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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.

Fundamentals of Engineering Education



S. Ainane (UMD), P. Rodgers (UMD)

Objective: To design a review course to prepare PI students for Fundamentals of Engineering examination; to prepare and grade “practice” Fundamentals of Engineering examination for PI students; and to use the practice exam results to identify the program strengths/weaknesses. 

Progress:

· Dr. Ainane and Dr. Rogers initiated discussions with NCEES (National Counsel of Examiners for Engineering and Surveying) and with AMIDEAST (America-Mideast Educational and Training Services, Inc.) to bring the real FE exam to the UAE.

International Student Exchange Initiative

S. Ainane (UMD)

Objective: Strengthen the relationship between the PI and UMD by providing the opportunity for the PI and UMD students to study at each other’s institutions.
Progress:

· Dr. Ainane initiated discussions between Dr. Ohadi and Jane Fines, Director of Special Programs at the A. James Clark School of Engineering. These discussions resulted in the signing of an agreement for a Student Exchange Program between the PI and UMD.
· Dr. Ainane will meet with interested students to provide details of the program during his next visit to the PI.

· UMD will propose that ENES472: International Business Cultures for Engineering & Technology be offered at the PI in Winter 2009 (the course will be offered in Sydney Australia in Winter 2008).   The course, which is required for the minor in International Engineering, will be available to the PI and UMD students.

Robust Optimization of Petrochemical Systems


S. Azarm (UMD), 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: 

· Mr. Genzi Li successfully defended his dissertation on July 16, 2007, entitled: “Online and Offline Approximations for Population Based Multi-Objective Optimization.” 

· A new GRA, Mr. Wei Wei Hu, joined our group in early August 2007.

· Began to formulate the robust optimization problem.

· Updated the distillation tower model to include two cost functions. However, the optimization results have so far produced no trade-offs between the two cost functions.
· Completed and submitted a joint paper to the Journal of Structural and Multidisciplinary Optimization.

Dynamics and Control of Drill Strings on Fixed and Floating Platforms


B. Balachandran (UMD), 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/UMD to test the theoretical findings.

Progress: 

· Refined a four degree-of-freedom (DOF) model used to study motions of a drill string when an external torque is applied. Simulation results have also been generated. 

· Refining a five degree-of-freedom model. Simulations with an initial five degree-of-freedom model have also been initiated.
· Designed an experiment arrangement with sensors, controls, and other units.
Thermally Enhanced Polymer Heat Exchanger for Seawater Applications

A. Bar-Cohen (UMD), 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:  

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

· Continued assessment of the theoretical performance limit of polymer candidate materials and configuration(s). 

· Developed new polymer nano-composite materials.

· Constructed laboratory-scale test apparatus for thermal characterization of polymer heat exchanger “building block” tube/channels, and characterized thermal properties.

· Prepared a forthcoming publication relating to the project research undertaken to date.

· Visited ADNOC facilities to obtain insight into existing heat exchanger designs and their potential for replacement with thermally enhanced polymer-based designs.
An EHD-Enhanced Gas/Liquid Separator


S. Dessiatoun (UMD), 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:  

· Continued literature survey.

· Summarized governing equations and identified non-dimensional parameters.

· Designed an experimental test setup and identified needed components and instruments.

· Developed a numerical methodology to simulate the electric field effect on particle separation.

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

S. Dessaitoun (UMD), M. Ohadi (UMD)

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:


· Continued literature survey and prepared a summary.

· Calculated the range of expected heat load needed to be removed by proposed cooling technique.

· Successfully performed a trial round of the microfabrication process to assess feasibility of the procedure.

· Developed a numerical model for microchannel design and determined the optimum design.

Study of Condensing Flows in a Micro-scale Channel with a Micro-element Array and Visual Techniques


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

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

Progress:
· Continued to conduct experiments based on the test matrix.

· Conducted several visualization tests using mini-laser doppler velocimetery and a high-speed camera.

· Developed an image processing technique to quantitatively characterize the observed states and liquid-bubble interactions.

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: 

· Determined the equilibrium chemistry using equilibrium code.

· Performed detailed chemistry using chemical kinetics code.

· Performed flow dynamic simulations using Fluent code. 

· Presented a technical paper at the 5th Mediterranean Combustion Symposium 

Development and Delivery of Course Material for Engineering Project Management Courses

A. Haghani (UMD), J. Cable (UMD)

Objective: To develop and deliver course material for an Engineering Project Management program at PI, develop and deliver a short course for GASCO, and perform a feasibility study of establishing a graduate program in Engineering Project Management at PI.

Progress:  

· UMD/PM delivered a draft survey to PI on 24 July 2007.

· PI requested two additional graduate courses from the Project Management Program to be delivered next spring:  ENCE 422 Project Cost Accounting & Economics and ENCE 423 Project Planning, Scheduling and Control.

Solid Oxide Fuel Cells for CO2 Capture and Enhanced Oil Recovery


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

Objective: 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.
Progress: 

· Finalized fabrication protocol for high-power density cells with thin electrolytes and metal-doped CeO2 anodes.

· Completed preliminary UMD studies comparing operation of SOFC’s with syngas and with humidified and dry hydrocarbons (no larger than n-C4H10).

· Completed purchase and acquisition of supplies and equipment for PI SOFC test facility and began assembly of test rig.
· Completed development of hydrocarbon electrochemical models (CeO2 and Ni) and studied optimal anode architectures for hydrocarbons with 1-D through-the-MEA models. 

· Developed a down-the-channel model at UMD and began study of SOFC operation with high fuel utilization and various inlet fuel compositions.

· Began development of SOFC and balance of plant models in Aspen or Hisys at PI.  

Development of a Probabilistic Model for Degradation Effects of Corrosion-Fatigue-Cracking in Oil and Gas Pipelines


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

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

Progress:  
· Approached Professor Wei to act as a consultant for the establishment of the corrosion-fatigue laboratory in the PI.

· Gathering information on the foundation of corrosion and corrosion fatigue.

· Found appropriate generic data to build and run the computer routine Matlab for corrosion fatigue according to Wei’s superposition model.

· Developed simple empirical parametric models estimated from curve fitting of data obtained from the computer simulation.

· PI approved $103K for procuring the corrosion-fatigue equipment for the proposed fatigue-corrosion lab at PI.

· PI designated a space for the corrosion-fatigue lab in the new Takreer Technology Center building scheduled to be completed at end of 2008. 
Waste Heat Utilization in the Petroleum Industry


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

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

Progress: 

· The propane chillers, the gas turbine, and a single-stage ammonia-water absorption refrigeration unit (ARU) were modeled to analyze the potential application of a waste heat powered ARU instead of conventional propane refrigeration.
Undergraduate Design and Best Educational Practices



L. Schmidt (UMD), R. Kubo (PI)

Objective: To partner with PI design faculty to (1) assess existing PI curriculum to profile the design content and (2) compare the design content level to that of a top-ranked, ABET-accredited, US institution; and, (3) prepare design modules and recommend their selected placement within existing PI courses.

Progress: 
· Dr. Schmidt was unable to conduct project activities because of an intense course of physical therapy (May through July) arising from her car accident on March 11th and a separate rib injury sustained on UM’s campus on July 6th that required a two-week absence followed by a reduced schedule of activities.

	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 (UMD) 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 UMD 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 third quarter of the EERC’s funded effort, partnerships between UMD and PI faculty have been further solidified, and significant progress has been made on the collaborative research projects.

EERC New Research Manager

In July 2007 Dr. Azar Nazeri joined the Mechanical Engineering department as the Research Manager for the EERC.  Dr. Nazeri has over 17 years of basic science research and program management experience at the corporate laboratory of the United States Navy, Naval Research Laboratory. In her position as EERC Research Manager, Dr. Nazeri will coordinate collaborative activities between PI and UMD faculty, students, and staff.  It is hoped that her experience and leadership will ensure closer collaboration between PI and UMD. Dr. Nazeri has a B.S. Degree in Mechanical Engineering and earned a Ph.D. in Materials Science and Engineering from UCLA in 1989.
Collaborative Activities

Progress made on the EERC research projects during the third quarter of activity is summarized below:

In this quarter, there has been steady progress on the majority of the 13 projects as evident from individual reports, while some projects have encountered challenges. UMD/PI collaborators in the Fuel Cell project have been working hard to resolve a few issues through continuous correspondence and conference calls, which intensified in the month of September. Unfortunately, the outcome of this process was not to the satisfaction of both sides and therefore this quarterly report reflects only the efforts of the UMD side. It has been agreed by the PI and UMD that the efforts of both sides will be reflected in the next quarterly report. 

The other project facing problems has been the Undergraduate Design project. As explained in this quarter's report, the problem has been due to a few consecutive unfortunate events that have resulted in serious health problems for Professor Linda Schmidt, which have rendered her unable to perform her duties. At this point Professor Schmidt has fully recovered and is ready to embark on this activity.  However, it has been concluded that the framework of the program needs to be revised.  More discussion between the PI & UMD is needed to finalize the scope and details of such plans. Needless to say, Professor Schmidt has not withdrawn any funding from EERC during this period.

On the positive side, a new initiative for an exchange student program between PI and UMD has established an official Student Exchange Program. Last but definitely not least, this quarter our collaboration has produced two joint publications and one presentation in international journals and conferences. 

I.  Collaborative research projects

Each research project is reported in detail in the next section. 

II.  
EERC faculty and graduate student visits

Face-to-face meetings have continued to prove useful to the various projects.  Visits this quarter included:

· Juan Cevallos to PI from June 19 – July 20.  He and Peter Rodgers attended a one-day information session run by Dr. Nashaat M. Mohamed of ADGAS, who provided an extensive overview of the seawater-cooled systems used at the Das Island gas liquification plant. 

· Dr. Afshin Goharzadeh and Dr. Ali Almansoori to UMD.  Their detailed trip reports are included in their project reports.

III.
Joint monthly meetings via video-conference 

Joint monthly meetings have continued as an effective means for faculty members to present their research to the entire group. The last video-conference (VC) was conducted on September 11, 2007, and was chaired by Dr. Azar Nazeri, EERC Research Manager. This was the only VC in this quarter due to summer vacations at PI & UMD. The agenda of the meeting was as follows:

	Time
	Presentation
	Presenter

	09:00
	Welcome/Introduction–UMD
	Dr. Bar Cohen

	09:05
	Welcome–PI
	Dr. Ohadi

	09:10
	Welcome/announcements/introduction of students
	Dr. Azar Nazeri

	09:15
	Condensing Flows in Micro-Scale Channels, PI Investigator Dr. Goharzadeh
	Ebrahim Al-Hajri 



	09:30
	Visualization Techniques/Recent Visit to UMD
	Dr. Goharzadeh

	09:45
	FE Exam & Student Exchange
	Dr. Sami Ainane

	09:55
	Wrap Up


	Dr. Nazeri/Dr. Bar Cohen


Twenty-three members of the faculty and graduate students at UMD attended this VC. All of the students had a chance to introduce themselves and their affiliated projects. A constructive discussion ensued after the VC between PI & UMD on how to improve the quality of this important interaction. It was agreed by both sides that to overcome the IT issues of the conference, one IT person should be assigned to the task during the conference at PI to assure the readiness of the setup and to address the technical issues that can easily arise.

IV.
PI Distance Learning Students

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

	UMD Professor 
	PI Professor
	Student
	Degree
	Funding Source

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

	 
	 


	Mohamed Nefati
	Ph.D.
	EERC

	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
	Rogers, Abdala
	Juan Cevallos
	 

M.S.
	EERC

	
	
	Patrick Luckow
	M.S.
	EERC

	Radermacher
	Al Hashimi, Rodgers, Mortazavi
	Ali Alalili
	Ph.D.     
	ADNOC

	 
	
	Ahmed Alshehhi
	M.S.      
	ADNOC

	 
	
	Chris Somers
	M.S. 
	ADNOC

	
	
	Paul Kalinowski
	M.S. (graduated 9/2007)
	Mannheim, Germany

	Schmidt
	Kubo
	Ramzi Alsaari
	Ph.D.    
	ADNOC

	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 there are nine Ph.D. students and seven M.S. students at UMD. 

· The Ph.D. student of Dr. Shapour Azarm, Genzi Li, graduated in August with a Ph.D. under the support of EERC.   

· Paul Kalinowski, an exchange student at UMD who worked with Dr. Radermacher on Waste Heat Utilization at the PI, received his master’s degree from the University for Applied Sciences in Mannheim, Germany.

· Seven of the total sixteen students are supported by ADNOC and the rest by EERC.

· Many faculty members at UMD have started the process of assigning PI faculty as either Co-Advisors (CA) or Thesis Committee Members (TCM) for their students. It is our hope that this process will be completed in the fourth quarter. 

· Dr. Abdennour Seibi has been officially assigned as a Thesis Committee Member (TCM) for Mohamed Chooka’s Ph.D. thesis committee. He is Dr. Mohammad Modarres’s student.  

· Dr. Valerie Eveloy is the TCM for Paul Jawlik’s M.S. thesis. Paul Jawlik is Dr. Greg Jackson’s student.

V.
International Exchange Student Initiative

To further strengthen the collaboration between PI and UMD, a new initiative by Dr. Ainane will provide the opportunity for both PI and UMD students to study at each other’s institutions.

There are already several programs available for Engineering students at UMD to study abroad during their college careers. At present, students can study or work abroad in many countries around the world including Europe, Asia, Australia, and North and South America. Through this new initiative, which resulted in signing an agreement between PI and UMD for an official Student Exchange Program, PI will be added to the list of destinations for UMD students. Likewise, PI students will have the opportunity to study for a semester or two at UMD. This program will be advertised at UMD and PI, and Dr. Ainane will meet with interested students at PI during his next visit to PI (November 2007).

UMD will also propose that ENES472: International Business Cultures for Engineering & Technology be  offered at the PI in Winter 2009 (the course will be offered in Sydney Australia in Winter 2008).  This course, which is required for the minor in International Engineering, will be available to PI and UMD students.

Collaborative Publications and Presentations

The collaboration has thus far produced two publications and one presentation, listed below.

Publications

1. 
Li, G., M. Li, S. Azarm, N. Al Qasas, T. Al Ameri, and S. Al Hashimi, “Improving Multi-Objective Genetic Algorithms with Adaptive Design of Experiments and Online Metamodeling,” Structural and Multidisciplinary Optimization (submitted).

2.
Sassi, M., and Gupta, A. K., “Sulfur Recovery from Acid Gas Using the Claus Process and High Temperature Air Combustion (HiTAC) Technology,” Special Issue of the American Journal of Environmental Sciences, March 2007 (submitted). 

Presentations
1.
Sassi, M., BenRejab, S., and Gupta, A. K., “CFD Simulation of Combustion in the Claus Furnace of a Sulfur Recovery Plant,” 5th Mediterranean Combustion Symposium (MCS-5), Monastir, Tunisia, September 9-13, 2007.

Quarterly Report Schedule

Because the first quarterly period expanded to fill nearly five months, an adjusted quarterly schedule is now in place.  UMD will provide quarterly reports to the PI on the following dates:

	Quarter 2
	June 30, 2007

	Quarter 3
	September 30, 2007

	Quarter 4
	December 15, 2007

	Quarter 5
	February 29, 2008

	Quarter 6
	May 15, 2008

	Quarter 7
	July 31, 2008

	Quarter 8
	October 31, 2008


	Individual Progress Reports




	Fundamentals of Engineering (FE) Examination

UMD Investigators: Dr. Sami Ainane

PI Investigator:  Dr. Peter Rodgers

Start Date: June 2006

Report Date:  30 September 2007


1.
Objective

· Design a review course to prepare PI students for the Fundamentals of Engineering Examination (FE Exam).

· Prepare and grade “practice” FE Exam for PI students.

· Use the practice FE Exam results to identify engineering program strengths/weaknesses.

· Determine whether an official NCEES FE Exam can be undertaken at the PI.

2.
Deliverables 

· Update FE Exam tutorial material for PI student use.
· Develop new FE Exam to be administered to PI senior students on December 1, 2007, with discipline-specific afternoon tests in chemical, electrical and mechanical engineering.

3.
Summary

· Dr. Ainane and Dr. Rogers have continued discussions with NCEES (National Counsel of Examiners for Engineering and Surveying) and with AMIDEAST (America-Mideast Educational and Training Services, Inc.) to bring the real FE exam to the UAE.
· It was decided to rerun the FE Exam in quarter four for all PI senior students graduating at the end of this semester, with the retake exam scheduled for December 1.  Twenty-six students will retake the exam, having all previously taken it in spring 2007.
· To prepare the students for this exam, nine tutorial revision sessions will be offered, having a total of 24 contact hours, and will cover Mathematics (3 hours), Probability and Statistics (3 hours), Chemistry (3 hours), Statics/Dynamics (3 hours), Mechanics of Materials/Material Science (3 hours), Electric Circuits (3 hours), Economics (2 hours), Thermodynamics (2 hours), and Fluid Mechanics (2 hours). 
· Dr Ainane will be at PI from November 18 – 24 and will give six of these tutorials.
· FE exam will take place on December 1, with discipline-specific afternoon tests in chemical, electrical and mechanical and engineering offered.

4.
Difficulties Encountered/Overcome

· PI student attendance for the FE Exam review sessions conducted in Spring 2007 was low.

· Even though a monetary award was offered to PI students who passed the FE exam [Grade A ($2,725), Passing grade ($1,362)], the majority of the students did not appear willing to put in the effort to pass the practice FE Exam.

· By offering discipline-specific afternoon tests in chemical, electrical and mechanical engineering, it is believed that the PI students, especially non-ME majors, will be more motivated in passing the FE Exam.

5.
Deliverables for the Next Quarter

· Dr. Ainane will conduct six FE Exam tutorial review sessions at the PI from November 18 – 24.

· Rerun of FE exam will take place at PI on December 1, with discipline-specific afternoon tests in chemical, electrical and mechanical and engineering offered.
· PI will continue discussions with AMIDEAST to determine whether an official NCEES FE Exam can be undertaken at the institute.
Appendix


Justification and Background

The National Council of Examiners for Engineering and Surveying (NCEES), which is the official body that administers the FE exam, has detailed statistics on the results for examinees who undertake the FE exam and have attended EAC/ABET-accredited college/university engineering programs. 

Apart from the FE exam process serving as a possible academic assessment metric at PI, ADNOC wishes to explore the possibility of introducing professional engineering (PE) licensing within its operations.  The starting point for such a licensing process is the passing of the FE exam.


Approach

Tutorial sessions are developed to prepare PI students for undertaking trial FE exam, which covers the following topics:

· Mathematics, probability and statistics

· Statics, dynamics, strength of materials and materials science

· Thermodynamics and fluid mechanics

· Electrical circuits and computers

· Engineering economics

· Chemistry

· Ethics and business practices

This material is reviewed in 43 hours of tutorials, given in three hour sessions. The revision materials are primarily supplied by UMD, supplemented by PI faculty input.
Two-Year Schedule

Year 1:
· Design review course to prepare PI students for Fundamentals of Engineering examination.

· Prepare and grade “practice” Fundamentals of Engineering examination for PI students.

· Establish if an official NCEES FE Exam can be undertaken at PI in 2008.

Year 2:

· Modify and revise review course to prepare PI students for Fundamentals of Engineering examination based on Year I experience.
· Prepare and grade “practice” Fundamentals of Engineering examination for PI students.

Key References

An overview of the FE exam process can be obtained at http://www.ncees.org, which is the official website for The National Council of Examiners for Engineering and Surveying (NCEES), which administers the FE exam.
	International Student Exchange Program

UMD Investigators: Dr. Sami Ainane

PI Investigator:  

Start Date: September 2007

Report Date:  30 September 2007


1.
Objective

Strengthen the relationship between the PI and UMD by providing the opportunity for the PI and UMD students to study at each other’s institutions.
2.
Milestones/Deliverables  

· Number of students from the PI and UMD who will enroll in the program

3.
Summary

Dr. Ainane initiated discussions between Dr. Ohadi and Jane Fines, Director of Special Programs at the A. James Clark School of Engineering. These discussions resulted in the signing of an agreement for a Student Exchange Program between the PI and UMD.

4.
Difficulties Encountered/Overcome

None.  

5.
Deliverables for the Next Quarter

· The program will be advertised at UMD.

· Dr. Ainane will meet with interested students to provide details of the program during his next visit to the PI.

· UMD will propose that ENES472: International Business Cultures for Engineering & Technology be   offered at the PI in Winter 2009 (the course will be offered in Sydney Australia in Winter 2008).   The course, which is required for the minor in International Engineering, will be available to the PI and UMD students.

Appendix

Justification and Background

The University of Maryland currently sponsors programs in France, England, Australia, Spain, Germany, Denmark, and The Netherlands. In addition, UM has exchange agreements with a number of overseas universities.  Students are directly enrolled as full-time students at the host institution of their choice. Exchange students are expected to be independent and interested in a true immersion experience during their semester abroad.

Exchange Programs offer a wonderful opportunity to study abroad independently and to assimilate into the culture. On a traditional exchange, students pay tuition at their home institution and swap places with a student overseas. 

The Clark School of Engineering also offers a  “Minor in International Engineering.” This requires 15-20 credits depending on the combination of 3 and 4 credit courses a student might choose to complete. 

· International Business Cultures for Engineering & Technology (ENES472/SLLC472)

· An engineering study, work or research experience abroad. 

· Foreign language, culture studies, internationally-related studies or international engineering-related courses.

Approach

Key References

Information on the UMD and A. James Clark school of Engineering International Programs is available at :http://www.international.umd.edu/studyabroad/ and http://www.ursp.umd.edu/international/index.html
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1.
Objective/Abstract

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. The investigation will mainly focus on engineering decisions but will also consider the effects of these decisions on business objectives while maintaining the required product specifications. The investigation will also explore tradeoffs between engineering objectives versus expected profit and other business goals when there is uncertainty.

2.
Deliverables

· Perform robust optimization with interval uncertainty. 

· Update distillation tower model, i.e., cost model, and subsequently the optimization.
· Complete the joint journal paper on the new MOGA with distillation column design optimization
3.
Summary

· Mr. Genzi Li successfully defended his dissertation on July 16, 2007, entitled: “Online and Offline Approximations for Population Based Multi-Objective Optimization.” Mr. Li left the US on August 10, 2007, for China to work in a manufacturing firm in Bejing, China.

· A new GRA, Mr. Wei Wei Hu, joined our group in early August 2007.

· We began to formulate the robust optimization problem.

· We updated the distillation tower model to include two cost functions. However, the optimization results have so far produced no trade-offs between the two cost functions.

· We completed and submitted a joint paper to the journal of Structural and Multidisciplinary Optimization, i.e.,

Li, G., M. Li, S. Azarm, N. Al Qasas, T. Al Ameri, and S. Al Hashimi, “Improving Multi-Objective Genetic Algorithms with Adaptive Design of Experiments and Online Metamodeling,” Structural and Multidisciplinary Optimization (submitted).

Select portions of this paper are given in the following.

Abstract:

Applications of Multi-Objective Genetic Algorithms (MOGAs) in engineering optimization problems often require numerous function calls. One way to reduce the number of function calls is to use approximation. An approximation involves two steps: Design of Experiments (DOE) and metamodeling. This paper presents a new approach where both DOE and metamodeling are integrated with a MOGA. In particular, the DOE method reduces the number of generations in a MOGA, while the metamodeling reduces the number of function calls in each generation. In the present approach, the DOE locates a subset of design points that is estimated to better sample the design space, while the metamodeling assists in estimating the fitness of design points. Several numerical and engineering examples are used to demonstrate the applicability of this new approach. The results from these examples show that the proposed improved approach requires significantly fewer function calls and obtains similar solutions compared to a conventional MOGA and a recently developed metamodeling-assisted MOGA.

4.1. Distillation Column Design Example

Distillation columns (or towers) are commonly used in the chemical process industries to separate a mixture of two or more chemicals based on the difference in their volatilities. A simplified scheme of a binary distillation tower is given in Figure 6.

The symbols used in Figure 6 are defined as follows: D and B are the flow rates of the distillate and bottom products respectively; F is the feed flow rate per unit time and is fixed (100 mol/hour); L is the liquid reflux flow rate sent back to the column from the condenser to improve the overall separation power of the unit; N1 is the number of stages in the rectifying section (upper section, above the feed plate); N2 is the number of stages in the stripping section (bottom section, below the feed plate); P is the pressure of the column, which is fixed (1 atm); R is the reflux ratio defined as L/D; T is the temperature of the feed stream and is assumed to be fixed (30(C); V is the vapor flow rate of the stream leaving the partial boiler and entering the bottom of the column; VB is the vapor boil-up ratio defined as V/B; XB is the composition of the more volatile component, benzene, in stream B; XD is the composition of the more volatile component in stream D; and XF is the mole fraction of the more volatile component, benzene, in the feed, which is fixed (0.45). The concentrations of the liquid and vapor leaving the trays within the column (refer to Fig 6) are defined as follows for each tray N in the column. XN is the mole fraction of the more volatile component, benzene, in the liquid leaving tray N; and YN is the mole fraction of more volatile component, benzene, in the vapor leaving tray N.

[image: image3.emf]
Figure 6. Binary distillation column

In this example a mixture of toluene and benzene is fed to a distillation column where the two chemicals are separated into two high-purity streams. The stream recovered at the top is called the distillate and contains mostly the more volatile component benzene. The liquid recovered at the bottom is called the bottoms and would contain mostly the less volatile component, toluene. In addition to the column, which mainly consists of trays that aid in establishing contact between the rising gases and the descending liquid to facilitate mass transfer, the separation system involves a total overhead condenser and a bottoms reboiler. The overhead total condenser condenses all the vapors from the top of the column. The liquid formed is then partially returned to the top of the column as reflux, again to facilitate gas-liquid contact and thus enhance mass transfer, and the balance liquid is drawn as the distillate D. The bottoms reboiler draws liquid from the bottom of the column and partially evaporates this stream, which is returned to the bottom of the column as vapor, again to facilitate gas-liquid contact and to enhance mass transfer.  The remaining liquid is drawn as the bottoms product B. Jeankoplis (1993) as well as Seader and Henley (2006) provide a more detailed description of the distillation towers.

The attained purity of the distillate and bottoms depends on many design variables. In this simplified version of the distillation tower, the design variables are N1, N2, R and VB. Especially the latter two design variables reflect the quantity of liquid and vapor returned to the column respectively (e.g., Douglas, 1988). The discussion here attempts to give an idea of how the design variables affect the intended separation process. Typically, as the number of trays in the column increases, gas-liquid contact increases, and therefore mass transfer is enhanced, causing the distillate to become richer in the more volatile component (benzene in this case) and the bottoms to become richer in the less volatile component (toluene in this case). Therefore, as N1 and N2 increase, XD increases and XB decreases. Also, any increase in the gas-liquid traffic in the column increases the mass transfer coefficients, leading to an enhancement in the separation process.  Thus, an increase in R and VB would increase XD and decrease XB (e.g., Douglas, 1988; Seader and Henley, 2006).

 The distillation column in Figure 6, although simplified, still involves reflux streams that are directly linked in quality to the distillate and bottoms product qualities, which are output variables of the distillation model (refer to Figure 7). With reference to Figure 6, the reflux stream L has a composition equal to that of the distillate, and the vapor boil-up stream V has a composition derived (via the equilibrium relationship, Eq.(11)) from the bottoms product composition XB. Since the compositions for the reflux L and the boil-up stream are essential for the stage-to-stage calculations, and they can be determined only from the output of the model, an iterative approach must be used.

Parameters, design variables, and the output variables are portrayed in Figure 7 and Figure 8. Figure 8 shows a flowchart on how the model finds a solution for the output variables D, B, XD and XB  for a given set of parameters F and XF and design variables N1, N2, R and VB. First, the values of the variables XB and XD are assumed. Overall mass balance Eq. (7) and Eq. (8) can then be used to calculate values of B, the bottoms product flow rate, and D, the distillate product flow rate:


[image: image4.wmf]                                                              (7)


[image: image5.wmf]                                                                       (8)

The operating equation relates the mole fraction of benzene leaving stage N, XN, to the vapor mole fraction leaving plate N+1, as shown in Eq. (9) (Refer to Figure 6, plate N) (Seader and Henley, 2006).

 There are two operating lines, one for the rectification section and the other for the stripping section, as each has different liquid-vapor traffic profiles within the column. So, for any plate above the feed plate (rectification section), Eq. (9) can be used to calculate YN+1 from XN.  For any plate below the feed plate (stripping section), Eq. (10) can be used. The equilibrium relationship Eq. (11) relates both the liquid stream composition leaving plate N, XN, to the vapor phase composition leaving the same plate YN. 

The rectification operating line, the stripping operating line, and the equilibrium equations are given as follows:


[image: image6.wmf]
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        (11)

where K is the equilibrium constant (see, e.g., Seader and Henley, 2006).

The rectification operating line and the equilibrium line equations can be used to perform stage-to-stage calculations on each tray starting from the top plate until the feed plate,  N1+1, is reached, where the vapor composition leaving  the feed plate, 
[image: image9.wmf], is calculated. The same calculations can be used from the last plate N1+N2+1, upward through the column, using the stripping operating line Eq. (10) and the equilibrium line Eq. (11) until the liquid composition leaving the feed plate 
[image: image10.wmf] is calculated. These calculated concentrations at the feed plate are compared against those calculated from the feed composition via a simple error function, Error (1) and Error (2) as defined by Eq. (12) and Eq. (13): 


[image: image11.wmf]                                                (12) 


[image: image12.wmf]                                                        (13)

where equil(XF) is the concentration of a vapor that is in equilibrium with a liquid stream of mole fraction XF. These errors are minimized by varying the chosen value of XB and XD until the errors are within the required tolerance.  

Figure 7 is a schematic black box model that identifies the parameters in this distillation design problem, which are the values of feed composition XF and feed flow rate F, which are fixed;  the design or input variables N1, N2, R and VB; and the output variables XD, XB, D and B.

[image: image13.emf]
Figure 7. Inputs (left), fixed parameters (top) and outputs (right) for an analysis model for a distillation column

The objectives of this problem are to simultaneously maximize the product yield (D) and purity (XD), which are conflicting objectives. There are four design variables, N1, N2, R, VB, and three parameters, F, XF and P. The lower and upper bounds of the four design variables are given, and the parameters are fixed (see Eq. (14)). A multi-objective optimization model with two design objectives and several constraints is constructed:  


[image: image14.wmf]                                    (14)

This optimization model is solved using the conventional MOGA and the improved MOGA. Figure 8 shows the obtained optimization results.

[image: image15.emf]
Figure 8. Pareto solutions for distillation column design using the conventional MOGA and the improved MOGA
It is observed from Figure 8 that the Pareto frontiers from both approaches agree with each other. Figure 8 also shows that as the purity and therefore the quality of the distillate improves (higher XD) it reduces the quantity of the final product D available for sale. A high purity also affects the total number of stages, requiring a larger number of stages to be able to handle the sharper purification.

5. CONCLUSIONS

The main contribution of the approach developed in this paper is that, for the first time in the literature, online metamodeling for both fitness estimation and reproduction has been integrated and used to significantly reduce the number of function calls in a MOGA. As shown in the examples and test results, this improved MOGA has resulted in significant savings in terms of the number of function calls while obtaining solutions that are similar to those obtained from a conventional MOGA.

There are two main features in the improved MOGA. These are: i) online metamodeling for fitness evaluation, and ii) adaptive DOE for reproduction. These two features work in concert with the kriging metamodeling in different phases of the MOGA as follows. 

In the fitness evaluation, kriging metamodeling is used to estimate the response for some design points to save the number of function calls. This is feasible because the responses for the design points do not have to be calculated precisely using the simulation. Instead, an estimate of their simulation response can be used only if the associated error does not change the domination status. In the reproduction phase, kriging metamodeling is used to predict the Pareto frontier in every generation and thus help MOGA to converge faster. As MOGA solutions are evolved, the predicted Pareto frontier approaches the Pareto frontier. Thus, when some design points are selected from the predicted optima and their responses are evaluated and added to the next population, the number of non-dominated design points is increased more quickly, so that eventually the Pareto frontier is obtained in fewer generations than with a conventional MOGA.

Seven examples of both numerical and engineering types and with different degrees of difficulty have been used here to demonstrate the applicability of the improved MOGA. The results confirm that this new optimization approach is indeed able to estimate the Pareto frontier with comparable quality to a conventional MOGA approach, while significantly reducing the number of function calls. For the seven examples, it was observed that using the improved MOGA saved an average of 70% of function calls compared to the conventional MOGA. 

The fitness estimation and adaptive DOE techniques proposed in this paper are not restricted to a specific MOGA approach. In fact, these techniques can be integrated with other population-based stochastic multi-objective optimization methods with schemes for fitness evaluation and new population generation, such as the particle swarm optimization (e.g., Kennedy and Eberhart, 1995). This aspect can be further investigated as part of an extension to this paper.
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4.
Difficulties Encountered/Overcome

Problems with the cost model: Optimization results do not show trade-offs between the cost functions under consideration. New component data (Propane/Propylene) were added to the model to overcome the difficulties faced using the Benzene/ Toluene system, since the Propane/ Propylene system is much more difficult to separate. The new modified Matlab will be tested during the next quarter. 

5.
Deliverables for the Next Quarter

· Explore solution space and obtain robust optimum solutions.

· Resolve problems with the cost model.

· Consider extensions to the robust optimization model.

Appendix



Justification and Background

Optimization-based design of distillation towers needs to be better understood, particularly when significant variability 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 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 (UMD): 

Develop and implement a robust optimization approach: 

· Task 2.1: Develop and implement a MATLAB-based multi-objective and reliability-based 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

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

2.
Deliverables

On the modeling, analysis, and simulation front, the following are being addressed: 

· Reduced-order models, which can be used to study bending and torsion motions of the drill string when it is subjected to lateral and axial applied forces, are being examined.

· Contact between drill string and outer shell and interactions at the bottom of the drill string are also being considered.

On the experimental front, the following are being addressed: 

· Application of static/dynamic force to introduce bending motions in the string while it is rotating 

· Relative displacement between two sections due to an applied lateral force
· Contact between drill string bottom and the well

· Application of longitudinal force to the drill string
· Measurement of drill string motions
3.
Summary of Project Activities for Completed Quarter
Accomplishments:
· A four degree-of-freedom (DOF) model has been refined and used to study motions of a drill string when an external torque is applied. Simulation results have also been generated. 

· A five degree-of-freedom model is being refined, and simulations with an initial five degree-of-freedom model have also been initiated.
· An experimental arrangement has been designed with sensors, control, and other units.
In the following sections, the project progress is briefly detailed over four sections.  The model derivation is outlined in Section 3.1; the results obtained with the four degree-of-freedom model are presented and discussed in Section 3.2; the results obtained with the five degree-of-freedom model are presented and discussed in Section 3.3; and the experimental arrangement is treated in Section 3.4.
3.1: Derivation of equations of motion for the 4DOF system
As shown in Figure 3.1.1, the drill string system is modeled as a system with two rotating sections and four degrees of freedom. Here, ρ is the radial displacement, θ is the rotation of the first section, φ is the bending angle along the tangential direction, and α is the torsion angle of the second section. In addition, 
[image: image16.wmf]is the unbalanced mass located at a distance e from the axis of rotation of the second section, as shown in Figure 3.1.2.  In the rest of this section, the four degree-of-freedom model obtained by UMD is presented along with a model reported in the literature by Melakhessou, Berlioz, and Ferraris (2003).  Details on how the contact has been modeled at UMD are also presented. 
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Figure 3.1.1: Drill string modeled as a system with two sections.

[image: image18]
Figure 3.1.2: Illustration for unbalanced mass in Section II.
For this system, the kinetic energy can be constructed as


[image: image19.wmf]   

                                                                                                                                                                        (1)
where the different inertia parameters are appropriately defined (see Section 6.4).  The potential energy is constructed as


[image: image20.wmf]    (2)

where the different stiffness constants are appropriately defined and λ  is a contact parameter.  It is zero when there is no contact and 1 when there is contact.   The virtual work associated with the external forces and moments is given by 


[image: image21.wmf]

 EMBED Equation.DSMT4  [image: image22.wmf]                                                                    (3)                                                                         

The work done by the external moment differs from that provided in the work of Melakhessou et al. (2003).  The definitions of the different quantities used in Eqs. (1)-(3) are provided in Section 6.4.

4DOF model of Melakhessou et al. (2003):

Melakhessou et al. (2003) obtained the following equations after neglecting the rotary inertia associated with the unbalanced mass 
[image: image23.wmf] and considering the work done by 
[image: image24.wmf] as
[image: image25.wmf] instead of how it is shown in Eq. (3).         
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 EMBED Equation.DSMT4  [image: image29.wmf]
(4)-(7)

        where 
[image: image30.wmf]. 
4DOF model of UMD:
After  using the Extended Hamilton’s principle and Eqs. (1)-(3), the following governing equations of motion are obtained:        

[image: image31.wmf]       
[image: image32.wmf]         
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[image: image34.wmf]       (8)-(11)                          

It is noted that the UMD form of the 4DOF model is different from that presented in the earlier work of Melakhessou et al. (2003).
Contact between the drill string and outer shell

At UMD, the stick-slip interactions between the drill string and the outer shell are modeled along the lines of the work of Leine et al. (2002).  The different cases considered are as follows: i) no contact between the outer edge of the string and the shell (i.e., λ = 0 in this case) and the normal contact force 
[image: image35.wmf] is zero in this case, ii) when there is contact and there is only rotation and no sliding, as shown in Figure 3.1.3, and iii) when there is contact and there is pure sliding and no rotation.  

The equations used to determine and describe the contact between the drill string and the outer shell are given in Eqs. (12)-(17), and the tangential force to be used in the governing equations is determined from Eqs. (15).    The parameter δ is the radial separation between the shell and the drill string, and this parameter is used to judge whether there is contact or not.    The relative velocity between the two contacting surfaces is used to determine whether there is sliding or not.   
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Figure  3.1.3:  Illustrations of two contact scenarios between string and shell.

3.2: Simulation results for four-DOF model with constant, external torque: 
The parameter values used in the work of Melakhessou et al. (2003) are used to conduct simulations with Eqs. (4)-(7) to provide a flavor for the qualitative aspects of the drill-string dynamics.   These values are also provided in Section 6.4.   It is recalled that the ratio of mb to m is 0.5/2.05, which means the unbalanced mass is close to 25% of the section mass.  The magnitude of the torque is 5 units.  Representative results obtained for two different values of the coefficient of friction
[image: image43.wmf] are shown in Figures 3.2.1 to 3.2.4.  The initial position of the string is close to the outer shell in both cases. It is noted that the stiffness of the outer shell is orders of magnitude larger than that of the drill string itself.

Case I:  High friction coefficient
[image: image44.wmf]=0.9
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Figure 3.2.1: Phase portraits:  a) radial displacement of Section II versus radial speed, b) rotation angle of Section I versus rate of change of rotation angle, c)  bending angle of Section II versus rate of change of bending angle, and d) rotation angle of Section II versus rate of change of rotation angle.
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Figure 3.2.2: Trajectory of the center of Section II in horizontal plane:  a) in polar coordinates (ρ, θ) and b) in Cartesian coordinates.
Case II:  Low friction coefficient
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Figure 3.2.3: Phase portraits: a) radial displacement of Section II versus radial speed, b) rotation angle of Section I versus rate of change of rotation angle , c)  bending angle of Section II versus rate of change of bending angle, and d) rotation angle of Section II versus rate of change of rotation angle.
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Figure 3.2.4: Trajectory of the center of Section II in horizontal plane:  a) in polar coordinates (ρ, θ) and b) in Cartesian coordinates.
Comparing the results obtained in Cases I and II, it is clear that when the coefficient of friction is high, the trajectory of the drill string stays closer to the center for longer periods than in the other case, when the drill string bounces from one end to the other.   The results compare well with those presented in the work of Melakhessou et al. (2003).  Results obtained by using the UMD model will be included in a future report.  
3.3:  5DOF model of PI and simulation results for constant, external torque:

A five degree-of-freedom model has been developed at PI.  In addition to the four coordinates that were used in the 4DOF model, namely, the radial displacement ρ, the rotation of first section or Section I θ, the bending angle along the tangential direction φ, the torsion angle of the second section or Section II α, the additional coordinate is a tilt angle ψ, which is controllable angle at the bottom of the drill string.  The equations of motion can be determined as previously outlined for the 4DOF model.  They are of the following form:
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(18)-(22)
The parameter values used to conduct the simulations with Eqs. (18)-(22) are also provided in Section 6.4.   It is recalled that the ratio of mb to m is 0.2/2.05, which means the unbalanced mass is close to 10% of the section mass.  The magnitude of the torque is 2 units.  Representative results obtained for two different values of the coefficient of friction
[image: image63.wmf] are shown in Figures 3.3.1 and 3.3.2.  The initial position of the string is close to the outer shell in both cases. It is noted that the stiffness of the outer shell is orders of magnitude larger than that of the drill string itself.

Case III:  High friction coefficient
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Figure 3.3.1.: a) radial displacement of Section II versus radial speed, b) rotation angle of Section versus rate of change of rotation angle, c) bending angle of Section II versus rate of change of bending angle, and d) rotation angle of Section II versus rate of change of rotation angle, e) tilt angle of the Section II versus rate of change of tilt angle, and f) trajectory of the center of Section II in horizontal plane,  in polar coordinates (ρ, θ). 

Case IV:  Low high friction coefficient
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Figure 3.3.2:  a) radial displacement of Section II versus radial speed, b) rotation angle of Section versus rate of change of rotation angle, c) bending angle of Section II versus rate of change of bending angle, and d) rotation angle of Section II versus rate of change of rotation angle, e) tilt angle of the Section II versus rate of change of tilt angle, and f) trajectory of the center of Section II in horizontal plane,  in polar coordinates (ρ, θ). 

From the results of the simulations shown in the 5DOF case, it is clear that the motions appear to be aperiodic for the two different values of friction considered.  The drill string motions appear to exhibit sliding motions, without the stick and slip aspects seen in the system with 4DOF.   The results obtained are being currently studied to better understand them.  

