental tests were conducted in accordance with the parametric Table 1. This section presents a study of pressure drop in a microchannel condenser (190mm x 2.8mm x 0.4mm) at constant quality for ranges of quality from 10% to 90%. Experimental tests of this study were conducted by keeping the quality of the inlet and outlet of the condenser the same (adiabatic condition) in each test. The investigation considered two different effects for two different refrigerants: the effects of mass flux and the effect of saturation temperature on pressure drop for R143a and R245fa. The physical properties of the refrigerants are shown in Table 2.
Table 1. 11 Parametric study tests

	Test #
	Tsat (oC)
	Mass Flux (kg/m2s)
	Quality
	Study

	1
	50
	200
	0.1-0.9
	Mass Flux Effect

	2
	
	300
	0.1-0.9
	

	3
	
	400
	0.1-0.9
	

	4
	30
	300
	0.1-0.9
	Saturation Temperature Effect

	5
	40
	
	0.1-0.9
	

	6
	50
	
	0.1-0.9
	


Table 2.  Refrigerant properties
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Effect of Mass Flux 

Pressure Drop

It is known that pressure drop has a squared power relation with the velocity and hence is significantly affected by increases in mass flux, as shown in Figure 1 Figure 1and Figure 2. Fi It is noteworthy that R245fa has almost three times the pressure drop as R134a. This is mainly due to the difference in vapor densities of the refrigerants, for which v R245 is about three times lower than v of R134a; therefore the pressure drop is three times larger when using R245fa, as illustrated in Figure 3a.

It can also be seen in Figures 1 and 2 that as the quality increases, the pressure drop increases as well. This is due to the change in the volumetric flow rate. When quality is increased, the vapor volume to liquid volume ratio increases. Thus, vapor becomes more dominant than liquid inside the channel, and since the vapor density is lower than the liquid density, the vapor flows faster than the liquid, which causes the pressure to rise:

.
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where Vv is vapor velocity, x is quality, G is mass flux and v is vapor density.

On the other hand, the liquid density of R245fa is higher than that of R134a, as shown in Figure 3b, but when compared with the effect of vapor density difference between the refrigerants, the effect of liquid density difference can be neglected. Therefore, the liquid velocity can be neglected as well:

[image: image174.png]n= 126,




where Vl is liquid velocity and l is liquid density.

Figures 4a and 4b show the effect of both vapor and liquid densities on vapor and liquid velocities, respectively.

[image: image175.wmf]
Figure 1. Effect of mass flux on pressure drop R134a at Tsat = 50 oC.
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Figure 2. Effect of mass flux on pressure drop R245fa at Tsat = 50 oC.
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(a) vapor density
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(b) liquid density
Figure 3. Change in densities with saturation temperature for R134a & R245fa. 
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(a) R134a
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(b) R245fa

Figure 4. Vapor and liquid velocities vs. mass flux.

Effect of Saturation Temperature

Pressure Drop

Increasing the saturation temperature has a significant and positive effect on pressure drop, as seen in Figure 5 Figand Figure 6. This is due the sensitivity of pressure drop to liquid viscosity; hence, the pressure drop is higher at 30 oC than at 50 oC because the liquid viscosity is higher at 30 oC, as can be seen in Table 2. Figures 7a and 6b also show a compression of how liquid and vapor viscosity are affected by saturation temperature and that the changes in vapor viscosity can be neglected when compared to the changes in liquid viscosity. In addition, a decrease in volumetric flow (i.e., vapor density) contributes to the decrease in pressure drop as the saturation temperature is increased, and therefore the velocity is lower. 

[image: image181.wmf]
Figure 5. Effect of saturation temperature on pressure drop for R134a.
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Figure 6. Effect of saturation temperature on pressure drop for R245fa.
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(a) Vapor viscosity
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(b) Liquid viscosity
Figure 7. The change of viscosities with saturation temperature for R134a & R245fa.

Visualization Results

The original microchannel that was used to obtain the previous results has dimensions of 190 mm x 2.8 mm x 0.4 mm. For visualization purposes, the length of 190 mm is not necessary. What is important is to observe how the channel aspect ratios affect the two-phase flow inside the channel. Therefore, two microchannels were designed and built for visualization. Microchannel Condenser 1 has a viewing window of 2.8 mm and a length of 25.4 mm, and the Microchannel Condenser 2 has a viewing window of 0.4 mm and almost a similar length. For each design, two identical micro-channels were built—one was tested at UM, and the other was sent to PI. 
Microchannel Condenser 1

Figure 8 shows a picture of the condenser. The visualization tests for this micro-channel condenser were conducted in two different orientations to observe whether there was any gravitational effect on the flow. In the first orientation the channel was placed on the horizontal plain, and the camera was positioned to take videos from the top. In the second orientation the channel was rotated 90o from its previous position, and the camera was set to take videos from the side. 

[image: image185.wmf][image: image186.jpg]



Figure 8. Microchannel condenser with viewing window of 2.8mm.

We conducted visualization tests according to the parametric study table, Table 1. All the tests have been completed for this channel, and pictures of the results are shown in Table 3.

Table 3. Visualization results of channel with viewing window of 2.8mm

	x 
	300 kg/m2s 

	0.02 
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The results in the table are for different qualities varying from 0.02 to 0.9 for a flow with a mass flux of 300 kg/m2s and 50 oC saturation temperature. It is clear from the results that at low qualities (from 0.02 to 0.1) the flow is mostly bubble and slug flows. In this range of qualities, swirling, necking and axe-directional movements of the fluid were observed, which was quite interesting to see. This is believed to be due to the high aspect ratio of the channel, which gives the fluid freedom to move in different directions inside the channel, which then causes the swirling and necking of the flow. 

Another interesting observation was that the annular flow developed very early at qualities from 0.1 to 0.2. After increasing the quality to 30% a liquid film began to form at the bottom of the channel where vapor began to flow on top of the liquid film, which created waves. The waves changed from discrete to disperse waves as the quality was increased due to the vapor velocity flowing at higher velocities than the liquid, which was due to the decrease in vapor density with increasing quality. 

The results for both orientations were very similar and no difference in flow is reported.

Microchannel Condenser 2

Figure 9 shows a picture of the channel. This channel has a viewing window of 0.4 mm and a depth of 2.8 mm. Two identical channels were built, one to be tested at UM and the other at PI. No tests have been conducted with this channel as of yet.
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Figure 9. Micro-condenser with viewing window of 0.4 mm.

4.
Difficulties Encountered/Overcome

None.

5.
Planned Project Activities for the Next Quarter

· Conduct constant visualization test on Microchannel Condenser 2.
· Conference paper and/or article.
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Justification and Background

With the development of new manufacturing technologies and fluid maintenance techniques, miniaturization of heat transfer systems has proven to be possible and to afford great economic benefits.  Two orders of magnitude of reduction in system weight and volume with significant reductions in cost have become feasible. Sufficient data and advanced modeling are available to characterize boiling processes in microchannels. However, such data are lacking for condensing flows in micro-scale passages and are necessary for development of predictive models and correlations in the future. 

This project will be conducted in two parts. To investigate local heat transfer with precision, the first part will use the micro-fabricated element-array technique to measure local heat flux and temperature profiles.  This will enable understanding of the flow and condensation process in greater detail than traditional methods have presently allowed. In the second part, flow visualization at the micro-scale will be used to complement the heat transfer experiments to provide data on velocity profiles and flow dynamics that are unobtainable by heat transfer measurements. This combined data set will be used in future predictive models and correlations, which will pave the way for optimization of two-phase, high-performance heat transfer systems.

In the present age of miniaturization, there is a need to understand flow phenomena in compact phase-change-type micro-fluidic systems. In recent years, work has characterized the boiling phenomenon using high-speed optics, micro-heater arrays for local wall temperatures, and heat flux measurements and Particle Image Velocimetry (PIV) techniques. Those techniques significantly improve the understanding of boiling phenomenon. Similar experiments in condensation, particularly micro-array heat flux and temperature experiments combined with PIV studies can provide extremely valuable information for the understanding of the condensation phenomenon in microchannels.

Approach

UM-side participation 

(a) Conduct an extensive literature survey for experimental studies on condensation of refrigerants in microchannels of hydraulic diameter 1 mm or less, and extract useful data for heat transfer and pressure drops. (b) Conduct a survey of literature for analytical/numerical models in microchannel condensing flows and study them. Understand inputs typically needed for predictive models. (c)  Work with PI to conduct a survey of literature and vendors for flow visualization of two-phase micro-fluidic systems. 

Based on above literature study, design prototype of a microchannel with a platinum micro-resistors array and experimental loop. 

Develop the processes for micro-array fabrication and microchannel fabrication and make necessary design changes to accommodate technical issues. Finalize experimental prototype design. 

Fabricate prototype and complete instrumentation. Fabricate experimental loop. 

Test experimental loop for various mass flow rates of a suitable refrigerant fluid at different two-phase qualities. Collect test data on local heat fluxes on channel walls, overall pressure drop, and high-speed digital video evidence. 

Work with PI to fabricate the recommended flow-visualization prototype and associated experimental loop parts. 

PI-side participation 

· Work with UM to conduct an extended literature survey on the flow visualization on micro-fluidic systems focusing on multi-phase flow. 

· Develop the optimum flow visualization system for multi-phase flow inside a microchannel. 

· Work with UM to recommend a design suitable for the optimum visualization technique. Develop requirements and recommendations for a flow-visualization test section that will be fabricated by UM. 

· Conduct flow visualization measurements inside the microchannel prototype designed and fabricated at UM. 

5.
Compare flow-visualization data with UM micro-array data.

Two-Year Schedule

UM-side participation 

Year 1. 

Literature review and summary. 

Design of micro-array prototype. 

Investigation of micro-array fabrication. 

Fabrication of experimental setup. 

Year 2. 

Final fabrication of micro-array prototype. 

Final fabrication of visualization prototype and loop.

Experimentation on micro-array. 

Final report. 

PI-side participation 

Year 1. 

Literature review and summary. 

Development of optimum visualization setup. 

Year 2. 

Experimentation on visualization setup designed and fabricated in UM. 

Final report.
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1.
Objective/Abstract

The main objective of this project continues to be the development of a framework for robust optimization of petrochemical systems based on the net profit and/or performance effects under uncertainty. One approach for solving such problems is to use Multi-Objective Robust Optimization (MORO). The goal in MORO is to obtain system solutions that are as best as possible in a multi-objective sense; at the same time, their system performance must be “insensitive” to uncertainty. One area of research focus in the last reporting cycle was on a new MORO approach. We used both this new MORO technique and a previously developed MORO technique to solve a distillation column problem. For this problem, the solutions obtained from these two MORO approaches were in agreement. More importantly, it was shown that the number of simulation calls required by the new MORO approach is an order-of-magnitude less than the previous MORO. We made other progress also as summarized in the following.
2.
Deliverables for the Completed Quarter
· The previously developed reactor-distillation model has now been revised with the following improvements: (i) the reactor model has been refined to account for more design variables and parameters; (ii) a second distillation column model has been added to facilitate separation of multiple distillates; (iii) compatibility issues among different subsystems have been resolved.
· An all-at-once multi-objective multi-disciplinary optimization problem was set up and solved for the revised reactor-distillation model, and the convergence has been achieved.
· Preliminary Pareto solutions for the reactor-distillation system optimization problem in a deterministic case have been obtained.
· The recently developed single-level, single-objective, robust optimization approach has been extended to multi-objective robot optimization. 
· A comparative study between the proposed single-level MORO and our previously developed MORO is ongoing. We have obtained preliminary results that show that the number of simulation calls required by the new MORO approach is an order-of-magnitude less than the previous MORO technique. Our current results show that the new MORO approach is generic and applicable to a wide class of problems in energy systems.
· A journal paper in the area of combined robust optimization and sensitivity analysis has been completed and is being reviewed and finalized by PI.
· A journal paper based on the proposed single-level MORO is under preparation.
· An abstract of the single-level MORO is about to be submitted to Energy 2030 conference.
3.
Summary of Project Activities for the Completed Quarter

UMD and PI had two teleconference meetings on September 3rd and 17th. A summary of the minutes from these meetings is given below:
· A review of multi-objective robust optimization was given by UM to PI which included a description of an “all-at-once” optimization approach for multi-disciplinary systems. A brief review of a newly developed single-level MORO was given. Preliminary results of this single-level MORO as applied to single- and multi-objective optimization problems were discussed. Regarding a revision of the reactor-distillation model, the deterministic optimization problem using an “all-at-once” framework was formulated and solved, and the corresponding results were discussed.  

· For the robust optimization study of the reactor-distillation model, the uncertain parameters and design variables were determined. Plans were made for a robust optimization study of the reactor-distillation model in the upcoming quarter using the proposed new single-level MORO. 

· One of the two joint UM-PI papers in the area of robust optimization and sensitivity analysis was completed and sent to PI for feedback. The other paper, which is on a new single-level MORO approach, is under preparation and should be completed and sent to PI during the next quarter. 

Here and in the next few paragraphs, we present a summary of the new robust optimization approach and give an application of the approach to an example in energy system optimization. In this context, we considered the design and operation of a petrochemical system at a refinery plant, which typically involves more than one objective. One of these objectives is profit. The other is the purity of the distillate products. Due to uncertainty in the process parameters, the performance of any petrochemical system can be degraded. A previously developed two-level robust optimization approach was applied to handle this MORO problem. Applying the previously developed MORO to such an example involved a large number of function calls.

Since last quarter, we have obtained some preliminary results for a new single-level robust optimization approach as applied to a distillation column case study and other test cases.  Those results were obtained for single-objective optimization problems. We recently extended our single-level robust optimization to a single-level MORO. 

In our new single-level MORO approach, as in the two-level MORO, we assume that the uncertainty in input parameters is represented by an interval with known upper and lower bounds. We defined a feasibly robust design as one that maintains satisfaction of constraints when the uncertain parameters vary within their intervals. Similarly, a design is said to be multi-objectively robust if the variation of objectives is within an acceptable range. If a design is both feasibly and multi-objectively robust, we simply call it a robust design.  
In the previously developed two-level MORO, the upper level problem solved for optimized design solutions, while the lower level applied a robustness constraint. This iterative formulation in the two-level MORO between the upper and lower level problems can result in a large number of simulation calls. In order to handle MORO problems more efficiently, a single-level MORO approach was developed. In the single-level MORO, constraints are iteratively added to the optimization problem. These constraints are devised using a worst-case value of parameters that collectively help identify robust solutions. Because the single-level MORO involves only one level, it is considerably more efficient than the two-level MORO.
We used both the proposed single-level MORO and the two-level MORO to solve a distillation column optimization problem, as summarized in Figure 1. For comparison, the deterministic optimization problem with the nominal value of parameters was also solved. The Pareto solutions obtained from the two MORO approaches are in general agreement, as shown in Figure 2. More importantly, the number of simulation calls required by the single-level MORO approach has been reduced by an order of magnitude (as shown in the table to the right of Figure 2) compared to the two-level MORO.
[image: image210.emf]
Figure 1. Distillation column example.
[image: image211.emf]
Figure 2. Deterministic and robust results.
In addition developing the new MORO approach, we also applied the “all-at-once” framework for multi-disciplinary optimization to the revised reactor-distillation system and obtained deterministic optimal solutions. As shown in Figure 3, in a two-subsystem problem, the two-way “couplings” y between subsystems are “broken up” by adding a target variable t for each coupling variable and enforcing the coupling variable to converge to its target.

[image: image212.emf]
Figure 3. Handling coupling variables in the “all-at-once” approach. 

After revising the reactor-distillation model, we have three sub-systems, as shown in Figure 4. Coupling variables in the model include Forg, Xorg, D, XD, and DS (i.e., distillated steam). We chose the “DS” to break up the coupling to form an “all-at-once” formulation. DSdis is the distillation feedback stream to the reactor, and its target variable is DSrct. The convergence condition has also been enforced, as shown in Figure 4.

[image: image213.emf]
Figure 4. The revised reactor-distillation system.
The objectives of the reactor-distillation deterministic optimization problem are to maximize the purity of distillation stream and to minimize the total cost. Because there are three subsystems in the reactor-distillation model, they must be consistent in such a way that the difference between the coupling variable and the target variable is as small as possible, as shown by the convergence condition in Figure 5. The optimization problem has ten design variables: four for the reactor subsystem, two for the first distillation column, and four for the second distillation column. 
[image: image214.emf]
Figure 5. Formulation of reactor-distillation system as a multi-disciplinary optimization problem

We obtained the Pareto optimum solutions using two different  values, i.e., 
[image: image215.wmf]and 
[image: image216.wmf]. The results obtained are shown in Figure 6. Particularly, the left figure in Figure 6 shows the relative trend of the two Pareto solutions obtained. A portion of the left figure is enlarged and shown on the right of Figure 6. The design variables for some selected optimal solutions in Figure 6 are shown in Table 1.
 [image: image217.emf]
Figure 6. Deterministic optimal solutions for the reactor-distillation system.
Table 1. Design variables for select optimal solutions

	#
	Foxy
	Fair
	Vol
	DSRct
	Rmin
	R
	VB
	Nmin
	N1
	N2
	TC
	XPa+XMa

	1
	100.66
	1122.51
	3.55
	160.77
	0.12
	6.82
	6.07
	5
	86
	100
	7.78E+06
	1.895

	2
	100.41
	224.01
	4.78
	263.98
	0.12
	8.86
	6.00
	5
	94
	71
	1.51E+07
	1.981

	3
	100.33
	259.00
	2.93
	1884.81
	0.12
	6.44
	6.06
	5
	85
	76
	7.30E+07
	1.990

	4
	100.96
	244.63
	7.95
	579.33
	0.10
	5.15
	6.01
	5
	73
	77
	2.62E+07
	1.986

	5
	104.70
	356.78
	3.95
	1078.46
	0.10
	5.14
	6.01
	5
	79
	87
	4.41E+07
	1.987

	6
	100.05
	242.87
	7.70
	1567.61
	0.10
	5.15
	6.00
	5
	87
	93
	6.16E+07
	1.990


4.
Difficulties Encountered/Overcome

After refining the reactor model and adding one more distillation column to the integrated system, the previously reported “compatibility” problems were resolved. We have been concerned with the computational cost required to solve a robust optimization problem. Since last quarter, we have obtained preliminary results of applying the new MORO to the distillation column design problem. However, the petrochemical system problems that we are facing with in the present project usually have multiple objectives. As a result, we have been focusing on problems with more than one objective. After studying the previously developed two-level MORO approach, the single-level MORO was developed. The single-level MORO, while more efficient than two-level MORO, still requires a significant amount of computational effort. This and other related issues will be investigated as a part of the research in the next quarter.
5.
Planned Project Activities for the Next Quarter

· Continue refining the single-level approach and related techniques to improve the efficiency of the approach
· Continue refining the new reactor-distillation model

· Consider uncertainty in the reactor-distillation system problem and apply robust optimization approaches (single- and bi-level robust optimization approaches) to the system
· Finalize the papers being co-authored by UMD and PI and submit them to appropriate publication outlets.
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Appendix


Justification and Background

Optimization-based design of distillation tower with other subsystems (e.g., reactor, condenser, etc.) needs to be better understood, particularly when significant uncertainty exists during the operation of these systems in a refinery plant.

