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Presenter Notes
Presentation Notes
I want to thank the Process Development Division for inviting me to present this webinar.  My plan today is to introduce you to RAPID and the RAPID RACER AMPD project as part of a process development network.  I want to  highlight the continuing role the PDD has had in disseminating  a process develop discipline.
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Presenter Notes
Presentation Notes
Chemical engineering is a unifying discipline, and Process Development takes that to the max.  To paraphrase The Impressive Clergyman in the Princess Bride, Process Development is what brings us together. For the purpose of my talk, “us” refers to  the various groups on the slide. We’ll see how they contribute to successful PD.

The PDD started with the idea that practitioners could learn from each other because our key interest was in how to do things.  Kamlesh Bhatia, a PDD founder, taught us that the “Goal is commercial success”, which encompasses processes that are safe and environmentally and financially sustainable.  

We are familiar with the AIChE and its various Divisions and Forums.  Many of these groups sponsor conferences, and we will be speaking later about the PDS and its influence.  The AIChE also “owns” the RAPID Manufacturing Institute, which is funded by DOE. It came into being in 2016 at the end of President Obama’s administration.  RAPID stands for (read from mfg inst notes sheet.)  RAPID is a member of Manufacturing USA (read from mfg inst notes sheet.)  

In 2022, RAPID received a $ 4.6 MM NIST grant from its Rapid Assistance (for) Coronavirus Economic Response (RACER) program.  The goal of the RAPID RACER program is to accelerate process development by exploiting modular processing. 
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Presenter Notes
Presentation Notes
RAPID is unique among the various manufacturing institutes in that its focus is process, not products.  It is funded and reports to Department of Energy. The Manufacturing USA network also includes the Department of Commerce, the Department of Defense, along with the Departments of Agriculture, Education, Health and Human Services, and Labor, the National Science Foundation, and NASA.  The program has had a huge impact in bringing manufacturing related research back to the US. You can learn more about Manufacturing USA and its partners and participants at their website. 

https://www.manufacturingusa.com/

RAPI D® Focusing on the Process Industries

D D Transforming Process Industries
Primary Metals

- Manufacturing sector consumes ~25% of total US energy. Ao THIT

Petroleum Refining
* Process industries are the largest consumers in the 6137 TBTU
manufacturing sector.

Chemicals
_ 4995 TBTU
* Process generally means integrated flow systems
(solids, liquids, gases) not discrete products. Wood Pulp & Paper
2109 TBTU
+ Evolving process design and development to reduce the Cliase & Cament
energy footprint of these industries. 716 TBTU

Food Processing
1162 TBTU

Adapted from Phil Westmoreland (2019)
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Presenter Notes
Presentation Notes
RAPID’s was founded to support the development of technology that will reduce energy usage in the process industries.
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Presenter Notes
Presentation Notes
RAPID measures its performance against metrics that include actual energy usage as well as technology demonstration hours.  Another  major component is workforce development.
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Modular Processing Process Intensification
* Rethinking systems to enable * Rethinking processes
flexible, distributed manufacturing to dramatically improve
erformance
* Shift from bigger is better paradigm P
to small, modular paradigm * Shift from unit operations
paradigm to

* Transition from volume scaling to
numberingup [T

integrative paradigm

* Transition from
batch to continuous

* Enable decarbonization

What is Process Intensification?
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Presenter Notes
Presentation Notes
RAPID’s transformational enabler is the development and application of modular chemical process intensification.  Think smaller, more flexible distributed manufacturing and moving from batch to continuous production.  

RAPID has posted a short video explaining Process Intensification. I have included the link on this slide.  You can find it on the RAPID website; it is available on Youtube.

https://www.youtube.com/watch?v=dJZbplpFN8Y
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Presenter Notes
Presentation Notes
RAPID’s membership includes large and small companies, universities, and national laboratories.  Funding available via RAPID has had a measurable impact in resuscitating process research in academia and in reinvigorating industrial – academic collaboration.


