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Executive Summary

In line with the Petroleum Institute’s objective to create a world-class energy engineering institution, the Petroleum Institute and the University of Maryland have entered into a collaborative relationship in the areas of technical research and best educational practices.  Currently, there are thirteen established collaborative research projects between the PI and UMD that cover a wide range of subjects.

The 13 projects are underway.  The projects have been defined, objectives have been established, graduate students have been hired, and work has begun.  The objectives of each project and progress made toward these objectives are briefly described below. 

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:  

· One-week short course in Project Management was delivered January 7th, 2007.

· Materials for a semester-long course in Project Management was delivered January 7th, 2007.

· Partial delivery of one course, ENCE 421, with the completion of this course to be delivered in May 2007. 

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:  

· Several models for predicting life, L, degradation of pipelines as a function of “stress” (Corrosion-fatigue) have been under investigation.

· We have identified an approach for to estimating the parameter models. 

· We have started to gather field data to estimate the model parameters, including uncertainties associated with such estimates. 


Dynamics and Control of Drill Strings on Fixed and Floating Platforms


B. Balachandran (UMD), M. Karkoub (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: 

· Appropriate literature has been identified.

· Development of a numerical model and solid modeling has been initiated.


An EHD-Enhanced Gas/Liquid Separator


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

· Extensive literature survey has been performed 

· Research has been conducted on commercially available aerosol generators and nozzle arrangements

· Femlab® software is being studied to create a model of electrohydrodynamic flows of charged aerosol in electric fields.

· A design of initial test loop has been created to conduct experiments on separation of water droplets from air flows by charging and collection.
Force-Fed Cooling of Photovoltaic Arrays for High-Efficiency Solar Energy Conversion Systems


S. Dessaitoun (UMD), I. Kubo (PI), 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:


· This project has recently begun and replaces Sand Fouling of Heat Exchangers.

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:

· A set of review notes was delivered to the PI faculty 

· An FE practice test was given to the PI graduating seniors in June 2006; the practice test was graded and returned to the PI 

· Additional review notes have been developed

· Work has begun on a new exam 

· Dr. Ainane will be conducting reviews at the PI on March 24, 25 and 27, 2007
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: 

· Appropriate literature has been identified and the development of a numerical model for analysis and optimization of a distillation tower is underway.


Sand Fouling of Heat Exchangers


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

Objective:  The proposed study will identify the specific mechanisms and characteristics of sand fouling in heat exchangers.

Progress:

· A literature survey producing key publications in particulate fouling was performed.

· Investigation into the use of a computer-controlled stepper motor for sand injection has begun.

· A cabinet to house components and support the flow has been modified for use in the project.

· Materials for the drums on each end of the channel have been ordered, and fabrication is expected to finish before March.

· A pressure transducer has been calibrated.

NOTE:  This project has been terminated and will be replaced by Force-Fed Cooling of Photovoltaic Arrays for High-Efficiency Solar Energy Conversion Systems.

Solid Oxide Fuel Cells for CO2 Capture and Enhanced Oil Recovery


G. Jackson (UMD), V. Eveloy (PI), A. Goharzadeh (PI), P. Rodgers (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:  

· Testing has begun on single cell SOFC test rigs on investigating the effectives of ceria as an anode catalyst

· Discussions to establish the necessary equipment and approximate prices for setting up a single-cell SOFC test rig at the PI are ongoing.  
· UMD has continued to develop its 1-D SOFC models including porous media transport/detailed surface chemistry models.

· It has been decided to use Comsol’s FEMLAB software for 3-D SOFC simulation.


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


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

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

Progress:
· A wide range of tests has been successfully conducted for R-134a.

· For visualization and measurements by mini-LDV, a design of a test section has been prepared and will be finalized after discussions with mini-LDV vendor about measurement constraints.

· An extended survey review of the flow visualization on micro-fluidic systems focusing on multi-phase flow was completed. 

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: 

· A comprehensive literature search on the sulfur removal from gas by UMD team.

· The code is being formulated for capturing the fate of sulfur in the process.  

· RANS type CFD simulations of the process are in progress.

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:  

· A literature review has been conducted

· An assessment of the thermal, chemical, and mechanical properties of thermally-enhanced polymer materials suitable for use in liquid-to-liquid heat exchangers is underway

· An assessment of theoretical performance limit of polymer candidate materials and configuration(s) is underway.


Undergraduate Design and Best Educational Practices



L. Schmidt (UMD), P. Rodgers (PI), 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: 
· Course agenda exchange has occurred. 

· Upcoming site visit to take place March 20, 21, 22.

· Dr. Schmidt is confirmed as Engineering Keynote Speaker at METSMAC 17-19 MARCH. Talk is entitled "Teaching & Learning Engineering Design: A Need for Unifying Models."

Waste Heat Utilization in the Petroleum Industry


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

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

Progress: 

· Assessing waste heat sources (PI)

· Assessing waste heat conversion processes (UMD)

· Assessing utility requirements (PI)  

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.

To provide a suitable foundation for the EERC activities, during this first quarter of funded effort the PI and UMD have collaborated on identifying research and educational needs, as well as focus areas for research activities of interest and mutual benefit to both institutions. Due to the time required to better define the specific projects, hire graduate students, and solidify the partnerships between the PI and UMD faculty, this initial period expanded to fill nearly five months.

Specific first-year and second-year goals and deliverables have been established for each of the projects addressed by the EERC.  In formulating these projects, the UMD and PI faculty have actively solicited advice, suggestions, and needs of the petroleum industry, and the findings of many of the projects will be of great benefit to the sponsors of PI and the petroleum industry at large.  This is the first quarterly report on the progress of this collaboration.

Collaborative Activities

Progress made on the EERC projects, during the first quarter of activity—i.e., 1 December 2006-1 March 2007—is summarized below.

I. Collaborative research projects

PI and UMD faculty are currently working on thirteen collaborative research projects in technical and educational areas of mutual interest.  The activity during this first quarter has focused on:  

· Detailed communication between UMD and PI faculty on the goals and modalities of the collaboration.  

· Refining project objectives, goals, and approaches, including narrowing of projects and definition of alternative projects.  

· Allocating tasks and responsibilities between PI and UMD.

· Performance of literature reviews.

· Hiring and assigning of UMD Graduate Research Assistants to the EERC projects.

Progress on the specific projects and is described in greater detail in the next section of this report.

II. UMD faculty site visits to PI

In preparation for the launch of the EERC and in these early months of EERC activity, the Dean of Engineering, Prof. Nariman Farvardin; the Chair of Mechanical Engineering, Prof. Avram Bar-Cohen; and eight faculty members from the College of Engineering visited the PI to participate in its first commencement ceremony, to meet the faculty and administrators, and assess site conditions for planned research facilities and experiments.  Several more visits are scheduled for March 2007.

Past visits:

· June 2006
Bar-Cohen, Ashwani Gupta, Haghani, Radermacher

· November 2006
Gupta, Radermacher, Azarm

· December 2006
Farvardin, Ainane

· January 2007
Haghani, Cable

· February 2007
Balachandran

Upcoming visits:  

· March 2007
Linda Schmidt, Greg Jackson, Ainane, Modarres

III. PI students enrolled in the UMD graduate program
Five UMD doctoral students are supported by ADNOC (and PI) and are working with Profs. Azarm, Baz, Modarres, and Ohadi:

· Mr. Ramzi Mohamed Al-Saari, 

· Mr. Khalid Haza Almitani

· Mr. Saeed Khalfan Al-Nuaimi

· Mr. Ebrahim Saeed Abdull Al-Hajri

· Mr. Mohamed Saeed Ahmed Alshehhi

IV. PI students enrolled in a UMD course 

Three PI students are enrolled in ENME 635:  Energy Systems Analysis, a regularly scheduled Mechanical Engineering graduate course, as “distance learners.”  Upon successful completion of the course requirements, Mr. Ali Alalili, Mr. Ahmed Alshehhi, and Mr. Amir Mortazavi will receive UMD graduate credit for their participation.

V. Joint monthly meetings via video conference

On February 21, 2007, the EERC inaugurated UMD/PI joint monthly progress meetings using video conferencing technology.  This first meeting, attended by Dean Farvardin, Dr. Bar-Cohen, and the faculty members involved in the research projects, was devoted to brief presentations on all the projects underway in the EERC.

Progress report contents

The remainder of this report contains descriptions and progress updates of current collaborative research projects.  The projects exhibit the wide breadth of energy science and engineering with projects ranging from technical projects of significant interest to the petroleum industry, such as “Dynamics and Control of Drill Strings on Fixed and Floating Platforms” and “An EHD-Enhanced Gas/Liquid Separator,” to educational best practices projects that will help the Institute achieve its goal of becoming a world-class energy engineering institution.  

For each project the following information is included as applicable:

· Objective/Abstract

· Approach

· Milestones/Deliverables

· Two-year Schedule

· Justification

· Background

· Key References

· Challenges

· Progress to Date

· Highlights

· Findings/Accomplishments

· Figures

This report reflects work done by both UMD and PI faculty. As the first quarterly report submitted under the EERC collaborative agreement between the PI and UMD, it offers a promising start to the collaboration.  It is hoped and expected that the progress described here will set the stage for a successful long-term collaboration that will continue to be productive and mutually beneficial to both institutions.  

Individual Project Reports

	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: 1 December 2006

	Objective/Abstract
	Approach 

	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. This is the second progress report for this task.
	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. 

	Milestones/Deliverables 
	Two-Year Schedule 

	· Develop and deliver a one-week short course in project management. 

· Develop and deliver materials for a semester-long course in project management. 

· Develop and deliver materials for two additional semester-long courses in project management at PI. 

· Perform a feasibility study for establishing a graduate program in project management at PI. 
	January 2007 – delivered in Abu Dhabi in January.

September 2007 – delivered in Abu Dhabi in January 2007

December 2007 – delivered slides only for ENCE 421 in January with the rest due in September 2007. The third course has not been requested at this time.