A preliminary review of the literature has revealed that previous methods in design and/or operation of petrochemical systems have been mainly based on either engineering decisions or business decisions.  The literature is sparse for the cases when these two types of decisions are integrated sequentially. However, given that operating decisions are based on engineering and business considerations simultaneously, these methods should be further developed and tuned to actual conditions of real plants to increase profitability.


Approach

There are two main tasks in the proposed approach. Both tasks will begin after a literature review in the respective domain is performed. 

Task 1 (PI): 

Develop and implement engineering analysis models for a petrochemical system:  

· Task 1.1: Develop a MATLAB-based multi-input, multi-output analysis model for a distillation column.  

· Task 1.2: Extend the above analysis model for the distillation column to include: (i) additional complexity, (ii) subsystem details; or, expand the model to include other subsystems in a refinery plant. The ultimate goal is to develop an integrated multi-subsystem petrochemical analysis model for a plant or a group of units in the plant. 

Task 2 (UM): 

Develop and implement a robust optimization approach: 

· Task 2.1: Develop and implement a MATLAB-based multi-objective and robust optimization approach for the above analysis models. 
· Task 2.2: Extend the robust optimization approach to consider the case when: (i) the upper and lower bounds for the known range of inputs include quantifiable variability, (ii) for a subset of uncertain inputs, their probability distribution is available, while for the remaining inputs the range is given.
Two-Year Schedule

Tasks 1 and 2 will begin in the first year. Tasks 1.1 and 2.1 are expected to be completed by the end of the first year. Tasks 1.2 and 2.2 will begin toward the end of the first year and are expected to be completed by the end of the second year.
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1.
Objective/Abstract

Research objectives are the following: i) develop and analytically and numerically study control-oriented models for the drill strings, ii) investigate the control of an under-actuated nonlinear system (drill string) with complex interactions with the environment, and iii) build drill-string test-beds at  PI & UMD to validate  the analytical findings and suggest possible strategies to mitigate drill-string failures. 

2.
Deliverables Scheduled for the Completed Quarter

On the experimental front, the following have been addressed: 

· Experimental design and construction

· Calibration experiments at lower and higher rotation speeds
· Preliminary experiments with unbalanced mass 
· Data collection and analyses
3.
Summary of Project Activities for the Completed Quarter

Accomplishments:
· Calibration experiments and preliminary unbalanced mass experiments 
· Data collection and  analyses 
· A conference abstract entitled  “Reduced-Order Models for Drill-String Dynamics,” authored by C. M. Liao, B. Balachandran, M. Karkoub, and Y. Abdelmagid, has been submitted to the Second Energy 2030 Conference, which will be held November 3-6 at Abu Dhabi, UAE 
· A journal manuscript entitled “Drill String Torsional Vibration Suppression Using GA Optimized Controllers,” authored by M. Karkoub, Y. Abdelmagid, and B. Balachandran, has been submitted for publication to the Canadian Journal of Petroleum Technology

· A journal article is under preparation for submission to the ASME Journal of Vibration and Acoustics

In the previous quarterly report, experimentally observed rolling and bumping motions of the bottom disk were reported. Following these experiments, where the focus was on qualitative behavior, experiments were conducted to calibrate the different sensors (encoders in particular) as well as to study at what speeds the experiments could be conducted with an unbalanced mass.  These experiments were conducted as a first step towards collecting quantitative data for analysis and comparison with model predictions.

In the following sections, the project progress is briefly detailed over three sections.  In the first section, the results obtained from the low rotation speed experiments are discussed.  In the second section, the results obtained from the high rotation speed experiments are presented. Following that, in the third section, the results obtained from the experiments with an unbalanced mass on the bottom disk are presented.

3.1: Experimental results obtained at low rotation speed

The experimental setting is the same as that discussed in the previous report.   A motor running at a constant rotation speed of 100 rpm is used in this experiment.   The encoders used for measuring the angular positions at the two ends of drill string are absolute position encoders, each with 11 bits gray code output, which is decoded on a Labview® software platform.   

In Figure 1, the rotating angle time histories of the top and bottom of the drill string are presented along with the difference.  The corresponding frequency domain information is shown in Figures 2 and 3.  In Figures 2a) and b), a prominent peak can be seen close to 1.5 Hz, which is at the excitation frequency, and another peak is noticeable close to 7 Hz. The same characteristics are also present in Figures 3a) and b).  
	[image: image281.emf]

	(a)

	[image: image282.emf]

	(b)

	[image: image283.emf]

	(c)


Figure 1. Time histories:  a) rotation angle of top disk, b) rotation angle of bottom disk, and c) difference between the rotations of the two disks. The rotation unit is degrees and the time unit is seconds.
To generate the spectra shown in Figures c) and d) of Figures 2 and 3, the corresponding time histories were allowed to vary over a 2π range.  Some of the same features as seen in the corresponding Figures 2a) and b)  and Figure 3 can be seen.  However, the peak close to 7 Hz is not dominant in Figures 3 c) and d). 
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Figure 2. Frequency spectra for top disk:  a) spectrum on linear scale, b) spectrum on a  log scale, c)  spectrum on  linear scale (complete spectrum of time history on 2π scale); magnitude on ), and d)  spectrum on  linear scale (expanded view of time history on 2π scale).
	[image: image288.emf]
	[image: image289.emf]

	(a)
	(b) 

	[image: image290.emf]
	[image: image291.emf]

	(c)
	(d)


Figure 3. Frequency spectra for bottom  disk:  a) spectrum on  linear scale, b) spectrum on a  log scale, c)  spectrum on  linear scale (complete spectrum of time history on 2π scale); magnitude on ), and d)  spectrum on  linear scale (expanded view of time history on 2π scale).
3.2: Experimental results obtained at high rotation speed

For this set of experiments, the rotation speed was increased to 200 rpm. Again, a peak close to 7 Hz is discernible in the observed rotations.  Higher rotation speeds have not been tried so far, for safety reasons.   The time histories are presented in Figure 4 and the associated spectra are shown in Figures 5 and 6.   In the spectra, a prominent peak close to 3 Hz is seen. 
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Figure 4. Time histories:  a) rotation angle of top disk, b) rotation angle of bottom disk, and c) difference between the rotations of the two disks. The rotation unit is degrees and the time unit is seconds.
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Figure 5. Frequency spectra for top disk:  a) spectrum on  linear scale, b) spectrum on a  log scale, c)  spectrum on  linear scale (complete spectrum of time history on 2π scale); magnitude on ), and d)  spectrum on  linear scale (expanded view of time history on 2π scale).
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Figure 6. Frequency spectra for bottom  disk:  a) spectrum on  linear scale, b) spectrum on a  log scale, c)  spectrum on  linear scale (complete spectrum of time history on 2π scale); magnitude on ), and d)  spectrum on  linear scale (expanded view of time history on 2π scale).
3.3: Experimental results obtained with unbalanced mass attached to bottom disk 

An unbalanced mass in the form of a bolt is attached to the bottom disk and the experiments are run at 100 rpm.  The corresponding time histories and frequency spectra are shown in Figures 7 to 9.  Due to the unbalance, the previously observed peak close to 7 Hz is shifted to the neighborhood of 8 Hz. 

	[image: image303.emf]

	(a)

	[image: image304.emf]

	(b)

	[image: image305.emf]
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Figure 7. Time histories:  a) rotation angle of top disk, b) rotation angle of bottom disk, and c) difference between the rotations of the two disks. The rotation unit is degrees and the time unit is seconds.
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Figure 8. Frequency spectra for top disk:  a) spectrum on  linear scale, b) spectrum on a  log scale, c)  spectrum on  linear scale (complete spectrum of time history on 2π scale); magnitude on ), and d)  spectrum on  linear scale (expanded view of time history on 2π scale).
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Figure 9. Frequency spectra for bottom disk:  a) spectrum on linear scale, b) spectrum on a  log scale, c)  spectrum on  linear scale (complete spectrum of time history on 2π scale); magnitude on ), and d)  spectrum on  linear scale (expanded view of time history on 2π scale).
4. Difficulties Encountered/Overcome
· The signals from the encoders are noisy to compare with model predictions.  Experiments with higher sampling speeds and filtering are currently being tried out. 
· At rotation speeds higher than 200 rpm, the unbalanced mass causes the drill string to bend considerably.  Different drill strings (different thickness and different lengths) are being tried out. 
5. Planned Project Activities for the Next Quarter
Numerical and Analytical Investigations

The numerical investigations will be continued with the reduced-order models discussed in the previous report, and different nonlinear oscillatory behaviors and instabilities will be studied. Through the analyses, different types of solutions will be investigated.   If feasible, analyses will be conducted along the lines of Leine and Nijmeijer (2004) and Long, Lin, and Balachandran (2007) to study bifurcations in systems with discontinuities.  Through interactions with the experimental investigations, the reduced-order models will also be extended and/or refined.  Attention will also be paid to possible nonlinear coupling between bending vibrations and torsion vibrations and other modes of vibrations.  Parametric studies will be conducted to understand the influence of the
unbalanced mass and parameters such as contact stiffness and contact damping.
Experimental Investigations

The experiments of Mihajlović et al. (2004, 2007) will continue to serve as a reference for the proposed experiments.  These experiments will be conducted with a focus on the following: i) drill-string performance on the bottom end section, ii) interaction between the rotating disk and stick-slip phenomena, iii) rotating system subjected to an axial force, iv) the contact stiffness associated with stick-slip interactions, and v) validation and refinement of reduced-order models. The experimental results could serve as information for model linearization, and the linear model could be adapted as base of control design.



5. 

6. 




Appendix


Justification and Background

Drill-string dynamics need to be better understood to understand drill-string failures, control drill- string motions, and steer them to their appropriate locations in oil wells.   Although a considerable amount of work has been carried out on oil-well rotary drilling (for example, Spanos et al., 2003), the nonlinear dynamics of this system is not well understood given that the drill string can undergo axial, torsional, and lateral vibrations, and operational difficulties include sticking, buckling, and fatiguing of strings.   In addition, the prior models focus on either bending or torsion or axial motions.


Approach

A combined analytical, numerical, and experimental approach is being pursued at the University of Maryland (UM) and Petroleum Institute (PI). Specifically, the drill string is being modeled as a nonlinear dynamical system consisting of interconnected structural components with joints. Appropriate attention is also to be paid to the soil conditions. Finite element methods are to be used for developing computational models, as appropriate. The experiments at UM and PI will be tailored to address specific aspects of the drill-string dynamics as well as complement each other.  Actuator and sensor choices will also be explored to determine how best to control the system dynamics. The studies will be initiated with drill strings located on fixed platforms and later extended to systems located on floating platforms. 


Interactions

During the Blacksburg conference, a meeting was held with Professor A. Berlioz from France. He was the co-advisor of Mr. H. Melakhessou.  Professor Berlioz shared some of the experimental data obtained in the work of Melakhessou with the authors.  He also stressed the importance of taking stick-slip interactions into account, as in the present effort.
Two-Year Schedule

January 1, 2007 to July 31, 2007:  Modeling of drill-string dynamics, computational models; analytical and numerical studies; identification of appropriate oil-well model 

August 1, 2007 to October 31, 2007:  Analytical and experimental studies and initiation of experimental studies 

November 1, 2007 to January 31, 2008:  Experimental arrangement and calibration experiments and simulations of reduced-order models

February 1, 2008 to July 31, 2008:  Continuation of experimental studies, studies on actuator and sensor configurations for control of drill-string dynamics, and investigations into the need for vibration isolation schemes 

August 1, 2008 to October 31, 2008: Studies on drill-string systems located on floating platforms
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1.
Objective/Abstract 
Multi-unit enterprises are defined as systems that are interconnected through complementary product/service categories and the markets they serve and through a common ownership of the enterprises that renders the problem of overseeing/managing these enterprises as a whole a complex task (see Figure 1 below). These units could be plants within a firm or firms within a multi-organizational setting.


Figure 1: Multi-Unit Oversight Dashboard Concept
Our project focuses on developing measurement systems that will incorporate the interconnectedness among the units and provide clear guidelines at the multi-unit level through dashboards that will enable the management of such complex systems and improve the understanding of such systems. The project will also enable managers to understand the implications of their various policies and decisions at the multi-unit level through the use of agent-based models.

Given that the task of oversight is a complex one, our research focuses on (1) identifying the key performance variables, such as the impact of market forces and the management’s own policies and decisions across units, from which the management would benefit most, (2) designing the measurement schemes across the multiple units that will encompass the areas of marketing metrics, new products/services, financial measures and key engineering performance measures, and (3) designing simulation studies to test the robustness of these measures under different markets and product-market scenarios (ranging from substitute markets to complement markets for the firms), and testing the sensitivity of these measures to policy changes and actions. 
2.
Deliverables for the Completed Quarter







· With the departure of Dr. Tareq Al Ameri from PI, the project team interacted with Dr. Ali Almansoori and Dr. Saleh Al Hashimi on continuing the project and discussed the model development with them.

· A framework for a multi-plant problem within a refinery setting has been developed to tie the research more closely with PI’s research contexts based on the comments from Dr. Al Hashimi and Dr. Almansoori. 
3.
Summary of Project Activities for the Completed Quarter
· UMD and PI interacted through teleconference on September 3rd and 17th. The revised research plan as presented later in this section was reviewed, and it was suggested that the problem might be modified to a multi-plant problem within a firm to make the scope more manageable.

· UMD hired Engineering student Phillipe Herve Kamaha to work on the project for Fall 2008.

· Revised Problem Formulation and Research Design: Given the discussion with PI and with the objective of making the problem more manageable and focused, the problem context was changed to a multi-plant refinery environment. A sample framework has been developed as follows:

· The problem considers production at a multi-plant refinery. The initial focus is on determining production rates and schedules of multiple distillates in the multi-plant facility to meet customer orders and inventory targets. The plant process yields and capacity constraints are also considered. Figure 1 provides the outline of the model.


Figure 1.  Schematic outline of the model.

· There are interdependencies between the Atmospheric Distillation Unit and the Hydrocracker plants, as shown, because of the intermediate products and shared resources. We consider the problem of planning and scheduling the products so that customer demands are met and stock-outs are minimized. If the demand and constraints are known deterministically, this problem can be solved using optimization methods. However, we incorporate uncertainties and interactions among markets and consumers, so the problem cannot be solved easily using optimization techniques. For example, the products could be substitutes or complements, in which case, if there is a stock-out of one, some consumers may choose to use another one instead of going away from the market. We will formulate the deterministic problem (using expected values of the uncertain distributions) as an optimization problem so that it can be used as a bench-mark.

· The benchmark optimization problem is formulated as below. First we provide the nomenclature and then provide a schematic of the problem.

Table 1. Nomenclature

	Index, Variables and Parameters


	Description

	t
	Index of Time, t = 1,2,…., T

	T
	Maximum Planning Horizon

	xt
	Input of Murban Oil – Volume/Time – in time t

	e1
	Yield of Distillate D1 (LPG) from one unit volume of Murban oil

	e2
	Yield of Distillate D2 (Gasoline Grade 1)

	e3
	Yield of Distillate D3 (Gasoline Grade 2)

	e4
	Yield of Distillate D4 (Gasoline Grade 3)

	e5
	Yield of Distillate D5 (Atmospheric Bottoms)

	1-f1t
	Fraction of Distillate D1 from Atmospheric Distillation Unit (ADU) inventoried at Inventory 2 in time t

	1-f2t
	Fraction of Distillate D2 from ADU inventoried at Inventory 2 in time t

	1-f3t
	Fraction of Distillate D3 from ADU inventoried at Inventory 2 in time t

	1-f4t
	Fraction of Distillate D4 from ADU inventoried at Inventory 2 in time t

	1-gt
	Fraction of Distillate D5 (atmospheric bottoms) inventoried at Inv 1 at t 

	1-h2t
	Fraction of Distillate D2 from Hydrocracker inventoried at Inventory 2 at time t.

	1-h3t
	Fraction of Distillate D3 from Hydrocracker inventoried at Inventory 2 at time t.

	1-h4t
	Fraction of Distillate D4 from Hydrocracker inventoried at Inventory 2 at time t.

	dit
	Demand for Distillate i (i=1,2,3,4) from market at time t

	vsit
	Supply from Inventory 2 to market of Distillate i (i=1,2,3,4) at time t

	veit
	Export from Inventory 2 of Distillate i (i=1,2,3,4) at time t

	Co
	Cost of Murban Oil per unit volume

	pit
	Price of Distillate i (i=1,2,3,4) in the market at time t.

	peit
	Export price of Distillate i (i=1,2,3,4) at time t


In addition, we have capacity constraints on inventories at Inv 1 and Inv 2, the capacity of Atmospheric Distillation Unit, and Hydrocracker. For now, we have assumed the processing costs at AMU and Hydrocracker to be fixed and sunk (but these could be tied to the volume of Murban crude oil processed).

· The benchmark optimization problem is as shown in Figure 2:


Figure 2. Benchmark optimization of the problem.

Formulation of an optimization problem to meet the demand and maximize profits (revenues – cost):
Revenues = Revenue from local market + Revenues from Export

Revenues from local market = price X demand for each distillate for each time period in the planning horizon

Revenues = Export prices X amount of each distillate exported

Costs = Cost of Murban oil X Volume processed for each time in the planning horizon

Maximize: Revenues – Costs

Subject to Constraints

1.
Inventory Constraints

2.
Meeting local demand constraints

3.
Capacity constraints at AMU, Hydrocracker, Inventory 1 and Inventory 2

Decision Variables:

1.
Volume of Murban Crude Oil to be processed in each period Xt   

2.
Inventory decision variables – fraction of distillates to be inventoried at each inventory location – Inv 1 and Inv 2 – of the different distillates D1 through D5 for each time period

3.
Volume of distillates exported in each period 

The above optimization problem is deterministic. However, in actual practice, there are uncertainties in the yields which may vary over time, and uncertainties in demand which can vary over time. In addition, the prices of the distillates can change over time as a function of the demand, and there could be substitutability and complementarity relationships between the distillates demanded by the market. To model these complexities, we use an agent-based model.

Agent-based models can capture many complexities that an ordinary optimization formulation in a deterministic setting cannot. While the decision variables for the managers remain the same, we are interested in exploring how managers can dynamically make their decisions as a response to these demand and yield complexities.

Where do the dashboards come into picture? 

· Dashboards provide measurements on the key variables in the system over time. Thus, some dashboards can provide the status of prices of the distillates in the local market and the demand information. Some may provide details on inventory levels of each distillate in each inventory location. They can also provide instantaneous feedback on the impact of changing a decision variable, such as revenues and profits, on the system output.  They become part of the decision support system that allows managers to understand the relationships between different variables and helps to guide them in making the appropriate decisions.

· Our objective, therefore, is to understand how to design these dashboards based on the model structure and the complexities we are considering and to design dashboard systems that will enable managers to make better decisions to optimize performance (maximize profits, for example).
· The focus in this problem is on performance metrics. Given the above problem setup, we will determine a list of recommended performance metrics, submetrics, and sub-submetrics, at both the refinery level and the overall firm level. These metrics could be related to the set of metrics identified in the previous bullet points. We will examine several questions at this stage: (1) which of the above metrics are used by different stakeholders (e.g., plant managers, firm level managers), and how do they relate? How often should these metrics be monitored: per month, per quarter, or in real time? (For example, at the strategic level they could be measured less often). Which metrics are sufficient? When do the metrics in a dashboard enter a “danger zone” that requires managerial action?