American Rescue Act (Financial Assistance Award
Transforming Process Industries 7ONAN BZZHOOG)

> -
‘ PI ® NIST Funded RAPID RACER AMPD under the

1. Develop and disseminate an accelerated process development framework that
takes advantage of standardized modular process operations.

2. Setup and operate a modular process development Center of Excellence
(COE) at | AVN|=7] (formerly MATRIC) in South Charleston, WV, that wil
serve as a national asset testbed for future coronavirus response and a hub for

job creation in the underserved Appalachian region.

3. Demonstrate the accelerated process development framework for a currently
offshored API precursor specialty chemical.
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Presenter Notes
Presentation Notes
How does this fit in with the RAPID RACER AMPD project? Even before the Coronavirus pandemic, there were concerns about the US supply chain of medicines and active pharmaceutical ingredients (or APIs) and their raw materials. On October 29, 2019, Janet Woodcock,  Director of the Center for Drug Evaluation and Research (CDER) at the Food and Drug Administration (FDA) testified to a House Committee on the topic of  “Safeguarding Pharmaceutical Supply Chains in a Global Economy”.  
NIST awarded a number of grants in 2022 under the American Rescue Act to address the supply chain issues that became critical during the coronavirus pandemic.
RAPID RACER AMPD will develop an accelerated PD framework, construct a modular PD Center of Excellence at AVN Corporation in South Charleston, WV, and validate the PD framework with a relevant specialty chemical or chemicals.
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Presenter Notes
Presentation Notes
The RAPID RACER project is led by RAPID’s CEO, Ignasi Palou-Rivera and managed by RAPID’s Tricia Gillenwater.  The AVN Team includes Jack Dever, AVN CTO, Rob Nunley and Mike Burgess.  Rounding out the team are Nima Yazdanpanah of Procegence and yours truly.

We have presented the project at AIChE’s 2022 Process Development Symposium and the 2022 Annual Meeting, and Tricia will be presenting an update at the upcoming 2023 PDS.
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Task 6 Report to NIST and Stakeholders Throughout Two Year Program

Teich Process Development LLC RAPID AMPD Presentations (Task 6):
——————————————\ « 2022 AIChE Process
Task 1 Development Symposium (PDS)
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Process Accelerated PD
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Presenter Notes
Presentation Notes
The RAPID RACER AMPD program is funded for two years. We have 5 key tasks that have to overlap to meet the timeline. There is strong collaboration among the team members, but there is also clear assigned ownership of each of the tasks. My LLC “owns” Tasks 1 and 2:  benchmarking process development and constructing the accelerated framework. 


‘ PI ©  What We’ve Heard from Process

Development Experts

Transforming Process Industries

Chemical processing has not leveraged real advantages of modular designs

Modular Technologies

— Aren’t “plug and play”

— Still require significant process development

— Follow same work process as non-modular equipment

Why/how we “do” modular
— Build at fabricator/designer’s site: easier, cheaper, safer, minimizes downtime
— Truck dimensions dictate skid and equipment sizes
— Modules aren’t “off the shelf’; each requires its own engineering

In any case, it's all about the mass balance
— “Know your Process” before using advanced modeling tools

Teich PD LLC AIChE PDD Webinar 7 June 2023
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Presenter Notes
Presentation Notes
The bench marking included researching published materials and interviewing process development experts and thought leaders.   They were all generous with their time and their opinions.  The consensus was that what we call modular really isn’t.  We need to distinguish between true modular technology and modular equipment. We need to make modular technology “plug and play”.  

And dear to my heart, I heard from many of the experts that in all cases, mind the mass balance.
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Presenter Notes
Presentation Notes
At this point, I want discuss the first AIChE Process development symposium., held almost 20 years ago  in June 2003.  Happy Anniversary, PDS!!  As you will soon see, much of what is accepted to be best PD practice was presented at the first PDS by experts from commodity chemicals, specialty chemicals, and pharmaceuticals.  Thanks to Ray Rooks’ archiving many original PDD documents and photos, I was able to construct this collage from the 2003 PDS.  You can see from the photos the range of attendees in terms of industry and role.  The PDS attracted many practitioners who did not usually attend AIChE meetings, many of whom became active in PDD activities and leadership. It also included an executive panel of speakers. The late Cawas Cooper was a true leader in championing the original PDS memory.  