	Justification 
	Background   

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


	Discussions with Dr. Ohadi during proposal development process.

 

	Key References 
	Challenges 


	N/A 


	The initial challenge was the delay in approval to proceed in developing the 5-day short course. In addition, oil and gas subject matter requires input from GASCO. We are working to make up the time and will deliver on schedule. 

We (Haghani & Cable) talked with Dr. Kubo, who seems satisfied with the first course we delivered.  Dr. Kubo requested the remaining of the material for the law course, which we intend to provide by May.  We also agreed to look through the outline of the course he sent us to see if there is anything we can do to provide as much material as we can for that.

There was some confusion about the feasibility study, namely, a discrepancy between the project statement and the deliverables.  If you look at the project description, it says that the feasibility study is the last task and will start in December 2007, but the list of deliverables makes it a Year 1 task.  This is a mistake at the proposal level.  Dr. Kubo does not mind having a discussion about this, and we will be able to sort it out.




	Progress to Date 
	Highlights

	Milestones:

1. Develop and deliver a 1-week Short Course in Project Management. (Delivered January 7th, 2007)
2. Develop and deliver materials for 1 semester-long course in Project Management. (Delivered January 7th, 2007)


3. Develop and deliver materials for 2 additional semester-long courses in project management at PI. (Partial delivery of one course, ENCE 421, with the completion of this course to be delivered in May 2007)


	1. The first two deliverables are complete and were delivered on time.

2. We are ahead of schedule for delivery of ENCE 421 and will complete this deliverable on time.

3. Other Project Management courses have not been requested yet thus there is no schedule for delivery.



	Findings/Accomplishments

	· We delivered the 5-day Project Management Fundamentals course in Abu Dhabi from 7 to 11 January, 2007. The course was delivered to the satisfaction of the client, GASCO, along with three-ring binders containing color copies of including all of the PowerPoint presentations as they actually took place. These binders included CD’s containing the same materials.

· We have completed and delivered the first course requested by PI. The course (ENCE 320, Introduction to Engineering Project Management) was hand-delivered while in Abu Dhabi in January. Information provided included all PowerPoint slides for each lecture, lecture notes, homework assignments & answers, and tests & answers to questions.

· We delivered the lecture slides for ENCE 421, Legal Aspects of Engineering Practice. The planned delivery for the remainder of this course is at the end of this spring semester 2007.




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

UMD Investigator: Prof. Mohammad Modarres

GRA-1: Mohamed Chooka

GRA-2: To be assigned

PI Investigator(s): Prof. Abdennour Seibi

Start Date: October 2006

	Objective/Abstract 
	Approach 

	This study involves developing and applying an engineering-based probabilistic model for health management of oil pipelines in process plants. The study involved 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 is working on the first project and GRA-2 will work on the second project.

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 network 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.
	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 GRA-2 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.

 


	Milestones/Deliverables 
	Two-Year Schedule 

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

2. Data analysis of field data (9/31/2007).

3. Interim Report on Application Example (12/31/2007).

4. Design, construction, and commissioning of test rig (12/31/2007).  

5. Interim Report on Model Validation Based on conditioned progress in obtaining experimental results (6/30/2008).

6. Conference and Archival Paper (9/30/2008).

7. Final Report (12/31/2008)


	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).

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 (4/1/2007 – 8/31/2007)

7. Application example (9/1/2007 – 12/31/2007)

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).


	Justification 
	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 [1], which is the most widely accepted method for the assessment of corroded pipelines [2].  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).

	Key References 
	Challenges 

	[1] ASME-B31G (1991).  Manual for Determining the Remaining Strength of Corroded Pipelines: A Supplement to ASME B31G Code For Pressure Piping.  New York: American Society of Mechanical Engineers. 

[2] Lee, O. S., Kim, D. H. and Choi, S. S. (2006).  Reliability of Buried Pipeline Using A Theory Of Probability Of Failure. Solid State Phenomena, 110, 221-230. 


	The most important step in this research will be the validation of the models developed. The success hinges upon access to field data and further validation through experimental observations. As such, collaboration with PI and development of the corrosion lab at PI will be essential to the success of this project. 


	Progress to Date 
	Highlights

	· Several models for predicting life, L, degradation of pipelines as a function of “stress” (Corrosion-fatigue) have been under investigation. (See below.)

· We have identified an approach for estimating the parameter models.  (See below.)

· We have started to gather field data to estimate the model parameters, including uncertainties associated with such estimates. 

· We will develop an accelerated testing laboratory at PI to gather more specific data related to oil pipelines. 
· We have started to gather field data to estimate the model parameters, including uncertainties associated with such estimates. We will develop an accelerated testing laboratory at PI to gather more specific data related to oil pipelines.
· Initiated contact with some ADNOC operating companies to discuss the nature of data being collected.  This data, if useful, will be used to test the model.
· Discussed the model with Mohammed Chookah during his last visit to PI and confined the number of parameters affecting the pipeline integrity in the refinery TAKREER.

	


	Findings/Accomplishments

	Models for predicting life, L, degradation of pipelines as a function of “stress” (Corrosion-fatigue) have been under investigation. They are:

1. The standard Paris model with adjusted values of the intercept, C, to account for higher crack growth due to corrosion:


[image: image4.emf]
2.  A new corrosion-fatigue crack growth model proposed by Wei with stochastic contributions from the material properties and from the thermally activated electrochemical reaction rate. The enhancement in crack growth rate is attributed to hydrogen embrittlement at crack tip: 
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	Figures 

	The following approach is to be used to estimate the parameter models adopted above:
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	Dynamics and Control of Drill Strings on Fixed and Floating Platforms

UMD Investigators: B. Balachandran

GRA’s: Chien-Min Liao (to start in SPRING 2007)

PI Investigator(s): Mansour Karkoub

Start Date: 12/01/2006

	Objective/Abstract 
	Approach 

	Research objectives will be 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 the PI/UMD to test the theoretical findings. 


	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. 

	Milestones/Deliverables 
	Two-Year Schedule 

	Jan. 31, 07: Literature review and preliminary model 

February 2007/March 2007: Visit to PI 

Apr. 30, 07: Progress report on drill-string modeling, including solid models for PI system 

Jul. 31, 07: Progress report on analytical and numerical results and experimental plan 

Oct. 31, 07: Progress report on experimental design and schemes for controlling drill-string dynamics; journal/conference manuscript on drill-string dynamics 

January 31, 08: Progress report on experimental studies and control design 

Apr. 30, 08: Progress report on “optimal” actuator and sensor configurations; conference paper on control of drill-string dynamics 

Jul. 31, 08: Progress report on completion of fixed platform studies and initiation of floating platform studies. 

Oct. 31, 08: Journal manuscript on control of drill-string dynamics and final report 
	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 


	Justification 
	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.  

	Key References 
	Challenges 

	Leine, R. I., van Campen, D. H., and Keultjes, W. J. G. (2002). “Stick-Slip Whirl Interaction in Drill String Dynamics,” ASME Journal of Vibration and Acoustics, Vol. 124 (2), pp. 209220. Nayfeh, A. H. and Balachandran, B. (1995). Applied Nonlinear Dynamics: Analytical, Computational, and Experimental Methods, Wiley, New York. Spanos, P. D., Chevallier, A. M., Politis, N. P., and Payne, M. L. (2003). “Oil and Gas Well Drilling: A Vibrations Perspective,” Shock and Vibration Digest Vol. 35(2), pp. 85-103. 
	Identifying an appropriate model for the aging oil wells of Abu Dhabi; obtaining a comprehensive picture of the nonlinear drill-string dynamics; controlling complicated drill-string dynamics. 


	Progress to Date 
	Highlights and Accomplishments

	Appropriate literature has been identified and development of a numerical model and solid modeling has been initiated.


	· Professor Balachandran will be visiting the Petroleum Institute during the week of February 19th to February 23rd to discuss the different research tasks with Professor Karkoub of the Petroleum Institute.  In this regard, a visit to the National Drilling Company is also planned.
· Challenges:  Isolation of the key aspects of drill-string dynamics and the necessary assumptions are important challenges at this stage.  These challenges will be addressed by studying different models and through a combined analytical/numerical and experimental method.



	Findings

	Literature review:

The following references have been reviewed to develop a first generation model of a drill-string system.

1. P.D. Spanos, A.M. Chevallier, N.P. Politis and M.L. Payne (2003).  “Oil and Gas Well Drilling: A Vibrations Perspective,” The Shock and Vibration Digest, Vol. 35 (2), pp. 85-103.

2. R.I Leine, D. H. van Campen and W. J. G. Keultjes (2002). “Stick-slip Whirl Interaction in Drillstring Dynamics,” ASME J. Vibrations and Acoustics, Vol. 124, pp. 209-220.

These references can be used as a basis to study drilling systems of the type illustrated in Figure 1.  A drill-string system, which conveys the rotary downward motion to the drill-bit, is primarily composed of the drill pipe, drill collars, and drill bit.  In operation, the drill pipe and collars are filled with drilling mud or drilling fluid.

Solid model development:  

A solid model of a drill-string component is being developed as shown in Figure 2.

Preliminary drill-string model:

A combined model describing lateral motion as well as stick-slip dynamics (Figure 3) is being developed.  The lateral motion model will be a discretized version of the structural system and it will account for structural mass, fluid mass, different types of damping, structural and fluid stiffness elements and applied force, fluid force Ff, and contact force Fc.  The stick-slip whirl motions will account for rotation of the core of the drill-string system within the mud. This combined model should help us obtain a better understanding of the drill-string system.  

Apart from these dynamics, axial dynamics will also be considered. 




	Figures 

	Figure 1. Drilling system schematic [image: image23.wmf]Q
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Figure 2:  Drill-string component provided by PI and solid model being developed at UMD.