· The next step is to design an agent-based simulation model that would explain how the performance metrics react to environmental and managerial control factors, as well as to interaction among customers in the market. This simulation will be carried out in stages – starting from a simple model with few variables to gradually building a more sophisticated model with many variables and interactions.

· Based on the results of the simulation, we will perform sensitivity analysis, optimization and robustness analysis of the metrics simulation model. Sensitivity analysis, in addition to validating the simulation model, will provide insights into how the performance metrics help toidentify the critical performance metrics and the critical control factors. We will also examine the robustness of the performance metrics. Based on the analysis, the overall objective of this step is to identify the best set of performance metrics that should go into the dashboard of the upper management to optimally control the multi-plant setup.

· The UM team has already started examining the simulation test bed – the NetLogo environment – so that the multi-plant setup can be modeled. Currently, the team is modeling simple setups of the problem with four plants and a closed market of customers, and we are examining the impact of various control variables on meeting customer demand and on stockouts (customer service). 
4.
Planned Project Activities for the Next Quarter
· The UM team will continue to specify the multi-plant refinery problem further with the help of interaction with PI team. Specifically, attention will be focused on determining the appropriate and relevant metrics to examine.

· UM will also formulate the optimization problem that will serve as a benchmark based on the above metrics. The outline has been given above.

· UM team continue developing the NetLogo simulation model and present the developments to the PI team on a continual basis.

· The UM PI – P. K. Kannan – will visit to meet with PI faculty to further interact with them on the problem and refine the problem based on face-to-face discussions. This trip is being planned for the end October and early November.
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Appendix


Justification and Background

In managing a multiple-unit firm (for example, a firm with multiple plants or a firm with multiple Strategic Business Units), the upper level management has to have a set of performance metrics which will act as a dashboard to indicate to the managers how the different units are performing on key dimensions. Given the interaction between the different units and the interaction across customers they serve, designing such a dashboard is not an easy task. The dashboard cannot just contain those metrics and measures that are used at the unit level because they might ignore such interactions. The problem of finding the right set of measures for dashboard-based oversight of the multiple units is therefore a complex problem. Our objective in this project is to find such a smallest set of metrics that are appropriately sensitive to the changes in the phenomenon that managers are interested in measuring while at the same time robust to the noises in the environment, so that managers are able to “steer” the multiple units successfully in a turbulent environment.

Approach 

The research team will start focusing on the multi-plant level problem with the following stages during the seed funding stage of the project:

Stage 1: Design of KPIs for multi-plant oversight.  Plant level measures are being developed currently and will be shared with the PI team in the next meeting. These KPIs will enable the management of multiple plants at the corporate level using the developed dashboard.

Stage 2: Understanding robustness of corporate dashboard measures and specification for multi-plant oversight

Stage 3: Agent-based simulations to understand the impact of market forces for the plants and firm

Stage 4: Decision-support system for multi-plant oversight
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1.
Objectives
This study involves developing and applying an engineering-based (mechanistic) probabilistic model for health management of oil pipelines in process plants. The study involves two interrelated projects. The first project, which is the topic for a PhD dissertation, focuses on model development and demonstration. The second project involves developing a degradation acceleration lab at PI and performing experiments to further validate the proposed models of the first project. The funds made available by the Petroleum Institute would facilitate building the experimental set-up. Mr. Mohamed Chookah is working on the first project. When the research equipments are ready to install, a new student will be added to perform validation experiments (that is to work on the second project.)  Mr. M. Nuhi was hired as a Faculty Research Assistant to support the mechanistic failure part of the research.

The overall objective of this study is to propose and validate a probabilistic mechanistic model based on the underlying degradation phenomena whose parameters are estimated from the observed field data and experimental investigations. Uncertainties about the structure of the model itself and parameters of the model will also be characterized.  The proposed model should be able to capture wider ranges of pipelines rather than only the process ones.  Thus, the proposed model will better represent the reality of the pipeline’s health and can account for material and size variability.  The existing probabilistic models sufficiently address the corrosion and fatigue mechanisms individually, but are inadequate to capture mechanisms that synergistically interact.  Admitting the fact that capturing all degradation mechanisms will be a challenging task, the new model will address pitting corrosion followed by corrosion enhanced fatigue-crack growth.
2.
Deliverables

1. Interim Report on Corrosion-Fatigue Models (submitted: 8/31/2007).

2. Data analysis of field data (on-going).

3. Interim Report on Application Example (on-going).

4. Design, construction, and commissioning of test rig (design completed on 12/31/2007, construction and installation is complete and expected testing date is 10/27/2008).  

5. Interim Report on Model Validation Based on conditioned progress in obtaining experimental results (on-going).

6. Conference and Archival Papers:

a. Presented a paper titled “Structuring a Probabilistic Model for Reliability Evaluation of Piping Subject to Corrosion-Fatigue Degradation” at the Probabilistic Safety Assessment & Analysis (PSA) 2008 conference held in Knoxville, Tennessee, 7-11 Sep 2008. 

b. M. Modarres attended a panel discussion on Corrosion at the Reliability And Maintainability Symposium (RAMS) held 28-31 January 2008 in Las Vegas, Nevada, where PI research was presented and discussed under the title “Consideration of Corrosion Induced Degradation in Design and Operation of Equipments: Example of Corrosion-Fatigue Cracking Degradation Modeling.”

c. M. Modarres and M. Chookah participated in the first Energy Education and Research Collaboration (EERC) Workshop held at the PI in Abu Dhabi from 4-5 January, 2008.

d. Submitted a paper to Reliability Engineering and System Safety Journal: S. Chamberlain, M. Chookah and M. Modarres, “Development of a Probabilistic Physics of Failure Model for Reliability Assessment of Compressed Natural Gas Vehicle Cylinders.”  (Awaiting Reviewer Comments)

e. Presented a paper titled “Development of a Probabilistic Model for Assessment of Degradation of Pipelines Due to Corrosion-Fatigue Cracking” at the ASME 2008 International Design Engineering Technical Conferences & Computers and Information in Engineering Conference held in New York, New York, 3-6 August 2008.

f. Presented a poster related to our ongoing research in the “International Conference on Prognostics and Health Management – PHM 2008” held in Denver, Colorado, 6-9 October 2008.

g. A poster presentation is planned to appear in the “Second International Energy 2030 Conference” to be held in Abu Dhabi, United Arab Emirates, 4-5 November 2008. 

7. Final Report (Due 12/31/2008)

3.
Summary of Project Activities for the Completed Quarter
Background (presented in in the 3rd quarterly report):

The following is a summary of our adopted simulation model.


Pitting Corrosion Model


To assess the influence of concurrent pitting corrosion, a simplified model for pit growth proposed by Harlow and Wei was used [9].  The model is patterned after that proposed by Kondo [10] and assumes a pit of hemispherical shape growing at constant volumetric rate in accordance with Faraday’s law from an initial radius aο.  The rate of pit growth (with volume V = (2/3)πa3) is given as follows:
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But assuming ρ is constant, 
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From Faraday’s Law,
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Hence by substitution,
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where,
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and a is the pit radius at time t; M is the molecular weight of metal; Ip is the pitting current; Ipo is the pitting current coefficient; η is the metal’s valence; ρ is the density of the metal; F = 96,514 C/mole is Faraday’s constant; Ea is the activation energy; R = 8.314 J/mole-K is the universal gas constant; and T is the absolute temperature.  

Corrosion Fatigue Crack Growth Model

Electrochemical Model

For the electrochemical reaction contribution, the surface coverage θ is identified with the ratio of the amount of charge transferred during each loading cycle (q) to that required to completely “repassivate” the bared surface (qs), or, more conveniently,               


[image: image319.wmf]
For this purpose, a simplified model for the reaction is used: for example, it is assumed that the underlying electrochemical reaction consists of a single step and is represented by thermally activated, first-order kinetics [1, 11].  The bare surface reaction current and charge densities are represented in simple exponential forms,


[image: image320.wmf]
where io is the peak current density (initial rate of reaction on the clean (bare) surface), and k is the reaction rate constant in Arrhenius form.  Thus,
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where 
[image: image322.wmf].
Mechanistic Model

For mechanistic understanding of the problem, the following mechanistic model for fatigue crack growth was chosen. It is assumed that both parts of the above superposition equation can be modeled by the power law (Paris-Erdogan relationship) [12] of the form,  
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where
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with Δσ being the far field stress range, and β a geometric parameter.

The coefficients Cr and Cc reflect material properties, and the exponents, nr and nc, reflect the functional dependence of crack growth-rate on the driving force ΔK.

Incorporating the electrochemical and mechanical relations yields a simple differential equation in that the variables a and N can be separated.  Estimation of parameters nr and nc may require numerical integration [1].

Superposition Model

A superposition model proposed by Wei [13] was adopted.  In the most general form the fatigue crack growth rate is given by [7]:

[image: image325.wmf]
with a cycle–dependent rate and a time–dependent rate. Within each of these rates, the mechanical (deformation) and environmental contributions are treated as being from independent parallel processes.

The corrosion fatigue model becomes


[image: image326.wmf]
From the solution of this equation, we can estimate the N as follows:
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where af and atr are the final and initial crack sizes, respectively.

atr could be calculated iteratively using the criterion set earlier,
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which reflects equality between the pitting and cracking rates at the onset of crack growth,
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The corrosion-fatigue life NF is the sum of the number of loading cycles over which pitting and fatigue cracking dominates at a given stress level [7] and is given by
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Generic data (from the related papers) was used to build and run the computer routine Matlab for corrosion fatigue according to Wei’s superposition model.  
Table 1.  Generic parameters for X70 steel used as deterministic values [1]

	Universal gas constant                         R = 8.314 J/mol-K

	Activation energy                                       Ea = 35 KJ/mol

	Fatigue exponent                                                nr = 2

	Corrosion fatigue exponent                                nc = 2

	Frequency                                                  ν = 0.1 - 10 Hz

	Applied stress range                         Δσ = 100 - 500 Mpa

	Temperature                                             T = 293 - 723 K

	Final crack size                                                af = 25 mm

	Shape Factor                                                       β = 1.24

	Faraday’s constant                              F = 96,514 C/mole

	Molecular weight                                        M = 55 g/mole

	Valence                                                              η = 3

	Density                                                       ρ = 7.87 g/cm3


Table 2.  Weibull Distribution parameters for X70 steel used as probabilistic values [1]

	Random            α                         β                                       γ

Variable     (shape factor)       (scale factor)

	Cr                      12            4.0 × 10-11(m/cyc)(MPa√m)-2       0

	Cc                       8            2.0 × 10-10(m/cyc)(MPa√m)-2        0

	κο                      10           3.0 × 105 (s-1)                                0


An exponential distribution is assumed for the Current Density (Ip) using the data in [14].  The pdf of Ip is
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The flowchart shown in Figure 1 outlines the steps followed in assessing the required variables in our proposed model:
[image: image332.jpg]



Figure 1.  Simulation algorithm of the computational method applied in the research.

We developed simple empirical parametric models estimated from curve fitting of data obtained from the computer simulation, as shown below.


Figure 2.  The results of the simulation.

Through an extensive trial and error process, a simplified general parametric empirical model is proposed as follows:


This model was checked against Wei’s model, which has consistently shown a reasonable match, as shown for one such case in Figure 3.

[image: image333.emf]
Figure 3. Graph of the simulation (Wei’s model) and the proposed empirical model.

Assuming frequency, temperature, cyclic stress, & corrosion current are independent, the above general model is modified to the following form, which explicitly describes the environmental factors of stress, frequency and temperature: 


where
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Based on the uncertainties of the three random variables (Cc, Cr, ko) used in this simulation, best estimates of the constant parameters A and B are presented as two parameter Weibull distributions as follows:
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α = 4.01×10-7



α = 2.48×10-22
Similarly, this modified model has been verified against Wei’s model, where once again a good match is secured as shown in Figure 4:

[image: image335.emf]
Figure 4.  Graph of the simulation (Wei’s model) and the proposed empirical model.

Estimation of the Empirical Model Parameters A & B Probability Distribution Functions 

Here we have verified the distribution of A and B parameters of the proposed empirical model structure against the variable environmental conditions.  Utilizing ReliaSoft-Weibull++ 5.32 program to analyze the distribution of each parameter respectively, it was possible to obtain the following, shown in Figures 5 and 6.
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Figure 5.  The CDF (Weibull) of parameter “A” distribution. 

[image: image337.emf]
Figure 6.  The CDF (Weibull) of parameter “B” distribution. 

The environmental conditions used to run the simulation to build the above distributions are shown in Table 3.

Table 3.  Randomly selected environmental conditions to run the Monte Carlo Simulation to estimate A & B distributions

	Data set
	T, K
	σ, MPa
	ν, Hz
	Ip, A

	1
	373
	10
	10
	1×10-5

	2
	673
	20
	7
	1×10-6

	3
	473
	30
	5
	1×10-5

	4
	273
	40
	4
	1×10-6

	5
	573
	50
	3
	1×10-5


The most noticeable evidence from Figures 5 & 6 is the negligible impact of environmental condition variations on the A and B distributions.  This evidence implies that A and B are independent of the pipeline’s surrounding environmental conditions, allowing us to focus on material properties as the main source of variability.   

Corrosion Model

1. Corrosive species in the pipeline flow streams play an important role in the overall degradation mechanism.  Among all of the possible corrodents, the modeling shall concentrate on only two significant corrosive species in the oil refinery fields [15-28]:

1. Corrosion due to chloride concentration [Cl-]

2. Corrosion due to H2S concentration [H2S].

Chloride Corrosion 

Most chloride salts in crude oil are inorganic (sodium, magnesium, or calcium chlorides) and are effectively removed by the desalter. The non-extractable chlorides are not removed in the desalter, but can break down from downstream heating and processing to form hydrochloric acid (HCl). They cause corrosion and fouling problems. The forms of these chlorides are still being investigated and it is possible that they could be of organic types.  Even with as little as 1% of the non-extractable chlorides, a major increase in the atmospheric tower overhead HCl and chloride levels can occur and cause severe corrosion and fouling problems [29].

Attempts to model the effects of chloride concentration have been well documented in literature.  Table 3 lists some of the most promising models.
Table 4.  Chloride concentration effect models

	Proposed Model 
	Respective References

	Ip = A exp ( -B Epit )  

Icorr=E exp (-F x [pH] )

CR= G exp (H x [pH] )
	[30],[31],[34]

[33],[37]

[33]

	Epit = - C  log [Cl- ] + D

Ecorr = - R [ pH] (+,-) S
	[31],[32],[33],[34],[35],[36]

[33],[36],[37]

	pH = - P   ln [ Cl- ]   +   Q  
	pH decreases with increasing Chloride concentration.[30],[32]

	Ip = M  exp ( N  log [Cl- ]  )
	The current density increases with the increasing of Chloride concentration [30],[31],[34],[37]


The coefficients  A,B,C,D,E,F,G,H,M,N,P,Q,R,S are  constant values.
The effect of [Cl-] on Epit follows the following relation [38, 39]:

Epit(T) = Epit°(T)  + B(T) log [Cl-]

where Epit° is the pitting potential at  1M chloride concentration, and B(T) is the slope of Epit dependence on  [Cl-], with  T the absolute  temperature.

Similar to chloride [Cl-], increasing the temperature generally results in decreasing Epit values.

Examining the pitting behavior of carbon steel in bicarbonate solutions containing chloride, the following relations were found for Epit° (mV) and B(T)  as a function of  temperature [38]:

Epit° (T) = -584.8 + 3.92 T,   and B(T) = -24.5 – 1.1 T

 The general dependency is expressed as

Ip = A exp (-B Epit),and   Epit = - C  log [Cl- ] + D ,

We can combine this relation with Ipvalues related to Epit and get:

Ip = A* exp(B* log [Cl-])
H2S Corrosion
Sulphur is one of the foremost corrodents which cause problems in the refinery industry. It occurs in crude petroleum at various concentrations, and forms a variety of chemical compounds, including hydrogen sulphide, mercaptans, sulphides, polysulphides, thiophenes, and elemental sulphur.  Because of the strong influence of hydrogen sulphide on the corrosion behaviors of the steels, two forms of sulphide corrosion are distinguished [29, 40]:

1. Without hydrogen present, and

2. With hydrogen present.

Sulphide corrosion without hydrogen present

Sulphur contained in hydrocarbon fractions in atmospheric and vacuum distillation units, catalytic cracking units, and hydro-treating and hydro-cracking units upstream of the hydrogen injection line destroys steel structures. Heat exchangers tubes, furnace tubes and piping are generally made of carbon steel.  Although the data given by respondents were incomplete and scattered considerably, they were combined with earlier reported corrosion rates and presented as the so-called original McConomy curves [29, 40].
[image: image338.emf]
Figure 7. Modified McConomy curves showing the influence of temperature on sulphide corrosion rates of steels (without hydrogen present) [29, 40].

We tried to estimate our corrosion rate for carbon steel for the case of corrosion without hydrogen present from these curves and got a relation for corrosion rate dependent on temperature as,


[image: image339.wmf]
For 6 wt% sulfur content.

Sulphide corrosion with hydrogen present

Basic information for material selection for refinery hydrogen units is provided by the so-called Couper-Gorman curves [29, 40], shown in Figure 8.

[image: image340.emf]
Figure 8.  Effect of Temperature and Hydrogen Sulfide Content on High-Temperature H2S/H2 Corrosion of Carbon Steel (Naphtha Desulpharizers)
1 mil/yr = 0.025 mm/yr [29, 40].

Table 5.  Corrosion data of carbon steel in naphtha

	H2S [ mol% ]
	Corrosion rate(CR) in [mm/yr]                   Icorr [  uA ]

	0.1
	6E-5  exp (0.0134 T[K] )                     (2.5979E-2)exp(0.0134 T[K]) 

	0.2
	2E-5   exp (0.0155 T[K] )                    (0.8660E-2)exp(0.0155 T[K])

	...
	...                                                                 .....

	1.0
	1E-5    exp  ( 0.0170 T[K] )                 (0.4330E-2)exp(0.0170 T[K])

	...
	...

	10.0
	8 E-6   exp  ( 0.0179 T[K] )                 (0.3464E-2)exp(0.0179 T[K])


Using the data in Table 4, the general relation for the corrosion of carbon steel looks like:
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The H2S concentration effect on the corrosion current is affected by temperature, partial pressure, and cyclic conditions.