Included in the collage is a non-PDS photo taken at the former mid-town Manhattan AIChE offices.  This provides a major clue to the question I posed at last year’s PDS: “why are the PDD t-shirts black”? 
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Schindel et al., Chem Eng &
Proc: Process Intensification
169 (2021) 108223
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Presenter Notes
Presentation Notes
Fast-forward about 10 years.  Around 2012, the European Union launched a tour-year €30 million R&D program for modular continuous processing in pharmaceuticals and chemicals called the Flexible, Fast and Future (F3) Factory. Industrial participants included Bayer, AstraZeneca, and Proctor & Gamble and Evonik. The project could not identify financial nor operational justification for a wholesale move to modular production.  In 2021, based on the F3 project, workers at  Evonik published a workflow for developing modular processes   (next slide) 
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“applicability of
“General approach for modular AKA: Experiments can be carried
?55;’;%2% Zgge’;; ZZf?I’DSEA) concepts and initial “Know your out more specifically
selection in process design’, data determination “ equipment
Schindel et al., Chem Eng &
Proc: Process Intensification " — Technology and Experimental Process Design
159 (2021) 108223 | Project Initialization PEA Match Plausibility Ranking
Focus on Compare the process
excluding requirements
Rohm and Haas Ongoing Process unsuitable  with the technology
% technologies specific attributes
Development Work Process Defining
Business and Cross-functional Existing knowledge; Directed experiments
Facility Plans input Directed Modeling  Experimentation and calculations

1 l l l

l

*Aaron Sarafinas, Rohm and Haas Company, “Successful Process Development: Profitable Specialty Chemical
Products Using Winning Work Processes, AIChE Process Development Symposium, June 2003
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Presenter Notes
Presentation Notes
It’s very similar to the Rohm and Haas Ongoing Process Development Work Process, which my former colleague Aaron Sarafinas presented at the 2003 PDS.  The work process is simple: 
understand the problem and define clear goals
Generate options to achieve the goals
Reduce the number of options
Select the option
Detail it.  
The work process is based on experience that the biggest opportunity for cost savings is to set a wide net EARLY in the project and doing detailed work only when the “best” option is chosen. Another key feature of the Rohm and Haas work process was the documenting the project learnings.

Further, (next slide)
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“‘New” Process Equipment Assembly Workflow Aligns
with Established Workflows in Other Organizations
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Presenter Notes
Presentation Notes
We can see similar alignment between the 2021 Evonik work flow with the Bristol-Myers Squibb workflow, presented by San Kiang at the 2003 PDS, and the Xerox work flow, presented at the same conference by Paul Szabo.  It also aligns with the Eastman Chemical work process, which Jeff Siirola shared with me last year.  The Eastman process predates Jeff’s 2022 copyright by many years.  

I believe the 2003 PDS to be a seminal event in disseminating critical process development practices to industrial practitioners.  I admit that I still have my looseleaf binder of the harscopies of the presentations.  I recommend they be posted in searchable form for the greater PD community.  
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Presenter Notes
Presentation Notes
Jeff Siirola was the first of my  PD expert interviews and he generously shared some of the slides he uses in teaching process development at Purdue and at Carnegie Mellon.  Jeff, along with Gary Powers and Dale Rudd, essentially invented chemical process synthesis.  This is a more detailed version of the Eastman  PD workflow shown on the previous slide.  (Next slide)
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Presenter Notes
Presentation Notes
I’m including the Siirola work flow because it is includes the key decision points and the all-important recycle loops we encounter in process development.  Remember, these are not recycles of material, but recycling of our efforts and work that occur for various reasons.  A possible reason is that something happens or we obtain additional information that contradict our starting assumptions.   The recycling racks up direct costs and reduces profit by delaying time to market. My conversations with many PD experts revealed frustration that modular processing has not eliminated these recycles in the development loops. 