	Figures (continued) 
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	An EHD-Enhanced Gas/Liquid Separator

UMD Investigators: Dr. Serguei Dessiatoun

GRA’s: Mohamed Al-Shehhi

PI Investigator(s): Dr. Michael Ohadi

Start Date: October 2006
 

	Objective/Abstract 
	Approach 

	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 air-conditioning, refrigeration and process industries. 
	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.



	Milestones/Deliverables 
	Two-Year Schedule 

	· Analysis of the phenomena and methodologies for design of hybrid inertia-EHD separator for conductive and nonconductive liquid particles suspended in a flowing gas medium. 
· An optimized design for a hybrid inertia-EHD separator for gas-and-non-conductive liquid droplets. 

· A prototype of a hybrid inertia-EHD separator for gas-and-conductive liquid droplets. 

· Empirical correlations of experimental results. 

· Final report and recommendations. 
	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. 

· Develop  design correlation.  

· Prepare report. 




	Justification 
	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. 

	Key References 
	Challenges 

	1. Mo, B., M.M. Ohadi, and S.V. Dessiatoun, "Liquid vapor separation and thermal management in an EHD-enhanced capillary pumped loop", Heat Transfer 1998, Proceeding of 11th International Heat Transfer Conference, Vol. 2, Taylor & Francis Inc., Levittown, PA, pp.63-68. 2. Electrohydrodynamic Liquid-Vapor Separator USA Pat.# 6,582,500 3. Schrage, D.S., J.M. Shoemaker, and J. McQuillen, 1998, “Passive two-phase fluid separation,” AIAA 36th Aerospace Sciences Meeting & Exhibit, Reno, NV, Jan. 1998, AIAA-98-0731 4. Balachandran, W., Machowski, W., Ahmad, C.N. “Electrostatic atomization of conducting liquids using AC superimposed on DC fields” Industry Applications, IEEE Transactions on Volume 30, Issue 4, July-Aug. 1994 Page(s):850 - 855 Digital Object Identifier 10.1109/28.297899 
	EHD separation is particularly effective in separating sub-micron size particles that tend to have close-to-uniform distribution throughout the entire volume of the gas phase.  In addition, the polarization effect of the electrical field on the particles is not significant for particles of such size.  Direct charging of sub-micron particles results in higher electrical forces and increases the separation efficiency.  An economical charge delivery to the entire flow of the gas-liquid mixture requires the precise selection of electrogeometry and electrical field parameters.  Electrode design and electrical field configuration become significantly more complex if the separating liquid is electrically conductive because liquid droplets can deposit on the insulation, resulting in current leakage or a complete shortage in the electrical field. Encapsulated electrodes and pulsating electrical fields prevent electrode shortage but drastically complicate system design and optimization. Thus, some challenges in the design of gas-and-conductive liquid separator can be identified: efficient charging procedure and voltage of all particles in the separator volume; prevention of charge leakages and/or shortages due to the conductive nature of fluid; and power supply design and control mechanisms. 




	Progress to Date 
	Highlights

	· Extensive literature survey has been performed on of aerosol particles generation and size distribution measurement, charging procedure and predictive models for such particles behavior in electrostatic precipitators.

· Research has been conducted on commercially available aerosol generators and nozzle arrangements

· Femlab® software is being studied to create a model of electrohydrodynamic flows of charged aerosol in electric fields.

· A design of initial test loop has been created to conduct experiments on separation of water droplets from air flows by charging and collection.
	· Various particle charging mechanisms have been identified, such as: Flame Charging, Static Charging, Electrolytic Charging, Diffusion Charging and Field Charging.

· In depth literature survey on Electrostatic Precipitators and Corona Discharge principles has been performed from which present research can benefit. For example, it has been found that hollow needles are more appropriate for generation of corona than sharp wires.

	Findings/Accomplishments

	· Literature survey and summary

· Formulation of charging models for particles

· Preliminary design of test loop

· Femlab tutorial study




	Figure:  Preliminary Sketch for Water-Air Separator Test Setup
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Figure 3. Schematic representation of the setup. The test section design and component selection is currently underway



	Force-Fed Cooling of Photovoltaic Arrays for High-Efficiency 

Solar Energy Conversion Systems

UMD Investigators: Dr. S. Dessaitoun

GRA’s: E. Kermani, S. Chowdhury

PI Investigator(s): Dr. I. Kubo, Dr. M. Ohadi 

Start Date: March 2007

NOTE:  This project has recently begun and replaces Sand Fouling of Heat Exchangers.

	Objective/Abstract 
	Approach 

	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.


	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.

 


	Milestones/Deliverables 
	Two-Year Schedule 

	 UMD-side participation

· Summary of open literature survey on cooling of PV concentrator arrays
· Force-fed cooler design for typical cooling loads
· Prototype of force-fed cooling element
· Experimental facility for testing and performance measurement of liquid-cooled prototype
· Database of test results of concentrated PV element cooling
· Recommendations for concentrated array PV element cooling 
· Final report with recommendations
PI-side participation

· Input on literature summary on current concentrator designs, available cooling techniques, and expected heat loads in UAE desert conditions
· Scaled-down solar concentrator for field testing of UMD-cooler
· Input on final report with recommendations
	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


	Justification 
	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.

	Key References 
	Challenges 

	1. Muresan, C., Menezo, C., bennacer, R., Vaillon, R., ’ Numerical Simulation of a Vertical Solar Collector Integrated in a Building Frame : Radiation and Turbulent Natural Convection Coupling’, Heat Transfer Engineering, vol. 27(2), pp. 29-42, 2006

2. Konnttinen, P., Lund, P.D., ‘Thermal Stability and Moisture Resistance of C/Al2O3/Al solar absorber surfaces,’ Solar Energy Materials and Solar Cells, vol. 82, pp. 361-383, 2004

3. Ramanathan, K., Keane, J., Koufi, R.,’Properties of High-Efficiency CIGS Thin-Film Solar Cells,’ Proceedings of 31st IEEE Photovoltaics Specialists Conference and Exhibition, Lake Buena Vista, FL, January, 2005

4. Han, D., ‘Microscopic Mechanism of Staebler-Wronski Effect in a-Si Films and High Efficiency Solar Cells,’ Final Subcontract Report prepared under subcontract no. ADJ-1-30630-09, National Renewable Energy Laboratory, 2004

5. Bakirov, M., ‘ Photoelectric and Radiation Characteristics of Silicon Solar Cells at High Illumination Levels and Elevated Temperatures,’ Semiconductors, vol. 31(5), pp. 439-440, 1997
	· Identify low cost fabrication techniques for creating high aspect-ratio micro-grooves in silicon wafers

· Design force-fed flow distributor for effective uniform cooling with minimal pumping power

· Interface and package heat exchanger components with solar panel cost-effectively and reliably 

· Optimize concentrator design for high level of solar energy concentration


	Progress to Date 
	Highlights

	
	

	Findings/Accomplishments

	


	Fundamentals of Engineering (FE) Examination

UMD Investigators: Dr. Sami Ainane

PI Investigator:  Dr. Peter Rodgers

Start Date: June 2006

	Objective/Abstract 
	Approach: 

	· Design review course to prepare PI students for Fundamentals of Engineering examination 

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

· Use the practice exam results to identify the program strengths/weaknesses 

Project is proceeding as planned.
	Tutorial sessions are developed to prepare PI students for undertaking trial FE exam, which covers the following topics:

· Mathematics, probability and statistics

· Statics, dynamics and materials science

· Thermodynamics and fluid mechanics

· Electrical circuits and computers

· Engineering economics

· Chemistry

· Ethics and business practices

This material is reviewed in 27 hours of tutorials, given over a nine week period, in three hour evening sessions. The revision materials are primarily supplied by UMD, supplemented by PI faculty inputs.  

The above sessions are all taught by PI faculty.  An additional 16 hours of revision tutorials will be given Dr. Ainane, UMD, during an on-site visit at PI in March 2007.

In total PI students will receive 43 hours of revision tutorials to prepare for the actual trial FE exam.

	Milestones/Deliverables: 
	Two-Year Schedule: 

	· FE exam tutorial revision notes supplied to PI faculty

· Trial FE exams to be prepared and graded by UMD.

· First trial FE exam was undertaken by PI students on June 17, 2006, with next exam scheduled for April 28, 2007.

 
	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  

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  


	Justification: 
	
	Background: 

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

By undertaking a trial FE exam, PI will be able to benchmark student performance with corresponding US engineering programs as a metric for ABET accreditation.

Although the trial FE exam undertaken by PI students on April 28, 2007 is non-accredited, UMD-PI team is seeking accreditation status from 2008 onwards.
	
	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 staring point for such a licensing process, is the passing of the FE exam.

	Key References: 
	
	Challenges: 

	An overview of the FE exam process can be obtained at http://www.ncees.org, which is official website for The National Council of Examiners for Engineering and Surveying (NCEES), who administers the FE exam.
	
	Motivate the PI students to prepare adequately for the trial FE exam.  Students who successfully pass the FE exam will receive both a certificate and a monetary reward:

· For Grade A, which is defined as a FE exam score equal to or greater than 90%, student will receive 10,000 Dirhams ($2,725).

· For a passing grade, student will receive 5,000 Dirhams ($1,362).

Due to differences in curricula between the five engineering programs at PI, some of the PI programs do not cover the complete syllabus of the FE exam. Consequently for their students, some of the tutorial revision sessions introduce instruction on topics for the first time. Addressing this deficit can represent a significant challenge.


	Progress to Date 
	Highlights

	Project is proceeding as planned.

· A set of tutorial revision notes were supplied to the PI faculty, June 2006.

· PI graduating seniors undertook a trial FE exam in June 2006; which was graded.

· Additional review notes have been developed.

· Dr. Ainane will be conducting revision tutorials at the PI on March 24, 25 and 27, 2007.
· Work has begun on a new trial FE exam to be given at PI on April 28, 2007.
	The first cycle of the trial FE exam was completed in June 2006.