Temperature

 As shown above, temperature is the most important variable, and nearly all investigators report a rapid increase of corrosion with rising temperature. The majority of the data indicates that a temperature rise of 38ºC (311 K) can be expected to approximately double the rate of attack.  This relationship is illustrated by exponential curves by the M.W.Kellogg Co by G. Sorell et al. [41-45], which can be given by the following equation:

Corrosion rate [In/yr] = K * exp (A T[K] )

where K is a constant (~ 0.0014   ), A is  a constant ( ~ 0.0062 ), and  T is the temperature in Kelvin. Although Backensto et al. [46] have described a notable exception to this trend, in which the rates go through a maximum above 1000 ºF (811 K), maximum corrosion rates typically result in the range from 672 K to 755 K.  According to this literature, the collected data show without exception that under constant temperature the corrosion rate increases with higher hydrogen sulfide content.  This explanation strengthens our suggestion that the corrosion rate  increases exponentially with the hydrogen sulfide concentration, and this tendency, like the chloride corrosion relation, can be given in the following form: 

Corrosion rate [in / yr] = 0.2138 exp (0.0348* [H2S (vol. %)])

The corrosion rate and the current in conversion [m A/ cm2] are given by in the literature.  Another interesting fact in the literature [41] is that in attempting to relate the rate of attack to some measure of hydrogen sulfide content, it becomes apparent that often-used measures like weight, volume or molar percentage do not correlate as well as does the partial pressure of the hydrogen sulfide in the gas mixture. This illustrates the synergetic effects of hydrogen sulfide content, hydrogen sulfide partial pressure, and total pressure on each other and their effects on the corrosion rate, for which the following relation for corrosion rate can be derived:

ln ( CR[In/yr.] ) = -5.73895 + 0.00665 T [K] + 0.0174 [H2S]

and

[H2S] =0.0909 * (partial pressure of hydrogen sulfide)

Pressure

The total pressure appears to be an important corrosion variable only in as much as it determines the partial pressure of the hydrogen sulfide in a given gas mixture.

Cyclic conditions

Another reason these cyclic conditions accelerate the corrosion rate is because they tend to deteriorate the sulfide scale, which is at least partially protective. The types of cyclic conditions of the greatest practical interest are cyclic heating and cooling, alternately reducing and oxidizing atmospheres, and forgetting the cyclic applied loading from the pumps to the pipelines in a refinery.

Combination of chloride and hydrogen sulfide corrosion

In addition, in a sour (H2S) and chlorinated environment, the synergetic effect of chloride concentration and hydrogen sulfide concentration can increase the corrosion rate. Chloride in the presence of hydrogen sulfide tends to make localized corrosion attacks, and the synergetic effect of the two chemicals increases the corrosion rate in a sour environment in an additive form [47-49].  So we can say that the total corrosion rate is the sum of the contribution of the chloride and the hydrogen sulfide together:  

CR = CR (chloride) + CR (hydrogen sulfide)

In other words,


The general form of the additive total corrosion rate can have different forms depending on the fixed temperature or the temperature and concentration of the corrosion species:
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IP(t) =  IP([Cl-])  +  IP([H2S])

IP(t) =  {A exp ( B x log ([Cl-])  }   +  {  C exp ( D x  [H2S] ) }

or,

IP(t) =  {A exp ( B (24.5 + 1.1 T) log ([Cl-]) }exp [(-3.92 E) T ]   +

C exp{D ( -5.73895 + 0.00665 T [K]  +  0..174 [H2S] )}

Bayesian parameter estimation

An actual failed pipeline from the field, at the Ruwais Refinery in Abu Dhabi, UAE, was investigated, and the following conditions were gathered:

· Pipeline Material: Carbon Steel

· Medium Flow: Heavy Vacuum Gas Oil

· Operating Temperature (T): 443 K

· Operating Pressure (σ): 1.547 MPa

· Loading Frequency (ν): 4.76×10-7 Hz

· Wall thickness (af): 0.00635 meters

· Service Life (N): 375.2784 cycles

· A & B Weibull distribution parameters are given in Equation 17.

The updated model was utilized to run the simulation and obtain the crack size “ai” values, which were then fitted to Weibull, as shown in Figure 9.  

[image: image344.emf]
Figure 9.  The pdf of crack size “a.”

· Parameters for “ai” Weibull distribution: α= 0.00189 ;  β=1.3337

· The CDF value for a crack size of 0.00635 m is 0.99348

From the outcomes one can see that the probability of a crack reaching the surface of the pipeline for complete fracture is 0.652%.  This very low probability was expected, given that such type of pipeline failures happens very rarely. However, the corrosion fatigue phenomenon occurs over long period of time, and eventually, if the crack goes undetected, it will cause a complete crack through. Over the past 25 years there have been rare occasions of such incidents; and our model outcome is consistent with the industry’s historical experience.  This model’s findings should support the introduction of new inspection cycles, which we believe will enhance the maintenance program.  

Technical progress since 6th quarter

The main focus at this stage of the project is to construct the methodology to validate the proposed empirical model structure.  However, this activity must take place in parallel with data collection to accomplish this task appropriately.  The available field data are not sufficient but have been considered in the validation process.  The experimental data would ultimately determine the probabilistic validity of the empirical model. Bayesian analysis is being employed with the help of a computer program to facilitate the probabilistic validation of the empirical model structure. 
Project progress since 6th quarter

1. The Cortest corrosion-fatigue testing equipment has been received and installed at UM. The expected training and testing date at UM is 10/27/2008.  

[image: image345]
Figure 10.  Corrosion-fatigue testing equipment received from Cortest Corp.

2. The following papers have been submitted:

I. Submitted paper titled "Development of a Probabilistic Physics of Failure Model of Compressed Natural Gas Bus Cylinder" for publication in the "Reliability Engineering & Systems Safety Journal."  (Awaiting review.)
II. Submitted paper titled "Development of a Probabilistic Model for Mechanistic Evaluation of Reliability of Oil Pipelines Subject to Corrosion-Fatigue Cracking" for presentation & publication in the "ASME DAC 2008" conference to be held in New York, NY in the period 3-6 Aug 2008. (Paper presented and published in the conference proceedings.)
III. Submitted paper titled "Development of a Probabilistic Model for Mechanistic Evaluation of Reliability of Oil Pipelines Subject to Corrosion-Fatigue Cracking" for presentation in the "Probabilistic Safety Assessment & Analysis (PSA) 2008" conference to be held in Knoxville, Tennessee in the period 7-11 Sep 2008. (Paper presented and published in the conference proceedings.)
IV. A poster is planned to be exhibited at the "PHM-International Conference on Prognostics and Health Management (affiliated with the IEEE Reliability Society)" to be held in Denver, CO, in October 2008. (Already presented.) 
V. A poster is planned to be exhibited at the "Second International Energy 2030 Conference" to be held in Abu Dhabi, UAE, from 4-5 November 2008.  
3. Innovative Testing Services (ITS), located in Scotia, New York has been awarded a purchase order to conduct pitting and corrosion fatigue testing.  The expected date for the first batch of results is late December 2008.  

4.
Difficulties Encountered/Overcome
1. The development of the empirical model was more involved than expected and delayed progress of the project.  Most of the issues are now resolved, and our simulation tool works without any problem. Fitting curves to the simulation data required extensive trials of different models to find an appropriate fit. 
2. The delay in issuing the purchase order to Cortest impacted the delivery date of the equipment.  The equipment delivery point has been diverted to UM instead of Abu Dhabi to help expedite the testing.  The requirement to carry a test required many arrangements prior to conducting the first testing with Cortest personnel presence.  For example, specimen machining, wiring, specimen pre-cracking, and corrosive environment preparation are few things that need to be secured ahead of Cortest training and initial testing at UM.  This has caused delays, but without such arrangements testing would not be possible.  Hence, the soonest expected date for the first corrosion-fatigue testing is 10/27/2008.  
3. Collection of useful field data proved to be very difficult for the following reasons:

a. The busy environment of the refinery was a great communication obstacle.

b. The collected data were in many pieces and required a substantial effort to gather.

c. The confidentiality of the data was not compromised in preventing smooth data collection.

d. A lack of online monitoring devices made it impossible to obtain crack growth trends. 

4. The difficulty with data collection has led to a slight delay in our probabilistic (Bayesian)   estimation of the parameters of the proposed empirical model using the collected data. This task was supposed to end 31 December 2007 and now we estimate that this should be completed by 31 December 2008.

5.
Deliverables for the Next Quarter

1. Performance of some corrosion-fatigue tests.

2. Application of the collected field data to validate the proposed corrosion-fatigue empirical model.

3. Estimation of the distribution of the parameters of the proposed parametric models.
4. Application of Markov Chain Monte Carlo (MCMC) Bayesian analysis to update the estimated model parameters of the parametric model. 

5. Uncertainty analysis to characterize limitation of data collected.
6. Sensitivity analysis for the proposed empirical model. 

7. Evaluation of the test results of the first specimen using the newly received Cortest corrosion-fatigue testing equipment.
8. Submitting a poster to be exhibited at the "Second International Energy 2030 Conference" to be held in Abu Dhabi, UAE, from 4-5 November 2008. 
9. Address reviewer’s comments received for the paper titled “Development of a Probabilistic Physics of Failure Model of Compressed Natural Gas Bus Cylinder” submitted for publication in the “Reliability Engineering & Systems Safety Journal.”

Appendix



Justification and Background

Oil pipelines are susceptible to degradation over the span of their service life. Corrosion is one of the most common degradation mechanisms, but other critical mechanisms such as fatigue and creep cannot be overlooked.  The rate of degradation is influenced by factors such as pipeline materials, process conditions, geometry, and location.  Based on these factors, a best estimate of the pipeline’s service life (reliability) is calculated.  This estimate serves as a target that guides maintenance and replacement practices. After a long period of service, however, this estimate requires reevaluation due to new evidence observed from monitoring the conditions of the pipeline.   

A number of deterministic models have been proposed to estimate reliability of pipelines.  Among these models is the ASME B31G code [50], which is the most widely accepted method for the assessment of corroded pipelines [51].  However, these models are highly conservative and lack the ability to estimate the true life and health of the pipeline. It is necessary, therefore, to develop a best-estimate assessment of the life of these pipelines and integrate the uncertainties surrounding this estimate.  In addition to the limitations embedded in these deterministic models are the problems with inspection techniques and tools that may be inadequate and susceptible to errors and imprecision.  The proposed probabilistic models would be capable of addressing the limitations of these models (by accounting for model uncertainties), inspection data (characterizing limited and uncertain evidences) and subjective proactive maintenance (involving decision making process under uncertainty).

Approach

The researchers will attempt to identify a focal point in one of ADNOC’s operating companies, such as TAKREER, which will champion this project and provide data pertinent to the core activities of this research study.  The study consists of two interrelated projects that will run over a period of two years and a half.  The first phase of Project 1 will focus on the development of a PhD thesis proposal, which encompasses the latest technological development and ongoing research activities and outlines the subject of the research project.  The second phase will concentrate on the development of a probabilistic model for piping in process plants followed by model validation through collected experimental and field data.  The second project, which will run a year later, will focus on the design, construction and commissioning of the corrosion-fatigue test cell.  The test rig will be designed and built by the research team at the University of Maryland (UMD) with the assistance of Dr. Abdennour Seibi from the Petroleum Institute (PI).  The third phase of this study will deal with model application to ADNOC process facilities in order to predict their remaining service life. 

The test rig, which will be built at PI, will be used by Mr. Nuhi to conduct an experimental study reflecting field conditions for model validation developed in project 1.  The equipment needed would include corrosion test cells, autoclaves, multiphase flow loops, and testing machines for slow strain rate and crack growth testing. This activity also requires a complete line of monitoring equipment for evaluation of corrosion, scaling, and chemical treatment for field and laboratory.  This test rig, once built, will be a useful tool for teaching, research, and possibly training field engineers from operating companies.  See “Two-Year Schedule” for a summary of the major tasks and the corresponding timeline.

Overview of the Original Two-Year Schedule

Project 1:

1. PhD thesis proposal, which will include a literature search (9/1/2006 - 6/30/2007)

2. Data collection from ADNOC process plants (1/1/2007 - 8/30/2007)

3. Prof. Modarres visit to PI to review progress and plan for accelerated lab development (3/2007).

4. Dr. Seibi visit to UMD to advise PhD student in his thesis work and assist in designing the accelerated Testing Facility (11 – 21 May/2007).

5. Empirical/Engineering-Based Model Development (9/1/2006 – 6/30/2007)

a. Streamlining of the model to pipeline/pressure vessel application.

b. Collection of appropriate data (data availability is at the discretion of ADNOC operating companies).

c. Actual model development.

6. Probabilistic estimation of model parameters (9/1/2007 – 08/31/2008)

7. Application example (11/1/2007 – 12/31/2008)

8. Dr. Seibi visit to UMD for thesis proposal defense and thesis defense (dates to be announced).

Project 2:

1. Design, construction, and commissioning of Accelerated Degradation Lab at PI.  UMD research team will design the test facility with the assistance of Dr. A. Seibi from PI (05/01/2009 - 05/30/2009).

2. Test planning (06/01/2009 – 06/31/2009).  Dr. Seibi will visit UMD for two weeks during this period to jointly develop the test plan with UMD researchers.

3. Experimental test for model testing/validation (07/01/2009 - 10/31/2009)

4. Examples of model applications (11/01/2009 – 12/31/2009)

5. Conference and archival paper development (Dates of delivery depend on availability of results).
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Justification and Background

Oil pipelines are susceptible to degradation over the span of their service life. Corrosion is one of the most common degradation mechanisms, but other critical mechanisms such as fatigue and creep cannot be overlooked.  The rate of degradation is influenced by factors such as pipeline materials, process conditions, geometry, and location.  Based on these factors, a best estimate of the pipeline’s service life (reliability) is calculated.  This estimate serves as a target that guides maintenance and replacement practices. After a long period of service, however, this estimate requires reevaluation due to new evidence observed from monitoring the conditions of the pipeline.   

A number of deterministic models have been proposed to estimate reliability of pipelines.  Among these models is the ASME B31G code [50], which is the most widely accepted method for the assessment of corroded pipelines [51].  However, these models are highly conservative and lack the ability to estimate the true life and health of the pipeline. It is necessary, therefore, to develop a best-estimate assessment of the life of these pipelines and integrate the uncertainties surrounding this estimate.  In addition to the limitations embedded in these deterministic models are the problems with inspection techniques and tools that may be inadequate and susceptible to errors and imprecision.  The proposed probabilistic models would be capable of addressing the limitations of these models (by accounting for model uncertainties), inspection data (characterizing limited and uncertain evidences) and subjective proactive maintenance (involving decision making process under uncertainty).

Approach

The researchers will attempt to identify a focal point in one of ADNOC’s operating companies, such as TAKREER, which will champion this project and provide data pertinent to the core activities of this research study.  The study consists of two interrelated projects that will run over a period of two years and a half.  The first phase of Project 1 will focus on the development of a PhD thesis proposal, which encompasses the latest technological development and ongoing research activities and outlines the subject of the research project.  The second phase will concentrate on the development of a probabilistic model for piping in process plants followed by model validation through collected experimental and field data.  The second project, which will run a year later, will focus on the design, construction and commissioning of the corrosion-fatigue test cell.  The test rig will be designed and built by the research team at the University of Maryland (UMD) with the assistance of Dr. Abdennour Seibi from the Petroleum Institute (PI).  The third phase of this study will deal with model application to ADNOC process facilities in order to predict their remaining service life. 

The test rig, which will be built at PI, will be used by Mr. Nuhi to conduct an experimental study reflecting field conditions for model validation developed in project 1.  The equipment needed would include corrosion test cells, autoclaves, multiphase flow loops, and testing machines for slow strain rate and crack growth testing. This activity also requires a complete line of monitoring equipment for evaluation of corrosion, scaling, and chemical treatment for field and laboratory.  This test rig, once built, will be a useful tool for teaching, research, and possibly training field engineers from operating companies.  See “Two-Year Schedule” for a summary of the major tasks and the corresponding timeline.

Overview of the Original Two-Year Schedule

Project 1:

· PhD thesis proposal, which will include a literature search (9/1/2006 - 6/30/2007)

· Data collection from ADNOC process plants (1/1/2007 - 8/30/2007)

· Prof. Modarres visit to PI to review progress and plan for accelerated lab development (3/2007).

· Dr. Seibi visit to UMD to advise PhD student in his thesis work and assist in designing the accelerated Testing Facility (11 – 21 May/2007).

· Empirical/Engineering-Based Model Development (9/1/2006 – 6/30/2007)

· Streamlining of the model to pipeline/pressure vessel application.

· Collection of appropriate data (data availability is at the discretion of ADNOC operating companies).

· Actual model development.

· Probabilistic estimation of model parameters (9/1/2007 – 08/31/2008)

· Application example (11/1/2007 – 12/31/2008)

· Dr. Seibi visit to UMD for thesis proposal defense and thesis defense (dates to be announced).

Project 2:

· Design, construction, and commissioning of Accelerated Degradation Lab at PI.  UMD research team will design the test facility with the assistance of Dr. A. Seibi from PI (05/01/2009 - 05/30/2009).

· Test planning (06/01/2009 – 06/31/2009).  Dr. Seibi will visit UMD for two weeks during this period to jointly develop the test plan with UMD researchers.