RAPI

Transforming Process Industries

e
0]

characterized

characterized
(I 1
Reactor 1 Separator

characterized
S-L Separator 1

= “Putting it

Know your equipment
“Off the Shelf” Well-characterized
RAPID AMPD Production Skids

+

characterized
L-L Separator 2

*

characterized
Reactor 2

characterized
S-L Separator 2

1 Teich PD LLC

all
together”
(Stephen
Sondheim)
“Fit is

(Stacy
London and
Clinton
Kelly)

3

AIChE PDD Webinar 7 June 2023

" RAPID RACER AMPD Accelerated Process
Development: 3 Steps

H-—'D' everything” [€——

Know your process
(Don Koestler)

18


Presenter Notes
Presentation Notes
As we have discussed, the current state of modular processing is far from “plug and play”.  Our approach has been to design flexible skids with reactors and separators that can accommodate most expected chemistries.  We are characterizing the equipment to establish and document its capabilities and limitations.  

We then need to characterize the process in terms of the components, phases and rates. Scale-up Systems, part of the Mettler-Toledo Group, has taught this approach for many years. It is one I learned from my late, great mentor at Rohm and Haas, Don Koestler.

With this information at hand, we can put it all together and predict how well the process will run in the modular equipment. Our work has focused on using the Damkohler number to “put it together”. The Damkohler number is the dimensionless ratio of a reaction rate to a transport rate.
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Know Your Equipment!!!

Fully Characterized,
Modular, “off the shelf”
RAPID AMPD Skid

Reactor Residence
time/distribution, k a,
disengagement, heat transfer, P/V

Liquid-Liquid Separator
Residence time/distribution;
Mass transfer, Loading, P/V

Solid-Liquid Separator
Residence time/distribution, Mass
transfer, Loading, P/V

Step 1: Know Your Equipment!

Vision

“We've got
Elega nce"*

*Songwriter: Jerry Herman

Douglas on Conceptual
Cost Estimates

Roberge and Lonza co-
workers on Continuous
Reactors/Microreactors

Doherty and Malone on
Reactive Distillation

Elegance lyrics © Edwin H. Morris & Co. Inc.
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Presenter Notes
Presentation Notes
When I started to develop the framework, I had a vision of defining  simple, elegant rules for various pieces of equipment.  By elegance, I mean a unifying limiting observation that  helps to define the process. Next slide


®
‘ PI Roberge: Focus on Data-Rich Experiments to
Transforming Process Industries @ haracterize Reactions and Rank Reactor Options

Ideal process development!

Feasibility of Continuous/Microreactor

. . Processing for 86 Lonza Reactions?
Classify Reactions to Assess Reactor &

Options?
« TypeA: Fast, t,,<1s
« Type B: Rapid, 1s<t,,<10 min

21%

Early phase RC-1 to establish: Enthalpy,
Kinetics, Mass balance, Type of phases
Screening DOE

50%

Optimization DOE [~ DAC » Type C: Slow, t;,> 10 min, but
RC-1 continuous brings safety and/or 23%
Pilot or large-scale production quality improvement

« Other: Go batch or semi-batch 6%

Type A =TypeB Type C = Other

Solids limit use of microreactors

LONZQ

"Roberge, “An Integrated Approach Combining Reaction Engineering and Design of Experiments for Optimizing Reactions, Org
Proc Res & Dev 2004, 8, 1049-105

2Roberge et al, “Microreactor Technology: A Revolution for the Fine Chemical and Pharmaceutical Industries?”, Chem. Eng.
Technol. 2005, 28, No. 3
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Presenter Notes
Presentation Notes
Roberge and co-workers at Lonza evaluated the feasibility of continuous processing for many of their materials, and classified the fit according to reaction rate.  Their next step was to determine the suitability of microreactors.  This reduced the number of candidates because the presence of solid would interfere with microprocessing. 