The second cycle is now firmly in place, with PI students scheduled to the take next trial FE exam on April 28, 2007. 

To prepare the students for this exam, they will receive 43 hours of revision tutorials.


	Robust Optimization of Petrochemical Systems

UMD Investigator: Dr. Shapour Azarm

PI Investigators: Dr. Saleh Al Hashimi and Dr. Tareq Al Ameri

GRA’s: UMD’s GRAs (started in January 2007): Mr. Genzi Li and Mr. Ramzi Al Saari (ADNOC Fellow); 

PI’s GRA: Ms. Naveen Al Qasas

Start Date: October 2006

	Objective/Abstract 
	Approach 

	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.   
	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. 

	Milestones/Deliverables 
	Two-Year Schedule 

	· Analysis models for a distillation column 

· Integration with other subsystems in a chemical plant 

· Multi-objective robust optimization models and methods 

· Quantitative profit model (tentative) 

· Possible integration of robust optimization of petrochemical subsystem with the overall plant profit model

· Conference and/or journal papers.  
	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.  




	Justification 
	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. 


	Key References 
	Challenges 

	1. Forbes, R.J., Short History of the Art of Distillation, E.J. Brill, Leiden, 1948. 

2. Grossmann, I. E., Sargent, R. W. H., “Optimum Design of Chemical Plants with Uncertain Parameters,” AIChE Journal, 24(6): 1021-1028, 1978.

3. Halemane K. P., Grossmann I. E., “Optimal Process Design under Uncertainty,” AIChE Journal, 29 (3): 425-433, 1983.

4. Inamdar, S. V.; Gupta, Santosh K.; Saraf, D. N, “Multi-Objective Optimization of an Industrial Crude Distillation Unit Using the Elitist Non-Dominated Sorting Genetic Algorithm,” Chemical Engineering Research and Design, 82(5): 611-623, 2004.

5. Janak, S. L., Lin, X., Floudas, C. A., “A New Robust Optimization Approach for Scheduling Under Uncertainty: II. Uncertainty with Known Probability Distribution,” Computers and Chemical Engineering, 31, 171-195, 2007.

6. Li, M., S. Azarm, and A. Boyars, “A New Deterministic Approach using Sensitivity Region Measures for Multi-Objective and Feasibility Robust Design Optimization,” Trans. ASME, Journal of Mechanical Design, 128 (4), 874-883, 2006. 

7. Lin, X., Janak, S. L., Floudas, C. A., “A New Robust Optimization Approach for Scheduling Under Uncertainty: I. Bounded Uncertainty,” Computers and Chemical Engineering, 24, 1069-1085, 2004.
	Both tasks are expected to be demanding. However, the greatest challenge is expected to be in the integration of the engineering design parameters with the overall profit plant model, including variability, in a multi-objective optimization environment. 

	Progress to Date 
	Highlights and Accomplishments

	Appropriate literature has been identified and the development of a numerical model for analysis and optimization of a distillation tower is under way.


	· Professor Azarm visited UAE during 11/18/06-11/26/06. During his visit he met multiple times with PI researchers: Professors Al Hashimi and Al Ameri. He also presented talks that highlighted his overall research interests and expertise. In these talks, researchers from PI and engineers from TAKREER and GASCO attended.

· Professor Al Hashimi visited UMD on 1/11/07-1/12/07. During his visit he gave UMD researchers an overview of how a distillation tower works and how its analysis model is developed and extended. He also discussed with UMD researchers potential directions for developing an optimization model for the distillation tower. The group identified some sources of uncertainty which should be considered as part of the extensions to the current optimization model.

· We have completed a preliminary literature review on distillation tower design and optimization under uncertainty. Based on this review, it appears that there is a significant amount of literature already in the area of single-objective optimization of distillation towers. However, the literature is short on optimization of distillation towers when there are multiple objectives, particularly when there are mixed types of variability.
· PI and UMD researchers have jointly developed a preliminary numerical analysis and optimization model for a distillation tower design. At the moment, the optimization model is bi-objective, constrained and deterministic. Further extensions of the numerical analysis model (by PI) and optimization approach (by UMD) is under way.




	Findings

	Current Optimization Model

PI and UMD researchers jointly developed an analysis and optimization model for the distillation tower as discussed here. At the moment, the distillation column design problem is formulated as a deterministic multi-objective optimization problem. The objectives in this problem are to simultaneously maximize the product yield (D) and purity (xD), which are conflicting with respect to each other. There are 4 design variables (N1, N2, R, VB) and 2 parameters (F, xF). The optimization model is given next:
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Pareto Optimal Solutions

The optimization model is solved using a Multi-Objective Genetic Algorithm (MOGA) which was developed by the UMD researchers. The optimized results obtained so far (or final designs as shown in the following figure) indicates that MOGA can be used to solve the distillation column design optimization problem modeled by PI. 
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	Sand Fouling of Heat Exchangers

UMD Investigators: Dr. S. Dessiatoun

GRA’s: Tim McMillin

PI Investigator(s): Dr. M. Ohadi

Start Date: October 2006



	NOTE:  This project was determined to be unsuitable for the core research interests of the PI.  Therefore, it has been terminated.  It will be replaced by the project “Force-Fed Cooling of Photovoltaic Arrays for High Efficiency 

Solar Energy Conversion Systems,” details of which are given on page 27 of this report. Progress on the sand fouling project before it was terminated is documented below. 

	Objective/Abstract 
	Approach 

	The proposed study will identify the specific mechanisms and characteristics of sand fouling in heat exchangers. Two to three different heat transfer structures such as metallized foam of different porosities and plate- fin structures will be studied.

The study will determine the environmental factors influencing sand fouling. The volumetric sand concentration and wind speed will be varied. At a preliminary stage, extent of fouling will be measured by the pressure drop and accumulated sand mass in the heat exchanger samples and by visualizing the state of fouled sample at the end of test. Further heat transfer evaluation of samples under progressive fouling will be conducted.

Based on a literature survey, the study also aims to develop an empirical correlation model to help predict progress of sand fouling in a given environment.  This predictive model can be used by industries to develop preventative maintenance requirements.


	· Conduct literature review to determine the major air-side fouling mechanisms in heat exchangers. 

· Develop an experimental methodology and facilities to conduct parametric studies of heat exchanger sand fouling. Conduct a parametric study of failure of different heat transfer samples for different sand concentrations in air-flow. 

· Develop engineering correlation predictors for sand failure based on experimental data. 

· Develop recommendations to improve sand failure-resistance for heat exchangers. 

	Milestones/Deliverables 
	Two-Year Schedule 

	UMD-side participation

· A report summarizing the mechanisms and characterization of air-side fouling in heat exchanger failure due to sand-laden air flows 

· Experimental facilities and methodology for the study of sand fouling in heat exchangers 

· Parametric database on heat exchanger sand fouling 

· Correlations predicting fouling in different environmental conditions 

· Recommendations for improving sand resistance for heat exchangers 

· Final report 

PI-side participation

· A report on assessment of fouling conditions (sand concentration, temperature and wind speeds) in desert or similar environment.

· Joint work with UMD-side establishing an appropriate acceleration factor for tests conducted and appropriate correlations for prediction of fouling.
	UMD-side participation

Year 1

· Conduct literature review on heat exchanger fouling by particulate foulants like sand

· Development of methodology and experimental facilities to test heat exchanger sand fouling by estimates of pressure drop, accumulated sand and average heat transfer resistance for certain test samples like foams of various porosities and plate-fin structures.

· Conduct parametric studies of fouling of different heat exchangers in the sand-laden air flows

Year 2

· Continue parametric studies of fouling of different heat exchangers in the sand-laden air flows

· Develop parametric database of heat exchanger sand fouling

· Based on available literature, develop appropriate acceleration factors and develop/modify design correlations predicting sand failure in different environments. PI-side participation expected.

· Produce design recommendations for creating sand fouling resistant heat exchangers

· Final Report

PI-side Participation

Year 1

· Conduct an assessment of fouling conditions (sand concentration, temperature and wind speeds) in desert or similar environment; Also conduct typical heat exchanger structures and geometries that are subjected to such fouling.

· If feasible, UMD-side will test such structures and conditions.

Year 2

· Work with UMD-side to develop appropriate acceleration factors for test samples and conditions and develop/modify design correlations for prediction of fouling extent.



	Justification 
	Background 

	The majority of heat exchangers in field operations are cooled by air taken from the field environment. In a desert environment this heat rejection is complicated not only by extreme temperature variations but also by high concentrations of sand particles in the air. Depending on the heat exchanger geometry, air velocity, and particle size and concentration, those particles can clog or erode air passages. 

Currently, acting standards such as U.S. Military Standard 810 address sand fouling of the equipment in the sand flow, but they do not address particular heat exchanger operation conditions. Those standards do not address the forced convection flow through the majority of air-cool heat exchangers. The forced air-flow through heat exchangers accelerates sand particles and changes the rate of sand fouling. The fine structure and soft materials currently used in some heat exchangers, such as metallized foams, render them susceptible to rapid fouling and erosion. 
	Fouling is one of the most common causes of heat exchanger failure.  Fouling changes both the fluid mechanics and heat transfer characteristics in a heat exchanger structure. Fouling, by sand or other air pollutants, blocks and constricts passages through which cooling air would normally flow.  A layer of fouling material also acts as a thermal insulator, impeding heat transfer in the heat exchanger. Both of these phenomena result in higher pumping power requirements to achieve the desired heat transfer goals. At some point, maintaining heat transfer goals becomes impossible and the heat exchanger fails, thereby jeopardizing the equipment depending on it. 

	Key References 
	Challenges 

	1. Nabi, A., Rodgers, P., Bar-Cohen, A., 2006, “Prediction of thermal performance degradation of air-cooled fine-pitch fin array heat sinks due to fouling” 22nd IEEE SEMI-THERM Symposium. 