· Experimental test for model testing/validation (07/01/2009 - 10/31/2009)

· Examples of model applications (11/01/2009 – 12/31/2009)

· Conference and archival paper development (Dates of delivery depend on availability of results).
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Figure 9. SA schematic diagram for temperature measurement. sSetup.
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				24.3219065217		44.6315108696		46.7555726087		48.4868065217		49.6700052174		0.0861008696								24.2358056522		44.54541		20.3096043478		34.3906078261		46.6694717391		48.4007056522		49.5839043478		48.2180272464		64.0481573913		0.9143868783		70.0449218094		48.9952013408		128.3		185		64		0		75		0.6935135135		58.917492545		58.5647946954		42609.1743905265		40341.7544526798		7.313355		0.0773665231		16.7641436944		11.1926906953																		17.639079185		11.3254515993		1.9109110171		11.3390177807		0.9988035841		18.1964342717		5.0591628571				8.6488684992		27.9814313846				0.9119628469		47088.1756413738										8.6488684992		46979.8331478894

				24.3309481818		41.8231786364		43.5945681818		45.7141659091		46.1162081818		0.1177853682								24.2131628136		41.7053932682		17.4922304545		32.9592780409		43.4767828136		45.5963805409		45.9984228136		45.0238620561		58.3871654545		0.8381988409		69.6578933362		45.3835290345		82.3		120		64.5		0		74.5		0.6858333333		50.1824249941		48.940054408		41594.8240992433		40390.7044538447		7.2645993		0.0765097427		16.2505759032		10.9532124027																		18.007036923		11.4786736447		1.9121304181		11.4850944314		0.9994409461		18.1188456237		4.9023442857				18.1964342717		31.5445263214				1.009025289		50425.3892693865										18.1964342717		43677.0046925364

				24.3129145455		38.5084293939		39.8236315152		41.7101621212		41.9857242424		0.109135103								24.2037794424		38.3992942909		14.1955148485		31.3015368667		39.7144964121		41.6010270182		41.8765891394		41.0640375232		52.0217809091		0.7515862212		69.2159853931		41.2597324915		160.8		241		64.5		0		73.5		0.667219917		39.6194109904		39.0988537342		40583.260769094		39785.7327600528		7.17862446		0.0744332795		15.176914378		10.7416405675																		18.6618115419		11.5349796803		1.8794270716		11.742260957		0.9823474135		18.0179594808		4.5012810345				28.7412894723		35.5927434933				1.2275291478		57527.6660734345										28.7412894723		43508.0752927906

				24.407585		34.963091		35.898593		37.270391		37.411999		0.11405748								24.29352752		34.84903352		10.555506		29.57128052		35.78453552		37.15633352		37.29794152		36.7462701867		44.199908		0.64302635		68.7373200181		36.7929229446		69.7		108		65		99.5		73.5		0.6453703704		28.4954778461		28.4217055116		39715.0088988979		39458.4447286287		7.17862446		0.0719958021		14.3775940367		10.5397270257																		19.0376072336		11.7735726576		1.8947355492		11.8883076945		0.9903489176		18.2874860235		3.729995				38.6081594258		39.1930425667																38.6081594258		43971.0342358817

				24.4858394118		31.6174347059		32.23649		33.1825623529		33.3302335294		0.1047475824								24.3810918294		31.5126871235		7.1315952941		27.9468894765		32.1317424176		33.0778147706		33.2254859471		32.8116810451		35.3331858824		0.5174046882		68.2892650294		32.6117634013		66.4		105		65		99.5		72.5		0.6323809524		18.8648490558		18.2815560258		38778.3295330153		40440.2120177709		7.0809561		0.0705467372		13.469544098		10.3460609059																		19.8467290291		11.8544519125		1.859149595		12.1990922409		0.9717486907		28.4217055116		10.555506				48.8207028978		42.752989493																48.8207028978		43955.3765143961

				24.5213266667		27.9194216667		28.308405		28.8444777778		28.9287988889		0.0878228556								24.4335038111		27.8315988111		3.398095		26.1325513111		28.2205821444		28.7566549222		28.8409760333		28.6060710333		24.2115222222		0.3569824611		67.8227220095		28.2580772487		90.6		145		65		99.5		72		0.6248275862		8.8814438861		8.6430887901		35906.0969123654		41784.688340495		7.0420104		0.0697041038		12.7677808854		9.6327557109																		19.9798047948		11.6927336435		1.8262048314		12.2497419906		0.9545289731		28.7412894723		8.123474				58.7469045778		46.5020540389																58.7469045778		43471.4025507582

																																																				ave				0.6581909455						39864.4491005237		40366.9227922453		7.17636162																								22.0238361496		12.0602789123		1.7732244539		13.0122983385		0.9268369506		28.6321491502		7.5853147059				58.8914901067		45.0584649877																58.8914901067		45347.7235181368

																																																																																										21.3346434059		12.0320736292		1.8042949772		12.758314776		0.9430770318		28.7361792243		6.6941823077				49.2619904065		41.9923237229																49.2619904065		45863.075195576

				24.7465453846		27.1805376923		27.8308669231		28.0966853846		28.2086961538		0.0639847692								24.6825606154		27.1165529231		2.4339923077		25.8995567692		27.7668821538		28.0327006154		28.1447113846		27.9814313846		24.2102815385		0.3572394846		67.7704525426		27.7703090368		75.1		87		76		88		108		0.8632183908		8.7887629392		8.6488684992		42215.6208365462		46979.8331478894		10.5524208		0.0962983479		17.639079185		11.3254515993																		20.5756716478		11.9666648081		1.8352432422		12.4749802013		0.9592532104		28.6576170097		5.7157527273				38.6235999899		38.51747004																38.6235999899		46247.4732798813

				24.8252435714		29.8844064286		31.1748914286		31.7283178571		31.9147135714		0.0614479643								24.7637956071		29.8229584643		5.0591628571		27.2933770357		31.1134434643		31.6668698929		31.8532656071		31.5445263214		35.2192314286		0.5166618786		68.1668860996		31.469747704		79.3		92		76		88.5		107.5		0.8619565217		18.2411361277		18.1964342717		42908.7169181293		43677.0046925364		10.503567		0.0961575772		18.007036923		11.4786736447																		19.2430676135		11.4302849244		1.8272879347		11.9676930507		0.9550950944		39.0988537342		14.1955148485				28.6321491502		35.1441993235																28.6321491502		44893.0115101153

				24.8874246667		33.0108986667		34.947836		35.9463706667		36.0724953333		0.06282384								24.8246008267		32.9480748267		8.123474		28.8863378267		34.88501216		35.8835468267		36.0096714933		35.5927434933		44.405266		0.6472495733		68.6060954375		35.5683614038		69.3		81		76		88.5		106.5		0.8555555556		29.0721984904		28.7412894723		43349.8955109105		43508.0752927906		10.4058594		0.0954435024		18.6618115419		11.5349796803																		18.8472139294		11.8126236473		1.9129037925		11.8144527973		0.9998451769		38.6081594258		10.9845793333				18.1188456237		31.4867862079																18.1188456237		47961.7563960315

				24.8859		35.8704793333		38.4036393333		39.6649826667		39.617758		0.0357507667								24.8501492333		35.8347285667		10.9845793333		30.3424389		38.3678885667		39.6292319		39.5820072333		39.1930425667		51.6147153333		0.7480068267		69.0030003648		39.272198804		75.2		88		76		88.5		105.5		0.8545454545		39.2650778457		38.6081594258		44364.2934702475		43971.0342358817		10.3081518		0.0953308182		19.0376072336		11.7735726576																		17.9262667108		11.3065871528		1.8887210709		11.4531271311		0.987205243		38.6235999899		10.0815426667				8.7091029586		28.2485974875																8.7091029586		52216.0139485022

				24.8947763158		38.7054136842		41.7216084211		43.5133031579		43.1568110526		0.0442513842								24.8505249316		38.6611623		13.8106373684		31.7558436158		41.6773570368		43.4690517737		43.1125596684		42.752989493		58.2085021053		0.8387211684		69.4014939612		42.9908613467		106		124		76		88.5		104.5		0.8548387097		49.3839434507		48.8207028978		44906.1456510167		43955.3765143961		10.2104442		0.095363533		19.8467290291		11.8544519125																		20.8076127167		12.6626737364		1.9285354145		12.5619821187		1.0080155836		38.4454820351		9.0528045455				8.7115439344		27.981638154																8.7115439344		57038.7954185125

				24.9209422222		41.6267083333		45.1730077778		47.4174205556		47.0420166667		0.0420942944								24.8788479278		41.5846140389		16.7057661111		33.2317309833		45.1309134833		47.3753262611		46.9999223722		46.5020540389		64.0391888889		0.9173586611		69.8082348853		46.7864863024		99.5		118		75.8		88.5		103.3		0.843220339		58.9244224954		58.7469045778		44403.1560111302		43471.4025507582		10.09319508		0.0940674184		19.9798047948		11.6927336435																		20.8303344313		13.0684541429		1.9889897628		12.570485245		1.0396141349		38.5324375204		7.607662				18.0179594808		31.077191477																18.0179594808		50425.7479122995

																																																								0.8555558286						43691.3047329967		44260.4544057087		10.34560638																								22.2985465551		13.0963753416		1.9108194296		13.1126912965		0.9987557127		48.940054408		17.4922304545				28.7361792243		34.4747031256																28.7361792243		49273.3463606396

																																																																																										22.5922286606		13.1538761175		1.9037026782		13.2194990719		0.995035897		48.8207028978		13.8106373684				38.4454820351		37.6209686182																38.4454820351		48547.642341312

				24.8337877778		39.629957037		43.87591		45.7414659259		45.6318437037		0.0246082222								24.8091795556		39.6053488148		14.7961692593		32.2072641852		43.8513017778		45.7168577037		45.6072354815		45.0584649877		64.0375703704		0.9196396704		69.6333275234		45.1542857824		204.9		216		87		77		124		0.9486111111		58.7117955776		58.8914901067		45685.844054571		45347.7235181368		12.1157424		0.1058245327		22.0238361496		12.0602789123																		22.8829737766		13.2609027959		1.9040369172		13.3247202297		0.9952105986		49.2619904065		12.600635				48.6875403396		40.8702168786																48.6875403396		48565.9539663202

				24.877554375		37.478189375		41.1426425		42.445478125		42.570880625		0.0606766938								24.8168776812		37.4175126813		12.600635		31.1171951813		41.0819658062		42.3848014312		42.5102039312		41.9923237229		58.421556875		0.8432159812		69.2842144529		41.8964324312		108.8		116		87		77		122		0.9379310345		49.4368968543		49.2619904065		45458.6781801554		45863.075195576		11.9203272		0.1046330918		21.3346434059		12.0320736292																		23.1330116899		13.3799663691		1.9082315494		13.4148037045		0.9974030678		48.6875403396		11.6102757143				58.2380798212		44.0126101187																58.2380798212		48700.8496172353

				24.89808		34.9796226667		37.9070646667		38.8566146667		38.9656846667		0.0589846267								24.8390953733		34.92063804		10.0815426667		29.8798667067		37.84808004		38.79763004		38.90670004		38.51747004		51.5861146667		0.7487208571		68.8989950988		38.3016424631		97.9		106		87		77		121		0.9235849057		38.9485849266		38.6235999899		45091.8888301993		46247.4732798813		11.8226196		0.1030326758		20.5756716478		11.9666648081																		28.8019805877		14.7514249808		1.8365050035		15.3674649504		0.9599127135		49.7106841836		9.638534				58.4771940184		41.6186367382																58.4771940184		54897.8144576779

				24.9045829412		32.4898976471		34.6627852941		35.3784188235		35.5994547059		0.0693536176								24.8352293235		32.4205440294		7.5853147059		28.6278866765		34.5934316765		35.3090652059		35.5301010882		35.1441993235		44.2964564706		0.6463756118		68.5305195065		34.8631019311		104.1		118		87		77		120		0.8822033898		27.9917590192		28.6321491502		42956.43953161		44893.0115101153		11.724912		0.0984162639		19.2430676135		11.4302849244																		27.991293134		14.9193590274		1.890583784		15.0978327082		0.9881788543		58.5647946954		20.3096043478				49.7106841836		39.1159297333																49.7106841836		55410.7843636472

				24.921297619		29.8236419048		31.1806490476		31.5863404762		31.9194857143		0.0753722048								24.8459254143		29.7482697		4.9023442857		27.2970975571		31.1052768429		31.5109682714		31.8441135095		31.4867862079		35.1353533333		0.515687019		68.1330963076		31.1544281229		124.5		138		87		77		119		0.902173913		18.5004348936		18.1188456237		44157.0637715848		47961.7563960315		11.6272044		0.1006441224		18.8472139294		11.8126236473																		26.5971859512		14.5248753838		1.8998280148		14.6271090685		0.9930106705		58.7469045778		16.7057661111				38.5324375204		36.14101705																38.5324375204		54698.7094778275

				24.996305625		27.43768125		28.11919125		28.363958125		28.545018125		0.0941250125								24.9021806125		27.3435562375		2.441375625		26.122868425		28.0250662375		28.2698331125		28.4508931125		28.2485974875		24.2957526667		0.3584619533		67.777772343		27.8386159507		77.2		88		87		76.5		118.5		0.8772727273		8.9589496736		8.7091029586		42145.3036121979		52216.0139485022		11.5783506		0.0978662123		17.9262667108		11.3065871528																		26.1093475277		14.5052449996		1.9191615625		14.4601868212		1.0031160163		58.8914901067		14.7961692593				28.6576170097		33.4785342182																28.6576170097		56181.3344279761

																																																								0.9119628469						44249.2029967197		47088.1756413738		11.7981927																								25.1919528497		14.1680337239		1.9165812908		14.1430380493		1.0017673483		58.2380798212		14.11605375				18.2874860235		30.6452674667																18.2874860235		57898.6222844249

																																																																																										24.3464663643		13.6754998076		1.889526238		13.8468393322		0.9876260914		58.4771940184		11.2851164286				8.776747125		27.9608934524																8.776747125		66078.7314290537

				24.9810033333		27.1744171429		27.9013357143		28.0554147619		28.2145642857		0.0754667667								24.9055365667		27.0989503762		2.1934138095		26.0022434714		27.8258689476		27.9799479952		28.139097519		27.981638154		24.2953457143		0.3585684286		67.7565111103		27.6402103787		94.7		93		100		64		142.5		1.0182795699		9.3427659323		8.7115439344		47200.1163525272		57038.7954185125		13.923333		0.1135965607		20.8076127167		12.6626737364																						1.9132080138

				25.0170241379		29.5183051724		30.8674472414		31.0875893103		31.3773534483		0.0336051897								24.9834189483		29.4846999828		4.5012810345		27.2340594655		30.8338420517		31.0539841207		31.3437482586		31.077191477		35.0319651724		0.5143291103		68.1119626866		30.9572133984		68.8		69		100		64		141		0.9971014493		18.7742821656		18.0179594808		48851.5151429773		50425.7479122995		13.7767716		0.1112339859		20.8303344313		13.0684541429

				25.3359807692		32.0301630769		34.0290092308		34.4498953846		35.0186984615		0.0244979								25.3114828692		32.0056651769		6.6941823077		28.6585740231		34.0045113308		34.4253974846		34.9942005615		34.4747031256		44.36315		0.6477488462		68.4881961016		34.4681483813		94.05		92		99		64		152		1.0222826087		28.6257169563		28.7361792243		49217.8155805934		49273.3463606396		14.8515552		0.114043129		22.2985465551		13.0963753416

				25.3647563636		34.4175609091		36.8440863636		37.7133109091		38.3592345455		0.0179086545								25.3468477091		34.3996522545		9.0528045455		29.8732499818		36.8261777091		37.6954022545		38.3413258909		37.6209686182		51.4462827273		0.7472936818		68.8434600465		37.7834004622		79.1		78		99		64		151		1.0141025641		38.4019156387		38.4454820351		49565.4494452889		48547.642341312		14.7538476		0.113130585		22.5922286606		13.1538761175

				25.3052128571		36.9154885714		39.9160335714		41.0073721429		41.6626542857		-0.0081968786								25.3134097357		36.92368545		11.6102757143		31.1185475929		39.92423045		41.0155690214		41.6708511643		40.8702168786		58.0476728571		0.8387509429		69.2072817938		41.1785122435		100.6		100		99		64		149		1.006		48.8571780127		48.6875403396		50101.3483756136		48565.9539663202		14.5584324		0.1122266845		22.8829737766		13.2609027959
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				24.3219065217		44.6315108696		46.7555726087		48.4868065217		49.6700052174		0.0861008696								24.2358056522		44.54541		20.3096043478		34.3906078261		46.6694717391		48.4007056522		49.5839043478		48.2180272464		64.0481573913		0.9143868783		70.0449218094		48.9952013408		128.3		185		64		0		75		0.6935135135		58.917492545		58.5647946954		42609.1743905265		40341.7544526798		7.313355		0.0773665231		16.7641436944		11.1926906953																		17.639079185		11.3254515993		1.9109110171		11.3390177807		0.9988035841		18.1964342717		5.0591628571				8.6488684992		27.9814313846				0.9119628469		47088.1756413738										8.6488684992		46979.8331478894

				24.3309481818		41.8231786364		43.5945681818		45.7141659091		46.1162081818		0.1177853682								24.2131628136		41.7053932682		17.4922304545		32.9592780409		43.4767828136		45.5963805409		45.9984228136		45.0238620561		58.3871654545		0.8381988409		69.6578933362		45.3835290345		82.3		120		64.5		0		74.5		0.6858333333		50.1824249941		48.940054408		41594.8240992433		40390.7044538447		7.2645993		0.0765097427		16.2505759032		10.9532124027																		18.007036923		11.4786736447		1.9121304181		11.4850944314		0.9994409461		18.1188456237		4.9023442857				18.1964342717		31.5445263214				1.009025289		50425.3892693865										18.1964342717		43677.0046925364

				24.3129145455		38.5084293939		39.8236315152		41.7101621212		41.9857242424		0.109135103								24.2037794424		38.3992942909		14.1955148485		31.3015368667		39.7144964121		41.6010270182		41.8765891394		41.0640375232		52.0217809091		0.7515862212		69.2159853931		41.2597324915		160.8		241		64.5		0		73.5		0.667219917		39.6194109904		39.0988537342		40583.260769094		39785.7327600528		7.17862446		0.0744332795		15.176914378		10.7416405675																		18.6618115419		11.5349796803		1.8794270716		11.742260957		0.9823474135		18.0179594808		4.5012810345				28.7412894723		35.5927434933				1.2275291478		57527.6660734345										28.7412894723		43508.0752927906

				24.407585		34.963091		35.898593		37.270391		37.411999		0.11405748								24.29352752		34.84903352		10.555506		29.57128052		35.78453552		37.15633352		37.29794152		36.7462701867		44.199908		0.64302635		68.7373200181		36.7929229446		69.7		108		65		99.5		73.5		0.6453703704		28.4954778461		28.4217055116		39715.0088988979		39458.4447286287		7.17862446		0.0719958021		14.3775940367		10.5397270257																		19.0376072336		11.7735726576		1.8947355492		11.8883076945		0.9903489176		18.2874860235		3.729995				38.6081594258		39.1930425667																38.6081594258		43971.0342358817

				24.4858394118		31.6174347059		32.23649		33.1825623529		33.3302335294		0.1047475824								24.3810918294		31.5126871235		7.1315952941		27.9468894765		32.1317424176		33.0778147706		33.2254859471		32.8116810451		35.3331858824		0.5174046882		68.2892650294		32.6117634013		66.4		105		65		99.5		72.5		0.6323809524		18.8648490558		18.2815560258		38778.3295330153		40440.2120177709		7.0809561		0.0705467372		13.469544098		10.3460609059																		19.8467290291		11.8544519125		1.859149595		12.1990922409		0.9717486907		28.4217055116		10.555506				48.8207028978		42.752989493																48.8207028978		43955.3765143961

				24.5213266667		27.9194216667		28.308405		28.8444777778		28.9287988889		0.0878228556								24.4335038111		27.8315988111		3.398095		26.1325513111		28.2205821444		28.7566549222		28.8409760333		28.6060710333		24.2115222222		0.3569824611		67.8227220095		28.2580772487		90.6		145		65		99.5		72		0.6248275862		8.8814438861		8.6430887901		35906.0969123654		41784.688340495		7.0420104		0.0697041038		12.7677808854		9.6327557109																		19.9798047948		11.6927336435		1.8262048314		12.2497419906		0.9545289731		28.7412894723		8.123474				58.7469045778		46.5020540389																58.7469045778		43471.4025507582

																																																				ave				0.6581909455						39864.4491005237		40366.9227922453		7.17636162																								22.0238361496		12.0602789123		1.7732244539		13.0122983385		0.9268369506		28.6321491502		7.5853147059				58.8914901067		45.0584649877																58.8914901067		45347.7235181368

																																																																																										21.3346434059		12.0320736292		1.8042949772		12.758314776		0.9430770318		28.7361792243		6.6941823077				49.2619904065		41.9923237229																49.2619904065		45863.075195576

				24.7465453846		27.1805376923		27.8308669231		28.0966853846		28.2086961538		0.0639847692								24.6825606154		27.1165529231		2.4339923077		25.8995567692		27.7668821538		28.0327006154		28.1447113846		27.9814313846		24.2102815385		0.3572394846		67.7704525426		27.7703090368		75.1		87		76		88		108		0.8632183908		8.7887629392		8.6488684992		42215.6208365462		46979.8331478894		10.5524208		0.0962983479		17.639079185		11.3254515993																		20.5756716478		11.9666648081		1.8352432422		12.4749802013		0.9592532104		28.6576170097		5.7157527273				38.6235999899		38.51747004																38.6235999899		46247.4732798813