‘ PI Doherty and Malone Established Feasibility

frensiorming rocessindusties— Regions for Reactive Distillation

* |t's all about the ENASTMIAN

— Phases (Thermo)
— Components (Thermo)
— Rates (Kinetics)

» Chemical reaction will affect the
vapor — liquid equilibrium
— Things can become more complex

- But. . .fast reactions reaching chemical 5
equilibrium quickly can simplify the separation 1
— Azeotropes may disappear E

Eastman Chemical Methyl Acetate Process

NEW

M.F. Doherty and M.F. Malone, “Conceptual Designs of Distillation Systems, McGraw-Hill, 2001.
V.H. Agreda et al, “High-Purity Methyl Acetate via Reactive Distillation”, CEP 86(2), 40 — 46, 1990.
R.S. Huss et al, “Reactive distillation for methyl acetate production”, Comp. Chem Eng., 27 (2003), 1855 — 1866.
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Presenter Notes
Presentation Notes
Mike Doherty and Mike Malone, and many of their students published extensively on feasible regions in reactive distillation, collaborating with Eastman Chemical practitioners who had developed the process.  A key learning was that the presence of a fast reaction can simplify the separation by removing physical azeotropes.  
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RAPI D Applying the Approach to RAPID
fransiorming Frocess ndusttes R ACER AMPD: Modular Skid Equipment

Designed to Accommodate Multi-phase

Processes at | AV N ﬂ
Reactors

« 20 L Hastelloy CSTR with Pitched Blade Turbine Impeller
« 20 gal Glass-lined CSTR with Retreat Curve Impeller (RCIl) —
« Multiple 10 ft x 2 in tubular

 Multiple 10 ft x 1 in tubular \
Multiple Distillation columns and peripherals

Crystallizer

Filter/dryer

Per Jeff Siirola, what is “good enough™?
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Presenter Notes
Presentation Notes
I’m not ready to claim elegance, but I am ready to claim a simplified approach for the equipment AVN is installing.  Mike Burgess and I have had many discussions about the need to make the framework usable for actual process practitioners.  As Jeff Siirola asks, “what is good enough”?
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Gas-liquid Mass Transfer
Middleton and Smith, “Gas-
Liquid Mixing in Turbulent

Miscible Liquid- - Agitated Vessels/Reactors
liquid Blend time
Tackling
Difficult Mixing Problems
DAVlD S- DlCKEY www.aiche.org/cep August 2015 CEP

MiXTECH, INC. e . .
Minimize Blending Time

https://www.chemicalprocessing.com/print/content/11373993

Heat transfer

AGITATED VESSEL HEAT
TRANSFER

Carpenter, K.J.
DOIl:
10.1615/AtoZ.a.agitated_vessel_heat_transfer

Teich PD LLC

Systems”, Chapter 11

S-L Mass Transfer
Atiemo-Obeng et al., “Solid-
Liquid Mixing”, Chapter 10

N;s (Just Suspended Speed)
Brown et al., “Solid-Liquid
Mixing”, Chapter 10

AIChE PDD Webinar 7 June 2023

RAPI D® “Good enough”: Calculate Transfer Rates
with Well-established Correlations ,,,,

Handbook of
industral Mixing

Advances in
Industrial Mixing



Presenter Notes
Presentation Notes
On the equipment side, “what’s good enough” is to use well-established correlations for transfer rates.  The slide shows the sources we are using to characterize transport processes in the agitated vessels at AVN.  Similar work for the crystallizers and separators is in progress. 
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Transforming Process Industries

Draw a Process
Scheme*

0 Reaction
c

() »n | Heat

c Q

8. = Transfer

S X | Mass

8 Transfer

*Dynochem, Scale-up Suite 2.1,
Mettler Toledo, Dublin, Ireland, 2022

RAPI D® Step 2: Know Your Process!