2. Abd-Elhady, M., Rindt, C., 2004, “Minimum gas speed in heat exchangers to avoid particulate fouling,” International Journal of Heat and Mass Transfer 

3. Van Beek, M., Rindt, C., 2001, “Analysis of fouling in refuse waste incinerators” Heat Transfer Engineering Volume 22 p22-31. 
	The heat exchanger sand-fouling factor strongly depends on sand particle size and concentration, air flow velocity, and heat exchanger geometry. Therefore, determining the fouling acceleration factor is complicated. Constructing an experimental setup that accurately reflects real world conditions includes several major challenges. The first challenge in constructing the experimental setup is designing an accurately controllable means of injecting sand into the air-flow. The second challenge is to disperse the sand evenly throughout the air-flow once the sand has been injected. The third challenge in this setup is to design a feedback loop capable of manipulating the sand injector and the fan driving the flow to create a constant air-flow rate and sand concentration. 

Finding a fan capable of meeting the sponsor’s flow rate requirements with the pressure drop in the foam is difficult due to the combination of high flow rate and moderate pressure drop.  Fans have been found which satisfy either pressure drop or flow rate but not both concurrently.

Repeatability of tests is still a question due to sample non-uniformity.  It is expected that the cell structure will greatly affect the fouling.  If the samples have different structures the fouling will be different.

Controlling injection of sand into flow and the distribution of the sand in the flow will be difficult.  Proper control over the sand injection rate is necessary to ensure constant concentration.  The sand must also be evenly distributed in the flow to ensure accurate results.




	Progress to Date 
	Highlights

	· A literature survey producing key publications in particulate fouling was performed.  From one paper a possible sand injection system was found.  The system uses a screw extruder and a stepper motor.  

· Investigation into the use of a computer controlled stepper motor for sand injection has begun.  The motor, power supply, and software have been acquired.  A screw will be attached to the motor.  The screw will be turned by the motor and the threads will push sand down the channel.

· A cabinet to house components and support the flow has been modified for use in the project.  It will support the channel and drums as well as the instrumentation, data acquisition, and computer for the experiment.  The cabinet will also house the blower in an insulated enclosure for vibration and heat isolation. Foam samples have been cut to fit the channel.  An 8-ft flow channel has been fabricated, sealed, and prepared for instrumentation.

· Materials for the drums on each end of the channel have been ordered, and fabrication is expected to finish before March.

· A pressure transducer has been calibrated.  It will be used to measure the pressure drop across the foam samples.

	A simple and low cost sand feeder and a flow control have been designed. The design is based on a programmable stepper motor and on a screw for the sand feeder and on the similar motor, with a butterfly valve for the flow control.  The control algorithm can be written down in to stepper motor memory or executed through the data collecting PC. 

· Experimental setup has been designed

· Research has been conducted on commercially available sand feeders.  No one satisfies the project requirements 

· Sand feeder has been designed

· Experimental setup construction is underway

	Findings/Accomplishments

	· A setup design has been completed and construction on it is underway

· A simple way to control airflow and sand feed has been developed.  The prototype has been built and tested




	Figures
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Figure 1. Experimental Setup




	Solid Oxide Fuel Cells for CO2 Capture and Enhanced Oil Recovery

UMD Investigators: Prof. Greg Jackson

Senior Research Associates:  Dr. Serguei Dessaitoun, Dr. Mary Sukeshini

GRA’s: Paul Jawlik and Young Kyong Jo

PI Investigator(s): Prof. Valerie Eveloy, Prof. Afshin Goharzadeh

Start Date: October 2006.



	Objective/Abstract 
	Approach 

	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. 
	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. 

	Milestones/Deliverables: 
	Two-Year Schedule: 

	The following deliverables will be provided on this project: 

1. Operational experimental rig at the PI by Fall 2007. 

2. SOFC design modeling tool with results showing preferred architectures by Fall 2007. 

3. System-level modeling tool for exploring integration feasibility with oil production facilities by Fall 2007. 

4. Summary of experimental findings, kinetic models, and electrochemical performance for light hydrocarbons on preferred SOFC membrane electrode assemblies by Fall 2008. 
	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. 


	Justification 
	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.   

	Key References 
	Challenges

	1. Moller, B. F.; Arriagada, J.; Assadi, M.; Potts, I. Journal of Power Sources 2004, 131, 320-326. 

2. Brandon, N. P.; Skinner, S.; Steele, B. C. H. Annual Review of Materials Research 2003, 33, 183-213. 

3. Gorte, R. J.; Vohs, J. M.; McIntosh, S. Solid State Ionics 2004, 175, 1-6. 

4. Murray, E. P.; Harris, S. J.; Liu, J.; Barnett, S. A. Electrochemical and Solid State Letters 2006, 9, A292A294.

5. Sukeshini, A. M.; Habibzadeh, B.; Becker, B. P.; Pomfret, M. B.; Demircan, O.; Walker, R. A.; Eichhorn, B. W.; Jackson, G. S. SOFC-IX Symposium, Quebec City, Canada, 2005; p 1294-1303. 
	The development of SOFC’s for stable operation on hydrocarbons remains a challenge for large-scale commercial applications.  The transition from successful small-scale experiments and systems for micro-power must be translated to large systems for successful realization of the goals of this project.  This will involve the establishment of a broader collaboration as this project grows.  


	Progress to Date 
	Highlights

	For details on the following tasks, see Findings/ Accomplishments

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

· Testing has begun on single cell SOFC test rigs on investigating the effectives of ceria as an anode catalyst

· Discussions to establish the necessary equipment and approximate prices for setting up a single-cell SOFC test rig at the PI are ongoing.  

Task 2: Numerical modeling for design of SOFC architectures 

· UMD has continued to develop its 1-D SOFC models including porous media transport/detailed surface chemistry models.

· After determining that Fluent will not be an appropriate software program for this task, UMD and PI are considering FEMLAB as an alternative.  A decision is expected this month.
Task 3:  System level analysis of integrated SOFC plants

· The PI team has considered system-level software selection to facilitate the exportation of CFD-based MEA models into system-level models.
Task 4:  Identification of possible research partners in other universities

· This task is not scheduled until the third quarter, 2007.

	


	Findings/Accomplishments

	Task 1: Experimental study of Solid Oxide Fuel Cell (SOFC) microelectrode assemblies (MEAs) for operation on hydrocarbons

Task 1-a: Development of an experimental characterization facility at PI 

The objective is to duplicate the electrochemical characterization facilities and flow rigs currently at UMD.  Additional capabilities will be incorporated relative to the UMD rig, so that SOFC’s with high current density performance can be tested, while running on hydrocarbons representative of oil-well off-gases (i.e., C3-C5 gases, with a particular focus on alkanes).  The additional capabilities will consist of improved exhaust gas sampling and flow control for hydrocarbon fuels.

A key objective of the project will be to assess measurement reproducibility by comparing results obtained at the PI and UMD facilities, the rigs, electronic flow controls, and data acquisition system built at PI should be similar to the corresponding UMD equipment.  This will also ensure compatibility between the parts purchased by PI.  To therefore ensure measurement reproducibility and part compatibility, the UMD Team (Prof. Jackson and Dr. Sukeshini) has supplied PI Team with a part list for preferred vendors of major items, including part numbers, manufacturers, and cost for US-based customers.  Materials have also been specified.  These items are listed in Appendix A.  

Dr. Eveloy has initiated the procurement process to acquire these items.  For each part, quotes will be obtained from several selected suppliers, which are listed in Appendix A.  A working assumption for UAE-based supplier cost would be on average 25% higher than US supplier price.  

Prof. Jackson and the UMD Team will meet at PI for four days in March (see agenda, Appendix C).  During this meeting the PI laboratory space will be inspected. 

Task 1-b: Experimental assessment of SOFC MEAs performance

The UMD Team has focused its experimental efforts in the single cell SOFC test rigs on investigating the effectives of ceria as an anode catalyst.  These tests have focused on well-characterized sputter-deposited anodes rather than more conventional porous anodes.  While the sputter-deposited ceria anodes do not show the desired high performance needed in a final SOFC application, they provide a well-characterized geometry that will allow for the UMD to resolve kinetic rates for fuel oxidation that would be hard to extract from experiments with the more poorly defined porous architectures.   To date, tests have focused on very small fuel molecules (H2, CO, and CH4) which will likely be created in the SOFC anode before complete electrochemical oxidation occurs. Figure 1 shows a cross-section of the sputtered ceria anodes after electrochemical testing.  These electrodes have provided adequate current densities (up to 0.3 A/cm2) to provide good data for testing detailed surface chemistry mechanisms for electrochemical oxidation on ceria.

The UMD team has purchased electrolyte and cathode materials which will then be integrated with ceria-based anodes to provide high power densities (W/cm2 of electrolyte) at acceptable conversion efficiencies for this project.  These materials include thin-film (< 20 μm thick) green YSZ electrolyte tape and Ni/YSZ tape for some preliminary anode structures.  Materials were purchased from Electrosciences, Inc and the Fuel Cell Store and will be the basis for experiments in the upcoming quarter.  The tapes are ideal for creating stable microstructures with adequately thin dimensions for high power density (> 0.5 W/cm2).  The Ni/YSZ anode tape will be processed in such a way that the Ni can either be supplemented or complemented with impregnated ceria.   The work in upcoming months will establish a protocol for fabrication of such MEA’s that can be implemented both for UMD’s and PI’s experimental program.  

Task 2: Numerical Modeling for Design of SOFC architectures for Hydrocarbon Oxidation

Task 2-a: Review of numerical modeling methodologies and software evaluation for SOFC MEA

The PI Team has been undertaking a literature review of modeling of SOFC MEA operation, focusing on computational fluid dynamics (CFD)-based analysis, to explore optimal design of SOFC’s for hydrocarbon operation and high fuel conversion efficiency.  CFD modeling will serve to implement a broader 3-D SOFC simulation to complement/refine detailed 1-D and 2-D multi-physics models developed at UMD.  Discussion is on-going between the PI/UMD Teams and CFD software vendors to evaluate software suitability and cost.  