3.4: Experimental arrangement:
3.4.1 Description 

To facilitate the analysis of the drill string axial, whirl and stick-slip vibrations, a drill string structure with sensors and actuators is being constructed at UMD to simulate real working conditions.  This arrangement complements the arrangement at PI, which can be used to study different control strategies.  At this stage, a detailed design has been carried out.   As shown in Figure 3.4.1, a slender metal rod is to be driven by a DC motor from the top of the rigid frame, which represents the drill string under the ground.  Spring and damper combination and actuators are used at the bottom of the structure to simulate rock conditions. Due to the eccentricity of the mass distribution in the drill string, whirling motions are expected to occur at high speeds.  For large lateral motions, it is expected that the drill string will collide with the outer pipe, and stick-slip vibrations are expected.  Sensors are to be placed along the string to measure the axial, lateral, and rotational vibrations of the drill string.  Measurements will also include the tilt angle between the drill string and the outer pipe.  The structure will be assembled in the coming weeks. 
[image: image1.png]


[image: image200.wmf][image: image201.wmf][image: image78.png]Layers

8 Hidden tems

E01_ALL DTM_PLN
01_ASM_ALL_DTM_PLN
< 11_ASM_DEF_DTM_PLN
0__PRT_ALL_DTM_PLN
01_PRT_DEF_DTM_PLN
5 02_ALL_AXES
02__ASM_ALL_AXES

7 02__PRT_ALL_AXES

5 03_ALL_CURVES
03_ASM_ALL_CURVES
#E13_PRT_ALL_CURVES
04 ALL_DTM_PNT
04__ASM_ALL_DTM_PNT
B 04__PRT_ALL_DTM_PNT
£ 05_ALL_DTM_CSYS
05_ASM_ALL_DTM_CSYS
< 05_ASM_DEF_DTM_CSYS
05__PRT_ALL_DTM_CSYS
P 05__PRT_DEF_DTM_CSYS
5 06_ALL_SURFS
06_ASM_ALL_SURFS

B 06__PRT_ALL_SURFS
07_ASM_ALL_SKELETONS
AN

7 DATUMS

HFDTM_PLNS

£ JUNK

7 SUPPRESSABLE

R | EXPERIMENTAL_FRAME.ASM (TO|v.

DLeft button to drop. Middle button to abort,

 Click left button in model window to drag component being asserribled,

Ao are leaving this component as packaged,
 EXPERIMENTAL_FRAME has been saved

Smart

& 3.22nchestoc

| I¥ EXPERIVENTAL,

23 cipocuments

8] Portfolio.doc - M.

(3 CYLINDRICAL _




          
[image: image79]
Figure 3.4.1: Experimental arrangement to study bending-torsion Vibrations (on the left) with details at the bottom (on the right).

3.4.2  Equipment
	Item
	Description
	Figure

	DC Motor
	A DC motor will be used to derive the drill-string system.  This motor has the following features; i) maximum speed of 4000 rpm, ii) peak torque of 22.5 oz-in, and iii) a built-in rotary encoder.
	3.4.2

	Rotating Disks
	The arrangement has an upper disk and a lower disk. The upper disk represents the rotary table of the drill string, and the lower disk represents the combination of the drill collar and drill bit. The diameters of the upper disk and lower disk are 12 inches and 6 inches, respectively.
	3.4.3

	Encoder
	Absolute rotary encoders are to be used to measure the rotation angles of the disks.  These encoders have a resolution of 360 pulses per revolution.
	3.4.4

	Actuator
	An electro-magnetic actuator will be used to realize an axial loading in the 0-2.5kHz frequency range. This actuator is to be used to simulate the bearing capacity of the soil as well as to provide control input to the system.
	3.4.5

	Laser Displace-ment Sensor
	A laser sensor is to be used to measure the lateral movement of the bottom end of the drill string. This end is connected to the lower rotating disk and brake housing.  
	3.4.6

	Optical Sensor
	An optical sensor is to be placed on the brake housing to measure the tilt angle of the lower rotating disk. 
	3.4.7


Table 3.4.1 Components of the experimental arrangement
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	Figure 3.4.2: DC Motor scale diagram (Ref. Anaheim Automation)
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	Figure 3.4.3: Rotating Disk (Ref. Encoder Product Inc.)
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	Figure 3.4.4: Encoder Model 960 (Ref. Encoder Product Inc.)
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	Figure 3.4.5: Electro-Magnetic Actuator (Ref. ETREMA Inc.)
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	Figure 3.4.6: Laser Displacement Sensor (Ref. Acuity Laser Measurement)
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	Figure 3.4.7: Optical Sensor (Ref. Philtec Inc.)


4. Difficulties Encountered/Overcome
· Modeling and implementation of the contact between the drill string and the outer shell needed considerable attention.  There are still discrepancies between models published in the literature and the models developed in this work that need to be ironed out. An appropriate oil well model has not been identified yet.
· The detailed design of the experiment needed attention for simulating realistic conditions. Availability of components such as encoders and sensors also posed problems and prompted the search for alternative arrangements in the design.
5. Deliverables for the Next Quarter
i) Modeling, Simulation, and Analysis:

Ongoing studies on the reduced-order models will be continued to better understand the different 4DOF models, as well as the PI 5DOF model, and the UMD 5DOF model that will be presented in a future report.  The efforts will be focused on resolving the differences amongst these different models.

ii) Experiments:

In the work of Mihajlovic et al. (2007), a series of experiments have been conducted on understanding friction-induced vibrations and self-sustained lateral vibrations caused by a mass unbalance in an experimental rotor system.  The results of this work will be used as a foundation for the planned experiments at UMD.  The 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, and iii) rotating system subjected to an axial force.
Appendix


Justification and Background

Drill-string dynamics need to be better understood to control drill strings and steer them to their appropriate location in oil wells, in particular, for applications such as geosteered drilling. 

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 are 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.  



Approach

A combined analytical, numerical, and experimental approach will be pursued at the University of Maryland (UMD/PI). Specifically, the drill string is to be modeled as a nonlinear dynamical system consisting of interconnected structural components (e.g., tubes) with joints. Appropriate attention will also be paid to the soil conditions. Finite element methods are to be used for developing computational models. The experiments at UMD/PI will be tailored to address specific aspects of the drill-string dynamics that may complement the scaled, steerable drill-string model experiments being planned at PI.  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 will be extended to systems located on floating platforms. 


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:  Completion of preliminary control design studies 

February 1, 2008 to July 31, 2008: Studies on “optimal” 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

Nomenclature and Values Used for Simulations  
	Symbol
	Analytical model definition
	Variable/Simulation value
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	Radial displacement
	Variable 
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	Rotation angle of Section I
	Variable 
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	Bending angle along the tangential direction
	Variable 
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	Rotation angle of Section II
	Variable 

	ψ
	Tilt angle of Section II
	Variable
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	Mass moment of inertia of Section I
	100 units
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	Mass moment of inertia of Section II
	100 units
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	Mass moment of inertia of Section II (tilting angle)
	50 units
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	Radial distance to  unbalanced mass
	0.5 units
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	Initial displacement of Section II
	1.45 units
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	Mass of Section II
	2.05 units
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	Unbalanced mass
	0.5 or 0.2 units
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	Bending stiffness in radial direction 
	0.5 units
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	Bending stiffness in tangential direction 
	0.5 units
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	Torsion stiffness of  Section II
	0.03 units
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	Contact stiffness of  Section II
	5000 units
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	Contact determination term;  equals to 1 when there is contact and 0 otherwise
	0 or 1

	μ
	Friction coefficient 
	0.1 or 0.9
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	Separation from Section II to the outer wall at initial position 
	--
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1.
Objective

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

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

· Continue assessment of the theoretical performance limit of polymer candidate materials and configuration(s). 

· Develop new polymer nano-composite materials.

· Characterize the thermal conductivity of the polymer nano-composite materials developed so far.

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

· Mr. Juan Cevallos, UMD graduate student, to work at PI from June 19 to July 20 on the following tasks:

· Prepare a forthcoming publication relating to the project research undertaken to date.
· Visit ADNOC facilities to obtain insight into existing heat exchanger designs and their potential for replacement with thermally enhanced polymer-based designs.
3.
Summary

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

· Compiled polymer heat exchangers catalog, and updated it with the details of new polymer heat exchangers, including their vendor specified performance limits, that have recently been introduced to the market.

· Identified metallic materials that are most commonly used in heat exchangers that use corrosive fluids.  The properties of these materials (Table 1) can be used to assess the performance of thermally conductive thermoplastics.  For seawater applications, Cu-Ni alloys and titanium are the most commonly used heat exchanger metals.

Table 1  Commonly used metals for heat exchangers having corrosive fluids.
	Material
	Density (x10−3 kg/m3)
	Specific heat (J/kg.K)
	Thermal Conductivity (W/m.K)
	Yield Strength (MPa)
	Tensile Strength (MPa)
	CTE

(x106 m/m.K)
	Melting range 

(oC)

	SS 304
	7.92
	502
	16
	207
	586
	4.4
	1399-1454

	SS 316
	8.08
	502
	16
	276
	621
	4.9
	1371-1399

	Titanium
	4.51
	582
	17
	517
	621
	2.6
	1691

	Cu-Ni 90/10
	8.9
	377
	50
	140
	320
	17
	1100-1145

	Cu-Ni 70/30
	8.95
	377
	29
	170
	420
	16
	1170-1240


· Continued assessment of the theoretical performance limit of polymer candidate materials and configuration(s). 

· The mechanical and thermal properties of commercially available thermally conductive polymers have been compiled (Table 2).  This data can be used to assess the performance limits of candidate polymeric materials for heat exchanger applications. 

Table 2  Commercially available thermally conductive polymeric materials.

	Company
	Resin
	Thermal Conductivity
	Tensile Strength
	Tensile Modulus
	Density
	HDT

(oC)

	
	
	(W/m K)
	(MPa)
	(MPa)
	(g/cc)
	@ 1.8 MPa

	Cool Polymers
	PPS
	20
	45
	13000
	1.7
	260

	Cool Polymers
	PP
	5
	25
	5200
	1.38
	

	GE Plastics
	PA 6
	1.1
	81
	10160
	
	174

	GE Plastics
	PA 6/6
	1.2
	95
	11920
	2.04
	226

	GE Plastics
	PPS
	7/2.2
	139
	27586
	1.74
	270

	PolyOne
	PPS
	10-11
	100
	26200
	1.82
	282

	PolyOne
	PA 6/6
	10-12
	60.7
	14479
	1.58
	254

	PolyOne
	LCP
	18-20
	103.4
	20684
	1.82
	277

	PolyOne
	PA 12
	20-25
	39.3
	14479
	1.68
	185

	RTP
	LCP
	18.01
	45
	24132
	1.7
	232

	RTP
	PPS
	2.31
	62
	26201
	1.7
	260


Note: HDT = heat deflection temperature.
· Developed new polymer nano-composite materials

· Polycarbonate-exfoliated graphite oxide composites have been prepared with different loading of exfoliated graphite oxide, i.e. 0.5, 1, 2, 3, 4, 5, and 10% (by weight).

· The thermal stability of these composite samples where characterized using thermal gravimetric analysis (TGA) to estimate the operating range of the polymer composite, as shown in Figure 1.  Differential scanning calorimetry (DCS) analysis was also performed to assess glass transition and melting behavior.  These analyses revealed:

· The temperature onset for thermal degradation of the polymer and polymer composite samples is 325°C.
· The glass transition temperature of the polymer and the composite samples is approximately 140°C.
· The polymer composite samples are currently being processed to produce test samples to characterize both the mechanical behavior and thermal conductivity.

	
[image: image106.emf]


Figure 1. Thermal gravimetric analysis traces of polycarbonate and polycarbonate-thermally exfoliated graphite oxide composites with different loading of thermally-exfoliated graphite (0%, 1%, 3%, 10% by weight).

· Characterizing the thermal conductivity of the polymer nano-composite materials developed so far remains to be done.

· Due to the unavailability of necessary equipment for measuring thermal conductivity, this task will be completed during the next quarter.

· Constructed laboratory-scale test apparatus for thermal characterization of polymer heat exchanger “building block” tube/channels and characterized thermal properties 

· Prior to building a test apparatus, the impact of molding the candidate materials on the mechanical and thermal characteristics of the heat exchanger must be assessed.  To this end, the following activities have been completed:

· Approximated the range of rheological characteristics (flow length vs. thickness) of thermally conductive thermoplastics despite the lack of data provided by the vendors.  This information is crucial for manufacturing of these new materials, given that the melt viscosity and melt thermal conductivity are expected to be significantly different from common resins.

· Injection molding simulation software, Moldflow(, was identified to assist in assessing three fundamentals issues: ability to fill the mold, occurrence of weld and meld lines, and shrinkage and warpage of the part.

· Prepared a forthcoming publication relating to the project research undertaken to date.

· Drafted a finalized report, which will be made into a conference publication that includes the following topics:

· A review of commercially available polymer heat exchangers to assess the current applications and performance limitations.

· A review of thermally conductive polymeric materials, including their thermal and mechanical characteristics, to assess their potential as new candidate polymeric heat exchanger materials.

· A doubly finned counterflow plate heat exchanger analytical model, which was developed to parametrically analyze thermal performance in terms of heat transfer rate and pumping power (Figures 2 and 3 below show graphical representations of this parametric analysis).
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	(a) Heat Transfer Rate
	(b) Coefficient of Performance

	Figure 2 Doubly finned counterflow heat exchanger performance as a function of fin spacing and fin thickness (tb = 1 mm, H = 10 mm, W = L = 1 m, u1 = u2 = 2 m/s, turbulent flow)
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	(a) Heat Transfer Rate
	(b) Coefficient of Performance

	Figure 3 Parametric optimization of heat transfer rate and COP within a set rectilinear volume (k = 20 W/m-K, tb = 1 mm, H = 10 mm, W = L = 1 m, u1 = u2 = 2 m/s, turbulent flow).


· Visited ADNOC facilities to obtain insight into existing heat exchanger designs and their potential for replacement with thermally enhanced polymer based designs.

· During his visit to the Petroleum Institute, Juan Cevallos, along with Dr. Peter Rodgers, attended a one-day information session run by Dr. Nashaat M. Mohamed of ADGAS, who provided an extensive overview of the seawater cooled systems used at the Das Island gas liquefaction (LNG) plant.  The relevant points of these systems are summarized:

· Many types of fouling exist in these heat exchangers: crystallization, corrosion, biological, and particulate.

· Shell-and-tube surface condenser heat exchangers are the primary users of cooling seawater, i.e. they utilize 75% of the pumped seawater. 

· The heat exchangers are constructed from several materials due to different performance requirements and applications:

· Cu-Ni alloys (70/30 and 90/10)

· Titanium (all surface condensers use this expensive metal)

· Carbon steel

· Exotic alloys (Avista 250)
· Flow velocity inside heat exchanger tubes is usually 2 to 3 m/s. The tubes are typically ¾ - 1 inch in diameter, having 1 to 2 mm thick walls.  The surface area of the tube bundles ranges from 10 – 800 m2.
· Shell length does not exceed 6 m.
· These new findings serve as motivation to repeat the parametric analysis previously undertaken for a plate heat exchanger for shell and tube heat exchangers. Preliminary calculations are currently in progress. 
· Design and construct a pilot scale test facility for characterizing polymer heat exchanger thermal performance has been postponed.

· This task will be postponed until the aforementioned laboratory-scale apparatus has been constructed and tested, following the injection molding simulations and analysis.  

4.
Difficulties Encountered/Overcome

· Rheological properties of thermally conductive thermoplastics are not available from vendors. Approximating the melt viscosity and thermal conductivity and changing the property values of the base resins in the Moldflow simulation can help overcome this limitation.

5.
Deliverables for the Next Quarter

· Continue thermal-fluidic analysis of shell and tube heat exchange design, conducting a literature review of the design of shell and tube heat exchangers and comparing coefficient of performance to work previously done on doubly-finned counterflow heat exchanger.

· Conduct analysis of energy content of thermally conductive polymer and develop appropriate metrics to compare energy used in polymer heat exchangers as compared to conventional heat exchangers.

· Optimize heat exchanger design for greatest environmental, weight, and cost savings over conventional designs via a parametric analysis of the metrics developed in the previous task.

· Assess the impact of molding thermally conductive thermoplastics on the thermal and mechanical characteristics of the heat exchanger by simulating the injection molding process in Moldflow(. In this simulation the following tasks will be done:

· Evaluate the geometrical limitations in the injection molding process inherent in thermally conductive thermoplastics. 

· Design an optimized runner and gate system to avoid the occurrence of weld lines that could compromise the structural stability of the system, and to ensure that the mold is filled completely.

· Investigate the alignment of fibers in order to achieve the highest thermal conductivity in the plane in which conduction occurs.

· Assess the effects of shrinkage and warpage on the final product 

· Characterize the thermal conductivity of the polymer nano-composite materials developed so far.

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

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

UMD Investigators: Dr. Serguei Dessiatoun, Dr. Amir Shooshtari

GRA’s: Mohamed Alshehhi

PI Investigator(s): Dr. Michael Ohadi, Dr. Afshin Goharzadeh 
Start Date: October 2006
Report Date:  30 September 2007


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 petrochemical and process industries, refrigeration and cryogenics, and micron/sub micron air filtration and clean room applications.

2.
Deliverables

· Literature review (continued)

· Visualization test setup

· Experimental test setup

· Numerical modeling to study effect of EHD on separating liquid particles from gas
3.
Summary

· Literature Review: 

· Reviewing major gas/conductive liquid separation techniques

· Summarizing all governing equations for numerical modeling

In order to extend the understanding of EHD-enhanced separation mechanism, all the governing equations, including fluid flow, electric field and particle trajectory equations, were summarized, and the dimensionless variables were identified. Different scenarios of charging particles, including the diffusion charging and the field charging, were studied. The importance of each term in the governing equations was assessed. Equation 1 represents the trajectory of a particle (a liquid droplet in this case) due to charge accumulation and under the influence of the electric field.      


[image: image111.wmf]
where:

· µ = Gas Viscosity (N.s/m2)

· CD = Drag Coefficient

· Re = Reynolds Number

· u = Gas Velocity (m)

· up = Particle Velocity (m)

· g =  Gravity Force (N)

· ρ = Gas Density (kg/m3)
· ρp = Particle Density (kg/m3)
· e = Electron Charge (1.6 E -19 C)

· E = Field Strength (V/m)

· dp = Particle Size (m)

· ρp = Particle Density (kg/m3)

· k = Boltzmann Constant (1.38 E -23 m2.kg/s2.K)

· T = Temperature (K)

· KE = Constant (9.0 E 9 N.m2/C2)

· Ci = Ions Mean Thermal Speed (240 m/s)

· ρi = Charge Density (C/m3) 

· t = Time (s)

· ε = Relative Permittivity

· Zi = Ions mobility (0.00015 m2/V.s)

· Experimental Test Setup (Fig. 1): 

· Major equipment needed for the test loop was finalized

· Aerodynamic Particle Sizer was purchased (needed to measure separation efficiency)

· Water mist generator (fog maker) was purchased 
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	Figure 1: Sketch of the experimental set-up


· Visualization Test Setup (Fig. 2):

· A preliminary setup was constructed to show the effect of EHD on separating water vapor from air (Fig. 2, movie 1).
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	Figure 2: Sketch of the visualization test setup
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	Movie 1: Visualization test setup


· Numerical Modeling
The main focus of the last three months was the development of a numerical model to understand the EHD separation process and to compare it to experimental results that were reported in the last EERC quarterly report. The Fluent platform was used for the numerical modeling. The main challenges in this part were to introduce the EHD as a body force, compile, and link it to the main solver, since Fluent did not have a built-in solver for the electrical field and charging process. Custom C++ code describing the particle charging mechanism and EHD body force was written and incorporated in Fluent (Shooshtari, A.). 

This numerical modeling will help to understand the following parameters that affect the separation process: 

· Separator Geometry

· Particle Size

· Fluid Temperature

· Fluid Pressure

· Fluid Flow Rate

· Applied EHD force (voltage of discharge electrode)

Also, this part will give a clear understanding of the behavior of liquid particles of different diameter size and different injection positions when they are affected by the EHD force. Moreover, the minimum time and separation area required to collect liquid droplets will be provided.

The numerical modeling is still being tested and modified.

4.
Difficulties Encountered/Overcome

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

· Continue numerical modeling and determine the effects of some parameters such as flow rate and temperature on separation efficiency.

· Design first generation air-water separator.

· Start building test loop.

· Plan a visit to meet with the relevant ADNOC companies in UAE to present the research and to seek where new applications might be possible.


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. UMD 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 UMD 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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	Force-Fed Cooling of Photovoltaic Arrays for High-Efficiency 

Solar Energy Conversion Systems

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

GRA’s: E. Kermani, 

PI Investigator(s): Dr. M. Ohadi Start Date: March 2007
Report Date:  30 September 2007


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

· Literature survey:

The literature survey compiled in the previous quarter was extended further to include the following subjects:

· Various types of concentrating solar systems

· Range of concentration practically being used

· Maximum achievable concentration

· PV-cell efficiency under high concentration

· Optimum cell efficiency 

· PV-thermal technology

· Assessment of solar cell heat load under concentration:

To assess the range of heat load to be removed by the force-fed cooling technique, a series of calculations was carried out and the following parameters were estimated for 100 and 500 concentrations:

· Solar cell temperature

· Solar cell efficiency as a function of cell temperature

· Electricity production

· Heat rate dissipated by natural convection

· Needed cooling power 

· Microfabrication of channels: 

A trial process of microfabrication on a silicon wafer using the Deep Reactive Ion Etching technique was successfully performed. It was concluded that this technique can be used to fabricate the desired design.  

· Design of microchannels: 

A numerical model was used to determine the optimum microchannel design in terms of various parameters, including channel aspect ratio, channel thickness, wall thickness, etc. The results were compared against available published data. As a result, several designs were selected to be fabricated and evaluated experimentally. The microfabrication technique will be used to construct the channels. 

3.
Summary

· Literature review:

· Various types of concentrating solar systems

· Range of concentration practically being used

· Maximum achievable concentration.
· Cell efficiency under concentration.

· Optimum cell efficiency. 

· PV-thermal technology.

The main goal of this literature survey is to find the behavior of the PV-cell under high concentration. First we need to find out the maximum achievable concentration and how it will affect the cell parameters.  We also need to review the methods for concentrating sunlight. With modern techniques, sunlight has been concentrated experimentally to 84,000 levels. Solar cell efficiency will increase by concentration level; however, there is an optimum concentration level for a solar cell, which depends on PV-cell parameters such as temperature, short-circuit current and series resistance.

[image: image115.emf]
Fig.1: Solar cell efficiency versus concentration for a single cell based on numerical calculation.

Figure 1 shows the theoretical relationship between the solar cell efficiency and the concentration of sunlight. As seen, the efficiency increases with the concentration. However, it should be mentioned that efficiency will not increase infinitely. In fact after a certain concentration (which depends on cell parameters such as temperature, short circuit current, and series resistance), the theoretical prediction does not hold anymore and a decline in the efficiency is expected. This behavior is due to power losses, mainly through series resistance. From this figure it can be concluded that increasing the concentration up to the optimum point can result in higher efficiency. However, higher concentrations require more effective cooling of PV cells to prevent any negative impact of high temperature.  

· Heat load calculations: 
The aim of these calculations is to assess the range of heat load that must be removed by the force-fed cooling technique. Energy balance equations were written between heat generated at the cell, electricity generated at the cell, and total energy received by the PV-cell..  Cell temperature was derived by adding efficiency and convection heat transfer equations. Sun irradiance during the time of day was also modeled by sinusoidal curve. These calculations were first done for a PV-cell without concentration to find the temperature rise in a solar cell. Based on that calculation, calculations for solar cells under different level of concentrations were done.

[image: image116.emf]
Fig. 2: Electricity production and heat removal by microchannel from a solar cell during a day with 500 sun concentration.
Figure 2 shows the result of a case study for a solar cell under 500 sun concentration with cell reference efficiency of 0.28% and cell temperature coefficient of 0.005 1/K during a sample day in which temperature varied between 298K and 309K. This curve shows the total heat produced at the cell and the heat that should be removed by the force-fed cooling technique.  The curve accounts for heat removal by natural convection. It can be seen that at this level of concentration natural convection cooling is not sufficient, and a more effective method of cooling is needed.  

The calculations were carried out for different levels of concentration and solar cell initial parameters.

· Microfabrication:

· Photolithography

· Deep reactive ion etching

· Dicing system

· SEM system

Microfabrication, the fabrication of micrometer-sized components, is needed for the microchannels of this project. We went through a complete trial process to assess the feasibility of the techniques for the design part of the project. In this trial all the techniques, such as photolithography to transfer a geometric pattern on the silicon wafer, deep reactive ion etching to create deep, steep-sided channels in a silicon wafer, and a dicing machine to cut the wafer to small size, were examined. Finally, an SEM picture capable of producing high-resolution images of a microchannel surface was taken to check the mircochannel surfaces.
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Fig. 3: SEM picture of the silicon microchannel.

Figure 3 shows an SEM picture of an experimental silicon microchannel fabricated using DRIE at the University of Maryland microfabrication lab. The depth of channels is 155 micrometers.

· Design of the microchannel:

Modeling of different designs of manifolds and microchannels in FLUENT was conducted to study the effect of various geometrical parameters and to identify the optimum design. A parametric study on the number of manifolds per centimeter, the number of channels per centimeter, the channel aspect ratio, fin thickness, channel wall thickness, and inlet and outlet dimension was performed. Other parameters, such as inlet and outlet flow temperature, heat transfer coefficient, volumetric flow rate, and pumping power, were calculated. It was found that by increasing the number of manifolds per centimeter we could reach a much more uniform temperature on the cell surface, which is one of the main concerns in designing cooling techniques for solar cells under high concentration. The results from different designs with the same initial values were compared against each other in terms of channel base temperature, required pumping power of the system, and coefficient of performance. A number of designs were selected for fabrication and were evaluated experimentally. Final results will be presented in next quarterly report.

4.
Difficulties Encountered/Overcome

· Lack of literature about the optimum solar cell efficiency under different levels of concentration.  

· Lack of literature about solar cell heat load, especially under different concentration levels.

· Lack of literature on manifold designs and optimization of the manifold microchannels.

5.
Deliverables for the Next Quarter

· Prepare the first draft of a journal paper based on the literature reviewed. 

· Finalize the design of microchannel and manifold. 

· Prepare the mask layout for microchannel and manifold design. 

· Purchase the required materials including silicon wafers.

· Continue on microfabrication of the channels and manifolds.

· Develop an appropriate packaging technique.


Appendix



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

UMD-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- and two-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 UMD team regarding current concentrator designs, available cooling techniques and expected heat loads.

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

3. Corroborate UMD 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

UMD-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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	Study of Condensing Flows in a Micro-scale Channel with a Micro-element Array and Visual Techniques

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

GRA’s: Ebrahim Al-Hajri

PI Investigator(s): Dr. A. Goharzadeh

Start Date: December 2006
Report Date:  1 September 2007


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 
· Continued parametric testing of condensation in minichannels with R-134a

· Tested a mini-LDV system for velocity profile measurements.

· Conducted flow visualization in minichannels with high-speed camera.

· Developed a preliminary Matlab code for high-speed image processing.

· Processing high speed of condensation in minichannel using Matlab code. 

3.
Summary 

Condensation Results
After completing all tests for R245fa in the previous reporting period, several of the remaining tests of R-134a (Table 1) were conducted. Some previous tests were also repeated for data repeatability verification. The test results of the study of the effect of saturation temperature on both heat transfer and pressure drop are shown in Figures 1 and 2, respectively. 

Table 1: The remaining test for R-134a.

	#
	Test #
	Tsat
	Mass Flux
	Inlet Super Heat

	1
	31
	30 C
	300 kg/m2S
	0 C

	2
	36
	30 C
	
	10 C

	3
	5
	
	300 kg/m2S
	0 C

	4
	6
	
	
	5 C

	5
	7
	50 C
	
	10 C

	6
	8
	
	
	15 C

	7
	13
	
	400 kg/m2S
	0 C

	8
	14
	
	500 kg/m2S
	

	9
	19
	
	400 kg/m2S
	10 C

	10
	20
	
	500 kg/m2S
	

	11
	24
	60 C
	200 kg/m2s
	0 C

	12
	25
	70 C
	
	

	13
	29
	60 C
	
	10 C

	14
	30
	70 C
	
	

	15
	34
	60 C
	
	0 C

	16
	35
	70 C
	300 kg/m2S
	

	17
	39
	60 C
	
	10 C

	18
	40
	70 C
	
	


Figure 1 indicates that as the saturation temperature increases the heat transfer coefficient decreases. This trend agrees with our previous results of R-134a and R245fa; however, the values of average heat transfer coefficient are quite higher, and the values of pressure drop (Figure 2) are lower, than what was anticipated. Also, the repeated test results are not in agreement with the previous results. This difference in heat transfer and pressure drop could be the result of different methods of flow measurement. In the previous tests a micro pump with a flow rate indicator was used to set up the refrigerant flow rate and to measure the flow rate based on the gear rotation speed. At some point it was realized that actual flow rate is lower than the flow reading on the pump. From that point calorimetric flow measurement, in which flow is determined by required heat input for 100% refrigerant quality change, was used. The results will be verified further after a newly received Coriolis flow meter is installed in the heat transfer loop. 
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	Figure 1. The effect of saturation temperature on average heat transfer coefficient for R-134a

	
[image: image119.emf]

	Figure 2. The effect of saturation temperature on pressure drop for R-134-a


Visualization Tests
With the participation of PI co-investigator Dr. Afshin Goharzadeh, several visualization techniques were used for flow visualization, such as Mini-Laser Doppler Velocimetry (Mini-LDV), two different high-speed cameras, and a video recorder. As for the Mini-LDV, we were able to measure the velocity of the liquid successfully and accurately. 
Mini-Laser Doppler Velocimetry

Mini-Laser Doppler Velocimetry, an integrated and portable miniature laser diagnostics system, was tested inside the micro-channel. As shown in Figure 3, the MiniLDV crosses two beams of collimated, monochromatic laser light in the microchannel containing the single-phase flow. As micron-sized liquid or solid particles entrained in the fluid pass through the intersection of two laser beams, the scattered light received from the particles fluctuates in intensity. The frequency of this fluctuation is equivalent to the Doppler shift (Fig. 4) between the incident and scattered light, and is thus proportional to the component of particle velocity, which lies in the plane of the two laser beams and is perpendicular to their bisector. 
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	Figure 3: Flow visualization with Mini-LDV
	Figure 4: Typical Doppler Signal obtained from laser beams


The Mini LDV was used inside the microchannel for measuring the local velocity of particles inside the liquid phase. As shown in Figure 5, the histogram of velocity represents a maximum value corresponding to the velocity of liquid particles (290 mm/s) inside the micro channel. Additionally, for two-phase flows the Doppler signals from the bubble and the particles showed a larger spectrum. Figure 6 represents a histogram of velocities for the multiphase flow (liquid-bubbles). The histogram of the velocity illustrates a larger spectrum and contains the velocity of both liquid and bubbles. Unfortunately, it is very difficult to separate these two signals.

The instantaneous local velocity of a single liquid phase was measured accurately inside the micro-channel using the Mini-LDV. However, it failed to detect the velocity of the gas (bubbles) as the flow became two-phase flow. Additionally, the Mini-LDV system doesn’t provide a complete 2D overview of the flow inside the micro-channel. Therefore, the 2D flow was also characterized using a CCD camera.
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	Figure 5: Histogram of the velocities for the single-phase flow (liquid flow)


	[image: image123.png]Measurement Science Enterprise, Inc.

ecord Nmber Profile Acquisition
g so0 |

£ ) — Digital Fiter [ orr Velocity o Em
Traverse
Paosition (mm)

Actual pos. (mm) Comments (stored with run data)

0.000
=]

smber of records
POy

7o o i valdated seed dat. Red s dicate ooy Aler seftg. |

HPE| 90,780k , : . . . |
. ETETET X 10000m  150.00m  200.00m  250.00m  300.00m  350.00m

' 423.00m
Ui

Data and Power Spectrum
Acquisition Acquire velocity Fraquency (1)

S0k 100k 150k 223.722k
Expected 25.00m I ! " [}
Veloc (m/s)

160.000m
Trig Val (v)
0.150 [~ SaveRawData
Min SNR (dB)
| 200

200.00m

e 275.00m
250.00m

. 225.00m-|
3 200.00m

3 175.00m
Ubar (m/s) U (m/s) Datarate(tz)  130.00m-|
196.941m | 0.5 3.46 125.00m

100.00m

Validation
Freq. Shifting |  vaidation(s) SNR(dB) Datarate(Hz) 75.00m-| i i ! | — — 1

“337E+1 163E+1 6.63E+1 116E+2 166E- 6 1000 13860
il o 6925 || ea1 | 2239 Time () Time )






	Figure 6: Histogram of the velocities for the multiphase flows


Photron 1024 Ultima high speed

A Photron 1024 Ultima high speed, high resolution (resolution 1024 x 1024 and 3000 fps) camera was used to observe the flow inside the channel (Fig. 7). However, the camera’s optics were not adequate to observe the flow further inside the channel. We were only able to see the two-phase flow at the upper glass surface on the channel; the view of the flow was not very visible. 

	[image: image124.jpg]




	Figure 7: Flow visualization with a Photron 1024 Ultima high-speed camera


Combination of a CCD camera and a microscope

A combination of a Sony (Model XCD-X710CR) high-speed camera with a maximum 30 frame-per-second shutter speed and a microscope was also used for visualization (Fig. 8). A microscope was placed to look into the channel from the top, and a light source was directed from the bottom of the channel. The high speed camera was mounted and fixed to the microscope to record the action inside the channel. This technique gave the best results of all the techniques we tried. With this technique we were able to capture several clear videos of the two phase flow inside the channel. The videos were then used to extract single photos of bubbles passing in the flow. The entire region of interest, the liquid-bubble area, was recorded. Full-frame images of 175 x 950 pixels were acquired and transferred to a computer. The photos were then processed in an image processing code written in Matlab under the supervision of Dr. Goharzadeh to further clarify and distinguish the gas phase from the liquid phase, and to determine bubble size and velocity. 
	[image: image125.jpg]





	Figure 8: Flow visualization using a CCD camera combined with a microscope


Image Processing
In order to quantitatively characterize the observed states and the liquid-bubble interactions, an image processing method using Matlab software was developed. The different steps of the image processing program are illustrated in Figure 9. The colored image was first transformed to a grayscale level and filtered in order to remove noises. The intensity of the filtered grayscale image was adjusted and used to identify the position of the water-air interface.
	
[image: image126]

	Figure 9: Image processing using Matlab software


The original and the post-processing images, respectively, are represented in Figures 10 and 11. 

	[image: image127.emf]

	Figure 10: Original image

	[image: image128.emf]

	Figure 11: Final image after image processing


Results

Several clarifications can be done to distinguish the borders of the bubble to measure the bubble size. A contour of the image can be seen in Figure 12-(a), which shows a clear border of the bubble. Since the channel width is known to be 0.4 mm, which is also the width of the bubble, the length of the bubble can be measured (L = 1.05 mm) and then the volume of the bubble can be calculated (≈ 1.176 mm3). Figure 12-(b) represents a profile of the light intensity along the x-axis in the middle of the microchannel. The intensity profile provides information about the structure and dynamic of the bubbles (length, size, position, velocity and acceleration).

	[image: image202.wmf][image: image129.emf]

	(a) Contoured image of the original image

	

	[image: image130.emf]

	(b) Profile of the light intensity along x axis

	Figure 12: Results obtained after Image processing


4.
Difficulties Encountered/Overcome

· Difficulties in the flow rate measurement using pump and calorimetry, which resulted in inaccurate outcomes. Therefore, a Coriolis flow meter was purchased to measure the flow accurately; however, the flow meter took eight weeks to arrive at our lab. Once the Coriolis flow meter was received, it was installed it in the system.  However, the device had a problem and had to be sent back to the provider for service. 

· Due to the aging of the setup, the components’ failure frequency has been increasing. Also, measurement instruments’ calibration drifted from the initial calibration; therefore, recalibration of instruments is required to keep the uncertainty within +/- 15%.

· The visualization loop had an insufficient sub-cooler; therefore, a sub-cooler was designed and built to overcome the problem.

5.
Deliverables for the Next Quarter

· Finish all remaining tests for R-134a.
· Improve the Matlab code for image processing.
· Conduct a number of visualization tests and analyze the outcome.
· Test the feasibility of the Micro-PIV system for two-phase flow systems and choose the optimal system for purchasing.
· Find applications related to ADNOC interests and present results to ADNOC (Fall 2007).
· Joint conference paper and/or article.
· Final report.
Appendix


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

UMD-side participation 

1. (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. 

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

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

4. Fabricate prototype and complete instrumentation. Fabricate experimental loop. 

5. 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. 

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

PI-side participation 

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

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

3. Work with UMD 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 UMD. 

4. Conduct flow visualization measurements inside the microchannel prototype designed and fabricated at UMD. 

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

Two-Year Schedule

UMD-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 UMD. 

· Final report.
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1.
Objective/Abstract

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. Therefore, an experimental study of the flameless versus flame combustion process for the Claus furnace is proposed. In the study we will explore the operating conditions and the exhaust gas analysis of both flame and flameless modes of reactor operation in the process of enhanced sulfur recovery. 

Specific objectives will be 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. 

· 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. 

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

· Determination of the product gas stream for evaluation of sulfur recovery in the process.

2.
Deliverables

Seek detailed chemistry data for higher molecular weight sulfur compounds. Identify parameters for CFD simulations using Fluent.

3.
Summary

1. Determined the equilibrium chemistry using equilibrium code

2. Performed detailed chemistry using chemical kinetics code.

3. Performed flow dynamic simulations using Fluent code. Each code has provided its own merits and provides unique information associated with our goal to capture sulfur and to improve efficiency of the Claus process. The results obtained from the three different simulation codes are provided in the following.

4. 
Presented a technical paper at the 5th Mediterranean Combustion Symposium entitled “CFD Simulation of Combustion in the Claus Furnace of a Sulfur Recovery Plant” by M. Sassi, S. Ben Rejab and A. K. Gupta. Conference held in Monastir, Tunisia, September 10-13, 2007. 

1. Equilibrium Calculations

Our objective here was is to calculate the equilibrium products’ temperature and composition in the Claus furnace under different operating conditions.  We have used the STANJAN Code to explore the influence of varying some parameters (H2S content, combustion temperature, inlet temperature, and O2 content in the air) on the sulfur recovery in the Claus furnace. The considered equilibrium species were H2S, CO2, O2, N2, H2O, SO2, S2, SO, OH, CO, H2 and NO. Variation in content of H2S in the acid gas feed streams was considered with a mixture of H2S and CO2. Oxygen enrichment and high temperature air combustion were considered as means of improvement. 

1.1 Variation of H2S Content in Gas Stream

We examined the role of H2S content in the inlet sour gas when the H2S was increased from 25% to 100% in incremental steps of 5%. The evolution of the chemical equilibrium state was determined for that condition. Figure 1 shows H2S recovery as a function of inlet H2S content. The results show an increase in sulfur conversion with a decrease in CO2.


[image: image131]
1.2. Effect of Varying Process Temperature
We examined the role of varying the reactor temperatures from 900K to 3000K on H conversion using a mixture of 50% H2S and 50% CO2 reacting with air (21% O2 and 79% N2) in the furnace. The results are shown in Figure 2, which reveals the sulfur recovery as a function of the furnace temperature.

[image: image132.wmf]
[image: image203.wmf]
These results clearly show that optimum sulfur recovery is obtained at a furnace temperature of around 1500K. The recovery decreases at lower and especially at higher temperatures. This narrow window of temperature is ideal for colorless high temperature air combustion (also called flameless combustion furnace), which can offer a nearly isothermal condition close to 1500K.

1.3 Effect of Varying Inlet Temperature
By keeping the gas stream (50% H2S / 50% CO2 mixture) reacting with normal air (21% O2 / 79% N2) we analyzed the role of varying the inlet temperature. The mixture is the same as that used for Figure 2.  The variation of sulfur recovery as a function of inlet temperature is shown in Figure 3.

[image: image204.wmf]
[image: image205.wmf]
[image: image206.wmf]
[image: image207.png]1.00e+00

9.00e-01

8.00e-01

7.00e-01

6.00e-01

5.00e-01

4.00e-01

3.00e-01

2.00e-01

1.00e-01

1.35e-24

CONTOURS OF MOLE FRACTION OF O2





[image: image208.png]1.00e+00
9.00e-01
8.00e-01
7.00e-01
8.00e-01
5.00e-01
4.00e-01
3.00e-01
2.00e-01
1.00e-01
0.00e+00

5

200

400

600

800 16+031.26+03.46+03.66+03.86+032e+03
Position (mm)




The increase in inlet temperature decreases the sulfur recovery. Above the equilibrium temperature of 1500K the sulfur recovery decreases, as also shown in Figure 2. The equilibrium optimal temperature for sulfur recovery, above 1500K, referring to Figure 2, will decrease the H2S conversion. 

1.4   Effect of Varying Oxygen Content in the Air

Finally, we varied the oxygen content in the air, starting from 21% to 100% in steps of 5%. It was allowed to react with a 50% H2S and 50% CO2 mixture with an inlet temperature equal to 300K.  Figure 4 shows the variation of sulfur recovery as a function of O2 content. Even though the oxygen enrichment was expected to increase recovery, one can notice that H2S conversion decreases due to the increase in the furnace equilibrium temperature.
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1.5. CFD Simulation of Flow Field in the Furnace 

The Fluent 6.2 CFD package was used to simulate the burner of a Claus process furnace. The k-( turbulence model along with the EDC turbulence/chemistry interaction model have been used to capture the finite rate nature of the Claus equilibrium limited reaction. The thermal stage of the Claus furnace burner was studied by considering four cases of acid gas and air or oxygen combustion. Also, the exchange between fuel and oxidant injection ports was explored in addition to co-flow pre-heating. Pure oxygen into a co-flow of pre-heated 50%H2S 50%CO2 was used, which was also used for the equilibrium calculations. Figure 2 shows a very high H2S conversion of 73% obtained at a furnace temperature of 1500K.  The conversion drops sharply at both lower and higher temperatures. Therefore it is important to operate the furnace near uniform temperature of 1500 K, which can only be offered by high temperature air combustion technology, also called colorless or flameless combustion. It is important to perform CFD simulation of flame and flameless combustion in the Claus furnace to explore the optimal conditions for the highest sulfur recovery. 

1.51.   CFD Simulation of The Claus Furnace


Fluent software is for simulating the fluid flow, heat and mass transfer, and a host of related phenomena involving turbulence, reactions, and multiphase flow in a flow. Therefore, it is suitable for simulating the combustion reaction in the Claus furnace.