				24.8252435714		29.8844064286		31.1748914286		31.7283178571		31.9147135714		0.0614479643								24.7637956071		29.8229584643		5.0591628571		27.2933770357		31.1134434643		31.6668698929		31.8532656071		31.5445263214		35.2192314286		0.5166618786		68.1668860996		31.469747704		79.3		92		76		88.5		107.5		0.8619565217		18.2411361277		18.1964342717		42908.7169181293		43677.0046925364		10.503567		0.0961575772		18.007036923		11.4786736447																		19.2430676135		11.4302849244		1.8272879347		11.9676930507		0.9550950944		39.0988537342		14.1955148485				28.6321491502		35.1441993235																28.6321491502		44893.0115101153

				24.8874246667		33.0108986667		34.947836		35.9463706667		36.0724953333		0.06282384								24.8246008267		32.9480748267		8.123474		28.8863378267		34.88501216		35.8835468267		36.0096714933		35.5927434933		44.405266		0.6472495733		68.6060954375		35.5683614038		69.3		81		76		88.5		106.5		0.8555555556		29.0721984904		28.7412894723		43349.8955109105		43508.0752927906		10.4058594		0.0954435024		18.6618115419		11.5349796803																		18.8472139294		11.8126236473		1.9129037925		11.8144527973		0.9998451769		38.6081594258		10.9845793333				18.1188456237		31.4867862079																18.1188456237		47961.7563960315

				24.8859		35.8704793333		38.4036393333		39.6649826667		39.617758		0.0357507667								24.8501492333		35.8347285667		10.9845793333		30.3424389		38.3678885667		39.6292319		39.5820072333		39.1930425667		51.6147153333		0.7480068267		69.0030003648		39.272198804		75.2		88		76		88.5		105.5		0.8545454545		39.2650778457		38.6081594258		44364.2934702475		43971.0342358817		10.3081518		0.0953308182		19.0376072336		11.7735726576																		17.9262667108		11.3065871528		1.8887210709		11.4531271311		0.987205243		38.6235999899		10.0815426667				8.7091029586		28.2485974875																8.7091029586		52216.0139485022

				24.8947763158		38.7054136842		41.7216084211		43.5133031579		43.1568110526		0.0442513842								24.8505249316		38.6611623		13.8106373684		31.7558436158		41.6773570368		43.4690517737		43.1125596684		42.752989493		58.2085021053		0.8387211684		69.4014939612		42.9908613467		106		124		76		88.5		104.5		0.8548387097		49.3839434507		48.8207028978		44906.1456510167		43955.3765143961		10.2104442		0.095363533		19.8467290291		11.8544519125																		20.8076127167		12.6626737364		1.9285354145		12.5619821187		1.0080155836		38.4454820351		9.0528045455				8.7115439344		27.981638154																8.7115439344		57038.7954185125

				24.9209422222		41.6267083333		45.1730077778		47.4174205556		47.0420166667		0.0420942944								24.8788479278		41.5846140389		16.7057661111		33.2317309833		45.1309134833		47.3753262611		46.9999223722		46.5020540389		64.0391888889		0.9173586611		69.8082348853		46.7864863024		99.5		118		75.8		88.5		103.3		0.843220339		58.9244224954		58.7469045778		44403.1560111302		43471.4025507582		10.09319508		0.0940674184		19.9798047948		11.6927336435																		20.8303344313		13.0684541429		1.9889897628		12.570485245		1.0396141349		38.5324375204		7.607662				18.0179594808		31.077191477																18.0179594808		50425.7479122995

																																																								0.8555558286						43691.3047329967		44260.4544057087		10.34560638																								22.2985465551		13.0963753416		1.9108194296		13.1126912965		0.9987557127		48.940054408		17.4922304545				28.7361792243		34.4747031256																28.7361792243		49273.3463606396

																																																																																										22.5922286606		13.1538761175		1.9037026782		13.2194990719		0.995035897		48.8207028978		13.8106373684				38.4454820351		37.6209686182																38.4454820351		48547.642341312

				24.8337877778		39.629957037		43.87591		45.7414659259		45.6318437037		0.0246082222								24.8091795556		39.6053488148		14.7961692593		32.2072641852		43.8513017778		45.7168577037		45.6072354815		45.0584649877		64.0375703704		0.9196396704		69.6333275234		45.1542857824		204.9		216		87		77		124		0.9486111111		58.7117955776		58.8914901067		45685.844054571		45347.7235181368		12.1157424		0.1058245327		22.0238361496		12.0602789123																		22.8829737766		13.2609027959		1.9040369172		13.3247202297		0.9952105986		49.2619904065		12.600635				48.6875403396		40.8702168786																48.6875403396		48565.9539663202

				24.877554375		37.478189375		41.1426425		42.445478125		42.570880625		0.0606766938								24.8168776812		37.4175126813		12.600635		31.1171951813		41.0819658062		42.3848014312		42.5102039312		41.9923237229		58.421556875		0.8432159812		69.2842144529		41.8964324312		108.8		116		87		77		122		0.9379310345		49.4368968543		49.2619904065		45458.6781801554		45863.075195576		11.9203272		0.1046330918		21.3346434059		12.0320736292																		23.1330116899		13.3799663691		1.9082315494		13.4148037045		0.9974030678		48.6875403396		11.6102757143				58.2380798212		44.0126101187																58.2380798212		48700.8496172353

				24.89808		34.9796226667		37.9070646667		38.8566146667		38.9656846667		0.0589846267								24.8390953733		34.92063804		10.0815426667		29.8798667067		37.84808004		38.79763004		38.90670004		38.51747004		51.5861146667		0.7487208571		68.8989950988		38.3016424631		97.9		106		87		77		121		0.9235849057		38.9485849266		38.6235999899		45091.8888301993		46247.4732798813		11.8226196		0.1030326758		20.5756716478		11.9666648081																		28.8019805877		14.7514249808		1.8365050035		15.3674649504		0.9599127135		49.7106841836		9.638534				58.4771940184		41.6186367382																58.4771940184		54897.8144576779

				24.9045829412		32.4898976471		34.6627852941		35.3784188235		35.5994547059		0.0693536176								24.8352293235		32.4205440294		7.5853147059		28.6278866765		34.5934316765		35.3090652059		35.5301010882		35.1441993235		44.2964564706		0.6463756118		68.5305195065		34.8631019311		104.1		118		87		77		120		0.8822033898		27.9917590192		28.6321491502		42956.43953161		44893.0115101153		11.724912		0.0984162639		19.2430676135		11.4302849244																		27.991293134		14.9193590274		1.890583784		15.0978327082		0.9881788543		58.5647946954		20.3096043478				49.7106841836		39.1159297333																49.7106841836		55410.7843636472

				24.921297619		29.8236419048		31.1806490476		31.5863404762		31.9194857143		0.0753722048								24.8459254143		29.7482697		4.9023442857		27.2970975571		31.1052768429		31.5109682714		31.8441135095		31.4867862079		35.1353533333		0.515687019		68.1330963076		31.1544281229		124.5		138		87		77		119		0.902173913		18.5004348936		18.1188456237		44157.0637715848		47961.7563960315		11.6272044		0.1006441224		18.8472139294		11.8126236473																		26.5971859512		14.5248753838		1.8998280148		14.6271090685		0.9930106705		58.7469045778		16.7057661111				38.5324375204		36.14101705																38.5324375204		54698.7094778275

				24.996305625		27.43768125		28.11919125		28.363958125		28.545018125		0.0941250125								24.9021806125		27.3435562375		2.441375625		26.122868425		28.0250662375		28.2698331125		28.4508931125		28.2485974875		24.2957526667		0.3584619533		67.777772343		27.8386159507		77.2		88		87		76.5		118.5		0.8772727273		8.9589496736		8.7091029586		42145.3036121979		52216.0139485022		11.5783506		0.0978662123		17.9262667108		11.3065871528																		26.1093475277		14.5052449996		1.9191615625		14.4601868212		1.0031160163		58.8914901067		14.7961692593				28.6576170097		33.4785342182																28.6576170097		56181.3344279761

																																																								0.9119628469						44249.2029967197		47088.1756413738		11.7981927																								25.1919528497		14.1680337239		1.9165812908		14.1430380493		1.0017673483		58.2380798212		14.11605375				18.2874860235		30.6452674667																18.2874860235		57898.6222844249

																																																																																										24.3464663643		13.6754998076		1.889526238		13.8468393322		0.9876260914		58.4771940184		11.2851164286				8.776747125		27.9608934524																8.776747125		66078.7314290537

				24.9810033333		27.1744171429		27.9013357143		28.0554147619		28.2145642857		0.0754667667								24.9055365667		27.0989503762		2.1934138095		26.0022434714		27.8258689476		27.9799479952		28.139097519		27.981638154		24.2953457143		0.3585684286		67.7565111103		27.6402103787		94.7		93		100		64		142.5		1.0182795699		9.3427659323		8.7115439344		47200.1163525272		57038.7954185125		13.923333		0.1135965607		20.8076127167		12.6626737364																						1.9132080138

				25.0170241379		29.5183051724		30.8674472414		31.0875893103		31.3773534483		0.0336051897								24.9834189483		29.4846999828		4.5012810345		27.2340594655		30.8338420517		31.0539841207		31.3437482586		31.077191477		35.0319651724		0.5143291103		68.1119626866		30.9572133984		68.8		69		100		64		141		0.9971014493		18.7742821656		18.0179594808		48851.5151429773		50425.7479122995		13.7767716		0.1112339859		20.8303344313		13.0684541429

				25.3359807692		32.0301630769		34.0290092308		34.4498953846		35.0186984615		0.0244979								25.3114828692		32.0056651769		6.6941823077		28.6585740231		34.0045113308		34.4253974846		34.9942005615		34.4747031256		44.36315		0.6477488462		68.4881961016		34.4681483813		94.05		92		99		64		152		1.0222826087		28.6257169563		28.7361792243		49217.8155805934		49273.3463606396		14.8515552		0.114043129		22.2985465551		13.0963753416

				25.3647563636		34.4175609091		36.8440863636		37.7133109091		38.3592345455		0.0179086545								25.3468477091		34.3996522545		9.0528045455		29.8732499818		36.8261777091		37.6954022545		38.3413258909		37.6209686182		51.4462827273		0.7472936818		68.8434600465		37.7834004622		79.1		78		99		64		151		1.0141025641		38.4019156387		38.4454820351		49565.4494452889		48547.642341312		14.7538476		0.113130585		22.5922286606		13.1538761175

				25.3052128571		36.9154885714		39.9160335714		41.0073721429		41.6626542857		-0.0081968786								25.3134097357		36.92368545		11.6102757143		31.1185475929		39.92423045		41.0155690214		41.6708511643		40.8702168786		58.0476728571		0.8387509429		69.2072817938		41.1785122435		100.6		100		99		64		149		1.006		48.8571780127		48.6875403396		50101.3483756136		48565.9539663202		14.5584324		0.1122266845		22.8829737766		13.2609027959
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				24.3309481818		41.8231786364		43.5945681818		45.7141659091		46.1162081818		0.1177853682								24.2131628136		41.7053932682		17.4922304545		32.9592780409		43.4767828136		45.5963805409		45.9984228136		45.0238620561		58.3871654545		0.8381988409		69.6578933362		45.3835290345		82.3		120		64.5		0		74.5		0.6858333333		50.1824249941		48.940054408		41594.8240992433		40390.7044538447		7.2645993		0.0765097427		16.2505759032		10.9532124027																		18.007036923		11.4786736447		1.9121304181		11.4850944314		0.9994409461		18.1188456237		4.9023442857				18.1964342717		31.5445263214				1.009025289		50425.3892693865										18.1964342717		43677.0046925364

				24.3129145455		38.5084293939		39.8236315152		41.7101621212		41.9857242424		0.109135103								24.2037794424		38.3992942909		14.1955148485		31.3015368667		39.7144964121		41.6010270182		41.8765891394		41.0640375232		52.0217809091		0.7515862212		69.2159853931		41.2597324915		160.8		241		64.5		0		73.5		0.667219917		39.6194109904		39.0988537342		40583.260769094		39785.7327600528		7.17862446		0.0744332795		15.176914378		10.7416405675																		18.6618115419		11.5349796803		1.8794270716		11.742260957		0.9823474135		18.0179594808		4.5012810345				28.7412894723		35.5927434933				1.2275291478		57527.6660734345										28.7412894723		43508.0752927906

				24.407585		34.963091		35.898593		37.270391		37.411999		0.11405748								24.29352752		34.84903352		10.555506		29.57128052		35.78453552		37.15633352		37.29794152		36.7462701867		44.199908		0.64302635		68.7373200181		36.7929229446		69.7		108		65		99.5		73.5		0.6453703704		28.4954778461		28.4217055116		39715.0088988979		39458.4447286287		7.17862446		0.0719958021		14.3775940367		10.5397270257																		19.0376072336		11.7735726576		1.8947355492		11.8883076945		0.9903489176		18.2874860235		3.729995				38.6081594258		39.1930425667																38.6081594258		43971.0342358817

				24.4858394118		31.6174347059		32.23649		33.1825623529		33.3302335294		0.1047475824								24.3810918294		31.5126871235		7.1315952941		27.9468894765		32.1317424176		33.0778147706		33.2254859471		32.8116810451		35.3331858824		0.5174046882		68.2892650294		32.6117634013		66.4		105		65		99.5		72.5		0.6323809524		18.8648490558		18.2815560258		38778.3295330153		40440.2120177709		7.0809561		0.0705467372		13.469544098		10.3460609059																		19.8467290291		11.8544519125		1.859149595		12.1990922409		0.9717486907		28.4217055116		10.555506				48.8207028978		42.752989493																48.8207028978		43955.3765143961

				24.5213266667		27.9194216667		28.308405		28.8444777778		28.9287988889		0.0878228556								24.4335038111		27.8315988111		3.398095		26.1325513111		28.2205821444		28.7566549222		28.8409760333		28.6060710333		24.2115222222		0.3569824611		67.8227220095		28.2580772487		90.6		145		65		99.5		72		0.6248275862		8.8814438861		8.6430887901		35906.0969123654		41784.688340495		7.0420104		0.0697041038		12.7677808854		9.6327557109																		19.9798047948		11.6927336435		1.8262048314		12.2497419906		0.9545289731		28.7412894723		8.123474				58.7469045778		46.5020540389																58.7469045778		43471.4025507582

																																																				ave				0.6581909455						39864.4491005237		40366.9227922453		7.17636162																								22.0238361496		12.0602789123		1.7732244539		13.0122983385		0.9268369506		28.6321491502		7.5853147059				58.8914901067		45.0584649877																58.8914901067		45347.7235181368

																																																																																										21.3346434059		12.0320736292		1.8042949772		12.758314776		0.9430770318		28.7361792243		6.6941823077				49.2619904065		41.9923237229																49.2619904065		45863.075195576

				24.7465453846		27.1805376923		27.8308669231		28.0966853846		28.2086961538		0.0639847692								24.6825606154		27.1165529231		2.4339923077		25.8995567692		27.7668821538		28.0327006154		28.1447113846		27.9814313846		24.2102815385		0.3572394846		67.7704525426		27.7703090368		75.1		87		76		88		108		0.8632183908		8.7887629392		8.6488684992		42215.6208365462		46979.8331478894		10.5524208		0.0962983479		17.639079185		11.3254515993																		20.5756716478		11.9666648081		1.8352432422		12.4749802013		0.9592532104		28.6576170097		5.7157527273				38.6235999899		38.51747004																38.6235999899		46247.4732798813

				24.8252435714		29.8844064286		31.1748914286		31.7283178571		31.9147135714		0.0614479643								24.7637956071		29.8229584643		5.0591628571		27.2933770357		31.1134434643		31.6668698929		31.8532656071		31.5445263214		35.2192314286		0.5166618786		68.1668860996		31.469747704		79.3		92		76		88.5		107.5		0.8619565217		18.2411361277		18.1964342717		42908.7169181293		43677.0046925364		10.503567		0.0961575772		18.007036923		11.4786736447																		19.2430676135		11.4302849244		1.8272879347		11.9676930507		0.9550950944		39.0988537342		14.1955148485				28.6321491502		35.1441993235																28.6321491502		44893.0115101153

				24.8874246667		33.0108986667		34.947836		35.9463706667		36.0724953333		0.06282384								24.8246008267		32.9480748267		8.123474		28.8863378267		34.88501216		35.8835468267		36.0096714933		35.5927434933		44.405266		0.6472495733		68.6060954375		35.5683614038		69.3		81		76		88.5		106.5		0.8555555556		29.0721984904		28.7412894723		43349.8955109105		43508.0752927906		10.4058594		0.0954435024		18.6618115419		11.5349796803																		18.8472139294		11.8126236473		1.9129037925		11.8144527973		0.9998451769		38.6081594258		10.9845793333				18.1188456237		31.4867862079																18.1188456237		47961.7563960315

				24.8859		35.8704793333		38.4036393333		39.6649826667		39.617758		0.0357507667								24.8501492333		35.8347285667		10.9845793333		30.3424389		38.3678885667		39.6292319		39.5820072333		39.1930425667		51.6147153333		0.7480068267		69.0030003648		39.272198804		75.2		88		76		88.5		105.5		0.8545454545		39.2650778457		38.6081594258		44364.2934702475		43971.0342358817		10.3081518		0.0953308182		19.0376072336		11.7735726576																		17.9262667108		11.3065871528		1.8887210709		11.4531271311		0.987205243		38.6235999899		10.0815426667				8.7091029586		28.2485974875																8.7091029586		52216.0139485022

				24.8947763158		38.7054136842		41.7216084211		43.5133031579		43.1568110526		0.0442513842								24.8505249316		38.6611623		13.8106373684		31.7558436158		41.6773570368		43.4690517737		43.1125596684		42.752989493		58.2085021053		0.8387211684		69.4014939612		42.9908613467		106		124		76		88.5		104.5		0.8548387097		49.3839434507		48.8207028978		44906.1456510167		43955.3765143961		10.2104442		0.095363533		19.8467290291		11.8544519125																		20.8076127167		12.6626737364		1.9285354145		12.5619821187		1.0080155836		38.4454820351		9.0528045455				8.7115439344		27.981638154																8.7115439344		57038.7954185125

				24.9209422222		41.6267083333		45.1730077778		47.4174205556		47.0420166667		0.0420942944								24.8788479278		41.5846140389		16.7057661111		33.2317309833		45.1309134833		47.3753262611		46.9999223722		46.5020540389		64.0391888889		0.9173586611		69.8082348853		46.7864863024		99.5		118		75.8		88.5		103.3		0.843220339		58.9244224954		58.7469045778		44403.1560111302		43471.4025507582		10.09319508		0.0940674184		19.9798047948		11.6927336435																		20.8303344313		13.0684541429		1.9889897628		12.570485245		1.0396141349		38.5324375204		7.607662				18.0179594808		31.077191477																18.0179594808		50425.7479122995

																																																								0.8555558286						43691.3047329967		44260.4544057087		10.34560638																								22.2985465551		13.0963753416		1.9108194296		13.1126912965		0.9987557127		48.940054408		17.4922304545				28.7361792243		34.4747031256																28.7361792243		49273.3463606396