Although the current focus of modeling is on MEAs, system level modeling tools (which will serve to evaluate the economic and engineering viability of integrated SOFC plants for CO2 sequestration and efficient power production) are also considered to facilitate export of MEA models into system level models.  

SOFC MEA modeling involves electrostatics, fluid dynamics, transport of species and heat, and electrochemical reactions, which can be highly non-linearly coupled.  Therefore, the CFD-based software used should have multi-physics modeling capabilities.  It should allow, for example, the implementation of physical models such as the dusty gas model for mass transfer in porous electrodes, and the Buttler-Volmer equation for micro-kinetics/electrochemical reactions near the three-phase boundary (TPB)), which have been implemented by the UMD Team in a Matlab/Cantera environment.  

Candidate leading commercially-available software considered by the PI Team to date are:

· Fluent and its an add-on SOFC model, from Fluent, U.K. (recently acquired by ANSYS, US)

· COMSOL Multiphysics (formerly FEMLAB) from COMputer SOLutions Europe AB (COMSOL), Sweden

· CFD-ACE+, from CFDRC, US

· STAR-CD and its add-on SOFC model, es-sofc, from CD-adapco, US
· ANSYS CFX (formerly CFX-5), from ANSYS, US / ANSYS Multiphysics (structural, thermal, CFD, acoustic and electromagnetic simulation)
· MARC and its SOFC interface, from MSC software, US
All above codes are finite volume-based, with the exception of COMSOL Multiphysics and MARC, which are finite element method (FEM)-based.  Based on the literature review undertaken to date by the PI Team, the majority of SOFC modeling studies undertaken using commercial CFD codes have employed Fluent (using user-defined functions or the add-on SOFC model), followed by COMSOL Multiphysics.  Few studies have reported the use of CFD-ACE+ for SOFC modeling.  Apart from the above codes, less-mainstream software also exists, such as NMSeses (“SEmiconductor SEnsor and actuator Simulation”), from NM Numerical Modeling, Switzerland, a FEM-based multiphysics software for the analysis of devices including micro-electro-mechanical systems (MEMS), piezoelectric sensors and actuators, (micro)fluidic processes and systems, and SOFC / PEFC fuel cells.
The PI Team already has academic licenses for Fluent, a well established general purpose software that Dr. Valérie Eveloy has used for research prior to her joining PI.  However, PI’s educational license agreement for Fluent general-purpose software does not cover technical support.  The PI Team initially considered performing SOFC MEA modeling using Fluent’s SOFC model.  This model is available as a separate software module that runs on Fluent’s general purpose code.  In December 2006, Fluent proposed to PI one-year commercial license agreement for their SOFC model, at a commercial cost of $9,000, which would also cover technical support both for Fluent SOFC model and Fluent general-purpose software.  No educational license was offered for the SOFC model.  Early February, Fluent changed its policy, proposing a perpetual, commercial license at a cost of $24,000, which was discounted from GBP 24,000 (see Appendix B).  The UMD Team enquired on Fluent’s US pricing policy as well as the status of its SOFC modeling tools .  Educational license fees in the US were found to be significantly less costly than the fees proposed to PI.  It was also found that the availability of Fluent’s current SOFC model in the long term, and technical support in the short term, may be compromised with to the launch of next version’s Fluent general purpose code, which would require significant modification to the SOFC model.  In this context, other candidate CFD codes having SOFC modeling capabilities are being considered.

COMSOL Multiphysics (formerly FEMLAB) appears to be promising in terms of its versatility to generate user-defined fuel cell models, and cost.  COMSOL Multiphysics is an interactive finite element-based environment, for modeling and solving scientific and engineering problems involving partial differential equations (PDEs).  Since the flows in SOFC are of a laminar nature, the limits of finite-element modeling should not be of concern for using COMSOL.  Furthermore, COMSOL multiphysics allows for the modeling of problems that couple fluid dynamics, heat transfer, chemical reactions, diffusion, porous media flow and electromagnetic fields.  Such coupling is the nature of the SOFC problem.  This combined with ease of COMSOL’s 3-D mesh generator appear to make this an ideal tool for approaching this problem.  A specialized Chemical Engineering module is available that is required for fuel cell modeling.  COMSOL Multiphysics can interface with MATLAB, which can be useful for parametric analysis or post-processing/post-computation.  The models can be exported (optionally) to Simulink for carrying out system dynamic analysis and controller design.  The Simulink interface allows integration with other component models that can be developed using different platforms, such as direct coding using FORTRAN or MATLAB.  These design features make it well-suited to solve non-standard user-specified problems including strongly-coupled, non-linear multiphysics applications, such as fuel cell operation.  Several recent publications have reported the application of COMSOL Multiphysics to the modeling of SOFC MEAs, such as in the context of power generation.  UMD discussed these matters with a COMSOL engineer, and received a 2-week trial license to do some preliminary investigation of the effectiveness of this tool for the PI modeling effort.  The overall impression of the COMSOL Multiphysics code was that it was easy to use and provided the necessary physics for meeting the requirements for doing CFD simulation for SOFC’s.

COMSOL has offered to PI one-year license agreement for COMSOL Multiphysics, its Chemical Engineering module and COMSOL script for EURO 4,300 (see Appendix B).  This fee covers technical support in the first year.  Technical support and software maintenance would be at 20% of the new license price for any following year.  COMSOL has also proposed on-site training for COMSOL Multiphysics at PI for EURO 4,000. Training for the Chemical Engineering module could also be provided at a later stage.
CFD-ACE+ is a multiphysics software that enables coupled simulations of fluid, thermal, chemical, biological, electrical and mechanical phenomena.  An optional chemistry package is available for fuel cell modeling.  This software is being considered by the PI Team, as well as STAR-CD and ANSYS CFX.

Task 2-b: Numerical modeling of SOFC MEA’s

UMD has continued to develop its 1-D SOFC models including porous media transport/detailed surface chemistry models.  These models are being validated with literature data as well as being compared with experiments being performed at UMD.  Because the chemistry for ceria anodes is still under development, models have used some validated H2 electrochemistry with Ni/YSZ anodes to assess the effects of different cell geometries for performance in terms of voltage-current curves and power density.  Figure 2 shows some results which indicate that anode-supported cells provide the highest current density as expected from SOFC development  The use of alternative support structures such as cathode or electrolyte supported cells result in significant loss in power densities as well as fuel cell efficiencies (which are proportional to the cell voltage). Continued dodeling 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 1b.  

The plan for the modeling work will be refined during Prof. Jackson’s upcoming visit to the PI in March.  Also during his visit, Prof. Jackson will present an overview of SOFC modeling strategies and the UMD approach.  The SOFC models developed by the UMD Team will be reviewed, including Matlab/Cantera based models and Fluent CFD models.  Prof. Jackson’s will bring a copy of representative models.  

Task 3: System level analysis of integrated SOFC plants

This task is not scheduled till the third quarter 2007 for the UMD Team, and first quarter 2008 for PI Team (see attached PI Project Description).  However, The PI Team has considered system level software selection to facilitate export of CFD-based MEA models into system level models.  UMD has developed system simulation tools within Matlab for other projects but it is not expected that those tools will be adapted for this project until later in the summer of 2007.

Candidate commercial software packages include ASPEN PLUS from ASPEN Technology, US, HYSYS from Hyprotech, US, and gPROMS from Process System Enterprise, U.K.  COMSOL Multiphysics can interface with MATLAB (and optionally Simulink).  Several SOFC studies have reported the use of Fluent in tandem with ASPEN PLUS, COMSOL Multiphysics in tandem with ASPEN PLUS, or COMSOL Multiphysics in tandem with gPROMS.  The use of gPROMS, an equation solver for combined lumped and distributed parameter systems, has also been reported for detailed SOFC MEA analysis.  

The PI Chemical Engineering department already has licenses for HYSYS, and is in the process of acquiring licenses for ASPEN PLUS.  The PI Team will have access to ASPEN PLUS / HYSYS licenses.  

Task 4: Identification of possible research partners in other universities

This task is not scheduled till the third quarter 2007.  


	Figures
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Figure 1 – Cross-sectional SEM image of sputter-deposited ceria anodes on polycrystalline yttria-stabilized zirconia (YSZ) electrolytes for the SOFC’s tested in this program
[image: image12.wmf]
Figure 2 – Comparison of modeling results for different SOFC geometries.  Plot shows voltage and power density (per unit electrolyte geometric area) vs. current density (per unit electrolyte geometric area).  Thicknesses for the different components for each configuration are given here:  

Anode-supported: 1000 µm Ni/YSZ anode, 30 µm dense YSZ electrolyte, 25 µm LSM/YSZ cathode

Electrolyte-supported: 50 µm Ni/YSZ anode, 1000 µm dense YSZ electrolyte, 25 µm LSM/YSZ cathode

Cathode-supported: 50 µm Ni/YSZ anode, 30 µm dense YSZ electrolyte, 1500 µm LSM/YSZ cathode



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

UMD Investigators: Dr. S. Dessiatoun

GRA’s: Ebrahim Al-Hajri, Sourav Chowdhury

PI Investigator(s): Dr. A. Goharzadeh

Start Date: December 2006

	Objective/Abstract 
	Approach 

	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 a micro-heat sensor array along the microchannels and the optimum flow-visualization technique to measure heat flux distribution and local fluid- and vapor-phase velocities, respectively. 
	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. 


	Milestones/Deliverables 
	Two-Year Schedule 

	UMD-side participation 

· Literature survey and summary on experimental and analytical work for heat transfer in condensation in microchannels. 

· Micro-array heat transfer measurement prototype and experimental loop. 

· Visualization prototype and experimental loop meeting PI’s flow visualization requirements. 