Components are SCALE-INDEPENDENT
Phases are SCALE-INDEPENDENT
Reaction Kinetics are SCALE-INDEPENDENT
Heat Transfer Rate is SCALE-DEPENDENT

Bulk Mass Transfer Rate is SCALE-DEPENDENT

Great Process Development Quotes
It's all about the mass balance

It's too early to draw a process scheme
measure kinetics
do a cost estimate

And the corollary to the latter: why haven’t you | _

done a cost estimate?
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Presenter Notes
Presentation Notes
Step 2 is to define the process chemistry adequately so we can identify the best fit in the modular skids.  The key is understanding the overall and component mass balance, and the phases in the system.  There may be phases that form only under certain conditions, which is why I cite  “It depends”  as great quote in process development.  This is also where I can explain Jim Douglas’ elegant approach to cost estimating:  it’s never too early, and if  you assume 100 % yield, and no separation costs, and you can’t sell your product for than the cost of the raw materials, go find another project. 


wow STERREN, sounnem
DiC
8 sunpAY IN An ' SARK WITH GEORGE |

Transformmg Process Industries

Use correlations (previous slide)
for Da denominator

Assess fit of chemistry/process
and existing equipment using
the Damkohler number, defined
for reactors as the quotient of

Chemical Reaction Rate
Mass Transfer rate
(Diffusion or Convection)

“Gas Dispersion and Mixing”, J.C. Middleton,
Chapter 17, Mixing in the Process Industries,
LN Harnby et al., Buttersworth, 1985

YES T

>
Reaction is fast;
Mass transfer Challenge: extend approach to
NO can’t keep up » other multiphase reactions [ISYFSESURTY Kinetic Process Rate
* non-reacting systems Limiting Transfer Rate

* single phase reactions
Mass transfer is fast;

Reaction is kinetically controlled
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Presenter Notes
Presentation Notes
As I mentioned, we are using the Damkohler number as a construct for putting it together.  We are calculating it for chemistries that AVN will be running in the modular skids.  We will repeat the calculations for any new chemistries and use the results to find the best equipment fit for the process.  


* Step 1: Know the Equipment

‘ PI Current State: "Reducing to Practice”
Transforming Process Industries the ApprOaCh fOr RAPID RACER AMPD

l

— Stirred Vessels (Batch, CSTR) and Tubular Reactors: Step 3

* Liquid-Gas Mass Transfer (kL,s)

* Liquid-Liquid Bulk Mixing/Blend Time
* Heat Transfer

* Solid Suspension

— Crystallization
— Solid-Liquid Separation
» Step 2: Know the Process

Put it all

Together!

|

— Count phases, components (get properties!) for 2 chemistries

— Extract kinetics from AVN

—II process development data
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Presenter Notes
Presentation Notes
Currently, we are extracting rate information from AVN process development data so we can calculate the Damkohler numbers for the various AVN reactors.  


Transforming Process Industries

It's all about the mass balance.

Everything depends on execution.

Why should | listen to you?

Now we get to be the adults.

Never assume.

What happens if | hit this button?

Then a miracle happens.

We’'re losing money on every batch, but we’ll make it up in volume.

It depends . ..

| do not think you know what that word means.

If you didn’t have the solubility limit, how much could you get into solution?
Kinjal made a batch in the lab, so we plan on going commercial in two months.
| know it when | see it.

| love solids.

| just want to go into the lab and run experiments.

Make it work!

We have all the responsibility and none of the control.

Teich PD LLC AIChE PDD Webinar 7 June 2023
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¢ Py Concluding with Great Quotes in
Process Development, Unabridged

Which of these
wasn’t said to
me?
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Presenter Notes
Presentation Notes
In closing, I would like to share a longer list of process development quotes that I have heard during my career.  I admit that there is ONE (and only ONE)  that I have not heard, and it actually a favorite quote from a favorite movie.  I will leave it as homework for you to identify this outlier.

Next slide
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RAPID

Transforming Process Industries

THANK YOU!

Teich PD LLC

AIChE PDD Webinar

7 June 2023
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Presenter Notes
Presentation Notes
I would like to thank you for your attention and look forward to questions and feedback.  In the words of a former Rohm and Haas colleague, it’s a gift!
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