1.52. The Geometry

Since the combustor’s configuration is symmetric, we will focus only on its half. This requires only 2D calculations (cut of the cylinder) to observe the results (see Figure 5).
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A small nozzle placed at the centre of the upstream circular face-plate of the cylinder allows introducing fuel into the combustor. The ambient air enters coaxially with the fuel flow. A 2D cross-section of the geometry is shown in Figure 6.
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The meshed geometry is shown below in Figure 7.
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Figure 7.  The meshed geometry

We used the Standard 
[image: image134.wmf] model. It consists of a two-equation model in which the solution of two separate transport equations allows the turbulent velocity and length scales to be independently determined. In fact the standard 
[image: image135.wmf] model in Fluent is the workhorse of many practical engineering flow applications. Robustness, economy, and reasonable accuracy for a wide range of turbulent flows explain its popularity in industrial flow and heat transfer simulations. It is a semi-empirical model, and the derivation of the model equations relies on phenomenological considerations and empiricism.”

1.53.  CFD Results
Fluent simulation permits one to visualize the behavior of the combustion process inside the Claus furnace. Four cases were considered, as shown below in Table 1. The operating conditions for each case are listed in this table.

Table 1. The cases examined using Fluent CFD code

	Case 1

Air inlet: Temp. 300K, Vel. 0.1 m/s

H2S Inlet: Temp: 300K, Vel 85 m/s
	Case 2

Oxygen inlet: Temp. 300K, Vel. 100 m/s

H2S Inlet: Temp: 300K, Vel. 0.1 m/s

	Case 3

Oxygen inlet: Temp. 300K, Vel.100 m/s

H2S Inlet: Temp: 300K, Vel 0.2 m/s
	Case 4

Air inlet: Temp. 300K, Vel. 100 m/s

H2S Inlet: Temp: 1000K, Vel. 0.66 m/s


Case 1: The CFD results for this case are shown in Figure 8.
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Case 2: CFD results of this case are shown in Figure 9. 
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Case 3: The CFD results of this case are shown in Figure 10.
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Case 4: The CFD results of this case are shown in Figure 11.   
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The simulated four cases have been selected to explore the influence of the composition of acid gas, the composition of the oxidant, the exchange of injected gas between fuel and oxidant, and the pre-heating of the co-flow on the flame structure, and to lay grounds for the sulfur recovery process optimization through improved Claus furnace design.

Figures 9-11 show the simulation results for the four specific cases. The jet and co-flow velocities have been selected to allow for a ratio of 2 to 1 between H2S to O2 that is required by the Claus thermal stage. This also results in a ratio of 2 to 1 between H2S and SO2 that is required by the Claus sulfur recovery reaction. Figure IV.5 shows a conventional flame of H2S burning in co-flow of ambient air featuring localized high temperatures especially in the recirculation zone and low sulfur conversion. Figure IV.6 features a flame of centrally injected oxygen in a co-flow of H2S.

The localized temperature is even higher and the sulfur recovery further decreases. Figure 11 for case 3 shows the flame structure of a central oxygen jet into a co-flow of 50%H2S 50%CO2. The localized high temperature zone is considerably reduced and the sulfur recovery is much more uniform across the burner tube. Figure 12 for case 4 shows the effect of preheating the sour gas stream. This seems to widen the high temperature zone, and it is probably important to consider injecting ambient air rather than pure oxygen in the center to improve sulfur recovery conditions.

Although preliminary, these simulation results reflect well the conversion of H2S into sulfur (S2). They also show some improvement of conversion and capacity increase when pure oxygen is used rather than air; however this point needs further exploration. Especially the thermal field uniformity and the conversion process seem to be better when oxygen is injected into the acid gas rather than the opposite. In addition, the use of pure H2S rather than H2S/CO2 mixtures, as usually is the case, seems to yield much higher temperatures, which could drive the process toward hydrogen production if very excessive quantities of H2S are injected into the furnace.

1.6. Chemical Kinetics Simulation using Chemkin Code

In the following some simulations are presented using CHEMKIN code to determine the effect of reactor temperature and pressure on the reaction kinetics that occurs during the Claus process. The specific focus is on the sulfur chemistry.  Near 400 chemical reactions were considered. The role of reactor temperature is examined first followed by pressure. The results show good promise for colorless combustion for enhanced sulfur recovery. 

1.61 Effect of Reactor Temperature
In this section we provide the effect of increase in the reactor temperature on the mole fractions of the various species and its evolutionary behavior in the reactor. 

Inlet conditions

Stoichiometric inlet conditions between H2S and air are selected and given as:

Inlet conditions (H2S= 29.58%, O2= 14.79%, and N2= 55.62%)

Flow velocity= 1 cm/s 

For one Kmol of the reactants, on a mass basis, this provides:

10.057 Kg.H2S (9.465 Kg. Sulfur, 0.5916 Kg. Hydrogen), 4.732 Kg. Oxygen, 

and 15.573 Kg. Nitrogen. Therefore the total mass of the reactants = 30.362 Kg

Figure 12 shows the variations in SO2 mole fraction versus time at different reactor temperatures in the range of 1300 to 1800K. The effect of increase in the reactor temperature on the evolutionary behavior of SO2 mole fraction shows an increase in the reaction rate. At high temperatures one can reach the asymptotic behavior faster than at lower reactor temperatures, which is unfavorable for S2 conversion since there must be some H2S remaining to participate reaction with the SO2. In contrast, the detailed view close at the reactor entrance indicates that the reaction can reach 90% of the asymptotic value close to a time of 0.25mS. But, the higher temperatures do not always give the higher molecular weight sulfur since SO2 has to react with H2S to form S2.  The amount of SO2 must be related to the presence of H2S, otherwise sulfur dioxide will not react to form molecular sulfur. 

Figure 13 shows the variations of H2S mole fraction versus time at different reactor temperatures. The effect of changing the reactor temperature on hydrogen sulfide mole shows that increasing the temperature decreases the H2S mole fraction. The results show that an increase in reactor temperature results in higher reaction rate. But, the production of S2 depends on the reaction between H2S and SO2. 

Figure 14 shows the effect of reactor temperature on variations of S2 mole fraction at different distances or residence times in the reactor. An increase in reactor temperature increases the amount of molecular sulfur at temperatures close to 1600K followed by gradual decrease, as shown in the right figure of Figure 14. This suggests that the optimum temperature is between 1500K and 1600K. The equilibrium values provided are close to 1500K but the detailed calculations suggest 1600K. This will be further examined in our next quarter efforts.  The value of the calculations appears to be 1587K. The mass of the molecular sulfur obtained at this optimum temperature, according to its mole fraction, is 7.032 Kg sulfur. The S2 mole fraction increases to a peak value, and then it decreases, which is due to the weak ratio of SO2 and H2S.  

Figure 15 shows the behavior of some of the major chemical species with time. The mole fraction of H2S and O2 decreases with time, since the components are inter-related. However, SO2 mole fraction increases due to the reaction between O2 and H2S. Moreover, S2 mole fraction increases due to the reaction between SO2 and H2S. Also, one can see close a relation between SO2 and S2 mole fraction formation, since SO2 is responsible for the molecular sulfur formation.

1.62 Effect of Reactor Pressure

The effect of reactor pressure (from 1 to 5 bars) was examined to determine its role on the sulfur chemistry. The reactor temperature was held here at 1600K. Figure 17 shows the variations of S2 mole fraction versus time at different reactor pressures. The results show that an increase in the reactor pressure decreases the S2 sulfur mole fraction. This is because of a decrease in the dissociation rate of the hydrogen sulfide with an increase in pressure.
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Figure 12. Effect of reactor temperature on SO2 mole fraction.

[image: image272.png]


[image: image273.png]S2 Mole fraction

= o

o o

®© )
\H‘HH‘HH‘HH

0.07

All the runs at T=1587K

1.5
Distance (cm)

o]l
o





[image: image138]

 SHAPE  \* MERGEFORMAT 
[image: image139]
Figure 13. Effect of reactor temperature on H2S mole fraction.
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Figure 14. Effect of reactor temperature on S2 mole fraction.
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Figure 15. Evolutionary behavior of some of the major species behavior with time.


[image: image143]
Figure 16. Effect of reactor pressure on S2 mole fraction.

4.
Difficulties Encountered/Overcome

None.

5.
Deliverables for the Next Quarter

In the follow-up of this work, we propose to further explore the flame and flameless combustion in the Claus furnace using the CFD code Fluent. Inclusion of more detailed chemistry through the use of the EDC model for turbulence/chemistry interaction, and some other modeling parameters for flameless combustion that have lately appeared in the literature will be used in the next part of this work toward our master thesis.

The kinetics results have shown that although the initial chemical reaction is relatively fast (of the order of few milli-seconds), the time to complete the overall reaction is relatively long (of the order of several seconds).  This then means that equilibrium is reached in a relatively long time. The practical implication of this is long residence in the reactor. We will explore several strategies to identify critical reactions involved that are rate limiting or very fast using Chemkin code in order to enhance our understanding of the process with the detailed chemistry. The goal here is to determine the various mechanistic pathways associated with the fast chemical reactions versus the slow chemical reactions.  Based on these calculations, the preliminary test matrix as well as the design parameters for the experimental facility will be developed. 

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 DHr= -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 DHr= -518 kJ/mol, and 2H2S + SO2 = 3/2 S2 + 2H2O, with DHr= +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.

Two-Year Schedule

Year 1: (Performing institution) 

· Perform detailed literature review and document in a report to the PI (conducted by PI and UMD). 

· Perform numerical simulation of the flow and thermal behavior using Fluent code (PI). 

· Incorporate sulfur chemistry into the code for capturing the fate of sulfur in the process (UMD). 

· Provide preliminary simulations on the chemistry and mechanistic pathways for sulfur and other key transformation and pathways that are considered critical for sulfur recovery (UMD). 

· Provide preliminary design considerations for the flameless oxidation and normal flame conditions, and recommend how the conditions can be used to simulate exothermic and endothermic behavior (PI and UMD). 

Year 2: 

· Perform detailed simulations using the Fluent (PI) and Chemkin (UMD) computer codes with special emphasis on the role of uniform and controlled thermal fields in the reactor on sulfur recovery. 

· Assemble a flameless oxidation furnace reactor that can also operate in the normal combustion mode (PI and UMD). 

· Conduct experiments using flameless and flame combustion over a range of dynamic conditions determined in the numerical study (UMD). 

· Provide a preliminary design of the reactor for enhanced sulfur recovery. Determine the extent of sulfur recovery from different concentrations in the gas stream (PI and UMD).
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	Development and Delivery of Course Material for Engineering Project Management Courses

UMD Investigators:  Ali Haghani & John Cable

GRA’s: None

PI Investigator(s): None

Start Date: October 2006

Report Date: 30 September 2007


1.
Objective

Develop and deliver course material for an Engineering Project Management program at PI, develop and deliver a short course for GASCO, and perform a feasibility study of establishing a graduate program in Engineering Project Management at PI. 

2.
Deliverables

Draft survey for use in collecting market feedback on establishing a graduate project management program at PI.

3.
Summary

UMD/PM delivered a draft survey to PI 24 July 2007. PI requested two additional undergraduate courses from the Project Management Program to be delivered next spring; ENCE 422 Project Cost Accounting & Economics + ENCE423 Project Planning, Scheduling & Control.

4.
Difficulties Encountered/Overcome

None

5.
Deliverables for the Next Quarter

We will be working on preparing the course material for the two requested courses listed above.


Appendix



Justification and Background

PI’s need to develop a graduate program in Engineering Project Management. 



Approach

The material for all of these courses will be derived from the course material for the engineering project management courses at the University of Maryland, supplemented by additional material developed by the CEE faculty as needed.  After delivery of the material, the feasibility study will entail visiting PI, interviewing the PI faculty who are interested in the program, and assessing the facilities and human resources needs.


Two-Year Schedule

· Develop and deliver a one-week short course in project management for GASCO: January 2007 – delivered in Abu Dhabi in January.

· Develop and deliver materials for a semester-ling course in project management: September 2007 – hand delivered in Abu Dhabi in January 2007 (7 months early)

· Develop and deliver course materials for design and construction contract law course. – delivered slides only for ENCE 421 in January with the rest due in September 2007. Delivered balance of materials in June 2007. (3 months early)

· Develop and deliver materials for two additional semester-long courses in project management at PI: The third and fourth courses have just recently been selected and will be delivered in early 2008.


Key References

N/A
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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

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

· Finalize fabrication protocol for high-power density cells with thin electrolytes and metal-doped CeO2 anodes.

· Complete preliminary UMD studies comparing operation of SOFC’s with syngas and with humidified and dry hydrocarbons (no larger than n-C4H10).

· Complete purchase and acquisition of supplies and equipment for PI SOFC test facility and begin assembly of test rig.

Task 2: Numerical modeling for design of SOFC architectures 

· Complete development of hydrocarbon electrochemical models (CeO2 and Ni) and study optimal anode architectures for hydrocarbons with 1-D through-the-MEA models. 

· Develop a down-the-channel model at UMD and begin study of SOFC operation with high fuel utilization and various inlet fuel compositions.

Task 3: System level analysis of integrated SOFC plants  

· Begin development of SOFC and balance of plant models in Aspen or Hisys at PI.  

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

· No activities are planned for this task until after some of the above accomplishments are achieved in Fall 2007. 

3.
Summary

During the past quarter, the UMD/PI team has moved toward achieving the key milestones for Tasks 1 and 2.  Some unforeseen challenges in the SOFC fabrication have resulted in some delays in achieving all objectives in Task 1, but the progress in this past quarter as discussed below indicates that the delayed milestones should be reached in the final quarter of this year.  Prof. Almansoori visited UMD during this quarter for multiple days and a plan was discussed for the PI to begin moving forward on Task 3 as discussed below. Finally the PI and UMD teams worked together to develop a more detailed test plan for the PI’s portion of Task 1 to guide the final procurement of test equipment for the PI SOFC test facility.

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

UMD has continued to refine the protocol for developing high-power density cells.  During the past quarter, Paul Jawlik has developed multiple methods for producing anode-supported membrane electrode assemblies with very thin electrolytes (10-15 µm thick).  These protocols, as discussed below, have been used to make SOFC’s up to 3 cm in diameter, and some SOFC’s with approximately 4 cm2 active area have been tested for H2 and syngas mixtures that may be derived from light hydrocarbons.  The protocol for fabrication is summarized here by discussing the major components.  To date all anode-supported cells fabricated and tested have used Ni as the catalyst, and although significant progress has been made on making anode supports with Cu/CeO2 anode catalysts, some further progress is needed as discussed below.

Protocols for Fabrication of Thin Electrolyte Solid Oxide Fuel Cells:  

Ni/YSZ Porous Anode Supports with Thin Electrolytes:

The Ni/YSZ porous anode and dense YSZ thin electrolyte have been fabricated using ceramic tapes purchased from Electroscience, King of Prussia, PA.  Three Ni/YSZ anode tapes (each being a 180 µm thick porous composite of NiO and YSZ) are pressed together with a 15 µm thick electrolyte tape of dense YSZ.  The cold-press lasts for 20 minutes at room temperature and 10 metric tons of pressure for a 3 cm diameter cell.  Best adhesion between electrolyte and anode support was achieved when the electrolyte tape is pressed concurrently with the Ni-YSZ tapes.  The anode-electrolyte structure is then heated in air over a well-defined schedule (lasting 1.5 days) to 1450ºC and held there for 3 hours before slowly cooling to room temperature (over a 1.0 day period).

Cu/CeO2/YSZ Anode Supports with Thin Electrolytes

The Cu/CeO2/YSZ anodes are fabricated by first mixing 35% wt. graphite pore former with 65% wt. YSZ powder.  The powder is suspended in ethanol and ball milled for a minimum of 24 hours.  Afterwards, the suspension is dried and passed through a 90 µm sieve in order to remove particle agglomerates.  The powder is then pressed for 20 minutes at 10 tons to form a disk approximately 3.0 cm in diameter and 1 mm thick.  After the powder is pressed, in some cases, a higher density interlayer with only 20% wt graphite pore formers with YSZ are drop-coated onto one side of the anode support in order to form a denser more active electrocatalyst region for the anode and to improve adhesion between the anode and the dense electrolyte.  An SEM image of an anode / interlayer / electrolyte cross-section is shown in Figure 1   After pressing, the anode discs (with or without interlayters) are heated to 800 ºC to burn out the graphite pore former, creating a porous YSZ matrix with porosities of 50% or more.

For the thin electrolyte, YSZ, polyvinyl butyral (PVB), and polyethylene glycol 600 (PEG 600) are mixed in iso-propanol and sonicated for 20 minutes to half an hour.  The appropriate volume of the YSZ suspension is then drop-coated (similar to another reference [1]) onto the surface of the porous YSZ anode supports and allowed to dry in air.  The porous anode – dense electrolyte structure is then heated to 1450 ºC in a similar manner as discussed above in the Ni/YSZ to densify the electrolyte as well as the porous anode structure.

Impregnation to the anode support of the active CeO2 and the conductive Cu occurs after the cathode sintering discussed below.  This is necessary as the temperatures required for cathode sintering exceed the melting point of copper and also have been shown to reduce the catalytic activity of CeO2.  

Cerium (III) nitrate hexa-hydrate is mixed with water and methanol and sonicated for 20 minutes.  The porous anode matrix is impregnated with the solution until saturated.  The cell is then heated to 500 ºC to remove the nitrates (leaving behind cupric oxide) followed by further impregnation with the cerium solution.  This process is repeated several times in order to get the requisite amount of ceria into the cell.  A solution of cupric nitrate is generated and added to the cell in an analogous manner.  Again, it is required to heat the cell up to 500 ºC several times in order to remove the nitrate elements and create room for additional solution.    
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Figure 1 – An SEM cross-sectional view of the interfaces between the YSZ anode support, the anode interlayer, and the dense YSZ electrolyte

LSM/YSZ Composite Cathode:
For both types of anode supports, LSM-YSZ composite cathodes were implemented.  LSM-YSZ paste purchased from Fuel Cell Materials has been used for the cathode.  For safety purposes the MEA structure must be sealed around the anode to avoid leakage of fuel into the furnace in which the cell is tested.  To assist in sealing around the porous anode support, cathodes are made smaller and thereby determine the effective active area of the entire MEA.  For the cathode fabrication, Kapton tape (30 µm thick) with a 1.3 cm diameter hole is used as a mask for applying the cathode on the center of the exposed electrolyte plane.  The LSM-YSZ paste is spread evenly over the mask.  The paste is heat dried and the mask removed.  The cathode remaining behind is approximately 30 µm thick.  The cell is then heated in a controlled manner to 1300 ºC over a 1.5 day period.  Heating schedules will be provided to the PI as needed for any cell fabrication that may occur there.

Current Collection and Miscellaneous Preparation:

A gold wire is spot-welded to a gold mesh.  The mesh is attached to the anode with gold paste.  For the cathode side, a platinum wire is spot welded to a platinum mesh and attached to the electrode with platinum paste.  The cell is then attached to an alumina tube of similar diameter using a ceramic paste.  The tube assembly is placed inside a furnace and heated to 800ºC.  The anode side of the cell is then exposed to hydrogen for several hours to reduce either the cupric oxide to copper for the Cu/CeO2 anodes or the NiO to nickel for the Ni anodes.  

These fabrication techniques are adaptations and modifications of techniques identified in the literature, and the development of a reliable fabrication protocol for both types of cells has been significantly more challenging than expected.  However, these protocols are now producing reliable structures with the lone exception that the Cu/CeO2 impregnation has not been optimized. Paul Jawlik is currently working to finalize this protocol, which will be shared with the PI upon completion.

Testing of the Anode-Supported Thin Electrolyte Cells        

Because of the outstanding issues with the Cu/CeO2 impregnation, tests of these cells both with syngas and direct hydrocarbon feeds have not yet begun.  Although tests on sputter-deposited CeO2 anodes have been ongoing at UMD, these cells are for kinetic model development and do-not provide high current density performance as desired on this program.  Thus, testing to date has focused on the Ni/YSZ anode-supported cells.

The Ni/YSZ anode-supported, thin-electrolyte cells have been tested for a range of conditions primarily with H2 (dry and humidified) and with syngas mixtures.  Because of experiences with significant carbon deposition using porous Ni/YSZ anodes as reported in the previous quarterly report for electrolyte-supported cells, no tests with hydrocarbon anode feeds were performed with these cells.  However, it is desired from an overall system standpoint to compare the effectiveness of using such Ni/YSZ anodes in conjunction with an external steam reformer of the potential hydrocarbon feeds with the effectiveness of feeding the light hydrocarbons directly to a Cu/CeO2/YSZ anode that would allow for internal reforming of oxidation within the SOFC itself.  Thus, the testing of the Ni/YSZ cells on a variety of syngas feeds will be useful to provide a benchmark for assessing the effect of direct hydrocarbon feeds into the ceria-based anodes.

To date the Ni/YSZ anode-supported, thin-electrolyte cells that have been tested have had the following MEA architecture:

· Anode – 500 μm thick Ni/YSZ cermet with porosity ~ 40-50% (no interlayer at the electrolyte interface)

· Electrolyte – 15 μm thick dense YSZ electrolyte

· Cathode – 30 μm thick LSM/YSZ composite (uncertain porosity to date and without interlayer at the electrolyte interface)

· Anode current collector – 325 mesh gold mesh with porous gold paste to attach on outer surface of anode

· Cathode current collector – 325 mesh platinum mesh with porous platinum past to attach on outer surface of the cathode.

Figure 1 shows an example of data obtained from these tests and indicates that performance is still not as high as expected even for relatively high H2 partial pressures (0.67 bars).  The UMD team has set a desired performance of close to 0.5 W/cm2 at 800 °C for syngas and H2, and the current anode-supported electrolyte cells are producing currents that are off in power densities by over a factor of 3 at the set temperature.  Analyses of the cell performance, impedance data (not shown), and post-mortem material analysis suggest that the current collectors are not maintaining good contact over the entire area of the cell, causing the effective area of the cell to be reduced and thereby giving the low current and power densities.  Some alternative current collectors using silver mesh and pastes are being considered for follow-on studies.  In addition, the effectiveness of higher density Ni/YSZ interlayers is being considered.  Such interlayers have been fabricated with thin electrolytes with the intent that they may reduce activation overpotentials in the anode and thereby provide higher power densities. But as of yet, MEA architectures with these anode/electrolyte interlayers have not been tested.
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Figure 2 – I*Rbulk corrected voltage and associated power density vs. current density curves for anode-supported thin-electrolyte cells running at a range of temperature on 67% H2 on the anode side and dry air on the cathode side, both at 1.0 bar.

Preparations for Testing Facility at the PI

While the participants at the PI continued to work on procuring hardware for a test facility, UMD worked with them to further develop and detail the experimental test plan.  The PI and UMD collaborators proceeded to develop a more detailed test plan with specific flow rates and operating conditions for the various light hydrocarbon and syngas conditions to be tested.  It was important, in developing the test plan for the button cells, that a range of simulated fuel conversions be performed in order to facilitate model validation for down-the-channel conditions where a significant fraction of the fuel stream has been converted to CO2 and H2O.  The proposed test plan is detailed in Appendix A and is the working document going forward for the testing program for the remainder of the program.

Task 2: Numerical modeling for design of SOFC architectures 

The model development has continued at UMD with improved electrochemical models being incorporated into the through-the-MEA 1-D models.  The chemical mechanism part of the model includes adaptation/modification of a methane-oxidation model for Ni-based anodes published in 2006 [2]. The UMD team has combined this Ni surface mechanism with some fitted kinetic models of H2 and CO charge transfer reactions at the SOFC three-phase boundary.   These charge transfer reactions were derived from fitting patterned anode studies of both H2 [3] and more recently of CO, to be published in a Ph.D. dissertation by UMD student Bahman Habibzadeh this fall.   The kinetic model improvements are currently being extended to higher hydrocarbons by exploring models for rapid surface-catalyzed oxidative decomposition of butane into C1 surface species, which are in the existing kinetic model for Ni [2].  The model for CeO2 based chemistry is still under development with a synergistic program funded by the U.S. Office of Naval Research.

Continued efforts have been ongoing to look at the effects of anode microstructure on activation and so-called transport overpotentials to determine optimal structures for high-power densities with anode-supported structures.  The transport models in the porous-media anode rely on the dusty-gas model adaptation of the Stefan-Maxwell transport equations.  This is coupled to the anode surface chemistry models and bulk-phase ionic transport models in the electrolyte, which are described in a paper to be published by our group [4] and to be presented this October at the semi-annual Electrochemical Society Meeting.  This paper will be provided to the PI upon completion later this month.  Figure 3 shows a comparison of our latest model versions with experimental data from Zhao & Virkar [5], which explored different anode microstructures with humidified H2 as the anode fuel.  This baseline data was used to validate model parameters for the Ni/YSZ anode microstructure as well as the LSM/YSZ composite cathode, and the YSZ electrolyte.  Because our MEA fabrication techniques follow to some extent the methods used in Zhao & Virkar, the optimization of the various electrolyte and electrocatalyst parameters to fit this data provides a basis for analyzing our cells when they achieve the desired performance. 
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Figure 3 -- Polarization and power density curves at 800 °C for co-varying anode support porosity (Phi), anode support tortuosity, and thickness of electrochemically active region near the electrolyte (du).  Symbols represent experimental data from Zhao & Virkar [4], while solid lines represent simulation results.  Filled symbols are for polarization curves, while empty symbols are for power density curves.

The model has been used to explore the expected performance of the Ni/YSZ anode-supported SOFC’s with syngas feeds consistent with light-hydrocarbon steam reformer effluents.  The syngas feeds were determined from equilibrium calculations for a reformer feed of a hydrocarbon with an H: C ratio of 2.2 and with a steam to carbon ratio of 2.5.  The reformer outlet at 700 °C  gives a syngas feed with approximately 50% H2, 12% CO, 28% H2O and 10% CO2 (all mole percentages).  This feed was tested with the Ni/YSZ anode model, which included the detailed surface and electrochemistry models discussed above and the transport model with the fitted physical parameters at a porosity of 45%, a tortuosity of 2.9, and an anode support thickness of 500 and 1000 µm.    In order to explore how H2 and CO conversion would impact cell current densities, the model was run for a range of current densities assuming conversions equivalent to 33%, 60%, and 84%, which would represent different locations in a down-the-channel 2-D model that is currently being developed by the UMD team.

Figure 4 shows voltage and power density vs. current density plots for the range of conversions as discussed in the occasion.  These cases are for a relatively thick Ni/YSZ anode support of 1000 µm with a porosity of 45% and a tortuosity of 2.9.  The electrochemically active region was only 10 µm.   The thicker anode support would be indicative of a larger SOFC where more structural integrity might be necessary.  The results indicate that up to the 60% conversion, power densities at a fixed voltages in typical SOFC operating regimes (0.65 – 0.5 V) only drop by 30%.  However, at the 84% conversion, power density drops off dramatically, particularly at the lower voltages, because of the low concentration of reactants and the associated increases in both transport and activation overpotentials.  Results from the 1-D model provide a basis for assessing how much conversion can be tolerated for a constant voltage cell operation before significant penalties would be incurred at the downstream end of the cell.  These results will be borne out further in the next quarter with the testing of the 2-D down-the-channel model.
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Figure 4 – Simulation results of a through-the-MEA model of a Ni/YSZ anode-supported cell with a 1000 µm thick anode support, a 10 µm thick YSZ electrolyte, and a 50 µm thick LSM/YSZ cathode.  Operating conditions are 800 °C and for a range of syngas feeds at different H2 + CO conversion as discussed in the text.

Task 3: System level analysis of integrated SOFC plants  

The UMD team and Prof. Almansoori from the PI met at UMD and spent some time discussing system level model development to look at the SOFC models within the context of an entire plant that can include oil-well off-gas extraction, optional light-gas steam reforming, possible CO2 capture, and remaining balance of plant.  This was a follow-on to discussions between Prof. Jackson and Prof. Eveloy at the PI regarding the use of Aspen/Hisys in previous SOFC system-level modeling at the University of Waterloo.  In response to this, UMD has decided for this project and other PI collaboration to purchase the Aspen/Hisys Process Modeling package and to adapt the SOFC models developed at UMD to work as a way to form a look-up table for an SOFC model within that framework.  Look-up tables for syngas operation of Ni/YSZ anode SOFC’s are being developed for a range of conditions using the models described in Task 2.  The Aspen software at UMD should arrive early next month.

4.
Difficulties Encountered/Overcome

The delays in finalizing the fabrication of anode supported cells (Task 1) has delayed achieving all of the objectives in this program, as it has led to a delay not only in achieving the experimental objectives but also in providing the data needed to validate electrochemical and surface chemistry models for the CeO2-based anodes in Task 2.  With one final fabrication issue, achieving reliable impregnation of the anodes with both a conductive metal and the hydrocarbon-tolerant CeO2 catalyst, the fabrication protocol has been successfully identified.  The protocol in this report serves as the record for how some the other issues were overcome.

The other delay/difficulty has been in the development of the down-the-channel SOFC model.  This delay is currently being addressed with the hiring of a new student Siddharth Patel, who has fuel cell modeling experience.  He has rapidly gotten up to speed with the through-the-MEA models developed by our group and is beginning to move quickly toward the adaptation of this model into a down-the-SOFC model, which will be available for the PI to use some time in the upcoming quarter in conjunction with their modeling efforts.

5.
Deliverables for the Next Quarter

In the upcoming quarter, the following 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

· Finalize Cu/CeO2 anode fabrication protocol and begin testing with butane feeds as well as syngas feeds

· Use experimental results to validate models for Cu/CeO2 anode models for Task 2.

Task 2: Numerical modeling for design of SOFC architectures 

· Complete development of hydrocarbon electrochemical models for CeO2 and study optimal anode architectures for hydrocarbons with 1-D through-the-MEA models 

· Finish the down-the-channel model at UMD and pass this along to colleagues at PI to implement in their system level analysis in Task 3.

Task 3: System level analysis of integrated SOFC plants  

· Initiate the development of the steam reformer, carbon capture, and balance of plant models in Aspen or Hisys at PI and UMD.  

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

· Discussion will begin with the PI on how to broaden this effort to include other partners on this project.  To this end, Colorado School of Mines is a possible partner and it is believed that an industrial partner may be considered to look at some of the challenges with exploring a demonstration pilot project depending on the interest of ADNOC.

Appendix A

Experimental Test Plan for Q4-Q8 of EERC Project 

Solid Oxide Fuel Cells for CO2 Capture and Enhanced Oil Recovery

P.I.’s Greg Jackson (UMD), Valerie Eveloy (PI), Ali Almansoori (PI)

Grad Students: Paul Jawlik (UMD), Siddharth Patel (UMD)

Background

The experiments performed at UMD to date are summarized in an earlier section of this report.  Before Q3, few experiments were performed on electrolyte-supported cells.  Most UMD experimental efforts have focused on cell fabrication, including material issues for thin electrolytes.  Humidified hydrogen tests have been performed recently and H2 + CO tests have commenced on Ni/YSZ anodes without a functional layer (Anode 1A).

MEA Architectures for Testing

Anode-supported cells fabricated at UMD will be tested with the following electrolyte, anode and cathode.  

Electrolyte – 10-15 μm thick dense YSZ either formulated from a tape.  Diameter of cells characterized at UMD will be determined by the outer diameter of the UMD anode exhaust tube.  Preparation and sintering will follow the protocol discussed in an earlier section of this report.

Cathode – 30 μm thick LSM/YSZ composite cathodes (50% each with uncertain porosity) from Fuel Cell Materials paste.  For cells tested at UMD, cathode diameter will be determined by the inner diameter of anode exhaust tube.  Cathode fabrication and sintering will follow protocol outlined in an earlier section of this report.  Cathode current collector used at UMD for testing will be silver mesh cut to cathode size and pasted with porous silver on the outer surface of the cathode.  At least in a first phase, PI plans to use cathode of diameters maximum 15 mm and a gold mesh on the cathode side. PI may adopt silver if satisfactory results are obtained at UMD in Q4.

Anodes – Anode structure will be varied in order to test impact of electrocatalyst composition and functional layer microstructure on performance.  For cells tested at UMD, all anode diameters will be set by the outer diameter of the anode exhaust tube.  Anodes tested at UMD will be connected with a silver mesh pasted with a porous silver to the outer surface of the anode support.  At least in a first phase, PI plans to use 1 inch diameter anode supports, and a platinum mesh on the anode side. PI may adopt silver if satisfactory results are obtained at UMD in Q4.

(Anode 1A) ~500 μm thick Ni/YSZ porous anodes (~50% each with porosity of ~50%) fabricated from ceramic tapes from Electroscience (3 stacked 180 μm thick tapes made of porous composite of NiO and YSZ).  Fabrication of these cells will follow the protocol in an earlier section of this report.

(Anode 1B) Same as Anode 1A but with additional 20 μm thick Ni/YSZ functional layer next to the electrolyte and with reduced porosity (25%).  This layer will be fabricated by drop-coating NiO/YSZ solutions and carbon-based pore formers
(Anode 2A) ~500 μm thick Cu/CeO2/YSZ anodes with weight % to be determined in Quarter #4.  

(Anode 2B)  Same as Anode 2A but with 20 μm thick Cu/CeO2/YSZ functional layer next to electrolyte and with reduced porosity.

(Anode 3A) ~500 μm thick Au/CeO2/YSZ anodes with weight percents to be determined and reported in Quarter #4.  This anode fabrication will largely follow that of Anode 2A.

Operational Conditions for Testing

Cathode flow composition and rates – All cells will be tested with air flowing on the cathode side at atmospheric pressure and flow rates of at least 150 ccm per cm2 of cathode.  The cathode flows do not need to be sealed, but UMD found that for their test fixture design and airflow rates, air should be blown at the cathodes with a feed tube placed on the order of 1-2 cm’s away from the cathode outer surface.  However, this guideline may not apply to other fixture designs and airflow rates.  Cathodic airflow rates may be increased to partly overcome transport limitations and potential sealing issues.  

Anode fuels and flow rates – Anode flow rates will depend on fuel composition.  Anode flows will be at atmospheric pressure and flow rates of fuels for 0% conversion will be based on these guidelines: 



H2 + CO at any composition:

total 70 sccm per cm2 of cathode



CH4: 




35 sccm per cm2 of cathode 



C3H8 



 
14 sccm per cm2 of cathode



C4H10 




10 sccm per cm2 of cathode  


Specific compositions of anode flows will include diluent, steam, and/or CO2 addition to the fuel stream.  The latter two product species will be used to simulate various locations along an SOFC channel where a certain fraction of the original fuel will be assumed to be converted to H2O and CO2.  The button cells will be tested at different degrees of inlet composition conversion (0%, 25%, 50% and 75%).  The test compositions will be determined by assuming equal fractions of conversion of C to CO2 and 2*H to H2O.  The table below gives examples of molar ratios for C3H8, H2O, and CO2 for different conversion ratios for tests with C3H8 / steam inlets.  Similar tables can be made for dry C3H8, humidified and dry C4H10, H2, and H2+CO fuel feeds. 

Table 1 – C3H8-based fuel feed compositions.  Varying H2O and CO2 concentrations are used to simulate the impact of different degrees of fuel conversion at different fuel channel locations.

	Steam to Carbon Ratio
	C3H8 Conversion
	Anode Flow Molar Composition (relative to inlet moles of C3H8 flow at 0% conversion)

	
	
	C3H8
	H2O
	CO2

	1.5
	0%
	1.00
	4.50
	0.00

	1.5
	25%
	0.75
	5.50
	0.75

	1.5
	50%
	0.50
	6.50
	1.50

	1.5
	75%
	0.25
	7.50
	1.50

	2.0
	0%
	1.00
	6.00
	0.00

	2.0
	25%
	0.75
	7.00
	0.75

	2.0
	50%
	0.50
	8.00
	1.50

	2.0
	75%
	0.25
	9.00
	1.50


Temperature – Cell temperature will typically range from 700 to 850°C, and possibly 900°C (depending on cell stability) in 50 °C increments.

Electrochemical Characterization – The electrochemical testing will rely on full cell voltammetry (linear-sweep) with fuel cell voltages remaining between open circuit voltages and approximately 700-800 mV overpotential.  Along with that, impedance spectroscopy should be performed at all temperatures and flow conditions at overpotentials of 0.0, V 0.1 V, and 0.3 V.

Exhaust composition measurements – UMD will employ their magnetic sector mass spectrometer to test for exhaust compositions with any carbon-containing fuel streams.  These tests will be used to assess hydrocarbon pyrolysis as well as C to H oxidation ratios for the various C-containing fuel streams.  

Schedule for Testing – The following is a proposed start to the testing schedule.  The anode flow compositions for different fuel and conversions will be determined based on the scheme discussed above in the anode flow composition.  This table is not finalized and will be adjusted as the testing program progressesI.  However, it does serve as a guide and current objectives for the program.

Table 2 – Proposed testing schedule envisaged by UMD for SOFC button cells.

	Test #
	Dates
	Anode
	Anode Flow Compositions
	Temps.

	
	Year 
	Months
	
	
	

	UMD-1
	‘07
	08-10
	1A
	H2 and H2+CO at 0-75% conversion
	700-850°C

	UMD-2
	‘07
	10-11
	1B
	H2 and H2+CO at 0-75% conversion
	700-850 C

	PI-1
	
	
	1A or 1B
	H2 and H2+CO at 0 & 50% conversion
	700-850°C

	UMD-3
	’07-‘08
	11/07-1/08
	1A or 1B
	C4H10 with S/C ratios of 2.0 and 1.0 at 0-75% conversion
	700, 800, 900°C

	PI-2
	
	
	1A or 1B
	CH4 with S/C ratios of 2.0 and 1.0 at 0-75% conversion
	800, 900°C

	PI-3
	
	
	1A or 1B
	C3H8 with S/C ratios of 2.0 and 1.0 at 0-75% conversion
	700, 800, 900°C

	UMD-4
	’07-‘08
	12/07-02/08
	2A
	H2 and H2+CO at 0-75% conversion
	700-850°C

	UMD-5
	 ‘08
	03/08-05/08
	2B
	H2+CO at 0-75% conversion
	700-850°C

	UMD-6
	 ‘08
	05/08-07/08
	2A or 2B
	CH4 with S/C ratios of 1.0 and 0.0 at 0-75% conversion
	800, 900°C

	UMD-7
	 ‘08
	06/08-08/08
	2A or 2B
	C4H10 with S/C ratios of 1.0 and 0.0 at 0-75% conversion
	700, 800, 900°C

	PI-4
	
	
	2A or 2B
	CH4 with S/C ratios of 1.0 and 0.0 at 0-75% conversion
	800, 900°C

	PI-5
	
	
	2A or 2B
	C3H8 with S/C ratios of 1.0 and 0.0 at 0-75% conversion
	700-850°C


Appendix B



Justification and Background

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.

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 sequestration1. While SOFC architectures/membrane electrode assemblies (MEA’s) have been developed for operating with small-molecule fuels (H2, CO, and CH4)2, challenges remain in the development of SOFC assemblies for higher hydrocarbon fuels, although recent progress in SOFC design and materials has indicated the feasibility of such systems3,4 . The UMD team has been evaluating SOFC anodes5 for small hydrocarbon fuels, and recent unpublished work on alternative ceria-based anodes shows promise for stable operation with hydrocarbons.



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.    

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.  The Petroleum Institute will seek to implement some of the multi-physics modeling capabilities/predictions of the UMD codes into commercial codes that provide for simulation of 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 production1 will be put within the context of petroleum production with system level modeling tools developed at UMD (in Matlab) and at PI (in selected commercial software).  These tools will be used to explore overall balance of the plant, adequacy of fuel supplies, and power requirements for CO2 capture. 

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.


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.
· Input Matlab models into Fluent simulations at PI.
· Establish system level models at both institutions. 

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. 

Identify preferred system configurations for overall balance of plant.
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1.
Objective

This study involves developing and applying an engineering-based 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 the PhD student, 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. Building the experimental set-up depends on the availability of funding from the Petroleum Institute.  GRA-1 (Mr. Mohamed Chookah) is working on the first project and GRA-2 (Mr. Mohamed Nefatni) will 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 objective of this study is to propose and validate a probabilistic 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 should 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 two of the most important mechanisms: corrosion/crack growth and corrosion/fatigue/crack growth.

2.
Deliverables

Same as previous quarter.


3.
Summary

1. Professor Wei was approached to act as a consultant for the establishment of the corrosion-fatigue laboratory in the PI.  He has also been invited to serve as a PhD committee member for Mr. Chookah.  Dr. Wei is Paul B. Reinhold Professor of Mechanics and served as Chairman of the Department of Mechanical Engineering and Mechanics from 1990 to 1996. He received his B.S.E., M.S.E. and Ph.D. degrees in Mechanical Engineering from Princeton University in 1953, 1954 and 1960, respectively.  He served as Instructor in Mechanical Engineering at Princeton University from 1954 to 1956. From 1959 to 1966, Dr. Wei was affiliated with the Applied Research Laboratory of the United States Steel Corporation, where he studied the mechanics and metallurgical aspects of fracture and subcritical crack growth in ultrahigh strength steels. He also provided consultation on fracture testing and failure analysis. He joined the Lehigh University Faculty in 1966, and is also affi​liated with its Institute of Fracture and Solid Mechanics and Zettlemoyer Center for Surface Studies. He served as Acting Chairman of the Department of Mechanical Engineering and Mechanics during the 1983‑84 academic year, and as Chairman from 1990 to 1996.

His principal research activities involve the development of fundamental understanding of the mechanical, metallurgical and chemical aspects of environmentally assisted crack growth in aluminum, titanium, ferrous and nickel-based alloys, and the application of this understanding to failure analysis and prevention, and life prediction. He has served, and is serving, as Principal Investigator of a number of government and industry sponsored interdisciplinary research programs in this area. He has been active also as consultant on fracture mechanics based materials research and on failure analysis to a number of industrial and governmental organizations. He has published extensively in this area and has received a number of honors and awards for his research, including the Alexander von Humboldt Foundation Award for US Senior Scientists.

2. We are gathering information on the foundation of corrosion and corrosion fatigue.  The references consulted to accomplish this task have been highlighted in the key references section.