· Experimental data for local wall heat flux, temperatures, pressure drop and high-speed digital video evidence.

· Empirical correlation modified to fit experimental data. 

· Final report with recommendations. 

PI-side participation. 

· Literature survey on flow-visualization techniques in micro-fluidic systems. 

· Design of optimum flow-visualization system for present scenario. 

· Experimental data on visualization prototype designed and fabricated in UMD.  

· Final report with recommendations. 
	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. 

	Justification 
	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. 

	Key References 
	Challenges 

	1. Kim, J., Benton, J., McQuillen and J, Vickerman, M., 2001,”Subcooled Pool Boiling in Microgravity and Hi-g”, Journal of Heat Transfer, vol. 123, iss. 4, pp. 620. 2. Lee, J., Kim, J. and Kiger, K. T., 2000, “Time and Space Resolved Heat Transfer Characteristics of Single Droplet Cooling Using Microscale Heater Arrays,” International Journal of Heat and Fluid Flow, Vol. 22, pp. 188. 3. Begg, E., Khustalev, and D., Faghri, 1999, “Complete Condensation of Forced Convection Two-Phase Flow in a Miniature Tube,” Journal of Heat Transfer, Vol. 121, pp. 904. 4. Garimella, S., 2004, “Condensation Flow Mechanisms in Microchannels: Basis for Pressure Drop and Heat Transfer Models,” Heat Transfer Engineering, vol. 25, iss. 3, pp. 204. 5. Yang, C.Y. and R.L. Webb, 1996, “Friction Pressure Drop of R-12 in Small Hydraulic Diameter Extruded Aluminum Tubes with and without Micro-Fins,” Int. J. Heat Mass Transfer, vol. 39, iss. 4, pp. 801. 6. C. D. Meinhart, S. T. Wereley, J. G. Santiago, 1999, “PIV measurements of a microchannel flow” Exp. In Fluids, vol. 27, pp 414. 
	· Optimization of micro-array design by quantifying wall-conduction. 

· Electronic controls for micro-array elements.

· Establishment of micro-visualization technique capable of resolution needed in two-phase flow. 

· Evaluation of the quality of the two-phase flow using PIV or other flow-visualization technique. 

· Establishment of correlation/comparison between micro-array data and flow-visualization data. 

Delays: 

Due to pump malfunction, the system required a new pump and a flow meter, which required some time to replace and recalibrate. Also, some leaks in the system were found at the condenser inlet thermocouple. The leaks were fixed by replacing a thermocouple that was inserted inside 1/16” stainless steel tubing, which is braised at one end.  The thermocouple was replaced back in the condenser inlet. The filter clogged, causing high pressure drops after the pump and delays. The filter was replaced with a new filter cartridge and tests for R-245fa and R-134a were performed as required.




	Progress to Date 
	Highlights

	UMD side

· A wide range of tests has been successfully conducted for R-134a, and should result in consistency and repeatability. 

· R-245fa was chosen for the second refrigerant. 

· For visualization and measurements by mini-LDV, a design of a test section has been prepared and will be finalized after discussions with mini-LDV vendors about measurement constraints.

· A literature survey for the micro-array technique has been performed.  A meeting was arranged with Dr. Jungho Kim, research faculty in UMD and an expert in this technique. Various aspects of fabrication and instrumentation have been discussed.

PI side

· An extended survey review of the flow visualization on micro-fluidic systems focusing on multi-phase flow was completed. The mini-LDV appears the most suitable system for characterizing liquid-gas flow inside the micro-channel. Therefore a prototype of the micro-channel will be designed in order to test the capacities of the mini-LDV system. 

· The development of the optimum method of flow visualization system for multi-phase flow inside micro-channel is under investigation.


	· The pump that was used to conduct R-134a testing had a digital flow rate reader, but was damaged; therefore, the test setup needed some modification. A flow meter was added to measure flow rate for the second refrigerant. The flow meter was calibrated and installed in the setup. Since then, a large number of R-245fa tests have been completed and compared with the R-134a results, which showed similar profiles and patterns.

· At present, there are concerns on the overall effectiveness of Mini-LDV technique for the present purpose of measurements of slug-bubble flow in micro-channel condensation. A meeting has been arranged with vendor who will come to UMD in March, 2007 to demonstrate Mini-LDV Apparatus. A water-air micro-channel apparatus will be set-up for this purpose.



	Findings/Accomplishments

	A wide range of tests have been successfully conducted for R-134a and R-245fa to ensure consistency and repeatability. Sample results are presented in the Figures section below.

A design of test section for visualization and measurements by mini-LDV has been prepared and will be finalized after discussions with mini-LDV vendor about measurement constraints.

An extended survey review of the flow visualization on micro-fluidic systems focusing on multi-phase flow has been made. The mini-LDV appears the most suitable system for characterizing liquid-gas flow inside the micro-channel. A demonstration of this system has been scheduled. The development of the optimum method of flow visualization system for multi-phase flow inside micro-channel is under investigation.




	Figures : Mini-LDV Visualization Project (Proposed Test Section)
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	Figures : Parametric Study of Condensation in a Microchannel Condenser (Sample Results)

	[image: image13.emf]
[image: image14.emf]
[image: image15.emf]




	Sulfur Recovery from Gas Stream using Flameless and Flame Combustion Reactor

UMD Investigators: Prof. Ashwani K. Gupta

GRA’s: To be assigned

PI Investigator(s): Dr. Mohamed Sassi

Start Date: October 2006

	Objective/Abstract
	Approach 

	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. 
	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.  


	Milestones/Deliverables 
	Two-Year Schedule 

	We propose to provide the following milestones and deliverables during the two-year proposed project duration:

· A critical literature review of the existing sulfur recovery processes with combustion and by other means, and the potential use of flameless combustion to improve the sulfur removal process. 

· Numerical simulation of the flame vs. flameless mode of combustion for flow, thermal and chemical behaviors with special reference to the Claus furnace process 

· Experimental design and measurements of flameless combustion stability ranges for a furnace for sulfur recovery from rich to lean sour/acid gases. 

· Design and construction and/or recommendation of a manufacturer for the optimized furnace 

· Interim reports and final reports as per overall program schedules. 
	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). 


	Justification 
	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. 


	Key References 
	Challenges 

	1. Elsner, M. P., Menge M., Müller, C. and Agar, D. W.: The Claus process: teaching an old dog new tricks, Catalysis Today, 79–80, 2003. pp. 487–494. 2. El-Bishtawi, R. and  Haimour, N.: Claus recycle with double combustion process,  Fuel Processing Technology 86, 2004. pp. 245– 260. 3. Cerru, F.G., Kronenburg, A. and Lindstedt, R.P.: Systematically reduced chemical mechanisms for sulfur oxidation and pyrolysis, Combustion and Flame, 146, 2006. pp. 437–455. 4. H. Borsboom, P. van Nisselroy, The EUROCLAUS® Process, Achema 2000, Frankfurt am Main, 2000. 4. Tsuji, H., Gupta, A. K., Hasegawa, T., Katsuki, M., Kishimoto, K., and Morita, M.: High Temperature Air Combustion: from energy conservation to pollution reduction, CRC Press, Boca Raton, FL, 2003. 
	1. Obtaining a detailed chemistry of the sulfur may pose some challenges, since the chemistry is not well documented and implemented in the computer codes. 

2. Interference of some trace species and compounds during decomposition on the sulfur removal, as well as the sustainability of the catalyst, may be challenges. 

3. The presence of both low and high temperatures in the reactor that are also near isothermal will be challenging for validating the most desirable conditions. We probably will use one reactor configuration at a time to determine the role of thermal conditions on the reactor and on process performance. 

4. Simultaneous low and high temperature utilization in the reactor for sulfur recovery may also be a challenge. 


	Progress to Date 
	Highlights

	· Comprehensive literature search on the sulfur removal from gas [UMD].

· PI has provided their input to the literature search as well as comments on the UMD draft literature search [PI and UMD] 

· Working on the Chemical Kinetics code to determine the favorable conditions for the design of experiments [UMD]

· The code is being formulated with specific focus on evaluating the fate of sulfur in the process [UMD] 

· Started preliminary simulations of the process using CFD simulations with FLUENT code [PI]

· Preliminary evaluation of sulfur under equilibrium conditions [PI] 

· An abstract has been submitted to a special issue of American Journal of Environmental Sciences. Full paper due April 15, 2007 [PI and UMD]

· The two team members should have extended face-to-face meetings for the design of experiments and firm [UMD and PI].  

· Submitted work order for Sami Benrej from Tunisia (in Energetics dept, school of Eng. for GRA as a MS student) during April-Sep, 2007 at PI. He can then continue Ph.D at UMD co-advised by M. Sassi and A. Gupta [PI and UMD] 
	· Uniform and controlled thermal field is critical for sulfur recovery

· High temperature air combustion technology is considered suitable for enhanced sulfur recovery from gas.

	Findings/Accomplishments 

	Although different approaches have been used to recover sulfur from the process, the high-temperature air technology appears to provide greater benefits due to better temperature control in the process. This means that the revised process will result in improved efficiency.    




	Thermally Enhanced Polymer Heat Exchanger for Seawater Applications

UMD Investigator(s): Prof. Avram Bar-Cohen

GRA: Juan Cevallos

PI Investigator(s): Dr. Peter Rodgers, Dr. Ahmed Abdala

Start Date: October 2006

	Objective/Abstract
	Approach 

	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. 
	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.   


	Milestones/Deliverables 
	Two-Year Schedule 

	Thermal Aspects: 

· Design and construction of a laboratory-scale test apparatus at UMD for thermal characterization of “building block” tube/channels. 

· Replication of UMD laboratory-scale test apparatus at PI. 

· Development of a test loop for thermal characterization of pilot scale polymer heat exchangers, representative of industrial applications, at PI. 