																																																																																										22.5922286606		13.1538761175		1.9037026782		13.2194990719		0.995035897		48.8207028978		13.8106373684				38.4454820351		37.6209686182																38.4454820351		48547.642341312

				24.8337877778		39.629957037		43.87591		45.7414659259		45.6318437037		0.0246082222								24.8091795556		39.6053488148		14.7961692593		32.2072641852		43.8513017778		45.7168577037		45.6072354815		45.0584649877		64.0375703704		0.9196396704		69.6333275234		45.1542857824		204.9		216		87		77		124		0.9486111111		58.7117955776		58.8914901067		45685.844054571		45347.7235181368		12.1157424		0.1058245327		22.0238361496		12.0602789123																		22.8829737766		13.2609027959		1.9040369172		13.3247202297		0.9952105986		49.2619904065		12.600635				48.6875403396		40.8702168786																48.6875403396		48565.9539663202

				24.877554375		37.478189375		41.1426425		42.445478125		42.570880625		0.0606766938								24.8168776812		37.4175126813		12.600635		31.1171951813		41.0819658062		42.3848014312		42.5102039312		41.9923237229		58.421556875		0.8432159812		69.2842144529		41.8964324312		108.8		116		87		77		122		0.9379310345		49.4368968543		49.2619904065		45458.6781801554		45863.075195576		11.9203272		0.1046330918		21.3346434059		12.0320736292																		23.1330116899		13.3799663691		1.9082315494		13.4148037045		0.9974030678		48.6875403396		11.6102757143				58.2380798212		44.0126101187																58.2380798212		48700.8496172353

				24.89808		34.9796226667		37.9070646667		38.8566146667		38.9656846667		0.0589846267								24.8390953733		34.92063804		10.0815426667		29.8798667067		37.84808004		38.79763004		38.90670004		38.51747004		51.5861146667		0.7487208571		68.8989950988		38.3016424631		97.9		106		87		77		121		0.9235849057		38.9485849266		38.6235999899		45091.8888301993		46247.4732798813		11.8226196		0.1030326758		20.5756716478		11.9666648081																		28.8019805877		14.7514249808		1.8365050035		15.3674649504		0.9599127135		49.7106841836		9.638534				58.4771940184		41.6186367382																58.4771940184		54897.8144576779

				24.9045829412		32.4898976471		34.6627852941		35.3784188235		35.5994547059		0.0693536176								24.8352293235		32.4205440294		7.5853147059		28.6278866765		34.5934316765		35.3090652059		35.5301010882		35.1441993235		44.2964564706		0.6463756118		68.5305195065		34.8631019311		104.1		118		87		77		120		0.8822033898		27.9917590192		28.6321491502		42956.43953161		44893.0115101153		11.724912		0.0984162639		19.2430676135		11.4302849244																		27.991293134		14.9193590274		1.890583784		15.0978327082		0.9881788543		58.5647946954		20.3096043478				49.7106841836		39.1159297333																49.7106841836		55410.7843636472

				24.921297619		29.8236419048		31.1806490476		31.5863404762		31.9194857143		0.0753722048								24.8459254143		29.7482697		4.9023442857		27.2970975571		31.1052768429		31.5109682714		31.8441135095		31.4867862079		35.1353533333		0.515687019		68.1330963076		31.1544281229		124.5		138		87		77		119		0.902173913		18.5004348936		18.1188456237		44157.0637715848		47961.7563960315		11.6272044		0.1006441224		18.8472139294		11.8126236473																		26.5971859512		14.5248753838		1.8998280148		14.6271090685		0.9930106705		58.7469045778		16.7057661111				38.5324375204		36.14101705																38.5324375204		54698.7094778275

				24.996305625		27.43768125		28.11919125		28.363958125		28.545018125		0.0941250125								24.9021806125		27.3435562375		2.441375625		26.122868425		28.0250662375		28.2698331125		28.4508931125		28.2485974875		24.2957526667		0.3584619533		67.777772343		27.8386159507		77.2		88		87		76.5		118.5		0.8772727273		8.9589496736		8.7091029586		42145.3036121979		52216.0139485022		11.5783506		0.0978662123		17.9262667108		11.3065871528																		26.1093475277		14.5052449996		1.9191615625		14.4601868212		1.0031160163		58.8914901067		14.7961692593				28.6576170097		33.4785342182																28.6576170097		56181.3344279761

																																																								0.9119628469						44249.2029967197		47088.1756413738		11.7981927																								25.1919528497		14.1680337239		1.9165812908		14.1430380493		1.0017673483		58.2380798212		14.11605375				18.2874860235		30.6452674667																18.2874860235		57898.6222844249

																																																																																										24.3464663643		13.6754998076		1.889526238		13.8468393322		0.9876260914		58.4771940184		11.2851164286				8.776747125		27.9608934524																8.776747125		66078.7314290537

				24.9810033333		27.1744171429		27.9013357143		28.0554147619		28.2145642857		0.0754667667								24.9055365667		27.0989503762		2.1934138095		26.0022434714		27.8258689476		27.9799479952		28.139097519		27.981638154		24.2953457143		0.3585684286		67.7565111103		27.6402103787		94.7		93		100		64		142.5		1.0182795699		9.3427659323		8.7115439344		47200.1163525272		57038.7954185125		13.923333		0.1135965607		20.8076127167		12.6626737364																						1.9132080138

				25.0170241379		29.5183051724		30.8674472414		31.0875893103		31.3773534483		0.0336051897								24.9834189483		29.4846999828		4.5012810345		27.2340594655		30.8338420517		31.0539841207		31.3437482586		31.077191477		35.0319651724		0.5143291103		68.1119626866		30.9572133984		68.8		69		100		64		141		0.9971014493		18.7742821656		18.0179594808		48851.5151429773		50425.7479122995		13.7767716		0.1112339859		20.8303344313		13.0684541429

				25.3359807692		32.0301630769		34.0290092308		34.4498953846		35.0186984615		0.0244979								25.3114828692		32.0056651769		6.6941823077		28.6585740231		34.0045113308		34.4253974846		34.9942005615		34.4747031256		44.36315		0.6477488462		68.4881961016		34.4681483813		94.05		92		99		64		152		1.0222826087		28.6257169563		28.7361792243		49217.8155805934		49273.3463606396		14.8515552		0.114043129		22.2985465551		13.0963753416

				25.3647563636		34.4175609091		36.8440863636		37.7133109091		38.3592345455		0.0179086545								25.3468477091		34.3996522545		9.0528045455		29.8732499818		36.8261777091		37.6954022545		38.3413258909		37.6209686182		51.4462827273		0.7472936818		68.8434600465		37.7834004622		79.1		78		99		64		151		1.0141025641		38.4019156387		38.4454820351		49565.4494452889		48547.642341312		14.7538476		0.113130585		22.5922286606		13.1538761175

				25.3052128571		36.9154885714		39.9160335714		41.0073721429		41.6626542857		-0.0081968786								25.3134097357		36.92368545		11.6102757143		31.1185475929		39.92423045		41.0155690214		41.6708511643		40.8702168786		58.0476728571		0.8387509429		69.2072817938		41.1785122435		100.6		100		99		64		149		1.006		48.8571780127		48.6875403396		50101.3483756136		48565.9539663202		14.5584324		0.1122266845		22.8829737766		13.2609027959

				25.3634175		39.47947125		42.80381375		44.428445		44.855421875		0.0166167562								25.3468007437		39.4628544938		14.11605375		32.4048276187		42.7871969938		44.4118282438		44.8388051188		44.0126101187		63.648548125		0.9149946313		69.5616629335		44.4855261631		82.7		83		99		64		148		0.9963855422		58.8340283079		58.2380798212		50684.9851019574		48700.8496172353		14.4607248		0.1111541212		23.1330116899		13.3799663691
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		74.9057127769		74.9057127769

		74.8994888304		74.8994888304

		74.8970895217		74.8970895217

		74.8958252653		74.8958252653

		74.8967703522		74.8967703522

		74.8957988093		74.8957988093

		74.8906328584		74.8906328584

		74.8966340491		74.8966340491

		74.8929043958		74.8929043958

		74.8868030401		74.8868030401

		74.8823126487		74.8823126487

		74.8694808666		74.8694808666

		74.8616707414		74.8616707414

		74.8431863756		74.8431863756

		74.8277229179		74.8277229179

		74.8151125961		74.8151125961

		74.80599194		74.80599194

		74.7986720208		74.7986720208

		74.7965981361		74.7965981361

		74.7919804458		74.7919804458

		74.7927002411		74.7927002411

		74.7875959348		74.7875959348

		74.7843723506		74.7843723506

		74.7834035883		74.7834035883

		74.7842755891		74.7842755891

		74.7846079313		74.7846079313

		74.7801966985		74.7801966985

		74.7775990255		74.7775990255

		74.7689551054		74.7689551054

		74.7636450813		74.7636450813

		74.7575138813		74.7575138813

		74.7487990916		74.7487990916

		74.7442793897		74.7442793897

		74.7360359824		74.7360359824

		74.7305220762		74.7305220762

		74.7235509614		74.7235509614

		74.7210674004		74.7210674004

		74.7142800546		74.7142800546

		74.7077005082		74.7077005082

		74.6980447409		74.6980447409

		74.6888557031		74.6888557031

		74.6819920337		74.6819920337

		74.6778313913		74.6778313913

		74.6748523008		74.6748523008

		74.6685356365		74.6685356365

		74.6535271746		74.6535271746

		74.6424062856		74.6424062856

		74.6347692126		74.6347692126

		74.6242248372		74.6242248372

		74.6148570903		74.6148570903

		74.6096227951		74.6096227951

		74.606252079		74.606252079

		74.6037157403		74.6037157403

		74.6015581231		74.6015581231

		74.6006849661		74.6006849661

		74.6003958891		74.6003958891

		74.5933280304		74.5933280304

		74.590743344		74.590743344

		74.5865718645		74.5865718645

		74.5784030951		74.5784030951

		74.5670130741		74.5670130741

		74.5591608454		74.5591608454

		74.5446735777		74.5446735777

		74.5316463449		74.5316463449

		74.5220022249		74.5220022249

		74.5152416748		74.5152416748

		74.5032910536		74.5032910536

		74.4885675549		74.4885675549

		74.4874540497		74.4874540497

		74.4836942249		74.4836942249

		74.4765679906		74.4765679906

		74.4662271354		74.4662271354

		74.4580708848		74.4580708848

		74.4503043192		74.4503043192

		74.4418508839		74.4418508839

		74.4375082985		74.4375082985

		74.4313808956		74.4313808956

		74.4209158219		74.4209158219

		74.4135871396		74.4135871396

		74.4090202868		74.4090202868

		74.3988340573		74.3988340573

		74.3871099714		74.3871099714

		74.3774161062		74.3774161062

		74.3645182978		74.3645182978

		74.3480490132		74.3480490132

		74.3438540495		74.3438540495

		74.3425453592		74.3425453592

		74.3407348609		74.3407348609

		74.3363756918		74.3363756918

		74.3349096954		74.3349096954

		74.3300690619		74.3300690619

		74.3303648124		74.3303648124

		74.2558004854		74.2558004854

		74.2361168937		74.2361168937

		74.2040217426		74.2040217426

		74.1697396837		74.1697396837

		74.1335682316		74.1335682316

		74.1027242174		74.1027242174

		74.0942361243		74.0942361243

		74.0824798294		74.0824798294

		74.0324070239		74.0324070239

		73.8007489716		73.8007489716

		73.6858542937		73.6858542937

		73.6986402284		73.6986402284

		73.6962910078		73.6962910078

		73.6941631014		73.6941631014

		73.6909932759		73.6909932759

		73.688810849		73.688810849

		73.6924262734		73.6924262734

		73.6931608103		73.6931608103

		73.6943440332		73.6943440332

		73.6952515146		73.6952515146

		73.6824257626		73.6824257626

		73.6511032926		73.6511032926

		73.6340166798		73.6340166798

		73.6138533925		73.6138533925

		73.6104418857		73.6104418857

		73.6128335539		73.6128335539

		73.6179239734		73.6179239734

		73.6243261291		73.6243261291

		73.6323063398		73.6323063398

		73.6302524771		73.6302524771

		73.6297413748		73.6297413748

		73.6259519669		73.6259519669

		73.6201597933		73.6201597933

		73.6174921872		73.6174921872

		73.6123530618		73.6123530618

		73.6006171625		73.6006171625

		73.5907718374		73.5907718374

		73.5870910586		73.5870910586

		73.5822874833		73.5822874833

		73.5790028829		73.5790028829

		73.5796953676		73.5796953676

		73.5807196513		73.5807196513

		73.5840980793		73.5840980793

		73.5836356887		73.5836356887

		73.5820467706		73.5820467706

		73.5803365518		73.5803365518

		73.5782343916		73.5782343916

		73.5765751143		73.5765751143

		73.5741402535		73.5741402535

		73.5671680114		73.5671680114

		73.5683462319		73.5683462319

		73.5669657593		73.5669657593

		73.5643666787		73.5643666787

		73.5617604939		73.5617604939

		73.5607671116		73.5607671116

		73.5585628826		73.5585628826

		73.5600172134		73.5600172134

		73.558672413		73.558672413

		73.5614847458		73.5614847458

		73.5611526588		73.5611526588

		73.5594448557		73.5594448557

		73.5573167252		73.5573167252

		73.5535107315		73.5535107315

		73.5495405199		73.5495405199

		73.5492007946		73.5492007946

		73.5470905666		73.5470905666

		73.5457775755		73.5457775755

		73.5466106753		73.5466106753

		73.5446431479		73.5446431479

		73.5425819883		73.5425819883

		73.5384600307		73.5384600307

		73.5316182388		73.5316182388

		73.5265575725		73.5265575725

		73.5222005096		73.5222005096

		73.5172808104		73.5172808104

		73.5096733728		73.5096733728

		73.5019296037		73.5019296037

		73.4973928791		73.4973928791

		73.4902088017		73.4902088017

		73.4832929497		73.4832929497

		73.4804567599		73.4804567599

		73.4818115055		73.4818115055

		73.4795228307		73.4795228307

		73.4731314257		73.4731314257

		73.4634611511		73.4634611511

		73.4564886558		73.4564886558

		73.4528492965		73.4528492965

		73.4475673214		73.4475673214

		73.4433327991		73.4433327991

		73.4361338575		73.4361338575

		73.4263699786		73.4263699786

		73.4149687681		73.4149687681

		73.40779915		73.40779915

		73.4025352688		73.4025352688



Average  Input-Output Temperaturet

Average Surface Temperature

Resistance (ohm)

Temperature (C)