       Since Wei’s superposition model describing the “mechanistically-based probabilistic model of corrosion fatigue” is one of the most appropriate models in petroleum applications, most of our work was focused on understanding and summarizing different articles related to different types of corrosion. Specific areas incude:

1.   Physics of failure-based approach and application of probabilistic model to different types of corrosion. [1,2,3,4]

2. Particle-induced pitting and its transition to fatigue crack growth. [5,6,7]

3. Wei’s papers on “Environmental consideration for fatigue cracking” with different chemical modeling on fatigue crack response. [7]

4. Selected prognostic technologies and how we might them to suite our specific degradation problem of physics of failures. [8]

The following is a summary of our adapted models.


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,               
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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,
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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: image157.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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 and Δσ is the far field stress range, and β is 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]:
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with a cycle–dependent rate and a time–dependent rate. Within each of these rates, the mechanical (deformation) and environmental contributions as being from independent parallel processes are treated.

The corrosion fatigue model becomes
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From the solution of this equation, we can estimate the N as follows,


[image: image162.wmf]





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


[image: image165.wmf]
3. We also found appropriate generic data (from the related papers) to build and run the computer routine Matlab for corrosion fatigue according to Wei’s superposition model.  The following flowchart details the steps in locating the required variables:
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Table 1.  Deterministic parameters for X70 steel used in life estimation [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  and  10 Hz

	Applied stress range                                           Δσ = 100, 200, 300, 400, and 500 Mpa

	Temperature                                                       T = 273, 293, and 313 K

	Final crack size                                                    af = 25 mm

Initial crack size                                                   ao = 0 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.  Random variable distribution (Weibull) for X70 steel used in life estimation [1]

	Random Variable                         α (shape factor)       β(scale factor)                        γ

	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


Ipo Exponential Distribution 

[image: image167.emf]
The above curve was fitted exponentially using data of pitting corrosion of carbon steel given in the literature. [14]

4. We developed simple empirical parametric models estimated from curve fitting of data obtained from the computer simulation, as shown below.
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Following are the proposed empirical models for the fitted data:
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           αNβ       for     0 ≤ a ≤ at
a =



           γeδN       for    at ≤ a ≤ af

where at is the transition crack size.

5. Recently the PI approved $103K for procuring the corrosion-fatigue equipment for the proposed fatigue-corrosion lab at PI.

6. A space for the corrosion-fatigue lab has been designated in the new “Takreer Technology Center” building (within PI’s new campus) scheduled to be completed at end of 2008. 

4.
Difficulties Encountered/Overcome

1.  The development of the empirical model was quite challenging mathematically 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. 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.  

5.
Deliverables for the Next Quarter

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

2. Estimation of the distribution of the parameters of the proposed parametric models. 

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

4. Uncertainty analysis to characterize limitation of data.

5. Involvement the new student, Mr. Nefatni, for laboratory development (teach him our approach, and theory of corrosion and corrosion fatigue);

6. Acquisition of the lab equipment for PI.

7. Mr. Nefatni, who is set to move over to the PI starting January 2008 to look after the establishment of the lab as well as the related activities of the research.


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 [15], which is the most widely accepted method for the assessment of corroded pipelines [16].  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. Nefatni 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.


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 – 12/31/2007)

7. Application example (11/1/2007 – 2/15/2008)

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 (6/1/2007 - 12/31/2007).

2. Test planning (1/1/2008 – 1/31/2008).  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 (1/1/2008 - 8/31/2008)

4. Examples of model applications (9/1/2008 – 12/31/2008)

5. Conference and archival paper development (Dates of delivery depend on availability of results).
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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. One of the possibilities would be the design of a waste heat powered absorption refrigeration unit (ARU), which could be used in a chemical processing plant instead of conventional vapor-compression refrigeration systems. Figure 1 shows the schematics of the propane refrigeration system at the NGL recovery plant and the potential integration of the ARU into the process.
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Figure 1: Schematic of: (a) the propane refrigeration system at the LNG recovery plant and (b) potential integration of the ARU into the process

2.
Deliverables

Model thermal systems that serve as waste heat sources and/or users
1. Modeling of propane chillers

2. Modeling of the gas turbine at different ambient and part load conditions.

3. Modeling of a double-effect ammonia water absorption refrigeration unit (ARU).

3.
Summary 

The propane chillers, the gas turbine, and a single-stage ammonia-water absorption refrigeration unit (ARU) were modeled to analyze the potential application of a waste heat powered ARU instead of conventional propane refrigeration. The engineering equation solver (EES) software was used for modeling.

3.2 Propane Chiller Models

The propane chillers were modeled to determine their cooling capacity. Figure 2 shows components of a vapor-compression refrigeration system and the presentation of the cycle in the T-s diagram.
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Figure 2: Components of a vapor-compression refrigeration system and T-s diagram of the cycle

The following assumptions were made for the chiller models:

· No pressure drops through the evaporator, condenser, and connecting piping

· Negligible kinetic and potential energy

· Constant refrigerant flow rate

· Saturated vapor at the compressor inlet

· Saturated liquid at the condenser exit

· Compressor power input 1 MW

· Isentropic compressor efficiency 60%

· Heat rejection temperature at the condenser exit 50°C

· Saturated vapor temperature at the evaporator outlet 18°C and -42°C for 1st and 2nd chiller, respectively

Figure 3 shows p-h diagrams and state points for the 1st and 2nd chiller, respectively. All major results for the chillers are summarized in Table .

	1st Chiller
	2nd Chiller
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Figure 3: p-h diagram of the 1st chiller and 2nd chiller

Table 1: Major results of the propane chiller models

	
	1st Chiller
	2nd Chiller

	Propane flow rate
	16.89 kg/s
	4.47 kg/s

	Cooling capacity
	4,329 kW @ 18 °C
	842 kW @ -42 °C

	COP
	4.329
	0.8474


3.1 Gas Turbine Model

A 9 MWe single-shaft gas turbine was modeled to determine the amount of waste heat and the exhaust mass flow rate under different ambient and part load conditions, which affect the performance of the gas turbine. The irreversible (real) air-standard analysis was used to study the gas turbine. Two assumptions were made: (1) the working fluid is air, which behaves as an ideal gas, and (2) the temperature rises that would be brought about by combustion is accomplished by heat transfer from an external source. Figure 4 illustrates the schematic of a single-shaft gas turbine open cycle for power generation and Brayton cycle in T-s diagram, which was used to analyze the gas turbine process. 
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Figure 4: Schematic of a single-shaft gas turbine open cycle for power generation and Brayton cycle in T-s diagram
Since the gas turbine drives a generator, ISO conditions were applied for the gas turbine model. These are:
· 1.013 bar, sea level, ambient pressure

· 15°C ambient temperature

· 60% relative humidity
Quasi-dimensionless and referred parameters are used to describe the performance of the compressor and turbine while considering the effects of changing ambient conditions. The quasi-dimensionless parameters are applied in the gas turbine component design with fixed linear scale where the working fluid is dry air. The referred parameters are directly proportional to the quasi-dimensionless parameters and thus are interchangeable in use.  The distinction is the substitution of 
[image: image178.wmf] and 
[image: image179.wmf] for gas turbine or component inlet pressure and temperature, where:
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The referred parameters enable to calculate the performance parameters of gas turbines or components at the standard ambient conditions. They take the values of the basic parameters, which would be at ISO conditions. Table  presents the main quasi-dimensionless and referred parameters.

Table 2: Gas turbine parameters

	Performance Parameter
	Quasi-dimensionless Parameter
	Referred Parameter

	Temperature a station 
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	Pressure at station 
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	Mass flow (
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	Net (shaft) power (
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The off-design performance of a gas turbine can be predicted by using off-design characteristics plotted in terms of referred parameters (Figure 5). With the varying power level the referred parameters vary while forming a unique running line or families of running lines that are independent of ambient conditions. The off-design performance may be defined via diagrams showing the interrelationship of the referred parameters. The actual performance parameter values can be easily calculated for a given operating condition if the absolute values of inlet pressure and temperature are known. 
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Figure 5: Referred performance diagrams for corrected mass flow rate, compressor discharge pressure and exhaust temperature

Table 3 shows technical specifications of the gas turbine used in modeling. The gas turbine generates approximately 9 MWe at the ISO conditions. The pressure ratio, exhaust flow rate, and exhaust mass flow rate were applied as initial conditions in the model. 

Table 3: Gas turbine technical specifications

	· Pressure ratio
	· 10

	· Turbine inlet temperature
	· 975°C

	· Exhaust temperature
	· 508°C

	· Exhaust mass flow rate
	· 45 kg/s

	· Electrical power output (ISO)
	· 8,963 kW

	· Heat rate
	· 13,250 kJ/kWh

	· Shaft speed
	· 8,000 rpm


Since it can be assumed that the mass flow rate through the compressor is the same as that through the turbine, the exhaust flow rate was considered to be the same as the air mass flow rate in the model. The isentropic efficiencies of the compressor and turbine were assumed 83% and 84.5%, respectively. The gear box and generator efficiency were assumed 99% and 97%, respectively. All pressure and mechanical losses were neglected. The referred parameters from Table  and the referred performance diagrams of single-shaft gas turbine from Figure 5 were used for off-design calculations. The effect of ambient pressure on the power output was neglected 
[image: image196.wmf]. Waste heat was calculated by assuming that the exhaust could be cool down to 100 °C.

Figure 6 illustrates the T-s diagram of the gas turbine at ISO conditions and Table  summarizes the major results of the gas turbine model. Compressor discharge pressure and turbine inlet temperature are 10.13 bar and 976.5°C, respectively. The thermal efficiency of the Brayton cycle is approximately 29%, which is typical for gas turbines of this size. The electrical power output and heat rate of the modeled gas turbine slightly differ from those in manufacturer’s specification. Approximately 71% of added energy is “wasted” by rejecting it to surroundings. A part of this heat (~23 MW) could be unitized to power an absorption refrigeration unit by cooling it down to 100 °C.

[image: image197.emf]
Figure 6: T-s diagram of the gas turbine at ISO conditions

Table 4: Major results of the gas turbine model at ISO conditions

	Thermal efficiency
	28.96 %

	Electrical power output
	9,038 kW

	Heat rate
	12,431 kJ/kWh

	Mass flow rate
	45 kg/s

	Added heat
	32,399 kW

	Rejected heat
	23,087 kW

	Waste heat
	19,236 kW


3.3 Ammonia-Water Refrigeration Cycle Model

Two single-effect and one double-effect ammonia-water absorption refrigeration cycles were modeled to analyze their potential in the NGL recovery process. The waste heat from the gas turbine powers the absorption cycles.

The following assumptions were made for the models:

· No pressure changes except through the expansion valves and pumps

· Heat losses to the surroundings are negligible

· Saturated liquid at the exit of the condensers, absorbers, and generators

· Saturated vapor at the rectifier outlet with 0.99 ammonia concentration

· Isentropic pump efficiency 85%

· Heat exchanger efficiency 80%

· Heat rejection temperature at the condenser and absorber outlet 50 °C

· Saturated vapor temperature at the evaporator outlet 18°C and -42°C for 1st and 2nd chiller, respectively

The gas turbine was assumed to operate at 35°C ambient temperature and 80% load. The calculated exhaust mass flow rate and temperature are 42.86 kg/s 453.4°C, respectively. The external routings with ammonia-water properties were used for absorption refrigeration modeling.

Single-Effect Ammonia-Water Absorption Refrigeration Unit

Figure 7 shows the ammonia-water absorption refrigeration unit (ARU) consisted of two single-effect absorption systems. One of the systems could be a replacement for the 1st chiller while the other system could replace the 2nd chiller. The exhaust of the gas turbine powers the generator of the 2nd chiller, and then the cooler exhaust powers the generator of the 1st chiller. Solution and refrigerant heat exchanger are employed to increase the performance of the systems. The rectifier is also used to increase the performance of the system by increasing the ammonia concentration in the ammonia-water vapor mixture. The cooling loads of the evaporators were taken from the propane chiller models. The generator (maximum) temperature was set to be 190°C.
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Figure 7: Single-effect ammonia-water absorption refrigeration cycle

Table 5 summarizes the major results of the ARU consisted of two single-effect absorption refrigeration systems. Higher cooling load of the 1st chiller requires higher refrigerant flow rate, consequentially higher generator heat transfer rate, and higher exhaust temperature glide than those of the 2nd chiller. The ammonia concentration, vapor quality, and heat rejection temperature in the condenser determine the maximum pressure, which is approximately 20 bar in both systems. The low COP of 2nd absorption system is due to high heat transfer rate in the generator and high pump work. The COP of the absorption refrigeration unit is at around 41%. 

Table 5: Major results for single-effect ARU
	
	1st Chiller
	2nd Chiller

	Heat transfer rate in generator
	7,606 kW
	4,841 kW

	Exhaust temperature @ generator inlet
	347.6 °C
	453.4 °C

	Exhaust temperature @ generator exit
	176.5 °C
	347.6 °C

	Pump work
	21.28 kW
	37.16 kW

	Maximum pressure
	2,015 kPa
	2,015 kPa

	COP of the system
	0.5676
	0.1726

	COP of the unit
	0.4135


Double-Effect Ammonia-Water Absorption Refrigeration Unit

Table 5 illustrates a double-effect ammonia-water absorption refrigeration unit. The intermediate pressure evaporator (IPE) and low pressure evaporator (LPE) could replace the 1st chiller and the 2nd chiller, respectively. The cooling loads of the evaporators and evaporator temperatures directly affect the generator temperature.  Therefore, the cooling loads were adjusted in the ARU to keep the generator temperature lower than 200°C and consequently to reduce the additional water evaporation. The cooling load of the 2nd chiller was taken from the propane chiller model. However, the cooling load for LPE was reduced from 842 kW to 650 kW due to too high generator temperature (above 200 °C).
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Figure 8: Double-effect ammonia-water refrigeration unit

The major results for the double-effect ammonia-water absorption refrigeration system are summarized in Table . The ARU requires over 10 MW exhaust heat to power the generator (GEN) while the generator temperature reaches 190°C. The exhaust gas from the gas turbine would be cooled to 195.4°C. Nearly 87% of the total pump work is consumed by the solution pump, which delivers the solution from the IPA to the GEN. The maximum pressure, determined by the ammonia concentration, vapor quality, and heat rejection temperature in the condenser, is increased over 20 bar. The COP of the unit is approximately 47%.
Table 6: Major results for double-effect ARU

	Heat transfer rate in generator
	10,470 kW

	Exhaust temperature @ generator inlet
	453.4 °C

	Exhaust temperature @ generator exit
	221.5 °C

	Total pump work
	28.19 kW

	Maximum pressure
	2,015 kPa

	COP of the unit
	0.4743


3.4 Conclusions 

The propane chillers were modeled to determine their cooling capacity for further absorption refrigeration analysis. Since the models are based on assumptions, their closer investigation would be required to achieve more accurate results. Nevertheless, the computer models would be a good tool for such an investigation.

The 9 MWe gas turbine was modeled at different ambient temperatures and operating loads. The off-design procedure shows good matches with the manufacturer’s specifications at ISO conditions and allows calculation of exhaust mass flow rates and exhaust temperatures, which are important for the design of an absorption refrigeration unit. However, it does not consider the changes in the isentropic compressor and turbine efficiencies. Besides, the results should be verified with test result of the gas turbine. 

Two ammonia-water absorption refrigeration units (ARU) were modeled. The ARUs could replace the propane chillers. The single-effect ARU consisted of two single-effect absorption refrigeration systems could provide the required cooling for the NGL recovery process. The double-effect ARU has two evaporators (one for each propane chiller) which are powered only by one generator. Because of fewer components, the double-effect ARU would require less space and thus enhance the integration of the unit into the NGL recovery process. However, it can provide the required cooling load only to the 2nd chiller. The vapor-compression refrigeration system would be still necessary to provide the required cooling load to the 1st chiller. Due to the assumptions for the propane chillers, no specific conclusions can be made at this stage of analysis. The computer model for the double-effect ARU can be used as baseline if the cooling loads of the propane chiller are less than assumed.

4.
Difficulties Encountered/Overcome

Developing an advanced ammonia-water ARU using as a few components as possible to reduce manufacturing cost and to increase the overall efficiency of the entire system might be challenging.

5.
Deliverables for the Next Quarter

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

· Assessment of waste heat sources

· Assessment of utility needs

· Design CHP systems with specific focus on use in the plant to be selected

· Development of the software to optimize waste heat utilization. 

Appendix



Justification and Background

The petroleum industry is a big energy consumer itself. Using waste heat skillfully meets some of the demands placed on utilities, leading to significant energy savings. 

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



Approach

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

2. Assess WH conversion processes (UMD) 

3. Assess utility requirements (PI) 

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

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

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

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


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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	Undergraduate Design and Best Educational Practices

UMD Investigators: Prof. Linda Schmidt

GRA’s: To be assigned

PI Investigator(s): Dr. Kubo

Start Date: November 2006

Report Date:  30 September 2007


1.
Objective

Dr. Schmidt will partner with PI design faculty to (1) assess existing PI curriculum to profile the design content and (2) compare the design content level to that of a top-ranked, ABET-accredited, US institution; and, (3) prepare design modules and recommend their selected placement within existing PI courses. 

The ultimate goal in Year 2 is to create a semester-long project design course that challenges student teams in the same manner as the Mechanical Engineering Senior Capstone Design Experience. Two different design projects will be selected for up to four PI design teams. The PI Design Course Instructor will manage the PI teams, with Dr. Schmidt serving as a consultant and a final project referee. The projects will be the design of mechanical devices to meet a current petroleum engineering challenge.  That is, PI students will have actual customers to consult with at their site. The UM teams will use existing web-based asynchronous communication tools to interact with the same customers served by students at PI.  The PI students (who will be further ahead in the projects) will assist UM students in this communication.

2.
Deliverables

Dr. Kubo and Dr. Schmidt will schedule Schmidt to visit PI for capstone design planning for Year Two.
3.
Summary

Dr. Schmidt was unable to conduct project activities because of an intense course of physical therapy (May through July) arising from her car accident on March 11th and a separate rib injury sustained on UM’s campus on July 6th that required a two-week absence followed by reduced schedule of activities.

4.
Difficulties Encountered/Overcome

· Dr. Schmidt was unable to conduct project activities because of an intense course of physical therapy (May through July) arising from her car accident on March 11th and a separate rib injury sustained on UM’s campus on July 6th that required a two-week absence followed by reduced schedule of activities.

· Dr. Schmidt has resumed research and travel activities as of September 2007. 

5.
Deliverables for the Next Quarter

The following items are ideas for PI/UMD to decide on:

· Schedule a site visit for Dr. Schmidt to coordinate with activities of student design projects in 2008.

· Identify short courses that Dr. Schmidt can provide to PI (possible scheduling in Jan. 2008)

· Potential Design Short Courses Topics Include: TRIZ, Systematic Design, QFD’s House of Quality for student projects, Axiomatic Design, Overall Product Development Process

· Additional Topics on Student Project Courses: Identifying Project Sponsors, Creating Teams, Using Peer Evaluation and Assessment Tools, Writing Project Specifications and matching assessment rubrics, BESTEAMS training 

· Potentially identify an ADNOC sponsored design project that a UM student team could work on during Spring 2008. This will enable planning for a collaborative design project.

Appendix


Justification and Background


Approach

8. Compare the following design aspects: a. Design experience prior to capstone b. Design methods to which students are exposed prior to capstone course. c. Level of original design content expected in projects. d. Constraints of typical projects. e. Degree of student team interaction with mentors f. Evaluation criteria and practices in place. 

9. Determine the design course content that can be used to enrich each institution’s courses. This will include material from the best prior projects and course examples. 

10. Identify challenges in collaboration on teams due to differences in institutions and partners.

11. Plan phased faculty interaction in design course at partner institution to prepare for collaborative team-work. 

12. Identify projects that could be done at both institutions. 

13. Plan collaborative projects that would be done by teams of students spanning both institutions.

Two-Year Schedule

Year 1: 
· Exchange senior design course syllabi and sample projects for comparison purposes.
· Planned site visit by Prof. Schmidt in March 2007 in conjunction with Participation in METSMaC 2007: “Active Teaching, Active Learning,” March 17-19, 2007.-- CANCELLED
· Visit of Dr. Kubo to UM including:

· Attending UM Capstone design course lecture, student interim report presentation, and tour of DesignME Lab facilities for teamwork and prototyping.

· Discussion with Dr. Schmidt on course syllabus and review of sample reports

Year 2: 

· In Year 2, the team will make broader comparisons of curriculum design content to expectations of ADNOC employers (as this the group that will be employing most PI grads) and produce refined design modules.
· Implement a team collaboration capstone design project. 

Key References
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Figure 11. Case 4 results with 100 m/s O2 jet into 0.66 m/s 50%H2S50%CO2 entering at 1000K.
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Figure 10.  Case 3 results with 100 m/s O2 jet into co-flow of  50%H2S and 50%CO2 at 0.2 m/s, both entering at ambient temperature.





�





�





�





�





�





�





�





�





�





�





�





�





Figure 9.  Case 2 results with 100 m/s O2 jet into co-flow of H2S at 0.1 m/s of, both entering at ambient temperature.
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Figure 8.  Case 1 results with 85 m/s H2S jet into co-flow of air at 0.1 m/s, both entering at ambient temperature.
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Figure 6.  2-D Cross-section of the Cylinder (distances are given in mm)





Figure 5. The Cylindrical Combustor Considered





Figure 4.  Sulfur recovery as a function of O2 content
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Figure 3.  Sulfur recovery as a function of inlet temperature
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Figure 2.  Sulfur recovery as a function of temperature








Figure 1. H2S conversion (or sulfur recovery) as a function of H2S [%] at the inlet
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The original image is taken from a video file of the two phase flow. 
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The image is converted from a color image to a gray scale image. 
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The image is filtered.
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To further distinguish the bubble from the liquid, the image is adjusted
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		327.01681		326.98256		327.02551		326.948

		329.50406		329.48116		329.5074		329.42676

		331.98066		331.96314		331.98916		331.93792

		334.44204		334.45157		334.48956		334.42097

		336.92971		336.96685		336.97049		336.90885

		339.44913		339.47047		339.47382		339.4155

		341.95953		341.96536		341.94614		341.92139

		344.4191		344.44264		344.4344		344.39253

		346.91787		346.95235		346.93273		346.91809

		349.37806		349.45345		349.42699		349.40477

		352.44271		352.60615		352.50066		352.5499

		359.3097		359.76149		359.62137		359.73417

		369.66134		370.11705		370.16106		370.28

		380.11998		380.53511		380.61322		380.73443

		390.07629		390.57901		390.54546		390.66282

		400.34079		400.91994		400.82463		400.93645

		410.83256		411.41718		411.3226		411.4295

		421.21449		421.79558		421.67523		421.79146

		431.5236		432.14732		431.98917		432.10577

		441.87412		442.5457		442.32942		442.45407

		452.21526		452.93902		452.63464		452.77227

		462.57535		463.13804		462.91534		463.07271

		472.89691		473.42197		473.18439		473.3497

		483.24403		483.66599		483.43528		483.63468

		493.54432		493.89746		493.67374		493.86762

		503.78868		504.15132		503.90591		504.16326

		514.11477		514.43082		514.13947		514.2889

		524.32868		524.79153		524.34128		524.38312

		534.54479		535.10877		534.59581		534.70354

		544.58524		545.33787		544.73193		545.18044

		554.75064		555.54494		555.042		555.26536

		565.08276		565.74131		565.28904		565.3571

		575.43195		575.90715		575.3795		575.55867

		585.53487		586.0889		585.53284		585.79002

		595.70293		596.30392		595.70867		595.99121

		605.94524		606.50718		605.87649		606.09333

		616.19012		616.75581		616.05503		616.11012

		626.39615		627.01383		626.19769		626.05623

		636.56969		637.30342		636.2401		636.04323

		646.57539		647.61173		646.14721		646.02744

		656.44513		657.91447		655.95869		656.06109

		666.25928		668.23608		665.80321		666.12739

		676.09702		678.54613		675.77639		676.21678

		686.04352		688.81706		685.84925		686.33309

		696.01629		699.08309		695.93317		696.4655

		706.08229		709.24261		706.0275		706.55697

		716.14848		719.32345		716.12712		716.67968

		726.21689		729.28653		726.20968		726.77957

		736.31002		739.12927		736.29904		736.85313

		746.40729		748.70211		746.36709		746.94902

		756.497		758.36142		756.43527		757.02148

		766.551		768.10346		766.51084		767.08442

		776.62697		777.88174		776.59862		777.14005

		786.71033		787.72098		786.65587		787.19627

		796.81209		797.61789		796.68025		797.26326

		806.95006		807.54899		806.69911		807.31167

		817.05146		817.49118		816.67351		817.36357

		827.12524		827.47267		826.66675		827.43636

		837.18728		837.48008		836.70968		837.50999

		847.24839		847.48402		846.74257		847.59447



3%

10%

1%

0%

0%

1%

3%

10%

Temperature (°C)

Weight (%)

100

100

100

100

100.0053815655

99.931092092

99.9195683876

99.9470611272

100.0102420111

99.8620373422

99.8427820047

99.8996287476

100.0105326357

99.7803933654

99.7560491992

99.8411089695

100.0158440504

99.7056705266

99.6573054163

99.7835778089

100.0108132387

99.6302624266

99.579196428

99.7256745879

100.0157438351

99.554531275

99.5063240968

99.6825049569

100.0211153791

99.485603788

99.4361614938

99.6348174502

100.0208247545

99.4165294594

99.374042052

99.5909674802

100.0261862769

99.3482089181

99.3109978617

99.5478191098

100.0370095372

99.2728301865

99.2426847556

99.5003123181

100.036277965

99.2227669614

99.1771136363

99.452646072

100.0418399182

99.1411719317

99.1096392556

99.4084559325

100.0524928123

99.0665959347

98.9444963809

99.3650099138

100.0630354695

98.9909137302

98.920098075

99.3223611673

100.0732574376

98.9156524719

98.8890759892

99.2831885274

100.07887952

98.8405478448

98.8502903173

99.2405929324

100.0840806978

98.7721000407

98.8054292629

99.2010694928

100.0895825218

98.6901330121

98.7608585365

99.1577829285

100.0946333766

98.6158017512

98.7095027369

99.1199709665

100.1051459692

98.5524346694

98.6625018576

99.0863154502

100.1102970394

98.4841043387

98.6171354174

99.0479507128

100.1155483249

98.4151572728

98.5703818545

99.0141570027

100.1261310683

98.3522600844

98.52406916

98.9848173864

100.1310716862

98.2830682825

98.4764338602

98.9468353397

100.1468255428

98.2204451985

98.4367234398

98.9180484988

100.1523173452

98.1514198171

98.3770986683

98.8843823522

100.1575686307

98.0827762241

98.3048392518

98.8507162055

100.1628299378

98.0083470687

98.2644298936

98.8169012348

100.1731320781

97.945420512

98.2424939994

98.7883163695

100.1786639667

97.8760720789

98.1965038916

98.7546608532

100.1891865809

97.8132434166

98.1553955956

98.7251511522

100.199689152

97.756777894

98.1245132973

98.7015625259
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97.9319503744

100.4672842406

96.0973787487

97.1954636571

97.9132304236

100.4780072855

96.0660035753

97.1888398772

97.898220446

100.4884898135

96.0277562111

97.1642480193

97.8795642769

100.4990124276

95.9909087376

97.1568607843

97.8649901415

100.5042536916

95.9595923009

97.1408282262

97.8459087606

100.5095149987

95.9282367064

97.1342044464

97.8310476071

100.5147763058

95.896421008

97.1178385488

97.8117536204

100.5200877205

95.8656332014

97.1100319511

97.7976897391

100.5357814479

95.8273173111

97.1022791179

97.778098104

100.5410327334

95.7965980306

97.0868702275

97.7591336564

100.5462940405

95.7530349974

96.9773305436

97.734928473

100.551525283

95.721571719

96.9773520494

97.7203437072

100.5617672941

95.6841956154

96.9773520494

97.7012623264

100.5618274233

95.6519491814

96.9773520494

97.6822872484

100.5672891611

95.6152485496

96.9773520494

97.6628019163

100.577881926

95.5775298155

96.9773520494

97.6486423624

100.5830530393

95.5456553804

96.9773412965

97.6293908968

100.5936357827

95.5087785386

96.9703089069

97.6055258829

100.5987367451

95.4782060997

96.9459106009

97.5859129872

100.5988870682

95.4327439141

96.9228349004

97.5574131643

100.5985964436

95.3951916005

96.9066948134

97.5380872866

100.5987467667

95.3521571974

96.8833395378

97.5046231156

100.604068203

95.3136846759

96.8681026935

97.4803222595

100.609439747

95.2824171864

96.8520701355

97.4515885701

100.6198220596

95.2516979059

96.8444893485

97.4226741657

100.6250833667

95.2081446622

96.8286610954

97.3885190255

100.6253639697

95.1702203497

96.8151447135

97.3504625667

100.6303346522

95.1265692114

96.8057144295

97.32218598

100.6355859377

95.0891833184

96.7896388599

97.2833109885

100.640907374

95.0511611115

96.776122478

97.2448293178

100.6408372233

95.0077547094

96.7683266332

97.2008305237

100.6513397944

94.9637315722

96.7664341247

97.158713292

100.6513397944

94.9201489601

96.7506166244

97.1150865582

100.6513397944

94.8630764919

96.7510252342

97.0716724304

100.6513397944

94.8067480215

96.7432293895

97.013535343

100.6460985304

94.7315357105

96.7275839354

96.9315226113

100.6408372233

94.6242923332

96.6959811936

96.8200745907

100.6408372233

94.5158840119

96.5637421603

96.691947636

100.6302945661

94.3741034703

96.5481182121

96.5274012881

100.6198220596

94.2113343572

96.555806528

96.2820859532

100.5988369605

94.0559073284

96.5015151896

96.0072502869

100.5673192257

93.7538637718

96.4474174033

95.6560040548

100.509464891

93.2691491591

96.3998358679

95.2186205363

100.3738133623

92.2093829291

96.2531987158

94.6642612433

100.1314825692

89.338657356

96.12061559

93.9278156145

99.8356067024

82.1883972945

95.8229218482

92.8976230233

99.3989282367

70.5886579678

95.4114732899

91.2890360405

98.7570287304

53.4853412351

94.7802894377

88.1234721607

97.6823290935

36.560907043

93.5763744397

82.1579202719

95.0520663959

27.1141213439

90.9828097859

69.6566074304

91.6371975011

24.223523196

82.7710755018

49.4951353641

84.6516749146

23.1168557319

66.0944301539

33.5598649357

69.6937889218

22.2873764217

39.8866709979

29.0150201827

52.4822997103

21.6946450655

26.9128476167

27.2497851617

38.9221375658

21.2622550399

23.7745738469

26.4427331086

31.6542281016

20.9220130664

22.3721497585

25.8418662717

29.3235893258

20.6503265808

21.4181964265

25.3665007065

28.2062580692

20.3923648981

20.6580639251

24.9333055245

27.4473671367

20.1529248465

20.0432352175

24.554080354

26.8654565527

19.9217275082

19.511494086

24.1882493561

26.407271868

19.6972261508

19.0843463093

23.876505303

26.0405838187

19.5098855291

18.7841363914

23.5826520377

25.7277314677

19.3171215545

18.554820273

23.3387292715

25.4835266471

19.145600677

18.3263536329

23.1163009632

25.249533773

18.9644567744

18.1998458896

22.8858893029

25.021323326

18.793356843

18.0846716917

22.7174203759

24.8175654299

18.626613215

17.9345721092

22.5117560441

24.5878818168

18.4584305384

17.7463535339

22.3035723321

24.3717272791

18.2936252207

17.6454914318

22.1167874056

24.1409813831

18.1391379786

17.5443497545

21.9479676788

23.9140536928

17.9867456779

17.4428747377

21.7848670511

23.6839591967

17.8232913037

17.3336146289

21.636414971

23.4585146939

17.6862292749

17.2556991927

21.4632155624

23.2310959483

17.5552464919

17.1540521296

21.2900055235

23.0049599594

17.4529663636

17.0521792558

21.1645574034

22.7957703901

17.3432266776

16.9526290062

21.0206338293

22.5918922356

17.2554349289

16.8570680785

20.8999374513

22.4025553317

17.1864095475

16.8262180389

20.7516660863

22.2290724997

17.1168653255

16.7319904695

20.6407283198

22.0536955972

17.0659797869

16.709205097

20.5262400346

21.8712134248

21.6701613437

21.4718451424



Polycarbonate-TEGO sample

		#FILE:		Polycarbonate sample.dsv

		#FORMAT:		NETZSCH5

		#IDENTITY:		Polyacarbonate

		#DECIMAL:		POINT

		#SEPARATOR:		COMMA

		#MTYPE:		DSC

		#MSUBTYPE:

		#INSTRUMENT:		NETZSCH STA 409 PC/PG

		#PROJECT:		graphite

		#DATE/TIME:		8/1/07 14:48

		#CORR. FILE:		Correction for PC sample.bsv

		#LABORATORY:		Reaction Lab

		#OPERATOR:		AA

		#REMARK:

		#SAMPLE:		Polycarbonate samples

		#SAMPLE MASS /mg:		38.158

		#MATERIAL:		PPS

		#REFERENCE:		S1

		#REFERENCE MASS /mg:		0

		#TYPE OF CRUCIBLE:		DSC/TG pan Al2O3

		#SAMPLE CRUCIBLE MASS /mg:		0

		#REFERENCE CRUCIBLE MASS /mg:		40

		#GAS 1:		He

		#FLOW RATE 1 /(ml/min):		30

		#GAS 2:

		#FLOW RATE 2:

		#CORR. CODE:		20

		#EXO:		-1

		#RANGE:		30....850/0.0....20.0K/min

		#SEGMENT:		S1-4/4

		##Temp./øC		Time/min		DSC/(uV/mg)		Mass/%		Sensit./(æV/mW)		Segment

		20.993		0.00E+00		4.00E-03		100		1		1

		21.015		0.5		9.80E-03		100.11531		1		1

		21.097		1		9.74E-03		100.10483		1		1

		21.422		1.5		1.19E-02		100.0891		1		1

		22.368		2		1.97E-02		100.05241		1		1

		24.163		2.5		3.16E-02		100.03669		1		1

		26.935		3		4.38E-02		99.99476		1		1

		30.372		3.5		5.14E-02		99.97379		1		1

		34.032		4		5.32E-02		99.95807		1		1

		37.768		4.5		4.95E-02		99.9371		1		1

		41.392		5		4.49E-02		99.92138		1		1

		44.903		5.5		4.01E-02		99.9109		1		1

		48.315		6		3.66E-02		99.88993		1		1

		51.674		6.5		3.46E-02		99.87945		1		1

		54.971		7		3.36E-02		99.87421		1		1

		58.23		7.5		3.39E-02		99.86372		1		1

		61.462		8		3.46E-02		99.85324		1		1

		64.662		8.5		3.56E-02		99.83752		1		1

		67.761		9		3.55E-02		99.82704		1		1

		70.846		9.5		3.60E-02		99.81655		1		1

		73.875		10		3.53E-02		99.80607		1		1

		76.855		10.5		3.47E-02		99.79035		1		1

		79.807		11		3.46E-02		99.79035		1		1

		82.681		11.5		3.43E-02		99.7851		1		1

		85.601		12		3.40E-02		99.77462		1		1

		88.463		12.5		3.36E-02		99.76938		1		1

		91.316		13		3.29E-02		99.7589		1		1

		94.131		13.5		3.26E-02		99.75366		1		1

		96.881		14		3.25E-02		99.74841		1		1

		99.669		14.5		3.25E-02		99.74841		1		1

		102.41		15		3.23E-02		99.73793		1		1

		105.08027		15.5		3.19E-02		99.74941		1		2

		107.39104		16		2.85E-02		99.7385		1		2

		109.05406		16.5		2.09E-02		99.74211		1		2

		109.97702		17		1.15E-02		99.74317		1		2

		110.26417		17.5		2.77E-03		99.74318		1		2

		110.07746		18		-3.69E-03		99.7487		1		2

		109.62309		18.5		-6.54E-03		99.75754		1		2

		109.02986		19		-6.53E-03		99.76363		1		2

		108.50446		19.5		-3.33E-03		99.77503		1		2

		108.1056		20		5.39E-04		99.77924		1		2

		107.82622		20.5		4.15E-03		99.77989		1		2

		107.69171		21		6.29E-03		99.78611		1		2

		107.6164		21.5		7.10E-03		99.77923		1		2

		107.54598		22		6.77E-03		99.77475		1		2

		107.5118		22.5		5.11E-03		99.77782		1		2

		107.45403		23		3.14E-03		99.78384		1		2

		107.35471		23.5		3.48E-03		99.76901		1		2

		107.23699		24		3.87E-03		99.76267		1		2

		107.13493		24.5		3.80E-03		99.76829		1		2

		107.00704		25		4.79E-03		99.77986		1		2

		106.9802		25.5		5.14E-03		99.78509		1		3		100

		107.22815		26		8.34E-03		99.79046		1		3		100.0053815655

		108.23218		26.5		1.64E-02		99.79531		1		3		100.0102420111

		110.18623		27		2.71E-02		99.7956		1		3		100.0105326357

		112.78727		27.5		3.57E-02		99.8009		1		3		100.0158440504

		115.68466		28		3.94E-02		99.79588		1		3		100.0108132387

		118.57982		28.5		3.86E-02		99.8008		1		3		100.0157438351

		121.36967		29		3.55E-02		99.80616		1		3		100.0211153791

		124.05251		29.5		3.27E-02		99.80587		1		3		100.0208247545

		126.71492		30		3.15E-02		99.81122		1		3		100.0261862769

		129.39427		30.5		3.11E-02		99.82202		1		3		100.0370095372

		132.11023		31		3.12E-02		99.82129		1		3		100.036277965

		134.84351		31.5		3.18E-02		99.82684		1		3		100.0418399182

		137.54133		32		3.17E-02		99.83747		1		3		100.0524928123

		140.2449		32.5		3.16E-02		99.84799		1		3		100.0630354695

		142.91501		33		3.15E-02		99.85819		1		3		100.0732574376

		145.57131		33.5		3.14E-02		99.8638		1		3		100.07887952

		148.20843		34		3.18E-02		99.86899		1		3		100.0840806978

		150.83462		34.5		3.23E-02		99.87448		1		3		100.0895825218

		153.47263		35		3.20E-02		99.87952		1		3		100.0946333766

		156.11849		35.5		3.13E-02		99.89001		1		3		100.1051459692

		158.71406		36		3.00E-02		99.89515		1		3		100.1102970394

		161.31714		36.5		2.98E-02		99.90039		1		3		100.1155483249

		163.91034		37		2.94E-02		99.91095		1		3		100.1261310683

		166.50083		37.5		2.83E-02		99.91588		1		3		100.1310716862

		169.06904		38		2.77E-02		99.9316		1		3		100.1468255428

		171.62651		38.5		2.71E-02		99.93708		1		3		100.1523173452

		174.21361		39		2.63E-02		99.94232		1		3		100.1575686307

		176.79525		39.5		2.56E-02		99.94757		1		3		100.1628299378

		179.33455		40		2.45E-02		99.95785		1		3		100.1731320781

		181.89614		40.5		2.38E-02		99.96337		1		3		100.1786639667

		184.42148		41		2.38E-02		99.97387		1		3		100.1891865809

		186.97433		41.5		2.22E-02		99.98435		1		3		100.199689152

		189.51501		42		2.11E-02		99.98463		1		3		100.199969755

		192.04632		42.5		2.07E-02		99.99476		1		3		100.2101215723

		194.60366		43		1.94E-02		100.00001		1		3		100.2153828793

		197.10589		43.5		1.90E-02		100.0106		1		3		100.2259956873

		199.63943		44		1.80E-02		100.02593		1		3		100.241358704

		202.18447		44.5		1.72E-02		100.02599		1		3		100.2414188332

		204.69863		45		1.61E-02		100.03662		1		3		100.2520717273

		207.21617		45.5		1.51E-02		100.04709		1		3		100.2625642769

		209.72624		46		1.40E-02		100.05241		1		3		100.2678957347

		212.26483		46.5		1.29E-02		100.05768		1		3		100.2731770849

		214.75364		47		1.23E-02		100.05799		1		3		100.2734877525

		217.24832		47.5		1.16E-02		100.06281		1		3		100.2783181335

		219.78231		48		1.08E-02		100.07339		1		3		100.2889209199

		222.29042		48.5		9.76E-03		100.08902		1		3		100.3045845827

		224.78387		49		8.19E-03		100.09413		1		3		100.3097055883

		227.3196		49.5		7.43E-03		100.10481		1		3		100.3204085901

		229.827		50		6.26E-03		100.11013		1		3		100.3257400479

		232.31839		50.5		4.75E-03		100.12067		1		3		100.3363027482

		234.81077		51		2.88E-03		100.13635		1		3		100.3520165187

		237.3192		51.5		1.30E-03		100.14683		1		3		100.3625190898

		239.798		52		-1.01E-03		100.152		1		3		100.3677002246

		242.29966		52.5		-2.79E-03		100.16228		1		3		100.3780023649

		244.79499		53		-4.51E-03		100.16771		1		3		100.3834440596

		247.29384		53.5		-6.86E-03		100.17817		1		3		100.3939265876

		249.80316		54		-9.12E-03		100.18869		1		3		100.4044692449

		252.30852		54.5		-1.14E-02		100.19399		1		3		100.4097806596

		254.76943		55		-1.33E-02		100.20447		1		3		100.4202832307

		257.29547		55.5		-1.59E-02		100.21489		1		3		100.4307256725

		259.77248		56		-1.82E-02		100.2253		1		3		100.4411580929

		262.27761		56.5		-2.05E-02		100.22536		1		3		100.4412182221

		264.74055		57		-2.35E-02		100.23584		1		3		100.4517207932

		267.25113		57.5		-2.67E-02		100.24634		1		3		100.4622434073

		269.75121		58		-2.93E-02		100.25137		1		3		100.4672842406

		272.20939		58.5		-3.24E-02		100.26207		1		3		100.4780072855

		274.74371		59		-3.57E-02		100.27253		1		3		100.4884898135

		277.21986		59.5		-3.87E-02		100.28303		1		3		100.4990124276

		279.70497		60		-4.24E-02		100.28826		1		3		100.5042536916

		282.18459		60.5		-4.57E-02		100.29351		1		3		100.5095149987

		284.67932		61		-4.94E-02		100.29876		1		3		100.5147763058

		287.17249		61.5		-5.29E-02		100.30406		1		3		100.5200877205

		289.66207		62		-5.69E-02		100.31972		1		3		100.5357814479

		292.1523		62.5		-6.09E-02		100.32496		1		3		100.5410327334

		294.62838		63		-6.58E-02		100.33021		1		3		100.5462940405

		297.12077		63.5		-7.08E-02		100.33543		1		3		100.551525283

		299.61312		64		-7.63E-02		100.34565		1		3		100.5617672941

		302.11461		64.5		-8.14E-02		100.34571		1		3		100.5618274233

		304.57669		65		-8.64E-02		100.35116		1		3		100.5672891611

		307.06045		65.5		-9.22E-02		100.36173		1		3		100.577881926

		309.57026		66		-9.78E-02		100.36689		1		3		100.5830530393

		312.06329		66.5		-0.10367		100.37745		1		3		100.5936357827

		314.57578		67		-0.10899		100.38254		1		3		100.5987367451

		317.03918		67.5		-0.11377		100.38269		1		3		100.5988870682

		319.55005		68		-0.11903		100.3824		1		3		100.5985964436

		322.02437		68.5		-0.12417		100.38255		1		3		100.5987467667

		324.50585		69		-0.12874		100.38786		1		3		100.604068203

		327.01681		69.5		-0.1342		100.39322		1		3		100.609439747

		329.50406		70		-0.13882		100.40358		1		3		100.6198220596

		331.98066		70.5		-0.14399		100.40883		1		3		100.6250833667

		334.44204		71		-0.14906		100.40911		1		3		100.6253639697

		336.92971		71.5		-0.1533		100.41407		1		3		100.6303346522

		339.44913		72		-0.15936		100.41931		1		3		100.6355859377

		341.95953		72.5		-0.16444		100.42462		1		3		100.640907374

		344.4191		73		-0.16963		100.42455		1		3		100.6408372233

		346.91787		73.5		-0.17534		100.43503		1		3		100.6513397944

		349.37806		74		-0.18004		100.43503		1		3		100.6513397944

		352.44271		74.5		-0.22556		100.43503		1		4		100.6513397944

		359.3097		75		-0.37322		100.43503		1		4		100.6513397944

		369.66134		75.5		-0.42544		100.4298		1		4		100.6460985304

		380.11998		76		-0.42353		100.42455		1		4		100.6408372233

		390.07629		76.5		-0.46174		100.42455		1		4		100.6408372233

		400.34079		77		-0.51897		100.41403		1		4		100.6302945661

		410.83256		77.5		-0.55752		100.40358		1		4		100.6198220596

		421.21449		78		-0.5939		100.38264		1		4		100.5988369605

		431.5236		78.5		-0.6464		100.35119		1		4		100.5673192257

		441.87412		79		-0.71452		100.29346		1		4		100.509464891

		452.21526		79.5		-0.80744		100.1581		1		4		100.3738133623

		462.57535		80		-0.92962		99.91629		1		4		100.1314825692

		472.89691		80.5		-1.05189		99.62105		1		4		99.8356067024

		483.24403		81		-1.16301		99.18531		1		4		99.3989282367

		493.54432		81.5		-1.24844		98.54479		1		4		98.7570287304

		503.78868		82		-1.34586		97.4724		1		4		97.6823290935

		514.11477		82.5		-1.42471		94.84779		1		4		95.0520663959

		524.32868		83		-1.48893		91.44026		1		4		91.6371975011

		534.54479		83.5		-1.56137		84.46975		1		4		84.6516749146

		544.58524		84		-1.60566		69.54401		1		4		69.6937889218

		554.75064		84.5		-1.54476		52.36951		1		4		52.4822997103

		565.08276		85		-1.50705		38.83849		1		4		38.9221375658

		575.43195		85.5		-1.4672		31.5862		1		4		31.6542281016

		585.53487		86		-1.46193		29.26057		1		4		29.3235893258

		595.70293		86.5		-1.48923		28.14564		1		4		28.2062580692

		605.94524		87		-1.50992		27.38838		1		4		27.4473671367

		616.19012		87.5		-1.5166		26.80772		1		4		26.8654565527

		626.39615		88		-1.50003		26.35052		1		4		26.407271868

		636.56969		88.5		-1.48593		25.98462		1		4		26.0405838187

		646.57539		89		-1.5221		25.67244		1		4		25.7277314677

		656.44513		89.5		-1.6461		25.42876		1		4		25.4835266471

		666.25928		90		-1.82926		25.19527		1		4		25.249533773

		676.09702		90.5		-1.9968		24.96755		1		4		25.021323326

		686.04352		91		-2.11649		24.76423		1		4		24.8175654299

		696.01629		91.5		-2.20548		24.53504		1		4		24.5878818168

		706.08229		92		-2.26906		24.31935		1		4		24.3717272791

		716.14848		92.5		-2.30457		24.0891		1		4		24.1409813831

		726.21689		93		-2.3181		23.86266		1		4		23.9140536928

		736.31002		93.5		-2.31334		23.63306		1		4		23.6839591967

		746.40729		94		-2.29943		23.4081		1		4		23.4585146939

		756.497		94.5		-2.2774		23.18117		1		4		23.2310959483

		766.551		95		-2.24793		22.95552		1		4		23.0049599594

		776.62697		95.5		-2.21184		22.74678		1		4		22.7957703901

		786.71033		96		-2.16812		22.54334		1		4		22.5918922356

		796.81209		96.5		-2.12291		22.35441		1		4		22.4025553317

		806.95006		97		-2.0938		22.1813		1		4		22.2290724997

		817.05146		97.5		-2.08556		22.0063		1		4		22.0536955972

		827.12524		98		-2.09337		21.82421		1		4		21.8712134248

		837.18728		98.5		-2.11927		21.62359		1		4		21.6701613437

		847.24839		99		-2.17044		21.4257		1		4		21.4718451424





Polycarbonate-TEGO sample

		0		109.77326		106.82703		109.15933

		0		109.83506		107.13219		109.32611

		0		110.61354		108.2391		110.26926

		0		112.31304		110.3135		112.17027

		0		114.65512		113.00996		114.71231

		0		117.33425		115.96348		117.49873

		0		120.04922		118.8434		120.25523

		0		122.68479		121.54645		122.9353

		0		125.28793		124.20452		125.4816

		0		127.87647		126.82782		128.02501

		0		130.47276		129.49215		130.55483

		0		133.06885		132.21765		133.20056

		0		135.67516		134.92985		135.82684

		0		138.30819		137.65927		138.47145

		0		140.90371		140.34273		141.06207

		0		143.53037		143.00125		143.66281

		0		146.11472		145.63694		146.25351

		0		148.68828		148.29178		148.82614

		0		151.25112		150.93795		151.39438

		0		153.81859		153.5572		153.97332

		0		156.37541		156.16877		156.51594

		0		158.94835		158.77353		159.08549

		0		161.485		161.37386		161.61783

		0		164.0554		163.96276		164.17289

		0		166.58738		166.53691		166.72261

		0		169.11855		169.10857		169.24669

		0		171.67604		171.68851		171.79685

		0		174.18781		174.23233		174.2956

		0		176.71979		176.80514		176.83149

		0		179.23358		179.3567		179.36719

		0		181.78086		181.9093		181.88703

		0		184.30159		184.44626		184.45962

		0		186.83221		187.00229		186.95932

		0		189.33723		189.53323		189.48438

		0		191.85976		192.08673		192.00363

		0		194.38061		194.62323		194.50887

		0		196.93754		197.1508		197.05034

		0		199.41482		199.67813		199.53892

		0		201.95059		202.20764		202.03265

		0		204.45594		204.71528		204.56979

		0		206.98577		207.2357		207.07954

		0		209.49484		209.75515		209.57745

		0		211.96734		212.26986		212.10339

		0		214.49573		214.7798		214.61451

		0		216.9907		217.28523		217.10892

		0		219.52796		219.7825		219.61224

		0		222.01906		222.27929		222.10432

		0		224.51174		224.80563		224.58798

		0		227.0397		227.29998		227.12453

		0		229.54307		229.80784		229.61535

		0		232.03622		232.30846		232.13279

		0		234.54752		234.82087		234.63126

		0		237.05668		237.31989		237.11458

		0		239.56574		239.81889		239.63443

		0		242.06032		242.31256		242.14077

		0		244.54922		244.80581		244.62436

		0		247.04792		247.31132		247.12525

		0		249.57846		249.81236		249.61569

		0		252.06857		252.32043		252.11414

		0		254.55441		254.81693		254.60279

		0		257.07927		257.29352		257.10567

		0		259.56878		259.80363		259.59604

		0		262.05865		262.27716		262.12403

		0		264.56907		264.78045		264.60745

		0		267.0727		267.26722		267.11575

		0		269.58467		269.75547		269.59549

		0		272.0585		272.23438		272.10611

		0		274.56369		274.74787		274.60133

		0		277.05042		277.23106		277.08553

		0		279.5638		279.72049		279.57793

		0		282.06363		282.2159		282.08181

		0		284.54512		284.68755		284.56327

		0		287.0487		287.17573		287.05576

		0		289.55134		289.67813		289.5732

		0		292.03892		292.15804		292.04382

		0		294.53261		294.65924		294.54184

		0		297.01844		297.15115		297.02827

		0		299.51281		299.64169		299.51875

		0		302.02305		302.1215		302.00512

		0		304.50712		304.61081		304.53036

		0		307.02062		307.09694		307.03183

		0		309.49517		309.60132		309.50514

		0		312.01585		312.07734		311.99558

		0		314.49006		314.56762		314.49337

		0		317.00829		317.05855		316.98823

		0		319.46832		319.55519		319.47003

		0		321.96746		322.04121		321.96702

		0		324.48177		324.54338		324.46585

		0		326.98256		327.02551		326.948

		0		329.48116		329.5074		329.42676

		0		331.96314		331.98916		331.93792

		0		334.45157		334.48956		334.42097

		0		336.96685		336.97049		336.90885

		0		339.47047		339.47382		339.4155

		0		341.96536		341.94614		341.92139

		0		344.44264		344.4344		344.39253

		0		346.95235		346.93273		346.91809

		0		349.45345		349.42699		349.40477

		0		352.60615		352.50066		352.5499

		0		359.76149		359.62137		359.73417

		0		370.11705		370.16106		370.28

		0		380.53511		380.61322		380.73443

		0		390.57901		390.54546		390.66282

		0		400.91994		400.82463		400.93645

		0		411.41718		411.3226		411.4295

		0		421.79558		421.67523		421.79146

		0		432.14732		431.98917		432.10577

		0		442.5457		442.32942		442.45407

		0		452.93902		452.63464		452.77227

		0		463.13804		462.91534		463.07271

		0		473.42197		473.18439		473.3497

		0		483.66599		483.43528		483.63468

		0		493.89746		493.67374		493.86762

		0		504.15132		503.90591		504.16326

		0		514.43082		514.13947		514.2889

		0		524.79153		524.34128		524.38312

		0		535.10877		534.59581		534.70354

		0		545.33787		544.73193		545.18044

		0		555.54494		555.042		555.26536

		0		565.74131		565.28904		565.3571

		0		575.90715		575.3795		575.55867

		0		586.0889		585.53284		585.79002

		0		596.30392		595.70867		595.99121

		0		606.50718		605.87649		606.09333

		0		616.75581		616.05503		616.11012

		0		627.01383		626.19769		626.05623

		0		637.30342		636.2401		636.04323

		0		647.61173		646.14721		646.02744

		0		657.91447		655.95869		656.06109

		0		668.23608		665.80321		666.12739

		0		678.54613		675.77639		676.21678

		0		688.81706		685.84925		686.33309

		0		699.08309		695.93317		696.4655

		0		709.24261		706.0275		706.55697

		0		719.32345		716.12712		716.67968

		0		729.28653		726.20968		726.77957

		0		739.12927		736.29904		736.85313

		0		748.70211		746.36709		746.94902

		0		758.36142		756.43527		757.02148

		0		768.10346		766.51084		767.08442

		0		777.88174		776.59862		777.14005

		0		787.72098		786.65587		787.19627

		0		797.61789		796.68025		797.26326

		0		807.54899		806.69911		807.31167

		0		817.49118		816.67351		817.36357

		0		827.47267		826.66675		827.43636

		0		837.48008		836.70968		837.50999

		0		847.48402		846.74257		847.59447
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0

100

100

100

0

99.931092092

99.9195683876

99.9470611272

0

99.8620373422

99.8427820047

99.8996287476

0

99.7803933654

99.7560491992

99.8411089695

0

99.7056705266

99.6573054163

99.7835778089

0

99.6302624266

99.579196428

99.7256745879

0

99.554531275

99.5063240968

99.6825049569

0

99.485603788

99.4361614938

99.6348174502

0

99.4165294594

99.374042052

99.5909674802

0

99.3482089181

99.3109978617

99.5478191098

0

99.2728301865

99.2426847556

99.5003123181

0

99.2227669614

99.1771136363

99.452646072

0

99.1411719317

99.1096392556

99.4084559325

0

99.0665959347

98.9444963809

99.3650099138

0

98.9909137302

98.920098075

99.3223611673

0

98.9156524719

98.8890759892

99.2831885274

0

98.8405478448

98.8502903173

99.2405929324

0

98.7721000407

98.8054292629

99.2010694928

0

98.6901330121

98.7608585365

99.1577829285

0

98.6158017512

98.7095027369

99.1199709665

0

98.5524346694

98.6625018576

99.0863154502

0

98.4841043387

98.6171354174

99.0479507128

0

98.4151572728

98.5703818545

99.0141570027

0

98.3522600844

98.52406916

98.9848173864

0

98.2830682825

98.4764338602

98.9468353397

0

98.2204451985

98.4367234398

98.9180484988

0

98.1514198171

98.3770986683

98.8843823522

0

98.0827762241

98.3048392518

98.8507162055

0

98.0083470687

98.2644298936

98.8169012348

0

97.945420512

98.2424939994

98.7883163695

0

97.8760720789

98.1965038916

98.7546608532

0

97.8132434166

98.1553955956

98.7251511522

0

97.756777894

98.1245132973

98.7015625259

0

97.6818592663

98.0801898874

98.6583822646

0

97.6315121473

98.0404364555

98.6344534689

0

97.5629175015

97.9993389124

98.6055815856

0

97.5064519789

97.9692523279

98.5861919262

0

97.4563202276

97.9376388332

98.5621249366

0

97.3883912642

97.8999607089

98.5333062048

0

97.3315243743

97.8685515191

98.5042642368

0

97.2751077989

97.8296153068

98.4761045834

0

97.2122204

97.7972168512

98.4514848184

0

97.1555982462

97.7595387269

98.422676717

0

97.0866511804

97.7203659509

98.3982695579

0

97.0307338668

97.6800641216

98.3935390763

0

96.9810915878

97.6502678652

98.3699079289

0

96.9305682587

97.6325255978

98.3457346364

0

96.8739167367

97.5956001757

98.3169796864

0

96.8177057396

97.5712556342

98.2828139158

0

96.7673292522

97.5400292436

98.2491265086

0

96.7180296039

97.5175449519

98.2252508643

0

96.6732624688

97.5011252899

98.2011519839

0

96.6235418743

97.4764043972

98.1770212125

0

96.5796851577

97.4612858348

98.1536133013

0

96.5349865488

97.437844536

98.1338090603

0

96.4850114287

97.4143602257

98.1055431039

0

96.4481541658

97.3905425757

98.0857601235

0

96.4104843788

97.3692948664

98.066689373

0

96.3722565935

97.2308084044

98.0475867315

0

96.3353308045

97.2036896174

98.0280482479

0

96.2976610175

97.2038831694

98.0140375181

0

96.2545482988

97.2112811573

97.9947222708

0

96.2156450417

97.2114854622

97.9661374055

0

96.1787975683

97.2114854622

97.9515526397

0

96.1409711502

97.2032702547

97.9319503744

0

96.0973787487

97.1954636571

97.9132304236

0

96.0660035753

97.1888398772

97.898220446

0

96.0277562111

97.1642480193

97.8795642769

0

95.9909087376

97.1568607843

97.8649901415

0

95.9595923009

97.1408282262

97.8459087606

0

95.9282367064

97.1342044464

97.8310476071

0

95.896421008

97.1178385488

97.8117536204

0

95.8656332014

97.1100319511

97.7976897391

0

95.8273173111

97.1022791179

97.778098104

0

95.7965980306

97.0868702275

97.7591336564

0

95.7530349974

96.9773305436

97.734928473

0

95.721571719

96.9773520494

97.7203437072

0

95.6841956154

96.9773520494

97.7012623264

0

95.6519491814

96.9773520494

97.6822872484

0

95.6152485496

96.9773520494

97.6628019163

0

95.5775298155

96.9773520494

97.6486423624

0

95.5456553804

96.9773412965

97.6293908968

0

95.5087785386

96.9703089069

97.6055258829

0

95.4782060997

96.9459106009

97.5859129872

0

95.4327439141

96.9228349004

97.5574131643

0

95.3951916005

96.9066948134

97.5380872866

0

95.3521571974

96.8833395378

97.5046231156

0

95.3136846759

96.8681026935

97.4803222595

0

95.2824171864

96.8520701355

97.4515885701

0

95.2516979059

96.8444893485

97.4226741657

0

95.2081446622

96.8286610954

97.3885190255

0

95.1702203497

96.8151447135

97.3504625667

0

95.1265692114

96.8057144295

97.32218598

0

95.0891833184

96.7896388599

97.2833109885

0

95.0511611115

96.776122478

97.2448293178

0

95.0077547094

96.7683266332

97.2008305237

0

94.9637315722

96.7664341247

97.158713292

0

94.9201489601

96.7506166244

97.1150865582

0

94.8630764919

96.7510252342

97.0716724304

0

94.8067480215

96.7432293895

97.013535343

0

94.7315357105

96.7275839354

96.9315226113

0

94.6242923332

96.6959811936

96.8200745907

0

94.5158840119

96.5637421603

96.691947636

0

94.3741034703

96.5481182121

96.5274012881

0

94.2113343572

96.555806528

96.2820859532

0

94.0559073284

96.5015151896

96.0072502869

0

93.7538637718

96.4474174033

95.6560040548

0

93.2691491591

96.3998358679

95.2186205363

0

92.2093829291

96.2531987158

94.6642612433

0

89.338657356

96.12061559

93.9278156145

0

82.1883972945

95.8229218482

92.8976230233

0

70.5886579678

95.4114732899

91.2890360405

0

53.4853412351

94.7802894377

88.1234721607

0

36.560907043

93.5763744397

82.1579202719

0

27.1141213439

90.9828097859

69.6566074304

0

24.223523196

82.7710755018

49.4951353641

0

23.1168557319

66.0944301539

33.5598649357

0

22.2873764217

39.8866709979

29.0150201827

0

21.6946450655

26.9128476167

27.2497851617

0

21.2622550399

23.7745738469

26.4427331086

0

20.9220130664

22.3721497585

25.8418662717

0

20.6503265808

21.4181964265

25.3665007065

0

20.3923648981

20.6580639251

24.9333055245

0

20.1529248465

20.0432352175

24.554080354

0

19.9217275082

19.511494086

24.1882493561

0

19.6972261508

19.0843463093

23.876505303

0

19.5098855291

18.7841363914

23.5826520377

0

19.3171215545

18.554820273

23.3387292715

0

19.145600677

18.3263536329

23.1163009632

0

18.9644567744

18.1998458896

22.8858893029

0

18.793356843

18.0846716917

22.7174203759

0

18.626613215

17.9345721092

22.5117560441

0

18.4584305384

17.7463535339

22.3035723321

0

18.2936252207

17.6454914318

22.1167874056

0

18.1391379786

17.5443497545

21.9479676788

0

17.9867456779

17.4428747377

21.7848670511

0

17.8232913037

17.3336146289

21.636414971

0

17.6862292749

17.2556991927

21.4632155624

0

17.5552464919

17.1540521296

21.2900055235

0

17.4529663636

17.0521792558

21.1645574034

0

17.3432266776

16.9526290062

21.0206338293

0

17.2554349289

16.8570680785

20.8999374513

0

17.1864095475

16.8262180389

20.7516660863

0

17.1168653255

16.7319904695

20.6407283198

0

17.0659797869

16.709205097

20.5262400346

0

0

0



PC+0.5% TEGO Run 1

		#FILE:		PC+0.5% TEGO Run 1.dsv

		#FORMAT:		NETZSCH5

		#IDENTITY:		PC-0.5% TEGO

		#DECIMAL:		POINT

		#SEPARATOR:		COMMA

		#MTYPE:		DSC

		#MSUBTYPE:

		#INSTRUMENT:		NETZSCH STA 409 PC/PG

		#PROJECT:		graphite

		#DATE/TIME:		9/4/07 15:59

		#CORR. FILE:		Correction for PC sample.bsv

		#LABORATORY:		Reaction Lab

		#OPERATOR:		AA

		#REMARK:

		#SAMPLE:		Polycarbonate samples

		#SAMPLE MASS /mg:		21.75

		#MATERIAL:		PPS

		#REFERENCE:		S1

		#REFERENCE MASS /mg:		0

		#TYPE OF CRUCIBLE:		DSC/TG pan Al2O3

		#SAMPLE CRUCIBLE MASS /mg:		0

		#REFERENCE CRUCIBLE MASS /mg:		40

		#GAS 1:		He

		#FLOW RATE 1 /(ml/min):		30

		#GAS 2:

		#FLOW RATE 2:

		#CORR. CODE:		20

		#EXO:		-1

		#RANGE:		30....850/0.0....20.0K/min

		#SEGMENT:		S1-4/4

		##Temp./øC		Time/min		DSC/(uV/mg)		Mass/%		Sensit./(æV/mW)		Segment

		23.146		0.00E+00		0.12638		100		1		1

		23.38948		0.5		7.88E-02		99.00581		1		1

		23.73694		1		3.99E-02		98.37774		1		1

		24.20132		1.5		5.55E-03		98.16024		1		1

		25.01408		2		-3.90E-02		98.14081		1		1

		26.43131		2.5		-0.10174		98.31503		1		1

		28.49216		3		-0.17748		98.57016		1		1

		31.19866		3.5		-0.25466		98.89264		1		1

		34.39786		4		-0.32055		99.26957		1		1

		37.81851		4.5		-0.37062		99.67287		1		1

		41.40809		5		-0.4039		100.12283		1		1

		45.01409		5.5		-0.42369		100.58166		1		1

		48.60393		6		-0.43475		101.0621		1		1

		52.14299		6.5		-0.43803		101.54705		1		1

		55.58978		7		-0.43815		102.04455		1		1

		58.9503		7.5		-0.43571		102.53255		1		1

		62.2444		8		-0.43379		103.00233		1		1

		65.46734		8.5		-0.42944		103.46279		1		1

		68.58024		9		-0.42719		103.89262		1		1

		71.64839		9.5		-0.42433		104.3177		1		1

		74.661		10		-0.42183		104.73883		1		1

		77.5882		10.5		-0.42003		105.1171		1		1

		80.48267		11		-0.41871		105.48601		1		1

		83.3689		11.5		-0.41851		105.79082		1		1

		86.2		12		-0.41791		106.11152		1		1

		89.04674		12.5		-0.41854		106.37988		1		1

		91.8303		13		-0.41843		106.65462		1		1

		94.63628		13.5		-0.41896		106.91178		1		1

		97.3947		14		-0.41894		107.152		1		1

		100.1281		14.5		-0.41999		107.36428		1		1

		102.85581		15		-0.42124		107.55513		1		1

		105.51623		15.5		-0.41994		107.74055		1		2

		107.9092		16		-0.40125		107.86606		1		2

		109.75235		16.5		-0.35563		108.0011		1		2

		111.01011		17		-0.28998		108.10588		1		2

		111.60636		17.5		-0.21521		108.20648		1		2

		111.71594		18		-0.14446		108.29022		1		2

		111.42978		18.5		-8.39E-02		108.37974		1		2

		110.87697		19		-4.00E-02		108.45805		1		2

		110.25401		19.5		-1.25E-02		108.51284		1		2

		109.6116		20		-2.53E-03		108.57467		1		2

		109.07371		20.5		-4.98E-03		108.60661		1		2

		108.66562		21		-1.49E-02		108.64216		1		2

		108.34383		21.5		-2.66E-02		108.66165		1		2

		108.12801		22		-3.84E-02		108.65151		1		2

		107.95958		22.5		-4.75E-02		108.66182		1		2

		107.84427		23		-5.42E-02		108.65271		1		2

		107.75937		23.5		-5.44E-02		108.61623		1		2

		107.66618		24		-5.40E-02		108.57167		1		2

		107.56347		24.5		-5.34E-02		108.55488		1		2

		107.4362		25		-5.14E-02		108.51535		1		2

		107.39226		25.5		-5.29E-02		108.47796		1		3		100

		107.55748		26		-7.11E-02		108.4323		1		3		99.9579085005

		108.30217		26.5		-0.12607		108.3952		1		3		99.9237080048

		109.84308		27		-0.2102		108.3402		1		3		99.8730064614

		112.07941		27.5		-0.29768		108.2859		1		3		99.8229502103

		114.77037		28		-0.36793		108.23067		1		3		99.7720366423

		117.61349		28.5		-0.41231		108.1666		1		3		99.7129739534

		120.50189		29		-0.4348		108.11179		1		3		99.6624475608

		123.3505		29.5		-0.44314		108.0364		1		3		99.5929495724

		126.18539		30		-0.44517		107.94656		1		3		99.5101309059

		128.98045		30.5		-0.44616		107.87256		1		3		99.4419142838

		131.73809		31		-0.44812		107.79806		1		3		99.3732367386

		134.49999		31.5		-0.44965		107.70769		1		3		99.2899294935

		137.24029		32		-0.45222		107.6236		1		3		99.2124114428

		139.94285		32.5		-0.45462		107.5412		1		3		99.1364513123

		142.63406		33		-0.4555		107.45844		1		3		99.0601593172

		145.31619		33.5		-0.45712		107.37541		1		3		98.9836184235

		147.96461		34		-0.45898		107.29301		1		3		98.907658293

		150.63838		34.5		-0.46026		107.2016		1		3		98.8233923278

		153.28077		35		-0.46258		107.10904		1		3		98.7380662394

		155.90264		35.5		-0.46524		107.01696		1		3		98.6531826373

		158.52174		36		-0.46884		106.92431		1		3		98.5677735828

		161.11721		36.5		-0.47176		106.8331		1		3		98.4836919868

		163.70784		37		-0.47496		106.74115		1		3		98.3989282247

		166.31325		37.5		-0.48002		106.63965		1		3		98.3053608309

		168.89658		38		-0.4832		106.549		1		3		98.2217954689

		171.47361		38.5		-0.4866		106.44656		1		3		98.1273615396

		174.05131		39		-0.49091		106.35504		1		3		98.0429941714

		176.60814		39.5		-0.49373		106.26339		1		3		97.9585069631

		179.16361		40		-0.49742		106.18117		1		3		97.8827127649

		181.72417		40.5		-0.50179		106.08678		1		3		97.7956996979

		184.28306		41		-0.50509		105.98808		1		3		97.7047134736

		186.82841		41.5		-0.50864		105.89487		1		3		97.6187881852

		189.37295		42		-0.51308		105.80371		1		3		97.5347526816

		191.92136		42.5		-0.51658		105.71083		1		3		97.4491316024

		194.45919		43		-0.5212		105.61942		1		3		97.3648656372

		196.98829		43.5		-0.52531		105.53603		1		3		97.2879928789

		199.52579		44		-0.52995		105.44426		1		3		97.2033950491

		202.05092		44.5		-0.53444		105.35248		1		3		97.1187880008

		204.5722		45		-0.53992		105.26938		1		3		97.0421825779

		207.10496		45.5		-0.54608		105.17826		1		3		96.9581839481

		209.62789		46		-0.55231		105.09505		1		3		96.8814771222

		212.13411		46.5		-0.55725		105.00294		1		3		96.7965658646

		214.64567		47		-0.56263		104.91163		1		3		96.7123920841

		217.15711		47.5		-0.56744		104.81861		1		3		96.6266419464

		219.67026		48		-0.57296		104.74516		1		3		96.5589323398

		222.18286		48.5		-0.57791		104.67043		1		3		96.49004277

		224.68549		49		-0.58258		104.5815		1		3		96.4080629835

		227.18041		49.5		-0.58461		104.50594		1		3		96.3384082813

		229.68678		50		-0.58812		104.424		1		3		96.2628722

		232.19585		50.5		-0.59339		104.34106		1		3		96.1864142725

		234.70822		51		-0.5977		104.27547		1		3		96.1259503774

		237.192		51.5		-0.60144		104.20157		1		3		96.0578259399

		239.70817		52		-0.60575		104.13832		1		3		95.999519165

		242.19198		52.5		-0.60987		104.06477		1		3		95.9317173737

		244.68236		53		-0.61455		103.9828		1		3		95.8561536371

		247.17652		53.5		-0.62007		103.91843		1		3		95.7968143944

		249.69914		54		-0.62619		103.85239		1		3		95.7359356684

		252.18941		54.5		-0.63232		103.78031		1		3		95.6694889911

		254.67113		55		-0.63917		103.71593		1		3		95.6101405299

		257.17321		55.5		-0.64713		103.65143		1		3		95.5506814472

		259.67294		56		-0.65437		103.59578		1		3		95.4993807037

		262.15378		56.5		-0.66315		103.52262		1		3		95.4319384325

		264.66339		57		-0.67159		103.45708		1		3		95.3715206296

		267.15235		57.5		-0.68066		103.39367		1		3		95.3130663593

		269.63939		58		-0.68968		103.32909		1		3		95.2535335288

		272.12708		58.5		-0.69989		103.26526		1		3		95.1946920831

		274.608		59		-0.709		103.20083		1		3		95.1352975296

		277.09826		59.5		-0.71955		103.14519		1		3		95.0840060045

		279.59563		60		-0.72998		103.07997		1		3		95.0238831925

		282.0786		60.5		-0.74038		103.01672		1		3		94.9655764176

		284.56322		61		-0.75134		102.96179		1		3		94.9149394034

		287.05205		61.5		-0.76219		102.90615		1		3		94.8636478783

		289.53034		62		-0.77426		102.84257		1		3		94.8050368941

		292.03015		62.5		-0.78564		102.78676		1		3		94.7535886552

		294.515		63		-0.7974		102.71362		1		3		94.6861648209

		296.999		63.5		-0.8096		102.66739		1		3		94.6435478691

		299.49558		64		-0.82192		102.6126		1		3		94.5930399134

		301.97762		64.5		-0.83436		102.55702		1		3		94.5418036991

		304.46501		65		-0.84754		102.5007		1		3		94.4898853186

		306.95416		65.5		-0.86102		102.4547		1		3		94.4474803914

		309.45222		66		-0.87459		102.40998		1		3		94.4062554274

		311.94878		66.5		-0.88851		102.34706		1		3		94.3482528617

		314.427		67		-0.90358		102.30853		1		3		94.3127341259

		316.91453		67.5		-0.91818		102.24478		1		3		94.2539664278

		319.42199		68		-0.93435		102.19826		1		3		94.2110821406

		321.88798		68.5		-0.95057		102.13343		1		3		94.1513188485

		324.39355		69		-0.9659		102.07926		1		3		94.1013824375

		326.88421		69.5		-0.98296		102.03323		1		3		94.0589498549

		329.3656		70		-0.99891		101.97688		1		3		94.007003819

		331.86725		70.5		-1.01479		101.93168		1		3		93.9653363688

		334.35708		71		-1.03283		101.8775		1		3		93.9153907393

		336.83593		71.5		-1.05125		101.82242		1		3		93.8646154482

		339.32236		72		-1.07071		101.76636		1		3		93.8129367477

		341.82587		72.5		-1.08881		101.71907		1		3		93.7693426388

		344.31644		73		-1.10619		101.67428		1		3		93.7280531455

		346.81637		73.5		-1.12422		101.6195		1		3		93.6775544083

		349.29319		74		-1.14086		101.56401		1		3		93.6264011602

		352.32519		74.5		-1.25731		101.51724		1		4		93.5832864114

		358.90476		75		-1.7723		101.47126		1		4		93.5408999211

		368.82353		75.5		-2.22085		101.4161		1		4		93.4900508822

		379.27318		76		-2.39922		101.3513		1		4		93.4303152456

		389.52006		76.5		-2.51801		101.28737		1		4		93.3713816152

		399.92037		77		-2.67017		101.20419		1		4		93.2947024446

		410.41881		77.5		-2.82371		101.07559		1		4		93.1761530176

		420.86856		78		-2.96247		100.86433		1		4		92.9814037801

		431.26728		78.5		-3.11604		100.6891		1		4		92.8198686627

		441.65815		79		-3.21609		100.3953		1		4		92.5490302362

		452.00969		79.5		-3.34342		99.93452		1		4		92.1242619238

		462.34817		80		-3.47482		99.17122		1		4		91.4206166856

		472.71947		80.5		-3.5943		97.42978		1		4		89.8152767622

		482.93299		81		-3.84746		91.68494		1		4		84.5194175849

		493.30449		81.5		-4.14192		82.68344		1		4		76.2214186181

		503.66216		82		-4.26544		67.84805		1		4		62.545470066

		513.9695		82.5		-4.30149		48.16851		1		4		44.4039600302

		524.23904		83		-4.39537		33.97214		1		4		31.317089665

		534.66476		83.5		-4.51818		29.70768		1		4		27.3859132307

		545.14087		84		-4.58253		28.37587		1		4		26.1581891842

		555.59426		84.5		-4.59216		27.69647		1		4		25.531886846

		566.08265		85		-4.56316		27.24496		1		4		25.1156640483

		576.58456		85.5		-4.4946		26.82259		1		4		24.7263038501

		587.06225		86		-4.40342		26.49095		1		4		24.4205827617

		597.49634		86.5		-4.29153		26.15105		1		4		24.1072472233

		607.8354		87		-4.13819		25.85662		1		4		23.8358280336

		618.06436		87.5		-4.0014		25.53603		1		4		23.5402933462

		628.18225		88		-3.88218		25.26815		1		4		23.2933491743

		638.21531		88.5		-3.80269		25.02013		1		4		23.0647128689

		648.14089		89		-3.78236		24.77146		1		4		22.8354773633

		658.01847		89.5		-3.82279		24.56105		1		4		22.6415116951

		667.90325		90		-3.89116		24.36747		1		4		22.4630606992

		677.70838		90.5		-3.94678		24.18347		1		4		22.2934409902

		686.93116		91		-4.03884		23.99103		1		4		22.116040899

		696.5408		91.5		-4.22014		23.8066		1		4		21.9460247962

		706.51373		92		-4.25264		23.64165		1		4		21.7939662582

		716.55909		92.5		-4.24407		23.48532		1		4		21.6498540349

		726.75082		93		-4.174		23.33801		1		4		21.5140568646

		736.9826		93.5		-4.04482		23.18117		1		4		21.3694744997

		747.2204		94		-3.89169		23.06167		1		4		21.2593138735

		757.40454		94.5		-3.73811		22.93337		1		4		21.1410410004

		767.57065		95		-3.60096		22.8316		1		4		21.0472247081

		777.6727		95.5		-3.48759		22.72126		1		4		20.9455081936

		787.73217		96		-3.40004		22.63003		1		4		20.8614081607

		797.7144		96.5		-3.33198		22.54725		1		4		20.7850977286

		807.71007		97		-3.26313		22.5098		1		4		20.7505745868

		817.69101		97.5		-3.19362		22.45528		1		4		20.7003155295

		827.69772		98		-3.11945		22.40915		1		4

		837.68622		98.5		-3.059		22.33564		1		4

		847.64684		99		-3.01574		22.262		1		4





PC+1% TEGO Repeat Run 2

		#FILE:		PC+1% TEGO Repeat Run 2.dsv

		#FORMAT:		NETZSCH5

		#IDENTITY:		PC+1% TEGO repeat

		#DECIMAL:		POINT

		#SEPARATOR:		COMMA

		#MTYPE:		DSC

		#MSUBTYPE:

		#INSTRUMENT:		NETZSCH STA 409 PC/PG

		#PROJECT:		graphite

		#DATE/TIME:		8/27/07 10:14

		#CORR. FILE:		Correction for PC sample.bsv

		#LABORATORY:		Reaction Lab

		#OPERATOR:		AA

		#REMARK:

		#SAMPLE:		Polycarbonate samples

		#SAMPLE MASS /mg:		31.26

		#MATERIAL:		PPS

		#REFERENCE:		S1

		#REFERENCE MASS /mg:		0

		#TYPE OF CRUCIBLE:		DSC/TG pan Al2O3

		#SAMPLE CRUCIBLE MASS /mg:		0

		#REFERENCE CRUCIBLE MASS /mg:		40

		#GAS 1:		He

		#FLOW RATE 1 /(ml/min):		30

		#GAS 2:

		#FLOW RATE 2:

		#CORR. CODE:		20

		#EXO:		-1

		#RANGE:		30....850/0.0....20.0K/min

		#SEGMENT:		S1-4/4

		##Temp./øC		Time/min		DSC/(uV/mg)		Mass/%		Sensit./(æV/mW)		Segment

		93.897		0.00E+00		4.81E-02		100		1		1

		91.837		0.5		1.41E-02		99.52015		1		1

		89.815		1		-1.34E-02		99.18746		1		1

		87.813		1.5		-3.32E-02		99.0531		1		1

		85.829		2		-5.28E-02		99.0723		1		1

		83.887		2.5		-7.73E-02		99.23864		1		1

		81.987		3		-0.106		99.42418		1		1

		80.189		3.5		-0.13375		99.6865		1		1

		78.701		4		-0.15417		99.96161		1		1

		77.772		4.5		-0.16284		100.24952		1		1

		77.569		5		-0.15862		100.54383		1		1

		78.136		5.5		-0.14612		100.83173		1		1

		79.327		6		-0.13121		101.09405		1		1

		80.859		6.5		-0.11695		101.33717		1		1

		82.617		7		-0.10668		101.5611		1		1

		84.382		7.5		-9.98E-02		101.76583		1		1

		86.21		8		-9.55E-02		101.93858		1		1

		88.039		8.5		-9.29E-02		102.10493		1		1

		89.866		9		-9.14E-02		102.27127		1		1

		91.714		9.5		-8.95E-02		102.40563		1		1

		93.596		10		-8.84E-02		102.53359		1		1

		95.491		10.5		-8.70E-02		102.63596		1		1

		97.432		11		-8.56E-02		102.73832		1		1

		99.41		11.5		-8.50E-02		102.82789		1		1

		101.353		12		-8.39E-02		102.89187		1		1

		103.366		12.5		-8.33E-02		102.94946		1		1

		105.365		13		-8.27E-02		102.98784		1		1

		107.395		13.5		-8.25E-02		103.03263		1		1

		109.438		14		-8.22E-02		103.06462		1		1

		111.488		14.5		-8.14E-02		103.09021		1		1

		113.51282		15		-8.08E-02		103.10255		1		2

		115.5728		15.5		-7.99E-02		103.11554		1		2

		117.2702		16		-7.66E-02		103.10925		1		2

		118.39264		16.5		-7.02E-02		103.10937		1		2

		118.81362		17		-6.15E-02		103.1028		1		2

		118.66521		17.5		-5.15E-02		103.08994		1		2

		118.04539		18		-4.15E-02		103.06432		1		2

		117.18213		18.5		-3.21E-02		103.03825		1		2

		116.16568		19		-2.54E-02		102.99996		1		2

		115.17169		19.5		-1.93E-02		102.96111		1		2

		114.30751		20		-1.61E-02		102.91657		1		2

		113.58566		20.5		-1.47E-02		102.85864		1		2

		113.03419		21		-1.51E-02		102.80702		1		2

		112.59409		21.5		-1.59E-02		102.74318		1		2

		112.18908		22		-1.72E-02		102.67307		1		2

		111.82015		22.5		-1.89E-02		102.60932		1		2

		111.44601		23		-2.00E-02		102.54462		1		2

		111.08807		23.5		-1.81E-02		102.44825		1		2

		110.71299		24		-1.72E-02		102.36617		1		2

		110.3819		24.5		-1.60E-02		102.29558		1		2

		110.05924		25		-1.48E-02		102.22016		1		3

		109.77326		25.5		-1.46E-02		102.15083		1		3		100

		109.83506		26		-1.75E-02		102.08044		1		3		99.931092092

		110.61354		26.5		-2.44E-02		102.0099		1		3		99.8620373422

		112.31304		27		-3.55E-02		101.9265		1		3		99.7803933654

		114.65512		27.5		-4.75E-02		101.85017		1		3		99.7056705266

		117.33425		28		-5.74E-02		101.77314		1		3		99.6302624266

		120.04922		28.5		-6.53E-02		101.69578		1		3		99.554531275

		122.68479		29		-6.98E-02		101.62537		1		3		99.485603788

		125.28793		29.5		-7.22E-02		101.55481		1		3		99.4165294594

		127.87647		30		-7.33E-02		101.48502		1		3		99.3482089181

		130.47276		30.5		-7.47E-02		101.40802		1		3		99.2728301865

		133.06885		31		-7.80E-02		101.35688		1		3		99.2227669614

		135.67516		31.5		-8.07E-02		101.27353		1		3		99.1411719317

		138.30819		32		-8.25E-02		101.19735		1		3		99.0665959347

		140.90371		32.5		-8.42E-02		101.12004		1		3		98.9909137302

		143.53037		33		-8.55E-02		101.04316		1		3		98.9156524719

		146.11472		33.5		-8.66E-02		100.96644		1		3		98.8405478448

		148.68828		34		-8.78E-02		100.89652		1		3		98.7721000407

		151.25112		34.5		-8.85E-02		100.81279		1		3		98.6901330121

		153.81859		35		-8.98E-02		100.73686		1		3		98.6158017512

		156.37541		35.5		-9.15E-02		100.67213		1		3		98.5524346694

		158.94835		36		-9.42E-02		100.60233		1		3		98.4841043387

		161.485		36.5		-9.57E-02		100.5319		1		3		98.4151572728

		164.0554		37		-9.85E-02		100.46765		1		3		98.3522600844

		166.58738		37.5		-0.10078		100.39697		1		3		98.2830682825

		169.11855		38		-0.10191		100.333		1		3		98.2204451985

		171.67604		38.5		-0.10443		100.26249		1		3		98.1514198171

		174.18781		39		-0.10646		100.19237		1		3		98.0827762241

		176.71979		39.5		-0.10827		100.11634		1		3		98.0083470687

		179.23358		40		-0.11052		100.05206		1		3		97.945420512

		181.78086		40.5		-0.11311		99.98122		1		3		97.8760720789

		184.30159		41		-0.11515		99.91704		1		3		97.8132434166

		186.83221		41.5		-0.11732		99.85936		1		3		97.756777894

		189.33723		42		-0.12027		99.78283		1		3		97.6818592663

		191.85976		42.5		-0.12227		99.7314		1		3		97.6315121473

		194.38061		43		-0.12515		99.66133		1		3		97.5629175015

		196.93754		43.5		-0.12755		99.60365		1		3		97.5064519789

		199.41482		44		-0.12923		99.55244		1		3		97.4563202276

		201.95059		44.5		-0.13207		99.48305		1		3		97.3883912642

		204.45594		45		-0.13467		99.42496		1		3		97.3315243743

		206.98577		45.5		-0.13746		99.36733		1		3		97.2751077989

		209.49484		46		-0.14008		99.30309		1		3		97.2122204

		211.96734		46.5		-0.14288		99.24525		1		3		97.1555982462

		214.49573		47		-0.14567		99.17482		1		3		97.0866511804

		216.9907		47.5		-0.14847		99.1177		1		3		97.0307338668

		219.52796		48		-0.15156		99.06699		1		3		96.9810915878

		222.01906		48.5		-0.15375		99.01538		1		3		96.9305682587

		224.51174		49		-0.15573		98.95751		1		3		96.8739167367

		227.0397		49.5		-0.15706		98.90009		1		3		96.8177057396

		229.54307		50		-0.1573		98.84863		1		3		96.7673292522

		232.03622		50.5		-0.15818		98.79827		1		3		96.7180296039

		234.54752		51		-0.16092		98.75254		1		3		96.6732624688

		237.05668		51.5		-0.16454		98.70175		1		3		96.6235418743

		239.56574		52		-0.16693		98.65695		1		3		96.5796851577

		242.06032		52.5		-0.16818		98.61129		1		3		96.5349865488

		244.54922		53		-0.16915		98.56024		1		3		96.4850114287

		247.04792		53.5		-0.17144		98.52259		1		3		96.4481541658

		249.57846		54		-0.17421		98.48411		1		3		96.4104843788

		252.06857		54.5		-0.1766		98.44506		1		3		96.3722565935

		254.55441		55		-0.18082		98.40734		1		3		96.3353308045

		257.07927		55.5		-0.18454		98.36886		1		3		96.2976610175

		259.56878		56		-0.18893		98.32482		1		3		96.2545482988

		262.05865		56.5		-0.19293		98.28508		1		3		96.2156450417

		264.56907		57		-0.19801		98.24744		1		3		96.1787975683

		267.0727		57.5		-0.20192		98.2088		1		3		96.1409711502

		269.58467		58		-0.20642		98.16427		1		3		96.0973787487

		272.0585		58.5		-0.21126		98.13222		1		3		96.0660035753

		274.56369		59		-0.2159		98.09315		1		3		96.0277562111

		277.05042		59.5		-0.22096		98.05551		1		3		95.9909087376

		279.5638		60		-0.22632		98.02352		1		3		95.9595923009

		282.06363		60.5		-0.23196		97.99149		1		3		95.9282367064

		284.54512		61		-0.23703		97.95899		1		3		95.896421008

		287.0487		61.5		-0.24196		97.92754		1		3		95.8656332014

		289.55134		62		-0.24776		97.8884		1		3		95.8273173111

		292.03892		62.5		-0.25361		97.85702		1		3		95.7965980306

		294.53261		63		-0.25979		97.81252		1		3		95.7530349974

		297.01844		63.5		-0.26524		97.78038		1		3		95.721571719

		299.51281		64		-0.27163		97.7422		1		3		95.6841956154

		302.02305		64.5		-0.27777		97.70926		1		3		95.6519491814

		304.50712		65		-0.2842		97.67177		1		3		95.6152485496

		307.02062		65.5		-0.29077		97.63324		1		3		95.5775298155

		309.49517		66		-0.29815		97.60068		1		3		95.5456553804

		312.01585		66.5		-0.30494		97.56301		1		3		95.5087785386

		314.49006		67		-0.31215		97.53178		1		3		95.4782060997

		317.00829		67.5		-0.32013		97.48534		1		3		95.4327439141

		319.46832		68		-0.328		97.44698		1		3		95.3951916005

		321.96746		68.5		-0.33639		97.40302		1		3		95.3521571974

		324.48177		69		-0.3454		97.36372		1		3		95.3136846759

		326.98256		69.5		-0.35689		97.33178		1		3		95.2824171864

		329.48116		70		-0.36656		97.3004		1		3		95.2516979059

		331.96314		70.5		-0.37728		97.25591		1		3		95.2081446622

		334.45157		71		-0.38852		97.21717		1		3		95.1702203497

		336.96685		71.5		-0.39899		97.17258		1		3		95.1265692114

		339.47047		72		-0.41018		97.13439		1		3		95.0891833184

		341.96536		72.5		-0.42086		97.09555		1		3		95.0511611115

		344.44264		73		-0.43142		97.05121		1		3		95.0077547094

		346.95235		73.5		-0.44333		97.00624		1		3		94.9637315722

		349.45345		74		-0.45542		96.96172		1		3		94.9201489601

		352.60615		74.5		-0.53434		96.90342		1		4		94.8630764919

		359.76149		75		-0.80091		96.84588		1		4		94.8067480215

		370.11705		75.5		-0.95753		96.76905		1		4		94.7315357105

		380.53511		76		-1.00783		96.6595		1		4		94.6242923332

		390.57901		76.5		-1.08794		96.54876		1		4		94.5158840119

		400.91994		77		-1.17972		96.40393		1		4		94.3741034703

		411.41718		77.5		-1.25352		96.23766		1		4		94.2113343572

		421.79558		78		-1.32027		96.07889		1		4		94.0559073284

		432.14732		78.5		-1.40113		95.77035		1		4		93.7538637718

		442.5457		79		-1.48653		95.27521		1		4		93.2691491591

		452.93902		79.5		-1.57986		94.19265		1		4		92.2093829291

		463.13804		80		-1.6807		91.26018		1		4		89.338657356

		473.42197		80.5		-1.76429		83.95613		1		4		82.1883972945

		483.66599		81		-1.82001		72.1069		1		4		70.5886579678

		493.89746		81.5		-1.86405		54.63572		1		4		53.4853412351

		504.15132		82		-1.92215		37.34727		1		4		36.560907043

		514.43082		82.5		-2.04774		27.6973		1		4		27.1141213439

		524.79153		83		-2.16311		24.74453		1		4		24.223523196

		535.10877		83.5		-2.23652		23.61406		1		4		23.1168557319

		545.33787		84		-2.28759		22.76674		1		4		22.2873764217

		555.54494		84.5		-2.33101		22.16126		1		4		21.6946450655

		565.74131		85		-2.36756		21.71957		1		4		21.2622550399

		575.90715		85.5		-2.39578		21.37201		1		4		20.9220130664

		586.0889		86		-2.41483		21.09448		1		4		20.6503265808

		596.30392		86.5		-2.42674		20.83097		1		4		20.3923648981

		606.50718		87		-2.42538		20.58638		1		4		20.1529248465

		616.75581		87.5		-2.40838		20.35021		1		4		19.9217275082

		627.01383		88		-2.37024		20.12088		1		4		19.6972261508

		637.30342		88.5		-2.30626		19.92951		1		4		19.5098855291

		647.61173		89		-2.21933		19.7326		1		4		19.3171215545

		657.91447		89.5		-2.11019		19.55739		1		4		19.145600677

		668.23608		90		-1.98585		19.37235		1		4		18.9644567744

		678.54613		90.5		-1.84896		19.19757		1		4		18.793356843

		688.81706		91		-1.69662		19.02724		1		4		18.626613215

		699.08309		91.5		-1.53709		18.85544		1		4		18.4584305384

		709.24261		92		-1.37585		18.68709		1		4		18.2936252207

		719.32345		92.5		-1.21495		18.52928		1		4		18.1391379786

		729.28653		93		-1.06529		18.37361		1		4		17.9867456779

		739.12927		93.5		-0.91494		18.20664		1		4		17.8232913037

		748.70211		94		-0.8358		18.06663		1		4		17.6862292749

		758.36142		94.5		-0.87269		17.93283		1		4		17.5552464919

		768.10346		95		-0.95492		17.82835		1		4		17.4529663636

		777.88174		95.5		-1.06664		17.71625		1		4		17.3432266776

		787.72098		96		-1.18089		17.62657		1		4		17.2554349289

		797.61789		96.5		-1.28093		17.55606		1		4		17.1864095475

		807.54899		97		-1.36887		17.48502		1		4		17.1168653255

		817.49118		97.5		-1.44494		17.43304		1		4		17.0659797869

		827.47267		98		-1.5069		17.38967		1		4

		837.48008		98.5		-1.55728		17.33145		1		4

		847.48402		99		-1.58655		17.28722		1		4





PC+2% TEGO Run 1

		#FILE:		PC+2% TEGO Run 1.dsv

		#FORMAT:		NETZSCH5

		#IDENTITY:		PC-2% TEGO

		#DECIMAL:		POINT

		#SEPARATOR:		COMMA

		#MTYPE:		DSC

		#MSUBTYPE:

		#INSTRUMENT:		NETZSCH STA 409 PC/PG

		#PROJECT:		graphite

		#DATE/TIME:		8/16/07 17:19

		#CORR. FILE:		Correction for PC sample.bsv

		#LABORATORY:		Reaction Lab

		#OPERATOR:		AA

		#REMARK:

		#SAMPLE:		Polycarbonate samples

		#SAMPLE MASS /mg:		25.236

		#MATERIAL:		PPS

		#REFERENCE:		S1

		#REFERENCE MASS /mg:		0

		#TYPE OF CRUCIBLE:		DSC/TG pan Al2O3

		#SAMPLE CRUCIBLE MASS /mg:		0

		#REFERENCE CRUCIBLE MASS /mg:		40

		#GAS 1:		He

		#FLOW RATE 1 /(ml/min):		30

		#GAS 2:

		#FLOW RATE 2:

		#CORR. CODE:		20

		#EXO:		-1

		#RANGE:		30....850/0.0....20.0K/min

		#SEGMENT:		S1-4/4

		##Temp./øC		Time/min		DSC/(uV/mg)		Mass/%		Sensit./(æV/mW)		Segment

		22.529		0.00E+00		7.62E-02		100		1		1

		22.57158		0.5		5.87E-02		99.84869		1		1

		22.59391		1		3.91E-02		99.75424		1		1

		22.87826		1.5		2.77E-02		99.8392		1		1

		23.71952		2		2.51E-02		100.02091		1		1

		25.47105		2.5		2.78E-02		100.19799		1		1

		28.21887		3		3.05E-02		100.26865		1		1

		31.67486		3.5		2.89E-02		100.33417		1		1

		35.47773		4		2.09E-02		100.37228		1		1

		39.29082		4.5		6.04E-03		100.35792		1		1

		42.92842		5		-8.29E-03		100.34247		1		1

		46.35347		5.5		-2.08E-02		100.31755		1		1

		49.64458		6		-3.04E-02		100.27795		1		1

		52.83753		6.5		-3.56E-02		100.2226		1		1

		55.98722		7		-3.64E-02		100.145		1		1

		59.13928		7.5		-3.55E-02		100.04916		1		1

		62.3009		8		-3.43E-02		99.93822		1		1

		65.40419		8.5		-3.17E-02		99.81954		1		1

		68.4995		9		-3.21E-02		99.69317		1		1

		71.52692		9.5		-3.19E-02		99.55149		1		1

		74.45985		10		-3.19E-02		99.43686		1		1

		77.43255		10.5		-3.22E-02		99.23325		1		1

		80.34251		11		-3.22E-02		99.08175		1		1

		83.20456		11.5		-3.33E-02		98.91677		1		1

		86.05726		12		-3.29E-02		98.74248		1		1

		88.87318		12.5		-3.38E-02		98.61268		1		1

		91.67395		13		-3.38E-02		98.45557		1		1

		94.4802		13.5		-3.51E-02		98.2916		1		1

		97.23804		14		-3.53E-02		98.14676		1		1

		99.97715		14.5		-3.62E-02		97.93265		1		1

		102.70836		15		-3.70E-02		97.75103		1		1

		105.35211		15.5		-3.70E-02		97.67036		1		2

		107.6125		16		-3.82E-02		97.46402		1		2

		109.16265		16.5		-4.06E-02		97.32334		1		2

		109.98356		17		-4.15E-02		97.1516		1		2

		110.15822		17.5		-3.98E-02		97.00271		1		2

		109.86854		18		-3.51E-02		96.90063		1		2

		109.34699		18.5		-2.63E-02		96.75801		1		2

		108.77302		19		-1.68E-02		96.59709		1		2

		108.28264		19.5		-6.73E-03		96.40144		1		2

		107.9638		20		1.01E-03		96.30605		1		2

		107.75646		20.5		5.63E-03		96.19296		1		2

		107.65799		21		7.03E-03		96.00082		1		2

		107.63303		21.5		5.70E-03		95.82905		1		2

		107.56293		22		2.14E-03		95.67418		1		2

		107.51951		22.5		-1.51E-03		95.52849		1		2

		107.41795		23		-5.18E-03		95.36672		1		2

		107.31665		23.5		-5.15E-03		95.18319		1		2

		107.18624		24		-4.41E-03		95.06933		1		2

		107.06478		24.5		-3.55E-03		94.99089		1		2

		106.94696		25		-1.80E-03		94.82716		1		2

		106.90839		25.5		-1.41E-03		94.7012		1		3		100

		107.17268		26		-4.66E-04		94.55124		1		3		99.8416493138

		108.25486		26.5		7.01E-04		94.42841		1		3		99.7119466279

		110.26689		27		2.24E-04		94.28211		1		3		99.5574607291

		112.94208		27.5		-4.28E-03		94.04784		1		3		99.31008266

		115.86841		28		-1.35E-02		94.00366		1		3		99.263430664

		118.74806		28.5		-2.40E-02		93.92734		1		3		99.1828403442

		121.50703		29		-3.35E-02		93.79384		1		3		99.0418706416

		124.14759		29.5		-3.99E-02		93.67384		1		3		98.9151563021

		126.76033		30		-4.32E-02		93.56403		1		3		98.799202122

		129.42239		30.5		-4.37E-02		93.47295		1		3		98.7030259384

		132.11574		31		-4.41E-02		93.36247		1		3		98.5863642699

		134.84528		31.5		-4.44E-02		93.23162		1		3		98.4481928423

		137.55018		32		-4.49E-02		93.129		1		3		98.3398309631

		140.22757		32.5		-4.62E-02		93.02797		1		3		98.2331480488

		142.91119		33		-4.78E-02		92.94273		1		3		98.1431386297

		145.55213		33.5		-5.00E-02		92.85164		1		3		98.0469518866

		148.19021		34		-5.09E-02		92.76553		1		3		97.9560237885

		150.80228		34.5		-5.20E-02		92.66381		1		3		97.8486122668

		153.44226		35		-5.36E-02		92.57317		1		3		97.7529007024

		156.04395		35.5		-5.50E-02		92.49102		1		3		97.6661541776

		158.65114		36		-5.73E-02		92.40873		1		3		97.5792598193

		161.24492		36.5		-5.89E-02		92.31742		1		3		97.4828407665

		163.83889		37		-6.00E-02		92.23135		1		3		97.3919549066

		166.4228		37.5		-6.26E-02		92.14727		1		3		97.3031703928

		169.00125		38		-6.43E-02		92.06208		1		3		97.2132137713

		171.54905		38.5		-6.63E-02		91.96316		1		3		97.1087589175

		174.11779		39		-6.87E-02		91.87666		1		3		97.0174189979

		176.67241		39.5		-7.03E-02		91.79884		1		3		96.9352447487

		179.23367		40		-7.18E-02		91.74122		1		3		96.8744007468

		181.77771		40.5		-7.42E-02		91.67363		1		3		96.8030288951

		184.34008		41		-7.63E-02		91.60345		1		3		96.7289221256

		186.88467		41.5		-7.93E-02		91.54461		1		3		96.6667898612

		189.41591		42		-8.14E-02		91.46382		1		3		96.5814794322

		191.95492		42.5		-8.33E-02		91.3935		1		3		96.5072248293

		194.48318		43		-8.58E-02		91.32298		1		3		96.4327590358

		197.00378		43.5		-8.78E-02		91.24923		1		3		96.3548825147

		199.51827		44		-9.01E-02		91.19621		1		3		96.2988958957

		202.05697		44.5		-9.21E-02		91.12708		1		3		96.2258978767

		204.5754		45		-9.43E-02		91.0762		1		3		96.1721709968

		207.10083		45.5		-9.65E-02		91.01166		1		3		96.1040198012

		209.60681		46		-9.92E-02		90.95193		1		3		96.0409477388

		212.11923		46.5		-0.10145		90.89319		1		3		95.9789210696

		214.6266		47		-0.10387		90.82877		1		3		95.9108965884

		217.15021		47.5		-0.10646		90.76667		1		3		95.8453219178

		219.65354		48		-0.10937		90.71878		1		3		95.7947523368

		222.15496		48.5		-0.11224		90.6728		1		3		95.7461996258

		224.67359		49		-0.11454		90.6204		1		3		95.6908676976

		227.17404		49.5		-0.11592		90.5605		1		3		95.6276161231

		229.69139		50		-0.11902		90.50873		1		3		95.5729494452

		232.18516		50.5		-0.12384		90.46044		1		3		95.5219574831

		234.67013		51		-0.12822		90.41846		1		3		95.4776285834

		237.17801		51.5		-0.13216		90.36995		1		3		95.4264043117

		239.67422		52		-0.13544		90.33145		1		3		95.3857501278

		242.18623		52.5		-0.13849		90.29273		1		3		95.3448636343

		244.66773		53		-0.14136		90.2432		1		3		95.2925622907

		247.17495		53.5		-0.14481		90.20379		1		3		95.2509471897

		249.65584		54		-0.14793		90.17272		1		3		95.2181387353

		252.16445		54.5		-0.15159		90.13617		1		3		95.1795436594

		254.65357		55		-0.15459		90.10139		1		3		95.1428176201

		257.14582		55.5		-0.15898		90.07055		1		3		95.1102520348

		259.64922		56		-0.16241		90.03308		1		3		95.0706854823

		262.13805		56.5		-0.16691		89.99376		1		3		95.0291654171

		264.62942		57		-0.17128		89.96758		1		3		95.0015205721

		267.13202		57.5		-0.17569		89.92616		1		3		94.9577830059

		269.62482		58		-0.18015		89.89028		1		3		94.9198954184

		272.10916		58.5		-0.18503		89.85856		1		3		94.8864005947

		274.60217		59		-0.18976		89.83291		1		3		94.8593154047

		277.09902		59.5		-0.19513		89.80024		1		3		94.8248174258

		279.58447		60		-0.19976		89.76852		1		3		94.791322602

		282.08271		60.5		-0.20512		89.73683		1		3		94.7578594569

		284.56824		61		-0.21106		89.70029		1		3		94.7192749405

		287.05578		61.5		-0.21558		89.6732		1		3		94.6906691784

		289.54914		62		-0.21984		89.64966		1		3		94.6658120488

		292.04007		62.5		-0.22515		89.61716		1		3		94.6314935819

		294.53427		63		-0.23169		89.57833		1		3		94.5904909336

		297.02402		63.5		-0.23685		89.5464		1		3		94.5567743598

		299.50827		64		-0.24272		89.51425		1		3		94.5228254763

		302.01311		64.5		-0.24815		89.49998		1		3		94.5077570295

		304.48302		65		-0.25495		89.46681		1		3		94.4727310742

		306.97524		65.5		-0.26124		89.44451		1		3		94.4491833261

		309.48797		66		-0.26697		89.41123		1		3		94.414041216

		311.9555		66.5		-0.27315		89.39587		1		3		94.3978217805

		314.44717		67		-0.28006		89.36351		1		3		94.363651147

		316.9385		67.5		-0.28595		89.33573		1		3		94.3343167774

		319.42549		68		-0.29277		89.30911		1		3		94.3062073131

		321.91152		68.5		-0.29993		89.27587		1		3		94.2711074411

		324.39298		69		-0.30698		89.25338		1		3		94.247359062

		326.89608		69.5		-0.31359		89.23247		1		3		94.2252790883

		329.38749		70		-0.3198		89.20606		1		3		94.1973913741

		331.87439		70.5		-0.32687		89.18521		1		3		94.1753747577

		334.35702		71		-0.33405		89.15278		1		3		94.1411302074

		336.85378		71.5		-0.3409		89.12681		1		3		94.1137071125

		339.34157		72		-0.34938		89.1059		1		3		94.0916271388

		341.83339		72.5		-0.35615		89.07926		1		3		94.0634965555

		344.33081		73		-0.36346		89.05841		1		3		94.041479939

		346.80817		73.5		-0.37152		89.03178		1		3		94.0133599152

		349.30314		74		-0.37898		88.99995		1		3		93.9797489367

		352.28799		74.5		-0.44925		88.97607		1		4		93.9545327831

		359.07401		75		-0.72364		88.95229		1		4		93.9294222249

		369.51501		75.5		-0.86035		88.92059		1		4		93.8959485202

		380.05499		76		-0.87422		88.88096		1		4		93.8541011096

		389.95999		76.5		-0.94046		88.84134		1		4		93.8122642585

		400.198		77		-1.04328		88.78586		1		4		93.7536799956

		410.67099		77.5		-1.10692		88.72246		1		4		93.6867325863

		421.048		78		-1.15729		88.65113		1		4		93.611411471

		431.33801		78.5		-1.21769		88.55603		1		4		93.510990357

		441.677		79		-1.27704		88.41338		1		4		93.3603586861

		451.996		79.5		-1.33357		88.1994		1		4		93.1344058998

		462.293		80		-1.3889		87.96164		1		4		92.8833425553

		472.57199		80.5		-1.45595		87.53368		1		4		92.4314369828

		482.83301		81		-1.52249		86.92344		1		4		91.7870523288

		493.07199		81.5		-1.60896		85.78222		1		4		90.5819778419

		503.33301		82		-1.72889		83.21446		1		4		87.870544407

		513.53302		82.5		-1.88437		75.28134		1		4		79.4935439044

		523.745		83		-2.00213		58.00444		1		4		61.2499524821

		533.93701		83.5		-2.08917		33.57902		1		4		35.4578611464

		544.35303		84		-2.14325		21.1761		1		4		22.3609626911

		554.54401		84.5		-2.12611		18.43398		1		4		19.4654133211

		564.66498		85		-2.13521		17.29276		1		4		18.2603388341

		574.84497		85.5		-2.14346		16.57157		1		4		17.4987962138

		585.05103		86		-2.13104		15.96925		1		4		16.8627747061

		595.26599		86.5		-2.08442		15.50167		1		4		16.3690322826

		605.51501		87		-1.99892		15.08163		1		4		15.9254898565

		615.69897		87.5		-1.89882		14.69329		1		4		15.5154211351

		625.797		88		-1.84232		14.28119		1		4		15.0802629745

		635.67902		88.5		-1.90212		14.08305		1		4		14.8710364811

		645.44299		89		-2.09119		13.86115		1		4		14.6367205484

		655.34198		89.5		-2.29474		13.65509		1		4		14.4191309086

		665.42297		90		-2.42873		13.48074		1		4		14.2350255329

		675.52301		90.5		-2.52173		13.30639		1		4		14.0509201573

		685.62402		91		-2.6104		13.16373		1		4		13.9002779268

		695.73999		91.5		-2.70128		12.91013		1		4		13.6324882895

		705.84198		92		-2.79219		12.8388		1		4		13.5571671742

		715.953		92.5		-2.88521		12.75163		1		4		13.4651197662

		726.06299		93		-2.96989		12.59312		1		4		13.2977406833

		736.15802		93.5		-3.04819		12.46631		1		4		13.1638353051

		746.25702		94		-3.1138		12.36329		1		4		13.0550510448

		756.34497		94.5		-3.16725		12.22856		1		4		12.9127825202

		766.42902		95		-3.20785		12.13346		1		4		12.8123614062

		776.48499		95.5		-3.23738		12.03043		1		4		12.7035665863

		786.53699		96		-3.26094		11.94325		1		4		12.6115086187

		796.591		96.5		-3.27768		11.87193		1		4		12.536198063

		806.64502		97		-3.29395		11.80853		1		4		12.4692506536

		816.67902		97.5		-3.31		11.74513		1		4		12.4023032443

		826.73401		98		-3.32542		11.7055		1		4

		836.79199		98.5		-3.34468		11.6421		1		4

		846.84399		99		-3.36602		11.59455		1		4





PC+3% TEGO Run 1

		#FILE:		PC+3% TEGO Run 1.dsv

		#FORMAT:		NETZSCH5

		#IDENTITY:		PC-3% TEGO

		#DECIMAL:		POINT

		#SEPARATOR:		COMMA

		#MTYPE:		DSC

		#MSUBTYPE:

		#INSTRUMENT:		NETZSCH STA 409 PC/PG

		#PROJECT:		graphite

		#DATE/TIME:		8/15/07 17:04

		#CORR. FILE:		Correction for PC sample.bsv

		#LABORATORY:		Reaction Lab

		#OPERATOR:		AA

		#REMARK:

		#SAMPLE:		Polycarbonate samples

		#SAMPLE MASS /mg:		27.556

		#MATERIAL:		PPS

		#REFERENCE:		S1

		#REFERENCE MASS /mg:		0

		#TYPE OF CRUCIBLE:		DSC/TG pan Al2O3

		#SAMPLE CRUCIBLE MASS /mg:		0

		#REFERENCE CRUCIBLE MASS /mg:		40

		#GAS 1:		He

		#FLOW RATE 1 /(ml/min):		30

		#GAS 2:

		#FLOW RATE 2:

		#CORR. CODE:		20

		#EXO:		-1

		#RANGE:		30....850/0.0....20.0K/min

		#SEGMENT:		S1-4/4

		##Temp./øC		Time/min		DSC/(uV/mg)		Mass/%		Sensit./(æV/mW)		Segment

		21.91		0.00E+00		0.11216		100		1		1

		21.905		0.5		7.66E-02		99.5863		1		1

		21.961		1		4.71E-02		99.23066		1		1

		22.277		1.5		3.10E-02		98.88953		1		1

		23.185		2		2.77E-02		98.71534		1		1

		25.108		2.5		3.03E-02		98.59196		1		1

		27.98		3		3.26E-02		98.43228		1		1

		31.515		3.5		2.93E-02		98.32341		1		1

		35.305		4		1.86E-02		98.18551		1		1

		39.057		4.5		3.24E-03		98.02584		1		1

		42.646		5		-1.14E-02		97.86616		1		1

		46.024		5.5		-2.28E-02		97.69197		1		1

		49.322		6		-3.05E-02		97.53956		1		1

		52.519		6.5		-3.31E-02		97.37988		1		1

		55.702		7		-3.36E-02		97.22746		1		1

		58.879		7.5		-3.26E-02		97.06053		1		1

		62.043		8		-3.10E-02		96.90086		1		1

		65.171		8.5		-2.91E-02		96.73392		1		1

		68.276		9		-2.95E-02		96.58151		1		1

		71.312		9.5		-2.88E-02		96.42909		1		1

		74.301		10		-2.96E-02		96.27667		1		1

		77.241		10.5		-2.97E-02		96.12426		1		1

		80.149		11		-2.98E-02		95.98636		1		1

		83.02		11.5		-3.05E-02		95.85571		1		1

		85.864		12		-2.98E-02		95.71781		1		1

		88.722		12.5		-3.01E-02		95.57991		1		1

		91.548		13		-3.06E-02		95.44927		1		1

		94.341		13.5		-3.06E-02		95.31862		1		1

		97.111		14		-3.12E-02		95.19524		1		1

		99.859		14.5		-3.16E-02		95.0646		1		1

		102.586		15		-3.21E-02		94.93395		1		1

		105.23176		15.5		-3.22E-02		94.80878		1		2

		107.47273		16		-3.42E-02		94.692		1		2

		109.01698		16.5		-3.75E-02		94.56802		1		2

		109.78581		17		-4.02E-02		94.45866		1		2

		109.93715		17.5		-3.97E-02		94.37173		1		2

		109.62296		18		-3.61E-02		94.27691		1		2

		109.09981		18.5		-2.88E-02		94.18303		1		2

		108.54035		19		-1.96E-02		94.09426		1		2

		108.08604		19.5		-9.63E-03		94.01441		1		2

		107.79371		20		-1.75E-03		93.93642		1		2

		107.63009		20.5		2.74E-03		93.84337		1		2

		107.55182		21		3.70E-03		93.7545		1		2

		107.52234		21.5		2.10E-03		93.66071		1		2

		107.4781		22		-1.16E-03		93.57212		1		2

		107.40354		22.5		-5.06E-03		93.48474		1		2

		107.30207		23		-8.28E-03		93.39762		1		2

		107.1991		23.5		-8.19E-03		93.30375		1		2

		107.06852		24		-7.72E-03		93.20939		1		2

		106.98905		24.5		-6.82E-03		93.13731		1		2

		106.90013		25		-5.15E-03		93.06319		1		2

		106.82703		25.5		-5.01E-03		92.99826		1		3		100

		107.13219		26		-3.19E-03		92.92346		1		3		99.9195683876

		108.2391		26.5		-7.65E-04		92.85205		1		3		99.8427820047

		110.3135		27		7.91E-04		92.77139		1		3		99.7560491992

		113.00996		27.5		-8.97E-04		92.67956		1		3		99.6573054163

		115.96348		28		-9.29E-03		92.60692		1		3		99.579196428

		118.8434		28.5		-1.93E-02		92.53915		1		3		99.5063240968

		121.54645		29		-2.81E-02		92.4739		1		3		99.4361614938

		124.20452		29.5		-3.44E-02		92.41613		1		3		99.374042052

		126.82782		30		-3.63E-02		92.3575		1		3		99.3109978617

		129.49215		30.5		-3.64E-02		92.29397		1		3		99.2426847556

		132.21765		31		-3.64E-02		92.23299		1		3		99.1771136363

		134.92985		31.5		-3.65E-02		92.17024		1		3		99.1096392556

		137.65927		32		-3.74E-02		92.01666		1		3		98.9444963809

		140.34273		32.5		-3.86E-02		91.99397		1		3		98.920098075

		143.00125		33		-3.98E-02		91.96512		1		3		98.8890759892

		145.63694		33.5		-4.09E-02		91.92905		1		3		98.8502903173

		148.29178		34		-4.14E-02		91.88733		1		3		98.8054292629

		150.93795		34.5		-4.25E-02		91.84588		1		3		98.7608585365

		153.5572		35		-4.31E-02		91.79812		1		3		98.7095027369

		156.16877		35.5		-4.44E-02		91.75441		1		3		98.6625018576

		158.77353		36		-4.62E-02		91.71222		1		3		98.6171354174

		161.37386		36.5		-4.73E-02		91.66874		1		3		98.5703818545

		163.96276		37		-4.83E-02		91.62567		1		3		98.52406916

		166.53691		37.5		-4.99E-02		91.58137		1		3		98.4764338602

		169.10857		38		-5.11E-02		91.54444		1		3		98.4367234398

		171.68851		38.5		-5.25E-02		91.48899		1		3		98.3770986683

		174.23233		39		-5.45E-02		91.42179		1		3		98.3048392518

		176.80514		39.5		-5.62E-02		91.38421		1		3		98.2644298936

		179.3567		40		-5.73E-02		91.36381		1		3		98.2424939994

		181.9093		40.5		-5.87E-02		91.32104		1		3		98.1965038916

		184.44626		41		-6.01E-02		91.28281		1		3		98.1553955956

		187.00229		41.5		-6.23E-02		91.25409		1		3		98.1245132973

		189.53323		42		-6.39E-02		91.21287		1		3		98.0801898874

		192.08673		42.5		-6.53E-02		91.1759		1		3		98.0404364555

		194.62323		43		-6.71E-02		91.13768		1		3		97.9993389124

		197.1508		43.5		-6.94E-02		91.1097		1		3		97.9692523279

		199.67813		44		-7.14E-02		91.0803		1		3		97.9376388332

		202.20764		44.5		-7.30E-02		91.04526		1		3		97.8999607089

		204.71528		45		-7.53E-02		91.01605		1		3		97.8685515191

		207.2357		45.5		-7.75E-02		90.97984		1		3		97.8296153068

		209.75515		46		-7.96E-02		90.94971		1		3		97.7972168512

		212.26986		46.5		-8.12E-02		90.91467		1		3		97.7595387269

		214.7798		47		-8.25E-02		90.87824		1		3		97.7203659509

		217.28523		47.5		-8.33E-02		90.84076		1		3		97.6800641216

		219.7825		48		-8.38E-02		90.81305		1		3		97.6502678652

		222.27929		48.5		-8.43E-02		90.79655		1		3		97.6325255978

		224.80563		49		-8.47E-02		90.76221		1		3		97.5956001757

		227.29998		49.5		-8.40E-02		90.73957		1		3		97.5712556342

		229.80784		50		-8.30E-02		90.71053		1		3		97.5400292436

		232.30846		50.5		-8.35E-02		90.68962		1		3		97.5175449519

		234.82087		51		-8.51E-02		90.67435		1		3		97.5011252899

		237.31989		51.5		-8.81E-02		90.65136		1		3		97.4764043972

		239.81889		52		-9.33E-02		90.6373		1		3		97.4612858348

		242.31256		52.5		-9.83E-02		90.6155		1		3		97.437844536

		244.80581		53		-0.10092		90.59366		1		3		97.4143602257

		247.31132		53.5		-0.10317		90.57151		1		3		97.3905425757

		249.81236		54		-0.10565		90.55175		1		3		97.3692948664

		252.32043		54.5		-0.10834		90.42296		1		3		97.2308084044

		254.81693		55		-0.11145		90.39774		1		3		97.2036896174

		257.29352		55.5		-0.11424		90.39792		1		3		97.2038831694

		259.80363		56		-0.11625		90.4048		1		3		97.2112811573

		262.27716		56.5		-0.11859		90.40499		1		3		97.2114854622

		264.78045		57		-0.12149		90.40499		1		3		97.2114854622

		267.26722		57.5		-0.12426		90.39735		1		3		97.2032702547

		269.75547		58		-0.12698		90.39009		1		3		97.1954636571

		272.23438		58.5		-0.13032		90.38393		1		3		97.1888398772

		274.74787		59		-0.13374		90.36106		1		3		97.1642480193

		277.23106		59.5		-0.13714		90.35419		1		3		97.1568607843

		279.72049		60		-0.1404		90.33928		1		3		97.1408282262

		282.2159		60.5		-0.14439		90.33312		1		3		97.1342044464

		284.68755		61		-0.14749		90.3179		1		3		97.1178385488

		287.17573		61.5		-0.15065		90.31064		1		3		97.1100319511

		289.67813		62		-0.1549		90.30343		1		3		97.1022791179

		292.15804		62.5		-0.15835		90.2891		1		3		97.0868702275

		294.65924		63		-0.16308		90.18723		1		3		96.9773305436

		297.15115		63.5		-0.16665		90.18725		1		3		96.9773520494

		299.64169		64		-0.17068		90.18725		1		3		96.9773520494

		302.1215		64.5		-0.174		90.18725		1		3		96.9773520494

		304.61081		65		-0.17835		90.18725		1		3		96.9773520494

		307.09694		65.5		-0.18213		90.18725		1		3		96.9773520494

		309.60132		66		-0.18621		90.18724		1		3		96.9773412965

		312.07734		66.5		-0.19022		90.1807		1		3		96.9703089069

		314.56762		67		-0.19447		90.15801		1		3		96.9459106009

		317.05855		67.5		-0.19829		90.13655		1		3		96.9228349004

		319.55519		68		-0.20326		90.12154		1		3		96.9066948134

		322.04121		68.5		-0.20781		90.09982		1		3		96.8833395378

		324.54338		69		-0.21149		90.08565		1		3		96.8681026935

		327.02551		69.5		-0.2165		90.07074		1		3		96.8520701355

		329.5074		70		-0.2206		90.06369		1		3		96.8444893485

		331.98916		70.5		-0.22547		90.04897		1		3		96.8286610954

		334.48956		71		-0.22978		90.0364		1		3		96.8151447135

		336.97049		71.5		-0.23398		90.02763		1		3		96.8057144295

		339.47382		72		-0.23931		90.01268		1		3		96.7896388599

		341.94614		72.5		-0.24367		90.00011		1		3		96.776122478

		344.4344		73		-0.24786		89.99286		1		3		96.7683266332

		346.93273		73.5		-0.2532		89.9911		1		3		96.7664341247

		349.42699		74		-0.25784		89.97639		1		3		96.7506166244

		352.50066		74.5		-0.30477		89.97677		1		4		96.7510252342

		359.62137		75		-0.48143		89.96952		1		4		96.7432293895

		370.16106		75.5		-0.56167		89.95497		1		4		96.7275839354

		380.61322		76		-0.57193		89.92558		1		4		96.6959811936

		390.54546		76.5		-0.6207		89.8026		1		4		96.5637421603

		400.82463		77		-0.68249		89.78807		1		4		96.5481182121

		411.3226		77.5		-0.71845		89.79522		1		4		96.555806528

		421.67523		78		-0.74863		89.74473		1		4		96.5015151896

		431.98917		78.5		-0.78761		89.69442		1		4		96.4474174033

		442.32942		79		-0.82446		89.65017		1		4		96.3998358679

		452.63464		79.5		-0.85685		89.5138		1		4		96.2531987158

		462.91534		80		-0.88678		89.3905		1		4		96.12061559

		473.18439		80.5		-0.91794		89.11365		1		4		95.8229218482

		483.43528		81		-0.94905		88.73101		1		4		95.4114732899

		493.67374		81.5		-0.98304		88.14402		1		4		94.7802894377

		503.90591		82		-1.02192		87.0244		1		4		93.5763744397

		514.13947		82.5		-1.07939		84.61243		1		4		90.9828097859

		524.34128		83		-1.18736		76.97566		1		4		82.7710755018

		534.59581		83.5		-1.30828		61.46667		1		4		66.0944301539

		544.73193		84		-1.41884		37.09391		1		4		39.8866709979

		555.042		84.5		-1.3677		25.02848		1		4		26.9128476167

		565.28904		85		-1.27646		22.10994		1		4		23.7745738469

		575.3795		85.5		-1.26385		20.80571		1		4		22.3721497585

		585.53284		86		-1.26641		19.91855		1		4		21.4181964265

		595.70867		86.5		-1.26105		19.21164		1		4		20.6580639251

		605.87649		87		-1.24666		18.63986		1		4		20.0432352175

		616.05503		87.5		-1.21788		18.14535		1		4		19.511494086

		626.19769		88		-1.1618		17.74811		1		4		19.0843463093

		636.2401		88.5		-1.10331		17.46892		1		4		18.7841363914

		646.14721		89		-1.10383		17.25566		1		4		18.554820273

		655.95869		89.5		-1.20824		17.04319		1		4		18.3263536329

		665.80321		90		-1.37333		16.92554		1		4		18.1998458896

		675.77639		90.5		-1.52723		16.81843		1		4		18.0846716917

		685.84925		91		-1.65178		16.67884		1		4		17.9345721092

		695.93317		91.5		-1.76256		16.5038		1		4		17.7463535339

		706.0275		92		-1.86452		16.41		1		4		17.6454914318

		716.12712		92.5		-1.96442		16.31594		1		4		17.5443497545

		726.20968		93		-2.05802		16.22157		1		4		17.4428747377

		736.29904		93.5		-2.141		16.11996		1		4		17.3336146289

		746.36709		94		-2.20714		16.0475		1		4		17.2556991927

		756.43527		94.5		-2.25508		15.95297		1		4		17.1540521296

		766.51084		95		-2.28251		15.85823		1		4		17.0521792558

		776.59862		95.5		-2.29165		15.76565		1		4		16.9526290062

		786.65587		96		-2.28353		15.67678		1		4		16.8570680785

		796.68025		96.5		-2.27244		15.64809		1		4		16.8262180389

		806.69911		97		-2.27042		15.56046		1		4		16.7319904695

		816.67351		97.5		-2.26561		15.53927		1		4		16.709205097

		826.66675		98		-2.26382		15.53165		1		4

		836.70968		98.5		-2.25318		15.48862		1		4

		846.74257		99		-2.22952		15.43836		1		4





PC-4% TEGO Run 1

		#FILE:		PC-4% TEGO Run 1.dsv

		#FORMAT:		NETZSCH5

		#IDENTITY:		PC-4% TEGO

		#DECIMAL:		POINT

		#SEPARATOR:		COMMA

		#MTYPE:		DSC

		#MSUBTYPE:

		#INSTRUMENT:		NETZSCH STA 409 PC/PG

		#PROJECT:		graphite

		#DATE/TIME:		8/20/07 11:09

		#CORR. FILE:		Correction for PC sample.bsv

		#LABORATORY:		Reaction Lab

		#OPERATOR:		AA

		#REMARK:

		#SAMPLE:		Polycarbonate samples

		#SAMPLE MASS /mg:		33.952

		#MATERIAL:		PPS

		#REFERENCE:		S1

		#REFERENCE MASS /mg:		0

		#TYPE OF CRUCIBLE:		DSC/TG pan Al2O3

		#SAMPLE CRUCIBLE MASS /mg:		0

		#REFERENCE CRUCIBLE MASS /mg:		40

		#GAS 1:		He

		#FLOW RATE 1 /(ml/min):		30

		#GAS 2:

		#FLOW RATE 2:

		#CORR. CODE:		20

		#EXO:		-1

		#RANGE:		30....850/0.0....20.0K/min

		#SEGMENT:		S1-4/4

		##Temp./øC		Time/min		DSC/(uV/mg)		Mass/%		Sensit./(æV/mW)		Segment

		22.169		0.00E+00		2.61E-02		100		1		1

		22.17283		0.5		2.30E-02		99.74721		1		1

		22.15086		1		1.60E-02		99.42991		1		1

		22.41998		1.5		1.02E-02		99.1004		1		1

		22.97207		2		7.65E-03		99.0326		1		1

		24.38012		2.5		3.92E-03		99.15758		1		1

		26.45059		3		1.17E-03		99.25143		1		1

		29.32631		3.5		7.77E-04		99.35186		1		1

		32.71361		4		2.65E-03		99.44615		1		1

		36.39067		4.5		5.49E-03		99.51047		1		1

		40.23042		5		8.95E-03		99.55819		1		1

		43.99988		5.5		1.24E-02		99.59908		1		1

		47.83737		6		1.26E-02		99.62862		1		1

		51.44246		6.5		1.18E-02		99.65199		1		1

		55.00396		7		1.00E-02		99.6705		1		1

		58.42168		7.5		7.32E-03		99.67604		1		1

		61.74568		8		3.72E-03		99.68222		1		1

		64.98937		8.5		1.08E-03		99.67573		1		1

		68.13136		9		-2.78E-03		99.66462		1		1

		71.24841		9.5		-5.77E-03		99.64689		1		1

		74.28732		10		-8.48E-03		99.62295		1		1

		77.28137		10.5		-1.13E-02		99.5935		1		1

		80.1902		11		-1.29E-02		99.56995		1		1

		83.06925		11.5		-1.54E-02		99.52303		1		1

		85.99204		12		-1.79E-02		99.4701		1		1

		88.81579		12.5		-2.02E-02		99.42872		1		1

		91.67041		13		-2.14E-02		99.36999		1		1

		94.47006		13.5		-2.40E-02		99.30546		1		1

		97.24406		14		-2.57E-02		99.24583		1		1

		100.01479		14.5		-2.75E-02		99.18131		1		1

		102.75906		15		-2.92E-02		99.1048		1		1

		105.40102		15.5		-2.99E-02		99.04283		1		2

		107.75235		16		-2.86E-02		98.96226		1		2

		109.40911		16.5		-2.67E-02		98.88348		1		2

		110.40963		17		-2.49E-02		98.80699		1		2

		110.75086		17.5		-2.33E-02		98.73153		1		2

		110.57572		18		-2.20E-02		98.65377		1		2

		110.09157		18.5		-1.91E-02		98.58145		1		2

		109.46651		19		-1.69E-02		98.50729		1		2

		108.85113		19.5		-1.36E-02		98.43573		1		2

		108.3966		20		-1.08E-02		98.36537		1		2

		108.07906		20.5		-8.96E-03		98.27868		1		2

		107.86279		21		-8.20E-03		98.20141		1		2

		107.77364		21.5		-8.26E-03		98.11867		1		2

		107.71581		22		-8.68E-03		98.03062		1		2

		107.63118		22.5		-1.01E-02		97.94734		1		2

		107.57249		23		-1.14E-02		97.86511		1		2

		107.4855		23.5		-1.11E-02		97.76996		1		2

		107.36491		24		-1.07E-02		97.68186		1		2

		107.29397		24.5		-1.01E-02		97.61216		1		2

		107.1429		25		-9.15E-03		97.53381		1		2

		107.08505		25.5		-9.44E-03		97.46178		1		3		100

		107.31247		26		-1.07E-02		97.39066		1		3		99.9270278052

		108.32942		26.5		-1.50E-02		97.32115		1		3		99.8557075399

		110.1991		27		-1.97E-02		97.23785		1		3		99.7702381385

		112.78301		27.5		-2.40E-02		97.16661		1		3		99.6971428184

		115.67463		28		-2.91E-02		97.0918		1		3		99.6203845241

		118.59342		28.5		-3.43E-02		97.0209		1		3		99.5476380587

		121.39918		29		-3.85E-02		96.95458		1		3		99.4795908714

		124.11655		29.5		-4.24E-02		96.89049		1		3		99.4138317605

		126.79591		30		-4.52E-02		96.8262		1		3		99.347867441

		129.47313		30.5		-4.77E-02		96.75545		1		3		99.2752748821

		132.16998		31		-4.95E-02		96.68933		1		3		99.2074329034

		134.90373		31.5		-5.11E-02		96.62546		1		3		99.141899522

		137.60498		32		-5.26E-02		96.56125		1		3		99.076017286

		140.33068		32.5		-5.44E-02		96.49573		1		3		99.0087909332

		142.99729		33		-5.66E-02		96.43086		1		3		98.9422315086

		145.64264		33.5		-5.89E-02		96.373		1		3		98.882864647

		148.30989		34		-6.09E-02		96.3123		1		3		98.8205838227

		150.92963		34.5		-6.27E-02		96.25002		1		3		98.7566818501

		153.56143		35		-6.49E-02		96.18908		1		3		98.6941547753

		156.16951		35.5		-6.74E-02		96.12581		1		3		98.6292370199

		158.78531		36		-7.04E-02		96.06582		1		3		98.5676846862

		161.37056		36.5		-7.26E-02		96.01211		1		3		98.5125759041

		163.96695		37		-7.47E-02		95.95927		1		3		98.4583597796

		166.5479		37.5		-7.74E-02		95.89437		1		3		98.3917695737

		169.12431		38		-7.99E-02		95.84158		1		3		98.3376047513

		171.72132		38.5		-8.31E-02		95.78285		1		3		98.2773452322

		174.27235		39		-8.58E-02		95.72393		1		3		98.2168907648

		176.82102		39.5		-8.86E-02		95.67099		1		3		98.1625720359

		179.38065		40		-9.16E-02		95.62482		1		3		98.1151996198

		181.90315		40.5		-9.43E-02		95.57049		1		3		98.0594546909

		184.47982		41		-9.73E-02		95.50743		1		3		97.9947524045

		187.01337		41.5		-0.10054		95.46446		1		3		97.9506633267

		189.55951		42		-0.10355		95.40072		1		3		97.8852633309

		192.10036		42.5		-0.10693		95.35269		1		3		97.8359824744

		194.61426		43		-0.1104		95.29391		1		3		97.775671653

		197.1547		43.5		-0.11306		95.24114		1		3		97.7215273515

		199.67755		44		-0.11676		95.1939		1		3		97.6730570691

		202.1863		44.5		-0.11944		95.13525		1		3		97.6128796334

		204.73711		45		-0.12357		95.08153		1		3		97.5577605909

		207.2423		45.5		-0.12659		95.02365		1		3		97.4983732085

		209.7649		46		-0.13051		94.95838		1		3		97.4314033665

		212.2521		46.5		-0.1332		94.89423		1		3		97.365582693

		214.76559		47		-0.13671		94.82341		1		3		97.2929183112

		217.29148		47.5		-0.13934		94.7583		1		3		97.2261126362

		219.8114		48		-0.14231		94.69778		1		3		97.1640164996

		222.30842		48.5		-0.14487		94.64061		1		3		97.1053576079

		224.81378		49		-0.14751		94.57503		1		3		97.0380696926

		227.32134		49.5		-0.14971		94.50975		1		3		96.9710895902

		229.81191		50		-0.15109		94.44112		1		3		96.900672243

		232.33308		50.5		-0.1524		94.38155		1		3		96.8395508475

		234.81957		51		-0.1538		94.32148		1		3		96.7779164304

		237.30256		51.5		-0.15552		94.26342		1		3		96.7183443602

		239.79795		52		-0.15934		94.20428		1		3		96.6576641633

		242.31391		52.5		-0.1644		94.15116		1		3		96.6031607467

		244.80692		53		-0.17167		94.0929		1		3		96.5433834679

		247.30829		53.5		-0.17937		94.03461		1		3		96.4835754077

		249.78961		54		-0.186		93.98114		1		3		96.428712876

		252.29532		54.5		-0.19328		93.92209		1		3		96.368125023

		254.80993		55		-0.19997		93.86331		1		3		96.3078142016

		257.27962		55.5		-0.20594		93.79777		1		3		96.240567328

		259.79728		56		-0.21106		93.73882		1		3		96.1800820794

		262.2617		56.5		-0.21609		93.66878		1		3		96.1082180112

		264.76296		57		-0.22267		93.60941		1		3		96.0473018244

		267.25836		57.5		-0.22816		93.53799		1		3		95.9740218166

		269.76572		58		-0.23288		93.46913		1		3		95.9033684794

		272.23081		58.5		-0.23819		93.40353		1		3		95.8360600432

		274.71607		59		-0.24409		93.33298		1		3		95.763672693

		277.21583		59.5		-0.25016		93.26205		1		3		95.6908954464

		279.69811		60		-0.25567		93.19617		1		3		95.6232997181

		282.21152		60.5		-0.26141		93.12574		1		3		95.5510354931

		284.65245		61		-0.26767		93.05574		1		3		95.4792124667

		287.16198		61.5		-0.27258		92.97966		1		3		95.4011510974

		289.66556		62		-0.27908		92.90932		1		3		95.3289792163

		292.15437		62.5		-0.28413		92.83276		1		3		95.2504253462

		294.64691		63		-0.29102		92.7677		1		3		95.1836709734

		297.12703		63.5		-0.29736		92.68537		1		3		95.0991968339

		299.62281		64		-0.3042		92.61518		1		3		95.0271788592

		302.09569		64.5		-0.30998		92.53773		1		3		94.9477118107

		304.59134		65		-0.31647		92.46107		1		3		94.8690553364

		307.0643		65.5		-0.32294		92.38389		1		3		94.7898653195

		309.55082		66		-0.32981		92.30799		1		3		94.711988638

		312.05431		66.5		-0.33572		92.2255		1		3		94.6273503316

		314.54005		67		-0.34312		92.14319		1		3		94.5428967129

		317.02173		67.5		-0.34922		92.04875		1		3		94.4459971899

		319.5106		68		-0.35822		91.9605		1		3		94.3554488744

		322.00876		68.5		-0.36485		91.86596		1		3		94.258446747

		324.49782		69		-0.37024		91.76648		1		3		94.156375966

		326.99195		69.5		-0.37794		91.67674		1		3		94.0642988462

		329.4664		70		-0.3846		91.58389		1		3		93.9690307318

		331.94563		70.5		-0.39197		91.47599		1		3		93.8583206668

		334.46934		71		-0.39965		91.36071		1		3		93.7400384027

		336.9439		71.5		-0.40649		91.23546		1		3		93.6115264876

		339.44164		72		-0.41443		91.11255		1		3		93.4854155137

		341.91348		72.5		-0.42197		91.00058		1		3		93.3705294527

		344.41273		73		-0.42866		90.85953		1		3		93.2258060544

		346.88441		73.5		-0.43603		90.7249		1		3		93.0876698538

		349.37318		74		-0.44352		90.58245		1		3		92.941509995

		352.42702		74.5		-0.51257		90.44461		1		4		92.8000801955

		359.25645		75		-0.79627		90.28622		1		4		92.6375652076

		369.59326		75.5		-0.96292		90.08548		1		4		92.4315972887

		380.10634		76		-0.98486		89.77911		1		4		92.1172484229

		390.09135		76.5		-1.0378		89.46129		1		4		91.7911513621

		400.3006		77		-1.14148		89.0839		1		4		91.4039329058

		410.7973		77.5		-1.21122		88.62406		1		4		90.9321171848

		421.17703		78		-1.26376		88.06439		1		4		90.3578715677

		431.47624		78.5		-1.32688		87.38045		1		4		89.6561195578

		441.84584		79		-1.39364		86.52061		1		4		88.773886543

		452.16472		79.5		-1.45403		85.40056		1		4		87.6246668181

		462.4679		80		-1.51244		83.88527		1		4		86.0699137652

		472.73575		80.5		-1.57359		81.64012		1		4		83.766292797

		483.01202		81		-1.63323		77.17523		1		4		79.1851226193

		493.19877		81.5		-1.68525		69.9271		1		4		71.7482278694

		503.38587		82		-1.71605		56.0815		1		4		57.5420436606

		513.54097		82.5		-1.73331		36.29643		1		4		37.2417064412

		523.78325		83		-1.83201		26.91002		1		4		27.6108439637

		534.19222		83.5		-1.9197		24.93245		1		4		25.5817716442

		544.54481		84		-1.96858		23.95032		1		4		24.5740638022

		554.79289		84.5		-2.00611		23.35647		1		4		23.9647480274

		565.03501		85		-2.03246		22.91939		1		4		23.5162850504

		575.25525		85.5		-2.04775		22.55492		1		4		23.1423230727

		585.51241		86		-2.05241		22.23679		1		4		22.8159079385

		595.78207		86.5		-2.0461		21.92468		1		4		22.4956695845

		606.10058		87		-2.02852		21.62427		1		4		22.1874359364

		616.43481		87.5		-1.99333		21.34738		1		4		21.9033348252

		626.81074		88		-1.93705		21.09982		1		4		21.649327562

		637.17612		88.5		-1.85916		20.88819		1		4		21.4321860323

		647.55113		89		-1.76285		20.66425		1		4		21.2024139104

		657.88418		89.5		-1.65634		20.4932		1		4		21.0269092151

		668.186		90		-1.54402		20.30538		1		4		20.8341977748

		678.4293		90.5		-1.43404		20.13407		1		4		20.6584263082

		688.61317		91		-1.33055		19.98071		1		4		20.5010723178

		698.74762		91.5		-1.24179		19.82185		1		4		20.3380750895

		708.82899		92		-1.16438		19.68632		1		4		20.19901545

		718.86037		92.5		-1.09843		19.54498		1		4		20.0539944992

		728.85604		93		-1.04637		19.42124		1		4		19.9270319093

		738.809		93.5		-0.99763		19.29752		1		4		19.8000898403

		748.71583		94		-0.92252		19.18605		1		4		19.685716801

		758.5542		94.5		-0.79881		19.06821		1		4		19.5648078662

		768.34268		95		-0.69508		18.99114		1		4		19.4857307141

		778.07588		95.5		-0.68276		18.90309		1		4		19.3953876073

		787.7978		96		-0.75189		18.80232		1		4		19.2919932306

		797.52872		96.5		-0.8752		18.70883		1		4		19.1960684486

		807.30998		97		-1.01969		18.63191		1		4		19.117145203

		817.16574		97.5		-1.14942		18.56746		1		4		19.0510167165

		827.09626		98		-1.24263		18.49635		1		4

		837.05843		98.5		-1.30081		18.41987		1		4

		847.07022		99		-1.33886		18.3613		1		4





PC+5% TEGO Run 2

		#FILE:		PC+5% TEGO Run 2.dsv

		#FORMAT:		NETZSCH5

		#IDENTITY:		pc-5% TEGO

		#DECIMAL:		POINT

		#SEPARATOR:		COMMA

		#MTYPE:		DSC

		#MSUBTYPE:

		#INSTRUMENT:		NETZSCH STA 409 PC/PG

		#PROJECT:		graphite

		#DATE/TIME:		8/9/07 17:46

		#CORR. FILE:		Correction for PC sample.bsv

		#LABORATORY:		Reaction Lab

		#OPERATOR:		AA

		#REMARK:

		#SAMPLE:		Polycarbonate samples

		#SAMPLE MASS /mg:		31.478

		#MATERIAL:		PPS

		#REFERENCE:		S1

		#REFERENCE MASS /mg:		0

		#TYPE OF CRUCIBLE:		DSC/TG pan Al2O3

		#SAMPLE CRUCIBLE MASS /mg:		0

		#REFERENCE CRUCIBLE MASS /mg:		40

		#GAS 1:		He

		#FLOW RATE 1 /(ml/min):		30

		#GAS 2:

		#FLOW RATE 2:

		#CORR. CODE:		20

		#EXO:		-1

		#RANGE:		30....850/0.0....20.0K/min

		#SEGMENT:		S1-4/4

		##Temp./øC		Time/min		DSC/(uV/mg)		Mass/%		Sensit./(æV/mW)		Segment

		23.463		0.00E+00		-1.55E-02		100		1		1

		24.0136		0.5		1.44E-02		100.01229		1		1

		24.37052		1		2.60E-02		99.89855		1		1

		24.82164		1.5		3.25E-02		99.77204		1		1

		25.84669		2		4.03E-02		99.63814		1		1

		27.53614		2.5		5.11E-02		99.51776		1		1

		30.02382		3		6.24E-02		99.41549		1		1

		33.1895		3.5		6.95E-02		99.32723		1		1

		36.65406		4		7.20E-02		99.25148		1		1

		40.16842		4.5		6.88E-02		99.16816		1		1

		43.65351		5		6.33E-02		99.08546		1		1

		47.04426		5.5		5.65E-02		99.02178		1		1

		50.33444		6		5.00E-02		98.96467		1		1

		53.53273		6.5		4.63E-02		98.91966		1		1

		56.70167		7		4.38E-02		98.87619		1		1

		59.84721		7.5		4.32E-02		98.83777		1		1

		62.98086		8		4.25E-02		98.79317		1		1

		66.05986		8.5		4.32E-02		98.76099		1		1

		69.08278		9		4.19E-02		98.72963		1		1

		72.0768		9.5		4.10E-02		98.69152		1		1

		75.00917		10		3.98E-02		98.65932		1		1

		77.94734		10.5		3.85E-02		98.62754		1		1

		80.78275		11		3.77E-02		98.59578		1		1

		83.60561		11.5		3.61E-02		98.55809		1		1

		86.43787		12		3.47E-02		98.5201		1		1

		89.23514		12.5		3.31E-02		98.49404		1		1

		91.99931		13		3.14E-02		98.46247		1		1

		94.7905		13.5		2.93E-02		98.43111		1		1

		97.51332		14		2.83E-02		98.41187		1		1

		100.2104		14.5		2.66E-02		98.37972		1		1

		102.91544		15		2.56E-02		98.34794		1		1

		105.5782		15.5		2.43E-02		98.33591		1		2

		107.8368		16		2.14E-02		98.31108		1		2

		109.43316		16.5		1.33E-02		98.29125		1		2

		110.31375		17		2.59E-03		98.27868		1		2

		110.54102		17.5		-8.25E-03		98.26032		1		2

		110.28245		18		-1.64E-02		98.24674		1		2

		109.77489		18.5		-1.95E-02		98.23838		1		2

		109.14268		19		-1.95E-02		98.22852		1		2

		108.61313		19.5		-1.51E-02		98.22217		1		2

		108.22619		20		-9.49E-03		98.21417		1		2

		107.96218		20.5		-4.46E-03		98.20314		1		2

		107.81763		21		-1.09E-03		98.19666		1		2

		107.74741		21.5		7.33E-05		98.17707		1		2

		107.6858		22		-5.63E-04		98.16353		1		2

		107.60732		22.5		-2.69E-03		98.15071		1		2

		107.50552		23		-5.02E-03		98.14463		1		2

		107.43182		23.5		-4.60E-03		98.11957		1		2

		107.2961		24		-4.21E-03		98.09328		1		2

		107.16483		24.5		-3.80E-03		98.09391		1		2

		107.09224		25		-2.88E-03		98.08836		1		2

		107.00664		25.5		-2.59E-03		98.08755		1		3		100

		107.24254		26		5.94E-04		98.08119		1		3		99.9935159967

		108.25185		26.5		7.80E-03		98.06828		1		3		99.9803542855

		110.24794		27		1.84E-02		98.06205		1		3		99.9740028169

		112.8686		27.5		2.55E-02		98.06752		1		3		99.9795794675

		115.7894		28		2.77E-02		98.06972		1		3		99.9818223618

		118.65752		28.5		2.47E-02		98.05576		1		3		99.9675901784

		121.43471		29		1.86E-02		98.04947		1		3		99.9611775399

		124.12144		29.5		1.28E-02		98.04312		1		3		99.9547037315

		126.76251		30		8.55E-03		98.03641		1		3		99.9478629041

		129.42662		30.5		5.86E-03		98.01795		1		3		99.9290429825

		132.10274		31		4.76E-03		97.99847		1		3		99.9091831736

		134.8412		31.5		3.63E-03		97.96662		1		3		99.8767121821

		137.56287		32		1.82E-03		97.94779		1		3		99.8575150465

		140.27197		32.5		-6.14E-04		97.92303		1		3		99.8322722914

		142.93841		33		-3.35E-03		97.89753		1		3		99.8062751083

		145.58916		33.5		-6.40E-03		97.86508		1		3		99.7731924184

		148.25356		34		-8.61E-03		97.8341		1		3		99.7416083896

		150.87614		34.5		-1.09E-02		97.78985		1		3		99.6964956307

		153.48532		35		-1.36E-02		97.75145		1		3		99.6573469314

		156.08113		35.5		-1.60E-02		97.70038		1		3		99.6052812003

		158.72355		36		-1.93E-02		97.64222		1		3		99.5459872328

		161.29168		36.5		-2.15E-02		97.59158		1		3		99.4943598856

		163.864		37		-2.37E-02		97.5419		1		3		99.4437112559

		166.48576		37.5		-2.73E-02		97.47325		1		3		99.3737227609

		169.04681		38		-3.03E-02		97.41501		1		3		99.3143472337

		171.61994		38.5		-3.30E-02		97.33804		1		3		99.2358765205

		174.18628		39		-3.67E-02		97.24979		1		3		99.1459058769

		176.74658		39.5		-3.98E-02		97.17256		1		3		99.0671700945

		179.31356		40		-4.34E-02		97.08576		1		3		98.9786777221

		181.84912		40.5		-4.63E-02		96.99626		1		3		98.8874327068

		184.38903		41		-5.01E-02		96.89375		1		3		98.7829240306

		186.93542		41.5		-5.36E-02		96.79252		1		3		98.6797203111

		189.48851		42		-5.80E-02		96.67309		1		3		98.5579617393

		192.03666		42.5		-6.15E-02		96.55714		1		3		98.4397510184

		194.54696		43		-6.52E-02		96.43759		1		3		98.3178701069

		197.08452		43.5		-6.90E-02		96.3058		1		3		98.1835105475

		199.62593		44		-7.30E-02		96.17727		1		3		98.0524745495

		202.1187		44.5		-7.65E-02		96.0315		1		3		97.9038624168

		204.65852		45		-8.16E-02		95.89082		1		3		97.7604395257

		207.17313		45.5		-8.58E-02		95.73885		1		3		97.6055065092

		209.67229		46		-9.01E-02		95.59258		1		3		97.4563846278

		212.20158		46.5		-9.41E-02		95.42856		1		3		97.2891666679

		214.6996		47		-9.83E-02		95.24461		1		3		97.1016301253

		217.21499		47.5		-0.10244		95.0722		1		3		96.9258585825

		219.72981		48		-0.1068		94.90566		1		3		96.7560714892

		222.21476		48.5		-0.11077		94.72272		1		3		96.5695646389

		224.75752		49		-0.11547		94.53794		1		3		96.3811819135

		227.24953		49.5		-0.11909		94.33462		1		3		96.1738977067

		229.73439		50		-0.12325		94.13207		1		3		95.9673985129

		232.26307		50.5		-0.12755		93.92299		1		3		95.7542420012

		234.75103		51		-0.1321		93.71723		1		3		95.5444702207

		237.24711		51.5		-0.13609		93.46533		1		3		95.2876588313

		239.72358		52		-0.14038		93.2622		1		3		95.080568329

		242.25214		52.5		-0.14479		93.00398		1		3		94.8173137162

		244.73911		53		-0.14881		92.76684		1		3		94.575550108

		247.24083		53.5		-0.15353		92.49454		1		3		94.2979409721

		249.74431		54		-0.15858		92.23189		1		3		94.0301699859

		252.22495		54.5		-0.16522		91.95298		1		3		93.7458219723

		254.74639		55		-0.17213		91.66853		1		3		93.4558259433

		257.22481		55.5		-0.1806		91.35822		1		3		93.139465712

		259.71865		56		-0.18852		91.03441		1		3		92.8093422662

		262.20733		56.5		-0.19626		90.67736		1		3		92.4453307275

		264.71732		57		-0.20357		90.28438		1		3		92.044688648

		267.20069		57.5		-0.21022		89.86067		1		3		91.6127174142

		269.69624		58		-0.21649		89.39024		1		3		91.1331152628

		272.18915		58.5		-0.22323		88.87579		1		3		90.6086348369

		274.67148		59		-0.22852		88.31135		1		3		90.0331897371

		277.16888		59.5		-0.23518		87.67906		1		3		89.3885717402

		279.66472		60		-0.24104		86.99974		1		3		88.6960067817

		282.1591		60.5		-0.24726		86.24267		1		3		87.924175902

		284.63731		61		-0.25338		85.41856		1		3		87.0839979182

		287.13737		61.5		-0.25936		84.51292		1		3		86.1607003131

		289.63393		62		-0.2655		83.52167		1		3		85.1501235376

		292.10783		62.5		-0.27172		82.43019		1		3		84.0373625399

		294.61531		63		-0.2787		81.23216		1		3		82.8159740966

		297.08124		63.5		-0.28403		79.94729		1		3		81.5060525011

		299.59322		64		-0.28937		78.50347		1		3		80.0340817973

		302.0878		64.5		-0.2956		76.95438		1		3		78.4547886047

		304.54943		65		-0.30211		75.27104		1		3		76.7386278891

		307.04644		65.5		-0.30907		73.45702		1		3		74.8892392562

		309.53744		66		-0.31502		71.5043		1		3		72.898446337

		312.03332		66.5		-0.32117		69.39494		1		3		70.7479593486

		314.5162		67		-0.3271		67.12181		1		3		68.4305092746

		317.0172		67.5		-0.33233		64.69923		1		3		65.9606953176

		319.48729		68		-0.33823		62.1536		1		3		63.3654322083

		321.98256		68.5		-0.34407		59.486		1		3		60.6458210038

		324.47437		69		-0.34957		56.72808		1		3		57.8341287962

		326.9691		69.5		-0.35697		53.94448		1		3		54.9962558959

		329.4463		70		-0.36517		51.21995		1		3		52.2186047057

		331.94713		70.5		-0.37533		48.64761		1		3		49.5961108214

		334.38165		71		-0.38737		46.33816		1		3		47.2416326027

		336.89388		71.5		-0.40095		44.43013		1		3		45.2964010213

		339.38506		72		-0.41498		42.97037		1		3		43.8081795294

		341.86167		72.5		-0.42713		41.87213		1		3		42.6885267294

		344.33579		73		-0.4381		41.03575		1		3		41.8358395128

		346.86465		73.5		-0.44862		40.39818		1		3		41.1858385697

		349.33329		74		-0.45702		39.88311		1		3		40.6607260554

		352.41699		74.5		-0.54391		39.45613		1		4		40.2254210652

		359.367		75		-0.85771		39.05585		1		4		39.8173366549

		369.82101		75.5		-1.00715		38.57297		1		4		39.3250417612

		380.311		76		-1.02061		38.02656		1		4		38.7679781991

		390.24301		76.5		-1.09114		37.44202		1		4		38.172041202

		400.48801		77		-1.19807		36.82572		1		4		37.5437249682

		410.98801		77.5		-1.26315		36.17765		1		4		36.8830193027

		421.34698		78		-1.31339		35.50416		1		4		36.1963980138

		431.66501		78.5		-1.37469		34.81161		1		4		35.490345105

		441.98999		79		-1.43177		34.0746		1		4		34.7389653427

		452.30701		79.5		-1.47728		33.30581		1		4		33.9551859538

		462.595		80		-1.52118		32.53066		1		4		33.1649225615

		472.86099		80.5		-1.56614		31.76822		1		4		32.387616981

		483.11401		81		-1.60858		30.99308		1		4		31.5973637837

		493.362		81.5		-1.64753		30.21158		1		4		30.8006265831

		503.569		82		-1.68781		29.43643		1		4		30.0103631908

		513.76398		82.5		-1.7301		28.674		1		4		29.2330678052

		523.97803		83		-1.76437		27.94968		1		4		28.4946254647

		534.15503		83.5		-1.80187		27.2889		1		4		27.8209619875

		544.30701		84		-1.83881		26.72978		1		4		27.2509406138

		554.44501		84.5		-1.87507		26.25326		1		4		26.7651297234

		564.58398		85		-1.91595		25.83392		1		4		26.3376136931

		574.745		85.5		-1.96229		25.44634		1		4		25.9424768995

		584.87903		86		-2.00876		25.09689		1		4		25.5862135409

		595.00403		86.5		-2.05522		24.74109		1		4		25.2234763739

		605.14203		87		-2.09703		24.39164		1		4		24.8672130153

		615.25201		87.5		-2.13455		24.03584		1		4		24.5044758484

		625.35602		88		-2.16669		23.69274		1		4		24.1546862981

		635.44598		88.5		-2.19599		23.34964		1		4		23.8048967479

		645.53699		89		-2.23143		23.02561		1		4		23.4745490126

		655.62799		89.5		-2.27357		22.70792		1		4		23.1506648907

		665.73297		90		-2.32033		22.38389		1		4		22.8203171554

		675.815		90.5		-2.36912		22.0535		1		4		22.4834854169

		685.94202		91		-2.42084		21.74217		1		4		22.1660852983

		696.04102		91.5		-2.47518		21.43084		1		4		21.8486851797

		706.12299		92		-2.5301		21.13857		1		4		21.5507166812

		716.19501		92.5		-2.58417		20.83995		1		4		21.2462743743

		726.263		93		-2.63713		20.56039		1		4		20.9612636874

		736.37201		93.5		-2.68953		20.3126		1		4		20.7086424322

		746.43701		94		-2.73781		20.07751		1		4		20.4689687937

		756.492		94.5		-2.78091		19.86149		1		4		20.2487369702

		766.56299		95		-2.81949		19.66453		1		4		20.0479367667

		776.60901		95.5		-2.85379		19.46757		1		4		19.8471365632

		786.685		96		-2.88615		19.27061		1		4		19.6463363597

		796.73401		96.5		-2.91128		19.09905		1		4		19.4714313896

		806.815		97		-2.93678		18.92115		1		4		19.2900628061

		816.88098		97.5		-2.95811		18.75596		1		4		19.1216520343

		826.94897		98		-2.97519		18.59076		1		4

		837.01501		98.5		-2.9878		18.41286		1		4

		847.09802		99		-3.00042		18.2286		1		4





PC+10% TEGO Precepitated Run 1

		#FILE:		PC+10% TEGO Precepitated Run 1.dsv

		#FORMAT:		NETZSCH5

		#IDENTITY:		10% TEGO-PC precepitated

		#DECIMAL:		POINT

		#SEPARATOR:		COMMA

		#MTYPE:		DSC

		#MSUBTYPE:

		#INSTRUMENT:		NETZSCH STA 409 PC/PG

		#PROJECT:		graphite

		#DATE/TIME:		8/12/07 18:27

		#CORR. FILE:		Correction for PC sample.bsv

		#LABORATORY:		Reaction Lab

		#OPERATOR:		AA

		#REMARK:

		#SAMPLE:		Polycarbonate samples

		#SAMPLE MASS /mg:		44.218

		#MATERIAL:		PPS

		#REFERENCE:		S1

		#REFERENCE MASS /mg:		0

		#TYPE OF CRUCIBLE:		DSC/TG pan Al2O3

		#SAMPLE CRUCIBLE MASS /mg:		0

		#REFERENCE CRUCIBLE MASS /mg:		40

		#GAS 1:		He

		#FLOW RATE 1 /(ml/min):		30

		#GAS 2:

		#FLOW RATE 2:

		#CORR. CODE:		20

		#EXO:		-1

		#RANGE:		30....850/0.0....20.0K/min

		#SEGMENT:		S1-4/4

		##Temp./øC		Time/min		DSC/(uV/mg)		Mass/%		Sensit./(æV/mW)		Segment

		82.914		0.00E+00		8.46E-02		100		1		1

		82.32		0.5		4.84E-02		99.37582		1		1

		81.461		1		1.92E-02		98.85567		1		1

		80.432		1.5		-2.57E-03		98.45312		1		1

		79.247		2		-2.24E-02		98.15007		1		1

		77.996		2.5		-4.44E-02		97.94201		1		1

		76.691		3		-6.89E-02		97.743		1		1

		75.349		3.5		-9.18E-02		97.59826		1		1

		73.982		4		-0.11065		97.46257		1		1

		72.829		4.5		-0.12137		97.34497		1		1

		72.236		5		-0.12028		97.22737		1		1

		72.374		5.5		-0.10798		97.1143		1		1

		73.356		6		-8.87E-02		97.01479		1		1

		75.008		6.5		-6.82E-02		96.91528		1		1

		77.039		7		-5.27E-02		96.81578		1		1

		79.179		7.5		-4.23E-02		96.71175		1		1

		81.339		8		-3.72E-02		96.60772		1		1

		83.43		8.5		-3.52E-02		96.50821		1		1

		85.475		9		-3.50E-02		96.4087		1		1

		87.564		9.5		-3.43E-02		96.31824		1		1

		89.616		10		-3.35E-02		96.21873		1		1

		91.759		10.5		-3.26E-02		96.11923		1		1

		93.931		11		-3.13E-02		96.03329		1		1

		96.118		11.5		-3.04E-02		95.95187		1		1

		98.306		12		-2.97E-02		95.86141		1		1

		100.52		12.5		-2.95E-02		95.78		1		1

		102.709		13		-2.96E-02		95.68954		1		1

		104.924		13.5		-2.94E-02		95.60812		1		1

		107.077		14		-2.91E-02		95.52671		1		1

		109.29		14.5		-2.92E-02		95.44077		1		1

		111.52196		15		-2.95E-02		95.35612		1		2

		113.71025		15.5		-2.87E-02		95.29024		1		2

		115.47093		16		-2.82E-02		95.20884		1		2

		116.60068		16.5		-2.85E-02		95.141		1		2

		117.01486		17		-2.92E-02		95.07346		1		2

		116.77578		17.5		-2.87E-02		95.00988		1		2

		116.16003		18		-2.72E-02		94.94236		1		2

		115.253		18.5		-2.38E-02		94.88818		1		2

		114.30656		19		-2.01E-02		94.82888		1		2

		113.43105		19.5		-1.53E-02		94.77038		1		2

		112.76055		20		-1.15E-02		94.70721		1		2

		112.22424		20.5		-8.57E-03		94.64341		1		2

		111.80711		21		-7.00E-03		94.5846		1		2

		111.49709		21.5		-6.23E-03		94.52133		1		2

		111.20149		22		-6.91E-03		94.4627		1		2

		110.92069		22.5		-8.42E-03		94.4037		1		2

		110.62917		23		-9.73E-03		94.34994		1		2

		110.31984		23.5		-9.18E-03		94.28192		1		2

		109.97768		24		-8.73E-03		94.22329		1		2

		109.67496		24.5		-7.95E-03		94.17317		1		2

		109.38121		25		-7.02E-03		94.11687		1		3

		109.15933		25.5		-6.56E-03		94.07076		1		3		100

		109.32611		26		-6.50E-03		94.02096		1		3		99.9470611272

		110.26926		26.5		-5.95E-03		93.97634		1		3		99.8996287476

		112.17027		27		-5.56E-03		93.92129		1		3		99.8411089695

		114.71231		27.5		-6.99E-03		93.86717		1		3		99.7835778089

		117.49873		28		-1.01E-02		93.8127		1		3		99.7256745879

		120.25523		28.5		-1.45E-02		93.77209		1		3		99.6825049569

		122.9353		29		-1.90E-02		93.72723		1		3		99.6348174502

		125.4816		29.5		-2.25E-02		93.68598		1		3		99.5909674802

		128.02501		30		-2.45E-02		93.64539		1		3		99.5478191098

		130.55483		30.5		-2.56E-02		93.6007		1		3		99.5003123181

		133.20056		31		-2.67E-02		93.55586		1		3		99.452646072

		135.82684		31.5		-2.73E-02		93.51429		1		3		99.4084559325

		138.47145		32		-2.82E-02		93.47342		1		3		99.3650099138

		141.06207		32.5		-2.93E-02		93.4333		1		3		99.3223611673

		143.66281		33		-3.06E-02		93.39645		1		3		99.2831885274

		146.25351		33.5		-3.23E-02		93.35638		1		3		99.2405929324

		148.82614		34		-3.36E-02		93.3192		1		3		99.2010694928

		151.39438		34.5		-3.51E-02		93.27848		1		3		99.1577829285

		153.97332		35		-3.67E-02		93.24291		1		3		99.1199709665

		156.51594		35.5		-3.76E-02		93.21125		1		3		99.0863154502

		159.08549		36		-3.98E-02		93.17516		1		3		99.0479507128

		161.61783		36.5		-4.07E-02		93.14337		1		3		99.0141570027

		164.17289		37		-4.26E-02		93.11577		1		3		98.9848173864

		166.72261		37.5		-4.45E-02		93.08004		1		3		98.9468353397

		169.24669		38		-4.59E-02		93.05296		1		3		98.9180484988

		171.79685		38.5		-4.77E-02		93.02129		1		3		98.8843823522

		174.2956		39		-4.95E-02		92.98962		1		3		98.8507162055

		176.83149		39.5		-5.09E-02		92.95781		1		3		98.8169012348

		179.36719		40		-5.26E-02		92.93092		1		3		98.7883163695

		181.88703		40.5		-5.47E-02		92.89926		1		3		98.7546608532

		184.45962		41		-5.67E-02		92.8715		1		3		98.7251511522

		186.95932		41.5		-5.84E-02		92.84931		1		3		98.7015625259

		189.48438		42		-6.03E-02		92.80869		1		3		98.6583822646

		192.00363		42.5		-6.20E-02		92.78618		1		3		98.6344534689

		194.50887		43		-6.46E-02		92.75902		1		3		98.6055815856

		197.05034		43.5		-6.65E-02		92.74078		1		3		98.5861919262

		199.53892		44		-6.89E-02		92.71814		1		3		98.5621249366

		202.03265		44.5		-7.20E-02		92.69103		1		3		98.5333062048

		204.56979		45		-7.52E-02		92.66371		1		3		98.5042642368

		207.07954		45.5		-7.77E-02		92.63722		1		3		98.4761045834

		209.57745		46		-8.04E-02		92.61406		1		3		98.4514848184

		212.10339		46.5		-8.34E-02		92.58696		1		3		98.422676717

		214.61451		47		-8.61E-02		92.564		1		3		98.3982695579

		217.10892		47.5		-8.97E-02		92.55955		1		3		98.3935390763

		219.61224		48		-9.28E-02		92.53732		1		3		98.3699079289

		222.10432		48.5		-9.58E-02		92.51458		1		3		98.3457346364

		224.58798		49		-9.82E-02		92.48753		1		3		98.3169796864

		227.12453		49.5		-0.10058		92.45539		1		3		98.2828139158

		229.61535		50		-0.10368		92.4237		1		3		98.2491265086

		232.13279		50.5		-0.10714		92.40124		1		3		98.2252508643

		234.63126		51		-0.11083		92.37857		1		3		98.2011519839

		237.11458		51.5		-0.11451		92.35587		1		3		98.1770212125

		239.63443		52		-0.11835		92.33385		1		3		98.1536133013

		242.14077		52.5		-0.12205		92.31522		1		3		98.1338090603

		244.62436		53		-0.12555		92.28863		1		3		98.1055431039

		247.12525		53.5		-0.12961		92.27002		1		3		98.0857601235

		249.61569		54		-0.13367		92.25208		1		3		98.066689373

		252.11414		54.5		-0.13677		92.23411		1		3		98.0475867315

		254.60279		55		-0.14073		92.21573		1		3		98.0280482479

		257.10567		55.5		-0.14465		92.20255		1		3		98.0140375181

		259.59604		56		-0.14819		92.18438		1		3		97.9947222708

		262.12403		56.5		-0.15205		92.15749		1		3		97.9661374055

		264.60745		57		-0.15639		92.14377		1		3		97.9515526397

		267.11575		57.5		-0.15991		92.12533		1		3		97.9319503744

		269.59549		58		-0.16377		92.10772		1		3		97.9132304236

		272.10611		58.5		-0.16806		92.0936		1		3		97.898220446

		274.60133		59		-0.17201		92.07605		1		3		97.8795642769

		277.08553		59.5		-0.17616		92.06234		1		3		97.8649901415

		279.57793		60		-0.18055		92.04439		1		3		97.8459087606

		282.08181		60.5		-0.18524		92.03041		1		3		97.8310476071

		284.56327		61		-0.18937		92.01226		1		3		97.8117536204

		287.05576		61.5		-0.19358		91.99903		1		3		97.7976897391

		289.5732		62		-0.19831		91.9806		1		3		97.778098104

		292.04382		62.5		-0.2033		91.96276		1		3		97.7591336564

		294.54184		63		-0.20816		91.93999		1		3		97.734928473

		297.02827		63.5		-0.21218		91.92627		1		3		97.7203437072

		299.51875		64		-0.21707		91.90832		1		3		97.7012623264

		302.00512		64.5		-0.2215		91.89047		1		3		97.6822872484

		304.53036		65		-0.22692		91.87214		1		3		97.6628019163

		307.03183		65.5		-0.23182		91.85882		1		3		97.6486423624

		309.50514		66		-0.23656		91.84071		1		3		97.6293908968

		311.99558		66.5		-0.24143		91.81826		1		3		97.6055258829

		314.49337		67		-0.24652		91.79981		1		3		97.5859129872

		316.98823		67.5		-0.25182		91.773		1		3		97.5574131643

		319.47003		68		-0.25723		91.75482		1		3		97.5380872866

		321.96702		68.5		-0.2628		91.72334		1		3		97.5046231156

		324.46585		69		-0.2679		91.70048		1		3		97.4803222595

		326.948		69.5		-0.27348		91.67345		1		3		97.4515885701

		329.42676		70		-0.27828		91.64625		1		3		97.4226741657

		331.93792		70.5		-0.28389		91.61412		1		3		97.3885190255

		334.42097		71		-0.28938		91.57832		1		3		97.3504625667

		336.90885		71.5		-0.29515		91.55172		1		3		97.32218598

		339.4155		72		-0.30101		91.51515		1		3		97.2833109885

		341.92139		72.5		-0.30643		91.47895		1		3		97.2448293178

		344.39253		73		-0.31182		91.43756		1		3		97.2008305237

		346.91809		73.5		-0.31819		91.39794		1		3		97.158713292

		349.40477		74		-0.32366		91.3569		1		3		97.1150865582

		352.5499		74.5		-0.38095		91.31606		1		4		97.0716724304

		359.73417		75		-0.59097		91.26137		1		4		97.013535343

		370.28		75.5		-0.70426		91.18422		1		4		96.9315226113

		380.73443		76		-0.71807		91.07938		1		4		96.8200745907

		390.66282		76.5		-0.76266		90.95885		1		4		96.691947636

		400.93645		77		-0.83394		90.80406		1		4		96.5274012881

		411.4295		77.5		-0.88298		90.57329		1		4		96.2820859532

		421.79146		78		-0.92276		90.31475		1		4		96.0072502869

		432.10577		78.5		-0.97218		89.98433		1		4		95.6560040548

		442.45407		79		-1.0238		89.57288		1		4		95.2186205363

		452.77227		79.5		-1.0696		89.05139		1		4		94.6642612433

		463.07271		80		-1.11623		88.35861		1		4		93.9278156145

		473.3497		80.5		-1.16263		87.3895		1		4		92.8976230233

		483.63468		81		-1.20914		85.87629		1		4		91.2890360405

		493.86762		81.5		-1.25235		82.89842		1		4		88.1234721607

		504.16326		82		-1.295		77.28658		1		4		82.1579202719

		514.2889		82.5		-1.3389		65.5265		1		4		69.6566074304

		524.38312		83		-1.40144		46.56045		1		4		49.4951353641

		534.70354		83.5		-1.4597		31.57002		1		4		33.5598649357

		545.18044		84		-1.46721		27.29465		1		4		29.0150201827

		555.26536		84.5		-1.4841		25.63408		1		4		27.2497851617

		565.3571		85		-1.52134		24.87488		1		4		26.4427331086

		575.55867		85.5		-1.5457		24.30964		1		4		25.8418662717

		585.79002		86		-1.55197		23.86246		1		4		25.3665007065

		595.99121		86.5		-1.54056		23.45495		1		4		24.9333055245

		606.09333		87		-1.51761		23.09821		1		4		24.554080354

		616.11012		87.5		-1.52251		22.75407		1		4		24.1882493561

		626.05623		88		-1.56539		22.46081		1		4		23.876505303

		636.04323		88.5		-1.6229		22.18438		1		4		23.5826520377

		646.02744		89		-1.68249		21.95492		1		4		23.3387292715

		656.06109		89.5		-1.7397		21.74568		1		4		23.1163009632

		666.12739		90		-1.7935		21.52893		1		4		22.8858893029

		676.21678		90.5		-1.8443		21.37045		1		4		22.7174203759

		686.33309		91		-1.89103		21.17698		1		4		22.5117560441

		696.4655		91.5		-1.93892		20.98114		1		4		22.3035723321

		706.55697		92		-1.98707		20.80543		1		4		22.1167874056

		716.67968		92.5		-2.03249		20.64662		1		4		21.9479676788

		726.77957		93		-2.07297		20.49319		1		4		21.7848670511

		736.85313		93.5		-2.10662		20.35354		1		4		21.636414971

		746.94902		94		-2.14391		20.19061		1		4		21.4632155624

		757.02148		94.5		-2.19081		20.02767		1		4		21.2900055235

		767.08442		95		-2.24024		19.90966		1		4		21.1645574034

		777.14005		95.5		-2.29174		19.77427		1		4		21.0206338293

		787.19627		96		-2.33933		19.66073		1		4		20.8999374513

		797.26326		96.5		-2.38273		19.52125		1		4		20.7516660863

		807.31167		97		-2.42224		19.41689		1		4		20.6407283198

		817.36357		97.5		-2.45734		19.30919		1		4		20.5262400346

		827.43636		98		-2.48918		19.19504		1		4

		837.50999		98.5		-2.51909		19.08284		1		4

		847.59447		99		-2.54452		18.96995		1		4
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Mass Flux = 200 kg/m2K & 0oC Superheat