· Recommendations given on the selection of thermally enhanced polymer heat exchangers for specific seawater-cooled applications, such as in power industries, refineries, and aboard ships.  

Polymer Properties: 

· Identification and selection of candidate polymeric materials for heat exchanger fabrication. 

· Thermo-mechanical (yield, modulus, and creep), thermal (thermal conductivity, glass transition temperature, melting, degradation) and chemical characterization of the selected candidate polymer materials. 

Fabrication Techniques: 

· Identification of the best fabrication techniques for promising heat exchanger configurations and for process optimization. 

· Fabrication of polymer nanocomposites using graphene sheets.

· Extrusion of polymer nanocomposites into heat exchanger geometry parts.  Note:  Possible support could be obtained from Borouge, Borealis, or other institution(s) that have appropriate pipe extrusion equipment.
	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. 


	Justification 
	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. 


	Key References 
	Challenges 

	Zaheed, L., and Jachuck, R.J.J., 2004, “Review of polymer compact heat exchangers, with special emphasis on a polymer film unit,” Applied Thermal Engineering, Vol. 24, No. 16, pp. 2323-2358. Bahadur, R., and Bar-Cohen, A., 2005, “Thermal Design and Optimization of Polymer-Based Pin Fin Natural Convection Heat Sinks,” IEEE Transactions on Components and Packaging Technologies, Volume 28, Issue 2, pp 238-246. Zweben, C., 2003, “Emerging High-Volume Commercial Applications for Thermally Conductive Carbon Fibers,” Sixth International Business Conference on The Global Outlook for Carbon Fiber, San Diego, California, USA, November 5 – 7. 
	Due to the temperature dependence and strong thermal and mechanical anisotropy of the enhanced polymers, the sensitivity of the thermal and mechanical properties to the filler characteristics and concentrations, and their relatively modest inherent mechanical strength, polymer “replicas” of current heat exchanger designs are unlikely to provide the desired performance and reliability characteristics. Thus, the engineering designs of polymer heat exchangers must minimize the deleterious effects while exploiting the beneficial properties of these thermally enhanced polymer materials.  


	Progress to Date 
	Highlights

	Task 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 (PHX’s). - UMD

· The strengths and weaknesses of polymers in HX use have been identified and listed.

· A range of heat exchanger designs has been identified and efforts are underway to obtain governing equations and to identify the strengths and weaknesses of each type.

· Currently available and previously studied PHX’s have been catalogued. The list consists of 21 commercially available PHX’s.
Task 2:
Assess the thermal, chemical, and mechanical properties of thermally-enhanced polymer materials suitable for use in liquid-to-liquid heat exchangers. – PI 

· A summary of the characteristics (temperature range, chemical resistance, etc.) of commercially used polymers for heat exchanger applications has been prepared.

· The design of a questionnaire on HX usage, which will be circulated to ADNOC OpCo managers to enquire on the specifics of HX usage, is underway. 

Task 3:

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

· Fundamental relations for HX performance have been identified. It has been shown possible to use the Overall Heat Transfer Coefficient – U – as a first order Figure of Merit for PHX performance.

· The HX performance degradation associated with a range of polymer thermal conductivities, wall thicknesses, and liquid convective heat transfer coefficients was determined.


	


	Findings/Accomplishments

	· Strengths and weaknesses of Polymers in Heat Exchanger Applications have been assessed.

· A literature review on polymer heat exchanger applications has been conducted

· An assessment of the thermal, chemical, and mechanical properties of thermally-enhanced polymer materials suitable for use in liquid-to-liquid heat exchangers is underway

· An assessment of theoretical performance limit of polymer candidate materials and configuration(s) is underway.





	Figures
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Figure 1. Performance of Polymer Heat Exchangers

Figure 2. Compact heat exchangers



	Figures (Continued)
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	Figure 3. Extruded polymer plate HX.
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	Figure 4. Shell and tube polymer HX.
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	(i) Water tunnel test facility.
	(ii) Tube bank flow measured using PIV.

	Figure 5. Developed laboratory scale test apparatus for characterizing tube bank heat exchanger flows.


	Undergraduate Design and Best Educational Practices

UMD Investigators: Prof. Linda Schmidt

GRA’s: To be assigned

PI Investigator(s): Dr. Peter Rodgers, Dr. Kubo

Start Date: November 2006



	Objective/Abstract 
	Approach 

	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. 
	1. 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. 

2. 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. 

3. Identify challenges in collaboration on teams due to differences in institutions and project types. 

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

5. Identify projects that could be done at both institutions to ascertain the difference in student approaches. 

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

	Milestones/Deliverables 
	Two-Year Schedule 

	Capstone Design Course: 
· Send materials on Course and Projects  (January 1, 2007)
· Prepare comparison of practices on both campuses (April 1 2007).
· Determine a schedule so that UMD and PI participants can provide feedback on student course deliverables in preparation for increased collaboration (during March 2007 Schmidt visit).
· Determine key visit dates to facilitate evaluation and collaboration (April 1, 2007). 

Design Content Exchange and Amplification: 
· Identify design protocols unique to each campus (April 1, 2007).
· Create Design Lecture module development schedule (July 1, 2007).
· Determine need for training materials and topics to prepare students for new course expectations (July 1, 2007). 
· Make broader comparisons of curriculum design content to expectations of ADNOC employers (October 1, 2007) and produce refined design modules (January 2008). 

Collaboration:
· Identify and install (if needed) collaboration software for use in each phase of collaboration (June 1, 2007). 
· Identify design project(s) that can be undertaken by joint teams (prior to September 2007). 
· Finalize collaboration plan for 2007-2008 Academic Year (September 2007). 
	Year 1: 
· Exchange senior design course syllabi and sample projects for comparison purposes. 
· Site visit by Prof. Schmidt in March 2007 in conjunction with Participation in METSMaC 2007: “Active Teaching, Active Learning”, March 17-19, 2007.
· Participate in partner design course evaluation at the level of reviewing printed deliverables. 
· Plan more complete phased participation. 

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. 

	Progress to Date 
	Highlights

	· Course Agenda Exchange has occurred. 

RESULT: There are many differences to be explored at site visit to take place March 20, 21, 22.

· Dr. Schmidt is confirmed as Engineering Keynote Speaker at METSMAC 17-19 MARCH. Talk is entitled "Teaching & Learning Engineering Design: A Need for Unifying Models."


	

	Findings/Accomplishments

	The working agenda for the upcoming PI site visit is rich with opportunities in five areas:

1. Compare Senior Design and other project-based course strategies

2. Participate in PI Senior Design mid-semester presentations on March 22

3. Investigate opportunities for project collaboration with ADNOC design engineers

4. Present and discuss women in engineering experience with participants on women's campus

5. Present and discuss women in engineering experience with male campus student council




	Waste Heat Utilization in the Petroleum Industry

UMD Investigators: Reinhard Radermacher, Yunho Hwang

GRA’s:  Paul Kalinowski, Cara Martin

PI Investigator(s):  Saleh Al Hashimi

Start Date: Dec 1, 2006

	Objective/Abstract
	Approach 

	Utilize waste heat to minimize overall energy consumption 
	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) 

	Milestones/Deliverables 
	Two-Year Schedule 

	1. Report assessing WH sources & utility requirements (PI) 

2. WH conversion options report (UMD) 

3. First useful version of software  (PI, UMD) 

4. Ranking of systems and selection (PI, UMD) 

5. Report recommending steps forward (implementation measures and/or additional R&D) (PI, UMD) 
	Jun 1 2007 Report assessing WH sources & utility requirements  

Jun 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 recommending steps forward  


	Justification 
	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 faculty at PI has experience in the design and operation of petroleum processing plants. Jointly, the team is excellently suited to address the challenge posed by this project. 

	Key References 
	Challenges 

	Heat Conversion Systems, Alefeld, Radermacher CRC Press 1994. Absorption Chillers and Heat Pumps Herold, Radermacher, Klein CRC Press 1996. 
	· Accurately defining waste heat sources and uses. 

· Developing/integrating software for analysis of integrated petroleum processing-energy conversion systems. 

· Convincing company decision-makers to implement proposed technologies. 


	Progress to Date 
	Highlights

	· Assessing Waste Heat (WH) Sources (PI)

· Assessing WH Conversion Processes (UMD)

· Assessing Utility Requirements (PI)


	· Dr. Al Hashimi has started writing a first report summarizing LNG liquification techniques and waste heat opportunities in this application.  Furthermore, he has hired a student to investigate waste heat opportunities in plants.

· CEEE has hired an exchange student, Paul Kalinowski, who worked at PI as a research assistant in 2006 and is therefore well suited to support the collaboration.  He will start March 1, 2007 with design calculations on several proposed systems.

· Furthermore, at CEEE an extensive literature survey is underway that also includes previous waste heat to power/refrigeration reviews from the open literature.  Collected literature is being analyzed.
· Three PI students are taking a distance learning graduate course at UMD.

	Findings/Accomplishments

	Compilation of Waste Heat Conversion Processes

· Electrical-driven

· Thermal-driven

· Liquid/solid sorption

· Absorption cycle, particular interest: Thermo-sorber and other ammonia/water-based configurations are in demonstration phases in US Refineries and other industrial and commercial plants. Excellent candidates. 

· Adsorption cycle

· Thermo-mechanical processes

Reviewed LNG Liquefaction Methods

· Expander cycle

· Cascade cycle

· Mixed refrigerant cycle

· Liquidfin cycle

· Double mixed refrigerant cycle
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Figure 1.  LNG Cycle




Figure 3: Lateral dynamics model on the left [Spanos et al. (2003)] and stick-slip whirl model on the right [Leine et al. (2002)].
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= a non-dimensional measure of the extent of surface reaction
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da/dN is the fatigue crack growth rate

		  	ΔK cyclic stress intensity factor (Kmax -Kmin)

		  	R load ratio, Kmin/Kmax

		  	C and m empirical material constants

		  	K' effective stress intensity 		
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