Heater Resistance Calibration

76.59283

73.5847133333

76.424145

73.5814333333

76.0664

73.3956733333

75.842635

73.2918733333

75.697755

73.1966933333

75.718105

73.2783366667

75.819315

73.45785

75.84412

73.51439

75.81931

73.56927

75.707175

73.5236666667

75.48441

73.40003

75.20756

73.1779

75.01754

73.03674

74.689585

72.79213

74.306555

72.49163

74.262895

72.41328

74.3785

72.4879933333

74.387445

72.52337

74.174105

72.36602

73.8397

72.0853733333

73.33365

71.6632333333

72.870245

71.2344833333

72.11264

70.5954966667

71.473095

70.0044366667

70.785425

69.4004733333

70.062535

68.7677533333

69.48153

68.2223066667

69.114385

67.8533833333

68.973485

67.6523866667

68.853415

67.52907

68.71152

67.37138

68.615255

67.2768366667

68.42275

67.0851033333

68.32402

66.9571766667

68.136985

66.8004833333

67.88941

66.5816433333

67.684

66.39057

67.43344

66.1509

67.171965

65.91454

66.89312

65.6616566667

66.666895

65.43091

66.43618

65.2199966667

66.287335

65.05438

66.079945

64.8590066667

65.821445

64.6309133333

65.5178

64.3529

65.222085

64.0934

65.024125

63.8735566667

64.855935

63.6765366667

64.816745

63.5955433333

64.79393

63.56215

64.73587

63.5132166667

64.73141

63.4986766667

64.55379

63.3399966667

64.3578

63.13868

64.261045

63.0454566667

64.20646

62.98925

64.181655

62.9396666667

64.16578

62.9148766667

64.181165

62.8983566667

64.14892

62.8920666667

64.01496

62.7766966667

63.759435

62.5598466667

63.55701

62.3843

63.38287

62.1935633333

63.161585

61.97505

62.94973

61.7962066667

62.812785

61.6477766667

62.69272

61.5274466667

62.57414

61.4147133333

62.54338

61.3542166667

62.507655

61.3023166667

62.417345

61.23885

62.27099

61.0986766667

62.081955

60.9201666667

61.87754

60.7492633333

61.68106

60.5562066667

61.51584

60.3998433333

61.41116

60.2636466667

61.360055

60.2018166667

61.389825

60.1995033333

61.47516

60.2438

61.51585

60.29041

61.446885

60.23355

61.33476

60.1495866667

61.21667

60.0434733333

61.067335

59.89736

61.02863

59.8454566667

60.863395

59.7138933333

60.67784

59.5479433333

60.545375

59.4246366667

60.336985

59.22464

60.04624

58.9783666667

59.776835

58.72217

59.399755

58.4038266667

59.114955

58.12118

58.817765

57.8385333333

58.6595

57.6610133333

58.51611

57.51192

58.37024

57.34862

58.26655

57.2352266667

58.19858

57.1631566667

58.13061

57.0910933333

58.14599

57.0583566667

58.07255

56.9988533333

58.066105

56.9697633333

57.995655

56.9039833333

57.85524

56.7902633333

57.75998

56.6838166667

57.703425

56.6183633333

57.40473

56.3787033333

57.385865

56.33771

57.31045

56.2834966667

57.06635

56.0686233333

56.742355

55.79656

56.363305

55.4891266667

56.216445

55.3125933333

56.17576

55.2428433333

56.172785

55.2074733333

56.105305

55.1406866667

55.98177

55.02697

55.848295

54.9073

55.748565

54.7982166667

55.56847

54.65111

55.365045

54.4649966667

55.181965

54.2815233333

55.003345

54.1331033333

54.78703

53.9331

54.717075

53.83194

54.543405

53.6964066667

54.566735

53.6610266667

54.54491

53.6378866667

54.5072

53.59921

54.46801

53.54301

54.39458

53.46995

54.263095

53.3674733333

54.095395

53.2289633333

53.92968

53.06202

53.72179

52.89409

53.55856

52.7261566667

53.39135

52.5489733333

53.250445

52.4144266667

53.10755

52.2874833333

52.960695

52.1440166667

52.85601

52.02765

52.66994

51.8881566667

52.49133

51.72022

52.387635

51.60617

52.276495

51.4825366667

52.125175

51.3546

51.96194

51.20617

51.73966

51.00849

51.547155

50.82502

51.453385

50.72287

51.28767

50.56882

51.173555

50.43295

51.0009

50.28188

50.89472

50.1836933333

50.747365

50.0442

50.528555

49.8719633333

50.33456

49.65907

50.140075

49.4891566667

49.944595

49.2911433333

49.75953

49.11197

49.489115

48.8927966667

49.303055

48.6802466667

49.15868

48.55263

48.855035

48.27132

48.603485

48.0214

48.36881

47.8045433333

48.16837

47.5876833333

47.912845

47.3731366667

47.670735

47.13942

47.46234

46.9172733333

47.2867

46.74802

47.108575

46.5724833333

46.919055

46.3943

46.798985

46.2557833333

46.84462

46.2521466667

46.8997

46.2848766667

46.76277

46.1691633333

46.613935

46.03859

46.40108

45.83992

46.19716

45.6495

54.930475

52.05749

56.146515

53.46578

56.81531

54.3616766667

57.011785

54.76765

56.83465

54.82949

56.614345

54.77497

56.281925

54.5459033333

55.885

54.3141766667

55.523315

54.0437833333

55.091165

53.72313

54.61835

53.3548733333

54.193635

52.9859633333

53.686575

52.60316

53.154195

52.1456466667

52.666495

51.6854933333

52.12023

51.2352533333

51.59878

50.7598933333

51.07238

50.28188

50.5177

49.76089

49.891565

49.2124766667

49.29668

48.6762833333

48.75985

48.17414

48.1739

47.6524866667

47.606815

47.1526633333

47.10916

46.6766333333

46.587705

46.2128366667

46.097515

45.7169666667

45.527435

45.1863966667

45.052115

44.7394533333

44.549515

44.27434

44.011195

43.7645866667

43.60286

43.3434333333

43.16575

42.95533

42.75295

42.5388066667

42.37487

42.16096

42.066265

41.8396366667

41.726895

41.5166566667

41.43119

41.2310433333

41.123585

40.9272366667

40.80804

40.6079

40.595685

40.37452

40.383815

40.1632733333

40.233495

39.99534

40.04893

39.81054

39.91

39.64426

39.745785

39.4789733333

39.585035

39.3146733333

39.442125

39.1665733333

39.251115

38.9738466667

39.04919

38.7844166667

38.9053

38.6062366667

38.73462

38.45153

38.59074

38.3202966667

38.47712

38.20558

38.38384

38.0958233333

38.341185

38.0009466667

38.24493

37.9126833333

38.150165

37.8115233333

38.00926

37.6948233333

38.14515

37.7844033333

39.060045

38.4726433333

40.490945

39.62402

42.061265

40.9747333333

43.789375

42.45206

45.781435

44.1551666667

47.81318

45.9802666667

49.27633

47.4305066667

50.057255

48.3091966667

50.47649

48.8189633333

50.66006

49.1307066667

50.658065

49.2361766667

50.642675

49.2781766667

50.641195

49.3532133333

50.625805

49.37174

50.63524

49.40711

50.65657

49.4520733333

50.66947

49.5003466667

50.669465

49.53968

50.69278

49.5730733333

50.66599

49.5803533333

50.64763

49.5899366667

50.438755

49.4709366667

50.360855

49.3707766667

50.34052

49.3539166667

50.2919

49.3228433333

50.28098

49.3185433333

50.27007

49.3122633333

50.23584

49.3049933333

50.216975

49.2871433333

50.157445

49.2497866667

50.07607

49.1830133333

49.98031

49.1076433333

49.909855

49.05145

49.85975

49.0078133333

49.75208

48.9116133333

49.69751

48.8693033333

49.614155

48.79327

49.53576

48.7241866667

49.42512

48.6428633333

49.3497

48.5678166667

49.27478

48.50534

49.23212

48.45377

49.194905

48.4091466667

49.146285

48.3671566667

49.080295

48.3112933333

49.02572

48.2428633333

48.991485

48.2114566667

48.998925

48.22204

48.995945

48.20617

48.96915

48.1969133333

48.928965

48.1579066667

48.98999

48.1906333333

48.964695

48.1833633333

48.90565

48.14502

48.844125

48.0838533333

48.743905

47.9767566667

48.65509

47.91164

48.48094

47.7559366667

48.334575

47.62866

48.213015

47.50866

48.12917

47.4422133333

48.06914

47.3635366667

48.0359

47.32849

48.004145

47.28849

47.9962

47.2643566667

47.945595

47.2104733333

47.905905

47.1737833333

47.882585

47.1661833333

47.905905

47.16717

47.89797

47.1579133333

47.857285

47.1103133333

47.844385

47.08948

47.77641

47.05147

47.71489

47.0038666667

47.65684

46.9423733333

47.57745

46.8739466667

47.50998

46.8084966667

47.419675

46.7463466667

47.378495

46.6812266667

47.335825

46.6346133333

47.27728

46.59924

47.21774

46.5308133333

47.17457

46.4683266667

47.0689

46.4170966667

46.966685

46.3324633333

46.912605

46.2557766667

46.862005

46.20652

46.833225

46.17478

46.77815

46.1096566667

46.62931

46.0052

46.51321

45.89379

46.44673

45.8233733333

46.33757

45.7285

46.27406

45.6518066667

46.21552

45.58735

46.168875

45.5351133333

46.13663

45.50239

46.12769

45.4802433333

46.13067

45.4845333333

46.11975

45.46437

46.059725

45.4045433333

46.031445

45.3645333333

45.974385

45.3351133333

45.904925

45.2696566667

45.7799

45.1731333333

45.735735
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Sheet1

				ave-in&out		ave_surf		resistance

				76.59283		73.5847133333		77.8497475762

				76.424145		73.5814333333		77.8299951875

				76.0664		73.3956733333		77.7933865712

				75.842635		73.2918733333		77.7710702091

				75.697755		73.1966933333		77.7544213183

				75.718105		73.2783366667		77.7572440395

				75.819315		73.45785		77.7659618286

				75.84412		73.51439		77.7685722824

				75.81931		73.56927		77.7657846228

				75.707175		73.5236666667		77.7514857483

				75.48441		73.40003		77.729065392

				75.20756		73.1779		77.6967194403

				75.01754		73.03674		77.6728795088

				74.689585		72.79213		77.637667076

				74.306555		72.49163		77.5984147031

				74.262895		72.41328		77.5936130076

				74.3785		72.4879933333		77.603909246

				74.387445		72.52337		77.5996701165

				74.174105		72.36602		77.5744741882

				73.8397		72.0853733333		77.5354962011

				73.33365		71.6632333333		77.4815239413

				72.870245		71.2344833333		77.4282857383

				72.11264		70.5954966667		77.3509282158

				71.473095		70.0044366667		77.276869799

				70.785425		69.4004733333		77.2020974013

				70.062535		68.7677533333		77.1305416769

				69.48153		68.2223066667		77.0681785647

				69.114385		67.8533833333		77.0285330505

				68.973485		67.6523866667		77.0119224708

				68.853415		67.52907		76.9987051378

				68.71152		67.37138		76.9838711478

				68.615255		67.2768366667		76.9734278227

				68.42275		67.0851033333		76.9534625232

				68.32402		66.9571766667		76.9373511652

				68.136985		66.8004833333		76.917691248

				67.88941		66.5816433333		76.8917378839

				67.684		66.39057		76.8704917208

				67.43344		66.1509		76.8422608575

				67.171965		65.91454		76.8153200564

				66.89312		65.6616566667		76.7880915482

				66.666895		65.43091		76.7630087996

				66.43618		65.2199966667		76.738256042

				66.287335		65.05438		76.7217441221

				66.079945		64.8590066667		76.6993403133

				65.821445		64.6309133333		76.6729652297

				65.5178		64.3529		76.6399699505

				65.222085		64.0934		76.611285684

				65.024125		63.8735566667		76.5901509782

				64.855935		63.6765366667		76.5706648158

				64.816745		63.5955433333		76.5650617311

				64.79393		63.56215		76.5622167986

				64.73587		63.5132166667		76.5591109956

				64.73141		63.4986766667		76.5557309381

				64.55379		63.3399966667		76.5357205643

				64.3578		63.13868		76.5159434236

				64.261045		63.0454566667		76.5080708593

				64.20646		62.98925		76.5017754001

				64.181655		62.9396666667		76.4981326161

				64.16578		62.9148766667		76.4967573611

				64.181165		62.8983566667		76.4968100333

				64.14892		62.8920666667		76.4950676262

				64.01496		62.7766966667		76.4780890667

				63.759435		62.5598466667		76.4525951928

				63.55701		62.3843		76.4313528242

				63.38287		62.1935633333		76.4107233867

				63.161585		61.97505		76.387094963

				62.94973		61.7962066667		76.3665319182

				62.812785		61.6477766667		76.3537689676

				62.69272		61.5274466667		76.3408801866

				62.57414		61.4147133333		76.3299705509

				62.54338		61.3542166667		76.3236244366

				62.507655		61.3023166667		76.3212908207

				62.417345		61.23885		76.3140933324

				62.27099		61.0986766667		76.296058648

				62.081955		60.9201666667		76.2746018738

				61.87754		60.7492633333		76.2551607292

				61.68106		60.5562066667		76.2330242024

				61.51584		60.3998433333		76.2178789815

				61.41116		60.2636466667		76.2034831157

				61.360055		60.2018166667		76.2006226533

				61.389825		60.1995033333		76.2029194006

				61.47516		60.2438		76.2110673735

				61.51585		60.29041		76.2144899994

				61.446885		60.23355		76.2100177894

				61.33476		60.1495866667		76.1967257231

				61.21667		60.0434733333		76.1817590801

				61.067335		59.89736		76.1680590409

				61.02863		59.8454566667		76.1591645143

				60.863395		59.7138933333		76.1440268157

				60.67784		59.5479433333		76.1267328161

				60.545375		59.4246366667		76.1085024131

				60.336985		59.22464		76.0856181188

				60.04624		58.9783666667		76.0582389737

				59.776835		58.72217		76.0276293986

				59.399755		58.4038266667		75.9890757527

				59.114955		58.12118		75.9580408339

				58.817765		57.8385333333		75.9279456882

				58.6595		57.6610133333		75.9106758459

				58.51611		57.51192		75.8959432636

				58.37024		57.34862		75.8819171548

				58.26655		57.2352266667		75.8705137724

				58.19858		57.1631566667		75.8660897872

				58.13061		57.0910933333		75.857692887

				58.14599		57.0583566667		75.8566060751

				58.07255		56.9988533333		75.8501612971

				58.066105		56.9697633333		75.848740173

				57.995655		56.9039833333		75.8413724998

				57.85524		56.7902633333		75.8264142497

				57.75998		56.6838166667		75.8167664315

				57.703425		56.6183633333		75.8121282286

				57.40473		56.3787033333		75.7885876919

				57.385865		56.33771		75.7822323943

				57.31045		56.2834966667		75.7715920445

				57.06635		56.0686233333		75.7456578852

				56.742355		55.79656		75.7112243903

				56.363305		55.4891266667		75.675735289

				56.216445		55.3125933333		75.6595149373

				56.17576		55.2428433333		75.6556148492

				56.172785		55.2074733333		75.6549166709

				56.105305		55.1406866667		75.6463548375

				55.98177		55.02697		75.6332284514

				55.848295		54.9073		75.6196325879

				55.748565		54.7982166667		75.6079675085

				55.56847		54.65111		75.5903613726

				55.365045		54.4649966667		75.5703164918

				55.181965		54.2815233333		75.5506819393

				55.003345		54.1331033333		75.5307653115

				54.78703		53.9331		75.5111336389

				54.717075		53.83194		75.5034179865

				54.543405		53.6964066667		75.4898769583

				54.566735		53.6610266667		75.4882561

				54.54491		53.6378866667		75.4854777487

				54.5072		53.59921		75.4810918183

				54.46801		53.54301		75.4751251068

				54.39458		53.46995		75.4665156566

				54.263095		53.3674733333		75.4556480071

				54.095395		53.2289633333		75.4389301938

				53.92968		53.06202		75.4191037951

				53.72179		52.89409		75.4008037729

				53.55856		52.7261566667		75.3814384963

				53.39135		52.5489733333		75.3639982032

				53.250445		52.4144266667		75.3488745986

				53.10755		52.2874833333		75.3356587878

				52.960695		52.1440166667		75.3202246948

				52.85601		52.02765		75.3083988714

				52.66994		51.8881566667		75.2922013827

				52.49133		51.72022		75.2736899551

				52.387635		51.60617		75.261913495

				52.276495		51.4825366667		75.2495515522

				52.125175		51.3546		75.2343421179

				51.96194		51.20617		75.2157185147

				51.73966		51.00849		75.193227034

				51.547155		50.82502		75.1759275991

				51.453385		50.72287		75.1650517397

				51.28767		50.56882		75.1477983556

				51.173555		50.43295		75.1324622486

				51.0009		50.28188		75.1183422921

				50.89472		50.1836933333		75.1070522013

				50.747365		50.0442		75.0912811537

				50.528555		49.8719633333		75.0701037113

				50.33456		49.65907		75.0462388272

				50.140075		49.4891566667		75.0269205024

				49.944595		49.2911433333		75.0090933815

				49.75953		49.11197		74.9850627022

				49.489115		48.8927966667		74.9627981316

				49.303055		48.6802466667		74.9438318691

				49.15868		48.55263		74.9267319834

				48.855035		48.27132		74.8943692153

				48.603485		48.0214		74.8679360502

				48.36881		47.8045433333		74.8448174593

				48.16837		47.5876833333		74.8224552656

				47.912845		47.3731366667		74.7970884405

				47.670735		47.13942		74.7722108818

				47.46234		46.9172733333		74.7501869371

				47.2867		46.74802		74.7328896214

				47.108575		46.5724833333		74.7140604177

				46.919055		46.3943		74.6955015286

				46.798985		46.2557833333		74.682168421

				46.84462		46.2521466667		74.689160862

				46.8997		46.2848766667		74.6939442735

				46.76277		46.1691633333		74.6782670167

				46.613935		46.03859		74.6630012201

				46.40108		45.83992		74.6400964159

				46.19716		45.6495		74.620439246

				54.930475		52.05749		75.5200778178

				56.146515		53.46578		75.6470357577

				56.81531		54.3616766667		75.7167246722

				57.011785		54.76765		75.7360786889

				56.83465		54.82949		75.720370313

				56.614345		54.77497		75.695327723

				56.281925		54.5459033333		75.6607733937

				55.885		54.3141766667		75.6189321038

				55.523315		54.0437833333		75.5818714619

				55.091165		53.72313		75.539593313

				54.61835		53.3548733333		75.4890582842

				54.193635		52.9859633333		75.443155468

				53.686575		52.60316		75.3935216143

				53.154195		52.1456466667		75.3353675337

				52.666495		51.6854933333		75.2807838196

				52.12023		51.2352533333		75.2245421137

				51.59878		50.7598933333		75.1700125226

				51.07238		50.28188		75.1091068429

				50.5177		49.76089		75.0499424504

				49.891565		49.2124766667		74.9874654787

				49.29668		48.6762833333		74.9278277993

				48.75985		48.17414		74.8668609338

				48.1739		47.6524866667		74.8080477977

				47.606815		47.1526633333		74.752877403

				47.10916		46.6766333333		74.7015166183

				46.587705		46.2128366667		74.6461212255

				46.097515		45.7169666667		74.5929342118

				45.527435		45.1863966667		74.536828102

				45.052115		44.7394533333		74.486866646

				44.549515		44.27434		74.4330851917

				44.011195		43.7645866667		74.3831127632

				43.60286		43.3434333333		74.3322623585

				43.16575		42.95533		74.2910514099

				42.75295		42.5388066667		74.2481919048

				42.37487		42.16096		74.2111714993

				42.066265		41.8396366667		74.1767279454

				41.726895		41.5166566667		74.1424007007

				41.43119		41.2310433333		74.1126694867

				41.123585		40.9272366667		74.0802828113

				40.80804		40.6079		74.0488724579

				40.595685		40.37452		74.0248972206

				40.383815		40.1632733333		74.0048186404

				40.233495		39.99534		73.9858769949

				40.04893		39.81054		73.9671218766

				39.91		39.64426		73.9557621259

				39.745785		39.4789733333		73.9383565721

				39.585035		39.3146733333		73.9216540782

				39.442125		39.1665733333		73.906332682

				39.251115		38.9738466667		73.8825993734

				39.04919		38.7844166667		73.864374264

				38.9053		38.6062366667		73.8488553137

				38.73462		38.45153		73.8321933273

				38.59074		38.3202966667		73.8163868456

				38.47712		38.20558		73.806731856

				38.38384		38.0958233333		73.7974653719

				38.341185		38.0009466667		73.7900588185

				38.24493		37.9126833333		73.7810707212

				38.150165		37.8115233333		73.769164585

				38.00926		37.6948233333		73.7587988744

				38.14515		37.7844033333		73.782838936

				39.060045		38.4726433333		73.8848432629

				40.490945		39.62402		74.0318939144

				42.061265		40.9747333333		74.1943008623

				43.789375		42.45206		74.3705678371

				45.781435		44.1551666667		74.574239216

				47.81318		45.9802666667		74.7793707814

				49.27633		47.4305066667		74.9279295544

				50.057255		48.3091966667		75.0063685939

				50.47649		48.8189633333		75.047052624

				50.66006		49.1307066667		75.0690813599

				50.658065		49.2361766667		75.0691600365

				50.642675		49.2781766667		75.0669081511

				50.641195		49.3532133333		75.0690717468

				50.625805		49.37174		75.0662826249

				50.63524		49.40711		75.067523378

				50.65657		49.4520733333		75.0701102582

				50.66947		49.5003466667		75.0703616753

				50.669465		49.53968		75.0701019715

				50.69278		49.5730733333		75.0748191627

				50.66599		49.5803533333		75.0721466025

				50.64763		49.5899366667		75.0689755956

				50.438755		49.4709366667		75.05223641

				50.360855		49.3707766667		75.0427124841

				50.34052		49.3539166667		75.0392169055

				50.2919		49.3228433333		75.0314805814

				50.28098		49.3185433333		75.0325094685

				50.27007		49.3122633333		75.0297877268

				50.23584		49.3049933333		75.0278215

				50.216975		49.2871433333		75.0221990533

				50.157445		49.2497866667		75.0204510562

				50.07607		49.1830133333		75.0110103286

				49.98031		49.1076433333		75.0011971944

				49.909855		49.05145		74.9939156122

				49.85975		49.0078133333		74.9877932089

				49.75208		48.9116133333		74.978350383

				49.69751		48.8693033333		74.9693090906

				49.614155		48.79327		74.9594102975

				49.53576		48.7241866667		74.9509431881
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_1161886921.xls
Sheet1

		Parameter		Units		EES		ASPEN		% Error						Error

		Absorber		kW		436.18		421.155		3.44%						15.025

		Upper Condenser		kW		192.78		193.447		0.35%						0.667

		Lower Condenser		kW		185.7		185.579		0.07%						0.121

		Evaporator		kW		354.37		354.737		0.10%						0.367

		Desorber		kW		267.49		259.335		3.05%						8.155

		COP				1.325		1.368		3.24%						0.043






_1161886916.xls
Sheet1

		Parameter		Units		EES		ASPEN		% Error

		Q absorber		kW		14.297		13.700		4.18%

		Q condenser		kW		11.427		11.393		0.30%

		Q desorber		kW		14.952		14.350		4.03%

		Q evaporator		kW		10.772		10.746		0.24%

		COP		N/A		0.720		0.749		3.94%
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