Mass Flux = 200 kg/m2K & 10oC Superheat

Mass Flux = 300 kg/m2K & 0oC Superheat

Mass Flux = 300 kg/m2K & 10oC Superheat

Saturation Temperature (oC)

Average Heat Transfer Coefficient (W.m2K)
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0 C Super Heat

								Input Values						Calculated Values						101(C)		102(C)		103(C)		104(C)		105(C)		106(C)		107(C)		108(C)		109(C)		110(C)		111(C)		112(C)		113(C)		114(C)		115(C)		116(C)		117(C)		118(kPa)		119(Psi)		120(VDC)		122(ADC)

		Test #		Super Heat oC		Mass Flux kg/m2s		Saturation Temp oC		Pump Flow Rate ml/min		high left - high right		xout		xin		Avrg. HTC (W/m2K)		Sub_cooler Inlet		Reservoir-1		W Outle1		W Outel 2		Cond. Wall-A		Cond. Wall-B		Cond. Wall-C		Cond. Wall-D		Cond. Wall-E		Reservoir-2		Reservoir-3				W Inlet 1		Cond Outlet		Cond Inlet		Evap Inlet		W Inlet 2						Voltage		Current

		21-1		0		200		30		13.96		44.5-20.5		-0.0120		1.005		8675		18.4996		29.761		20.948		21.003		29.009		28.037		25.976		23.846		23.976		29.930		29.913		29.755		18.999		30.450		33.785		26.548		18.896		4.781		110.564		-43.012		0.940

		21-2		0		200		30		13.96		42.3-18.1								18.599		29.860		20.257		20.085		28.250		27.074		24.999		22.894		23.042		30.020		30.004		29.820		18.209		29.689		43.050		25.557		18.025		4.410		106.595		-42.787		0.930

		21-3		0		200		30		13.96		42.3-18.1		-0.1430		0.975		7506		18.7783		29.845		20.323		20.123		27.973		26.878		24.984		22.934		23.107		30.009		29.992		29.815		18.272		29.714		32.426		26.150		18.069		5.093		107.286		-42.477		0.930

		21-4		0		200		30		17.01		46-22.5		0.0004		1.011		5451		19.7466		29.999		19.074		18.943		27.314		26.266		24.226		21.732		21.677		30.118		30.108		29.916		17.056		29.837		32.076		26.279		17.038		5.999		107.991		-42.914		0.940

		21-5		0		200		30		16.02		50.1-26.9								18.4181		30.035		19.032		18.977		27.376		26.362		24.120		21.921		21.866		30.182		30.158		29.954		17.093		29.497		31.944		24.684		17.067		5.414		107.475		-42.710		0.000

		21-6		0		200		30		15.37		51.2-27.1		0.0110		0.989		5371		18.5414		30.133		19.128		19.044		27.657		26.568		24.172		21.981		21.908		30.248		30.228		30.023		17.156		29.620		32.426		25.387		17.122		5.128		107.751		-42.823		0.930

		22-1		0		200		40		14.04		40.2-18.7		-0.0020		0.989		6047		26.8868		39.900		29.850		29.857		38.074		36.888		34.813		32.694		32.818		40.031		39.968		39.719		27.923		38.777		42.328		28.040		27.916		3.891		143.459		-43.096		0.930

		22-2		0		200		40		15.38		51.9-30.6		-0.0120		0.999		4310		25.4951		40.061		27.425		27.392		36.853		35.452		32.681		30.500		30.361		40.266		40.193		39.977		25.343		37.725		41.855		26.441		25.411		3.844		140.878		-43.463		0.940

		31-3		0		300		30		20.87		67.9-13.4								16.393		29.863		18.996		19.016		28.625		27.344		24.791		22.254		22.296		30.027		30.008		29.835		17.190		30.462		35.912		25.508		17.213		11.073		110.137		52.643		1.140

		31-4		0		300		30		20.87		67.8-13.6								15.411		29.838		18.421		18.462		28.515		27.127		24.418		21.790		21.822		29.948		29.922		29.770		16.567		30.274		35.675		24.903		16.583		10.662		110.101		-52.619		1.140

		31-5		0		300		30		20.87		67.7-13.9		0.0122		1.005		8861		15.431		29.871		18.311		18.356		28.593		27.205		24.459		21.695		21.716		30.000		29.977		29.816		16.389		30.321		36.177		25.119		16.300		10.924		110.127		-52.883		1.150

		31-6		0		300		30		23.08		66.8-32.5								11.483		30.050		14.680		14.453		26.698		25.342		22.076		18.490		18.692		30.184		30.151		29.952		12.082		29.150		33.772		23.018		12.000		10.872		107.659		-52.762		1.140

		31-7		0		300		30		23.08		66.9-32.5		-0.0055		0.981		5673		10.543		30.026		14.132		13.788		26.481		25.073		21.614		17.938		18.151		30.129		30.098		29.950		11.307		28.930		34.167		23.260		11.313		11.029		107.596		-52.911		1.150

		31-8		0		300		30		22.86		68.2-33.6		-0.0079		0.992		5761		10.673		30.033		14.036		13.957		26.734		24.945		21.338		18.301		18.439		30.161		30.122		29.911		11.429		28.981		34.551		22.988		11.601		10.470		108.288		-53.101		1.150

		32-1		0		300		40		20.96		63.6-16								24.699		39.865		27.022		27.083		37.008		35.348		32.671		30.218		30.431		40.134		40.062		39.810		25.092		38.448		44.387		26.299		25.090		8.256		142.713		52.422		1.140

		32-2		0		300		40		20.96		63.6-16		0.0114		0.992		6298		24.711		40.103		27.058		27.113		37.326		35.672		32.902		30.300		30.523		40.370		40.298		40.044		25.109		38.669		45.533		26.460		25.151		8.386		143.042		53.127		1.150

		32-3		0		300		40		23.08		63.3-33.6		-0.0109		0.968		4538		20.0625		39.928		22.861		22.865		35.309		33.198		29.913		26.862		26.860		40.160		40.097		39.776		20.339		36.940		43.687		25.574		20.493		8.283		140.636		-52.834		1.140

		32-4		0		300		40		23.08		64.4-33.8		0.0008		0.987		4751		20.141		39.848		22.774		22.855		35.634		33.768		30.368		26.819		26.978		40.083		40.019		39.748		20.344		37.288		44.488		25.634		20.504		8.404		140.734		-53.242		1.150

				NEW RESULTS		39234.000

		21_1		0		200		30				71.4-47.8		0.0013		1.007		7407		23.274		30.523		21.429		21.532		28.370		27.541		25.916		23.924		23.947		30.779		29.523		30.126		19.454		30.202		30.456		26.064		19.316		2.634		111.565		-74.994		0.538

		21_2		0		200		30				71.9-48		0.0035		1.006		6887		24.014		30.486		21.468		21.574		28.316		27.490		25.913		23.980		23.990		30.749		30.476		30.139		19.518		30.188		30.494		26.338		19.333		2.916		111.530		-74.819		0.538

		21_3		0		200		30		OK		75.2-50.3		0.0005		1.000		8949		26.790		30.084		22.045		22.108		28.950		28.125		26.451		24.453		24.492		30.485		32.685		30.124		20.042		30.504		30.978		27.424		19.828		2.031		111.749		-74.097		0.535

		22_1		0		200		40		OK		72.8-51.3		-0.0136		0.993		8804		28.960		40.628		32.834		32.899		39.440		38.526		36.745		35.015		34.968		41.182		24.639		39.891		30.845		40.502		40.624		29.728		30.784		1.164		147.796		-74.309		0.534

		23_1		0		200		50		OK		61.7-42.5		0.0122		1.001		8752		76.633		50.397		42.523		42.884		49.713		48.555		99000000000000200000000000000000000000.000		45.299		45.226		51.304		9.402		49.606		40.452		50.207		51.492		29.307		40.625		0.596		191.448		-75.640		0.542

		33_1		0		300		50		OK		83.5-44.7		-0.1677		1.010		9637		86.009		50.301		40.557		40.772		48.981		47.608		99000000000000100000000000000000000000.000		43.382		43.304		51.155		11.328		49.463		38.487		50.097		50.007		31.526		38.519		3.155		191.443		-91.771		0.656

		32_1		0		300		40		OK		79-49.4		0.0020		0.991		10029		83.182		40.330		29.987		30.240		39.072		37.889		99000000000000100000000000000000000000.000		33.276		33.367		40.902		20.615		39.790		27.513		40.296		40.361		28.330		27.349		4.505		147.810		-91.715		0.655

																						29.192		16.406		16.460		28.015		26.868		342.155		20.807		21.218		29.565		29.526		29.157		12.957		29.932		30.779		23.930		12.675		6.395		111.589		-92.557		0.662

																				78.415		29.245		16.728		16.718		28.047		26.904		346.384		21.021		21.412		29.602		30.803		29.243		13.234		30.003		30.914		24.648		12.944		6.588		111.880		-92.243		0.659
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Dp (kPa)

Mass Flux = 200 kg/m2s

havg @ 0oC Superheat

Dp @ 0oC Superheat

Saturation Temperature (oC)

Avarege Heat Transfer Coefficient (W/m2K)

Affect of Saturation Temperature on Heat Transfer and Pressure Drop
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8804
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10 C Super Heat

								Input Values						Calculated Values						101(C)		102(C)		103(C)		104(C)		105(C)		106(C)		107(C)		108(C)		109(C)		110(C)		111(C)		112(C)		113(C)		114(C)		115(C)		116(C)		117(C)		118(kPa)		119(Psi)		120(VDC)		122(ADC)

		Test #		Super Heat oC		Mass Flux kg/m2s		Saturation Temp oC		Pump Flow Rate ml/min		high left - high right		xout		xin		Avrg. HTC (W/m2K)		Sub_cooler Inlet		Reservoir-1		W Outle1		W Outel 2		Cond. Wall-A		Cond. Wall-B		Cond. Wall-C		Cond. Wall-D		Cond. Wall-E		Reservoir-2		Reservoir-3				W Inlet 1		Cond Outlet		Cond Inlet		Evap Inlet		W Inlet 2						Voltage		Current

		0.6-1		5		300		50		22.77		62.4-33.4								28.610		49.932		31.947		32.161		45.364		42.969		38.800		36.135		36.156		50.239		50.090		49.905		29.576		45.704		55.627		28.398		29.597		5.789		183.391		-54.366		1.170

		0.6-2		5		300		50		22.69		61.4-32.8		-0.0114		1.015		4271		28.486		49.797		31.899		31.923		45.175		42.839		39.210		36.118		36.155		50.122		49.984		49.778		29.435		45.224		55.195		26.316		29.372		5.844		182.850		-54.512		1.170

		26-1		10		200		30		13.96		47-20		-0.0070		1.057		7892		17.544		29.984		20.027		20.132		29.140		27.934		25.566		23.158		23.236		30.136		30.116		29.958		18.063		30.415		39.947		25.875		18.081		4.592		110.506		44.116		0.960

		26-2		10		200		30		15.12		51.5-24.8								18.860		30.097		18.708		18.420		27.858		26.518		24.082		21.322		21.259		30.197		30.183		30.007		16.465		29.847		40.043		26.344		16.441		4.729		108.103		-44.109		0.960

		26-3		10		200		30		15.37		53.8-27.5		0.0050		1.083		5813		17.731		30.104		18.282		18.089		27.850		26.568		23.769		21.166		21.149		30.210		30.178		30.012		16.067		29.568		40.059		25.713		16.002		4.919		107.865		-44.673		0.970

		27-1		10		200		40		14.04		43-18								26.901		39.929		29.173		29.190		38.219		36.841		34.376		32.094		32.203		40.059		39.999		39.741		27.213		38.733		49.951		28.250		27.227		3.716		143.534		-44.597		0.970

		27-2		10		200		40		14.04		43.2-18.8								26.062		39.986		28.998		28.994		38.045		36.554		34.123		31.877		32.039		40.084		40.023		39.767		26.947		38.568		49.715		28.062		26.904		3.626		143.451		-44.532		0.970

		27-3		10		200		40		14.04		43.2-18.8		0.0090		1.082		5801		26.115		40.085		29.348		29.391		38.238		36.772		34.305		32.254		32.450		40.198		40.137		39.881		27.346		38.765		50.615		28.017		27.370		3.787		143.656		-44.813		0.970

		27-4		10		200		40		15.42		55.4-31		0.0010		1.094		4545		25.075		40.040		26.931		26.871		37.100		35.518		32.371		29.963		29.850		40.239		40.172		39.947		24.799		37.745		50.630		26.854		24.864		3.670		140.935		-45.132		0.980

		36-1		10		300		30		22.95		70.7-31.9								10.544		29.981		13.822		13.615		27.001		25.238		21.520		17.904		18.124		30.081		30.053		29.868		11.075		29.117		40.237		23.507		11.293		11.516		106.805		-56.174		1.210

		36-2		10		300		30		22.90		71.2-32.4		0.0013		1.093		6449		10.608		29.989		13.524		13.492		27.254		25.612		21.817		17.796		18.047		30.122		30.087		29.898		10.924		29.178		40.023		23.217		10.953		10.806		108.442		-55.724		1.200

		37-1		10		300		40		20.95		96.4-13.6								24.749		40.015		27.030		27.037		37.735		35.934		32.928		30.159		30.378		40.254		40.182		39.937		25.078		38.688		49.998		26.620		25.281		8.414		142.959		55.031		1.190

		37-2		10		300		40		20.95		96.4-13.5		0.0160		1.089		6628		23.861		40.091		26.302		26.302		37.619		35.739		32.389		29.568		29.753		40.302		40.235		39.968		24.295		38.540		50.120		26.556		24.300		8.420		142.993		55.289		1.200

		37-3		10		300		40		23.08		67.4-32.8								19.222		39.849		22.594		22.616		36.436		34.530		30.466		26.781		26.918		40.094		40.040		39.770		20.033		37.793		50.355		25.914		20.119		8.483		140.907		-56.298		1.210

		37-4		10		300		40		23.08		67.4-32.4								19.262		39.809		22.133		22.227		36.133		34.111		30.050		26.430		26.574		40.042		39.993		39.722		19.616		37.570		49.624		26.192		19.737		8.449		140.693		-56.215		1.210

		37-5		10		300		40		23.08		66.9-34.4		0.1636		1.097		5276		19.259		39.858		22.513		22.546		36.351		34.256		30.041		26.746		26.857		40.088		40.041		39.760		19.965		37.627		49.960		26.230		20.009		8.166		140.649		-55.723		1.200

		0.8-1		15		300		50		22.65		65.4-31.8		-0.0126		1.107		4604		28.455		49.811		31.176		31.232		45.780		43.313		39.106		35.352		35.477		50.161		50.017		49.804		28.724		45.410		65.595		26.007		28.694		5.854		182.740		-56.694		1.210

				NEW TESTS		39234

		26_1		10		200		30				74.5-49.5								25.120		30.445		22.069		22.118		29.112		28.194		26.408		24.310		24.354		30.658		32.436		30.189		20.053		30.294		40.235		27.191		19.938		2.038		111.524		-76.804		0.552

		26_2		10		200		30				76-50.4		0.0126		1.073		8849		25.083		30.499		21.894		21.974		29.082		28.143		26.273		24.103		24.134		30.712		29.680		30.014		19.894		30.191		41.443		25.964		19.811		1.988		111.527		-77.350		0.555

		26_3		10		200		30		OK		78-51.5		-0.0005		1.062		10382		27.203		30.002		22.506		22.580		29.434		28.579		26.762		24.688		24.743		30.267		33.569		29.964		20.501		30.451		43.044		27.441		20.365		1.998		111.566		-75.967		0.546

		27-1		10		200		40		OK		76.3-52.3		-0.0191		1.063		9938		29.293		40.600		32.436		32.574		39.700		38.676		36.636		34.698		34.672		41.180		24.977		39.915		30.467		40.532		50.636		29.798		30.453		0.972		147.831		-76.745		0.550

																				79.726		50.404		42.625		42.965		50.090		48.867		99000000000000200000000000000000000000.000		45.296		45.238		51.284		10.448		49.617		40.520		50.341		60.586		29.749		40.775		0.462		191.427		-77.469		0.555

		28_2		10		200		50		OK		65-43.3		-0.0105		1.063		9853		532000000000000000000000000000000000.000		50.463		42.597		42.946		50.095		48.878		99000000000000000000000000000000000000.000		45.291		45.217		51.294		10.392		49.619		40.515		50.336		60.100		29.624		40.686		0.449		191.422		-77.469		0.555

		38_1		10		300		50				87.8-44		0.0124		1.082		12384		596000000000000000000000000000000000.000		50.265		41.396		41.601		49.927		48.493		99000000000000200000000000000000000000.000		44.058		43.986		51.148		11.575		49.459		39.407		50.267		60.822		31.486		39.452		3.002		191.439		-95.085		0.679

		38_2		10		300		50		OK		87.8-44		0.0138		1.083		10608		87.842		50.289		40.375		40.704		49.602		48.052		99000000000000200000000000000000000000.000		43.262		43.217		51.137		11.180		49.450		38.388		50.161		61.141		31.091		38.469		2.823		191.433		-95.299		0.680

		37_1		10		300		40		OK		83.3-50.1		-0.0055		1.063		10791		85.235		40.322		30.020		30.266		39.523		38.239		99000000000000200000000000000000000000.000		33.293		33.384		40.923		20.755		39.826		27.516		40.367		50.843		28.376		27.396		4.314		147.862		-94.648		0.676

		36_1		10		300		30		OK		74.5-54		-0.0006		1.062		11126		83.037		29.312		16.840		16.828		28.734		27.500		326.729		21.126		21.576		29.654		33.486		29.382		13.339		30.235		41.465		25.389		12.981		5.497		111.929		-94.573		0.676





All Results

		

								Input Values						Calculated Values

		Test #		Super Heat oC		Mass Flux kg/m2s		Saturation Temp oC		Pump Flow Rate ml/min		high left - high right		xout		xin		Avrg. HTC (W/m2K)		Dp (Kpa)

		21-6		0		200		30		15.37		51.2-27.1		0.0110		0.989		5371		5.128

		22-2		0		200		40		15.38		51.9-30.6		-0.0120		0.999		4310		3.844

		31-7		0		300		30		23.08		66.9-32.5		-0.0055		0.981		5673		11.029

		31-8		0		300		30		22.86		68.2-33.6		-0.0079		0.992		5761		10.470

		NEW RESULTS June 2007

		21_3		0		200		30		OK		75.2-50.3		0.0005		1.000		8949		2.031

		22_1		0		200		40		OK		72.8-51.3		-0.0136		0.993		8804		1.164

		23_1		0		200		50		OK		61.7-42.5		0.0122		1.001		8752		0.596

		33_1		0		300		50		OK		83.5-44.7		-0.1677		1.010		9637		3.155

		32_1		0		300		40		OK		79-49.4		0.0020		0.991		10029		4.505

								30										9389		6.300

								Input Values						Calculated Values

		Test #		Super Heat oC		Mass Flux kg/m2s		Saturation Temp oC		Pump Flow Rate ml/min		high left - high right		xout		xin		Avrg. HTC (W/m2K)		Dp (Kpa)

		26-3		10		200		30		15.37		53.8-27.5		0.0050		1.083		5813		4.919

		27-4		10		200		40		15.42		55.4-31		0.0010		1.094		4545		3.670

		36-2		10		300		30		22.90		71.2-32.4		0.0013		1.093		6449		10.806

		NEW RESULTS June 2007

		26_3		10		200		30		OK		78-51.5		-0.0005		1.062		10382		1.998

		27-1		10		200		40		OK		76.3-52.3		-0.0191		1.063		9938		0.972

		28_2		10		200		50		OK		65-43.3		-0.0105		1.063		9853		0.449

		38_2		10		300		50				87.8-44		0.0138		1.083		10608		2.823

		37_1		10		300		40		OK		83.3-50.1		-0.0055		1.063		10791		4.314

		36_1		10		300		30		OK		74.5-54		-0.0021		1.062		10726		5.497
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0 C Super Heat

								Input Values						Calculated Values						101(C)		102(C)		103(C)		104(C)		105(C)		106(C)		107(C)		108(C)		109(C)		110(C)		111(C)		112(C)		113(C)		114(C)		115(C)		116(C)		117(C)		118(kPa)		119(Psi)		120(VDC)		122(ADC)

		Test #		Super Heat oC		Mass Flux kg/m2s		Saturation Temp oC		Pump Flow Rate ml/min		high left - high right		xout		xin		Avrg. HTC (W/m2K)		Sub_cooler Inlet		Reservoir-1		W Outle1		W Outel 2		Cond. Wall-A		Cond. Wall-B		Cond. Wall-C		Cond. Wall-D		Cond. Wall-E		Reservoir-2		Reservoir-3				W Inlet 1		Cond Outlet		Cond Inlet		Evap Inlet		W Inlet 2						Voltage		Current

		21-1		0		200		30		13.96		44.5-20.5		-0.0120		1.005		8675		18.4996		29.761		20.948		21.003		29.009		28.037		25.976		23.846		23.976		29.930		29.913		29.755		18.999		30.450		33.785		26.548		18.896		4.781		110.564		-43.012		0.940

		21-2		0		200		30		13.96		42.3-18.1								18.599		29.860		20.257		20.085		28.250		27.074		24.999		22.894		23.042		30.020		30.004		29.820		18.209		29.689		43.050		25.557		18.025		4.410		106.595		-42.787		0.930

		21-3		0		200		30		13.96		42.3-18.1		-0.1430		0.975		7506		18.7783		29.845		20.323		20.123		27.973		26.878		24.984		22.934		23.107		30.009		29.992		29.815		18.272		29.714		32.426		26.150		18.069		5.093		107.286		-42.477		0.930

		21-4		0		200		30		17.01		46-22.5		0.0004		1.011		5451		19.7466		29.999		19.074		18.943		27.314		26.266		24.226		21.732		21.677		30.118		30.108		29.916		17.056		29.837		32.076		26.279		17.038		5.999		107.991		-42.914		0.940

		21-5		0		200		30		16.02		50.1-26.9								18.4181		30.035		19.032		18.977		27.376		26.362		24.120		21.921		21.866		30.182		30.158		29.954		17.093		29.497		31.944		24.684		17.067		5.414		107.475		-42.710		0.000

		21-6		0		200		30		15.37		51.2-27.1		0.0110		0.989		5371		18.5414		30.133		19.128		19.044		27.657		26.568		24.172		21.981		21.908		30.248		30.228		30.023		17.156		29.620		32.426		25.387		17.122		5.128		107.751		-42.823		0.930

		22-1		0		200		40		14.04		40.2-18.7		-0.0020		0.989		6047		26.8868		39.900		29.850		29.857		38.074		36.888		34.813		32.694		32.818		40.031		39.968		39.719		27.923		38.777		42.328		28.040		27.916		3.891		143.459		-43.096		0.930

		22-2		0		200		40		15.38		51.9-30.6		-0.0120		0.999		4310		25.4951		40.061		27.425		27.392		36.853		35.452		32.681		30.500		30.361		40.266		40.193		39.977		25.343		37.725		41.855		26.441		25.411		3.844		140.878		-43.463		0.940

		31-3		0		300		30		20.87		67.9-13.4								16.393		29.863		18.996		19.016		28.625		27.344		24.791		22.254		22.296		30.027		30.008		29.835		17.190		30.462		35.912		25.508		17.213		11.073		110.137		52.643		1.140

		31-4		0		300		30		20.87		67.8-13.6								15.411		29.838		18.421		18.462		28.515		27.127		24.418		21.790		21.822		29.948		29.922		29.770		16.567		30.274		35.675		24.903		16.583		10.662		110.101		-52.619		1.140

		31-5		0		300		30		20.87		67.7-13.9		0.0122		1.005		8861		15.431		29.871		18.311		18.356		28.593		27.205		24.459		21.695		21.716		30.000		29.977		29.816		16.389		30.321		36.177		25.119		16.300		10.924		110.127		-52.883		1.150

		31-6		0		300		30		23.08		66.8-32.5								11.483		30.050		14.680		14.453		26.698		25.342		22.076		18.490		18.692		30.184		30.151		29.952		12.082		29.150		33.772		23.018		12.000		10.872		107.659		-52.762		1.140

		31-7		0		300		30		23.08		66.9-32.5		-0.0055		0.981		5673		10.543		30.026		14.132		13.788		26.481		25.073		21.614		17.938		18.151		30.129		30.098		29.950		11.307		28.930		34.167		23.260		11.313		11.029		107.596		-52.911		1.150

		31-8		0		300		30		22.86		68.2-33.6		-0.0079		0.992		5761		10.673		30.033		14.036		13.957		26.734		24.945		21.338		18.301		18.439		30.161		30.122		29.911		11.429		28.981		34.551		22.988		11.601		10.470		108.288		-53.101		1.150

		32-1		0		300		40		20.96		63.6-16								24.699		39.865		27.022		27.083		37.008		35.348		32.671		30.218		30.431		40.134		40.062		39.810		25.092		38.448		44.387		26.299		25.090		8.256		142.713		52.422		1.140

		32-2		0		300		40		20.96		63.6-16		0.0114		0.992		6298		24.711		40.103		27.058		27.113		37.326		35.672		32.902		30.300		30.523		40.370		40.298		40.044		25.109		38.669		45.533		26.460		25.151		8.386		143.042		53.127		1.150

		32-3		0		300		40		23.08		63.3-33.6		-0.0109		0.968		4538		20.0625		39.928		22.861		22.865		35.309		33.198		29.913		26.862		26.860		40.160		40.097		39.776		20.339		36.940		43.687		25.574		20.493		8.283		140.636		-52.834		1.140

		32-4		0		300		40		23.08		64.4-33.8		0.0008		0.987		4751		20.141		39.848		22.774		22.855		35.634		33.768		30.368		26.819		26.978		40.083		40.019		39.748		20.344		37.288		44.488		25.634		20.504		8.404		140.734		-53.242		1.150

				NEW RESULTS		39234.000

		21_1		0		200		30				71.4-47.8		0.0013		1.007		7407		23.274		30.523		21.429		21.532		28.370		27.541		25.916		23.924		23.947		30.779		29.523		30.126		19.454		30.202		30.456		26.064		19.316		2.634		111.565		-74.994		0.538

		21_2		0		200		30				71.9-48		0.0035		1.006		6887		24.014		30.486		21.468		21.574		28.316		27.490		25.913		23.980		23.990		30.749		30.476		30.139		19.518		30.188		30.494		26.338		19.333		2.916		111.530		-74.819		0.538

		21_3		0		200		30		OK		75.2-50.3		0.0005		1.000		8949		26.790		30.084		22.045		22.108		28.950		28.125		26.451		24.453		24.492		30.485		32.685		30.124		20.042		30.504		30.978		27.424		19.828		2.031		111.749		-74.097		0.535

		22_1		0		200		40		OK		72.8-51.3		-0.0136		0.993		8804		28.960		40.628		32.834		32.899		39.440		38.526		36.745		35.015		34.968		41.182		24.639		39.891		30.845		40.502		40.624		29.728		30.784		1.164		147.796		-74.309		0.534

		23_1		0		200		50		OK		61.7-42.5		0.0122		1.001		8752		76.633		50.397		42.523		42.884		49.713		48.555		99000000000000200000000000000000000000.000		45.299		45.226		51.304		9.402		49.606		40.452		50.207		51.492		29.307		40.625		0.596		191.448		-75.640		0.542

		33_1		0		300		50		OK		83.5-44.7		-0.1677		1.010		9637		86.009		50.301		40.557		40.772		48.981		47.608		99000000000000100000000000000000000000.000		43.382		43.304		51.155		11.328		49.463		38.487		50.097		50.007		31.526		38.519		3.155		191.443		-91.771		0.656

		32_1		0		300		40		OK		79-49.4		0.0020		0.991		10029		83.182		40.330		29.987		30.240		39.072		37.889		99000000000000100000000000000000000000.000		33.276		33.367		40.902		20.615		39.790		27.513		40.296		40.361		28.330		27.349		4.505		147.810		-91.715		0.655

																						29.192		16.406		16.460		28.015		26.868		342.155		20.807		21.218		29.565		29.526		29.157		12.957		29.932		30.779		23.930		12.675		6.395		111.589		-92.557		0.662

																				78.415		29.245		16.728		16.718		28.047		26.904		346.384		21.021		21.412		29.602		30.803		29.243		13.234		30.003		30.914		24.648		12.944		6.588		111.880		-92.243		0.659





0 C Super Heat
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Dp (kPa)

Mass Flux = 200 kg/m2s

havg @ 0oC Superheat

Dp @ 0oC Superheat

Saturation Temperature (oC)

Avarege Heat Transfer Coefficient (W/m2K)

Affect of Saturation Temperature on Heat Transfer and Pressure Drop

8949

2.031

8804

1.164



10 C Super Heat

								Input Values						Calculated Values						101(C)		102(C)		103(C)		104(C)		105(C)		106(C)		107(C)		108(C)		109(C)		110(C)		111(C)		112(C)		113(C)		114(C)		115(C)		116(C)		117(C)		118(kPa)		119(Psi)		120(VDC)		122(ADC)

		Test #		Super Heat oC		Mass Flux kg/m2s		Saturation Temp oC		Pump Flow Rate ml/min		high left - high right		xout		xin		Avrg. HTC (W/m2K)		Sub_cooler Inlet		Reservoir-1		W Outle1		W Outel 2		Cond. Wall-A		Cond. Wall-B		Cond. Wall-C		Cond. Wall-D		Cond. Wall-E		Reservoir-2		Reservoir-3				W Inlet 1		Cond Outlet		Cond Inlet		Evap Inlet		W Inlet 2						Voltage		Current

		0.6-1		5		300		50		22.77		62.4-33.4								28.610		49.932		31.947		32.161		45.364		42.969		38.800		36.135		36.156		50.239		50.090		49.905		29.576		45.704		55.627		28.398		29.597		5.789		183.391		-54.366		1.170

		0.6-2		5		300		50		22.69		61.4-32.8		-0.0114		1.015		4271		28.486		49.797		31.899		31.923		45.175		42.839		39.210		36.118		36.155		50.122		49.984		49.778		29.435		45.224		55.195		26.316		29.372		5.844		182.850		-54.512		1.170

		26-1		10		200		30		13.96		47-20		-0.0070		1.057		7892		17.544		29.984		20.027		20.132		29.140		27.934		25.566		23.158		23.236		30.136		30.116		29.958		18.063		30.415		39.947		25.875		18.081		4.592		110.506		44.116		0.960

		26-2		10		200		30		15.12		51.5-24.8								18.860		30.097		18.708		18.420		27.858		26.518		24.082		21.322		21.259		30.197		30.183		30.007		16.465		29.847		40.043		26.344		16.441		4.729		108.103		-44.109		0.960

		26-3		10		200		30		15.37		53.8-27.5		0.0050		1.083		5813		17.731		30.104		18.282		18.089		27.850		26.568		23.769		21.166		21.149		30.210		30.178		30.012		16.067		29.568		40.059		25.713		16.002		4.919		107.865		-44.673		0.970

		27-1		10		200		40		14.04		43-18								26.901		39.929		29.173		29.190		38.219		36.841		34.376		32.094		32.203		40.059		39.999		39.741		27.213		38.733		49.951		28.250		27.227		3.716		143.534		-44.597		0.970

		27-2		10		200		40		14.04		43.2-18.8								26.062		39.986		28.998		28.994		38.045		36.554		34.123		31.877		32.039		40.084		40.023		39.767		26.947		38.568		49.715		28.062		26.904		3.626		143.451		-44.532		0.970

		27-3		10		200		40		14.04		43.2-18.8		0.0090		1.082		5801		26.115		40.085		29.348		29.391		38.238		36.772		34.305		32.254		32.450		40.198		40.137		39.881		27.346		38.765		50.615		28.017		27.370		3.787		143.656		-44.813		0.970

		27-4		10		200		40		15.42		55.4-31		0.0010		1.094		4545		25.075		40.040		26.931		26.871		37.100		35.518		32.371		29.963		29.850		40.239		40.172		39.947		24.799		37.745		50.630		26.854		24.864		3.670		140.935		-45.132		0.980

		36-1		10		300		30		22.95		70.7-31.9								10.544		29.981		13.822		13.615		27.001		25.238		21.520		17.904		18.124		30.081		30.053		29.868		11.075		29.117		40.237		23.507		11.293		11.516		106.805		-56.174		1.210

		36-2		10		300		30		22.90		71.2-32.4		0.0013		1.093		6449		10.608		29.989		13.524		13.492		27.254		25.612		21.817		17.796		18.047		30.122		30.087		29.898		10.924		29.178		40.023		23.217		10.953		10.806		108.442		-55.724		1.200

		37-1		10		300		40		20.95		96.4-13.6								24.749		40.015		27.030		27.037		37.735		35.934		32.928		30.159		30.378		40.254		40.182		39.937		25.078		38.688		49.998		26.620		25.281		8.414		142.959		55.031		1.190

		37-2		10		300		40		20.95		96.4-13.5		0.0160		1.089		6628		23.861		40.091		26.302		26.302		37.619		35.739		32.389		29.568		29.753		40.302		40.235		39.968		24.295		38.540		50.120		26.556		24.300		8.420		142.993		55.289		1.200

		37-3		10		300		40		23.08		67.4-32.8								19.222		39.849		22.594		22.616		36.436		34.530		30.466		26.781		26.918		40.094		40.040		39.770		20.033		37.793		50.355		25.914		20.119		8.483		140.907		-56.298		1.210

		37-4		10		300		40		23.08		67.4-32.4								19.262		39.809		22.133		22.227		36.133		34.111		30.050		26.430		26.574		40.042		39.993		39.722		19.616		37.570		49.624		26.192		19.737		8.449		140.693		-56.215		1.210

		37-5		10		300		40		23.08		66.9-34.4		0.1636		1.097		5276		19.259		39.858		22.513		22.546		36.351		34.256		30.041		26.746		26.857		40.088		40.041		39.760		19.965		37.627		49.960		26.230		20.009		8.166		140.649		-55.723		1.200

		0.8-1		15		300		50		22.65		65.4-31.8		-0.0126		1.107		4604		28.455		49.811		31.176		31.232		45.780		43.313		39.106		35.352		35.477		50.161		50.017		49.804		28.724		45.410		65.595		26.007		28.694		5.854		182.740		-56.694		1.210

				NEW TESTS		39234

		26_1		10		200		30				74.5-49.5								25.120		30.445		22.069		22.118		29.112		28.194		26.408		24.310		24.354		30.658		32.436		30.189		20.053		30.294		40.235		27.191		19.938		2.038		111.524		-76.804		0.552

		26_2		10		200		30				76-50.4		0.0126		1.073		8849		25.083		30.499		21.894		21.974		29.082		28.143		26.273		24.103		24.134		30.712		29.680		30.014		19.894		30.191		41.443		25.964		19.811		1.988		111.527		-77.350		0.555

		26_3		10		200		30		OK		78-51.5		-0.0005		1.062		10382		27.203		30.002		22.506		22.580		29.434		28.579		26.762		24.688		24.743		30.267		33.569		29.964		20.501		30.451		43.044		27.441		20.365		1.998		111.566		-75.967		0.546

		27-1		10		200		40		OK		76.3-52.3		-0.0191		1.063		9938		29.293		40.600		32.436		32.574		39.700		38.676		36.636		34.698		34.672		41.180		24.977		39.915		30.467		40.532		50.636		29.798		30.453		0.972		147.831		-76.745		0.550

																				79.726		50.404		42.625		42.965		50.090		48.867		99000000000000200000000000000000000000.000		45.296		45.238		51.284		10.448		49.617		40.520		50.341		60.586		29.749		40.775		0.462		191.427		-77.469		0.555

		28_2		10		200		50		OK		65-43.3		-0.0105		1.063		9853		532000000000000000000000000000000000.000		50.463		42.597		42.946		50.095		48.878		99000000000000000000000000000000000000.000		45.291		45.217		51.294		10.392		49.619		40.515		50.336		60.100		29.624		40.686		0.449		191.422		-77.469		0.555

		38_1		10		300		50				87.8-44		0.0124		1.082		12384		596000000000000000000000000000000000.000		50.265		41.396		41.601		49.927		48.493		99000000000000200000000000000000000000.000		44.058		43.986		51.148		11.575		49.459		39.407		50.267		60.822		31.486		39.452		3.002		191.439		-95.085		0.679

		38_2		10		300		50		OK		87.8-44		0.0138		1.083		10608		87.842		50.289		40.375		40.704		49.602		48.052		99000000000000200000000000000000000000.000		43.262		43.217		51.137		11.180		49.450		38.388		50.161		61.141		31.091		38.469		2.823		191.433		-95.299		0.680

		37_1		10		300		40		OK		83.3-50.1		-0.0055		1.063		10791		85.235		40.322		30.020		30.266		39.523		38.239		99000000000000200000000000000000000000.000		33.293		33.384		40.923		20.755		39.826		27.516		40.367		50.843		28.376		27.396		4.314		147.862		-94.648		0.676

		36_1		10		300		30		OK		74.5-54		-0.0006		1.062		11126		83.037		29.312		16.840		16.828		28.734		27.500		326.729		21.126		21.576		29.654		33.486		29.382		13.339		30.235		41.465		25.389		12.981		5.497		111.929		-94.573		0.676





All Results

		

								Input Values						Calculated Values

		Test #		Super Heat oC		Mass Flux kg/m2s		Saturation Temp oC		Pump Flow Rate ml/min		high left - high right		xout		xin		Avrg. HTC (W/m2K)		Dp (Kpa)

		21-6		0		200		30		15.37		51.2-27.1		0.0110		0.989		5371		5.128

		22-2		0		200		40		15.38		51.9-30.6		-0.0120		0.999		4310		3.844

		31-7		0		300		30		23.08		66.9-32.5		-0.0055		0.981		5673		11.029

		31-8		0		300		30		22.86		68.2-33.6		-0.0079		0.992		5761		10.470

		NEW RESULTS June 2007

		21_3		0		200		30		OK		75.2-50.3		0.0005		1.000		8949		2.031

		22_1		0		200		40		OK		72.8-51.3		-0.0136		0.993		8804		1.164

		23_1		0		200		50		OK		61.7-42.5		0.0122		1.001		8752		0.596

		33_1		0		300		50		OK		83.5-44.7		-0.1677		1.010		9637		3.155

		32_1		0		300		40		OK		79-49.4		0.0020		0.991		10029		4.505

								30										9389		6.300

								Input Values						Calculated Values

		Test #		Super Heat oC		Mass Flux kg/m2s		Saturation Temp oC		Pump Flow Rate ml/min		high left - high right		xout		xin		Avrg. HTC (W/m2K)		Dp (Kpa)

		26-3		10		200		30		15.37		53.8-27.5		0.0050		1.083		5813		4.919

		27-4		10		200		40		15.42		55.4-31		0.0010		1.094		4545		3.670

		36-2		10		300		30		22.90		71.2-32.4		0.0013		1.093		6449		10.806

		NEW RESULTS June 2007

		26_3		10		200		30		OK		78-51.5		-0.0005		1.062		10382		1.998

		27-1		10		200		40		OK		76.3-52.3		-0.0191		1.063		9938		0.972

		28_2		10		200		50		OK		65-43.3		-0.0105		1.063		9853		0.449

		38_2		10		300		50				87.8-44		0.0138		1.083		10608		2.823

		37_1		10		300		40		OK		83.3-50.1		-0.0055		1.063		10791		4.314

		36_1		10		300		30		OK		74.5-54		-0.0021		1.062		10726		5.497





All Results
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