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Project Title:

Simulation and Design Optimization of Microfluidics using Extended Hydrodynamics

Statement of End Products:
Primary Objective: Article
Secondary Objective: Identification of undergraduate research projects for Union engineering

students.

Project Overview and Description:

The focus of the proposed research is the development, implementation, and validation of
simulation and design optimization methodologies for fluid flows governed by non-equilibrium
extended hydrodynamics as relevant in micro- and nano-fluidic applications. The particular focus
is on velocity slip, temperature creep, and temperature jump effects. When we consider a
traditional fluid flow application — such as water flowing down a river — we expect the flow
velocity to be approximately zero at the boundaries (at the bottom & sides of the river) and reach
a maximum in the center (the middle of the river). This is true for most large scale problems,
however, as the problem size becomes smaller — such as in biomedical lab-on-a-chip devices — the
fluid begins to “slip” along boundaries, which is counterintuitive based on our everyday
experiences. Analogous to velocities, which “slip” along a wall in micro-flows, similar effects can
be observed for temperatures. This leads to the underlying research question at the heart of this
proposal: Will these microscopic flow effects fundamentally change engineering designs at
the micro-scale or can they be neglected by engineering designers working on, for example,

microscopic drug delivery systems?

This question can be explored through the development of topology optimization methodologies
for flows governed by extended hydrodynamics. Such development of fluidic topology
optimization approaches has been the primary focus of my research, starting with the basic
implementation of flow topology optimization for steady-state continuum flows with the Lattice

Boltzmann Method as part of my Ph.D. research (Ref 1) and more recently including the extension
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to transient flows (Ref 2), non-Newtonian flows (Ref 3), thermal flows (Ref 4), coupled fluid-

structure interaction (Ref 5), and

Design Methodology

multi-species flows (Ref 6). The y Static Valve

d
I

basic idea 1s to enable

designers/engineers, who have

conceptual ideas, to obtain Formal Design Approach
computer generated optimal Design Domain Topology Optimization
. 3 Modeling

design solutions that are often = Design Optimization

. o . . Objective High Performance Computing
non-intuitive. This process is ? Ny
illustrated in Figure 1, which .
shows the design of a static tesla -
valve from my Ph.D. research. It Nx bt

is the goal of this proposed Figure 1: Illustration of the basic topology optimization design methodology

. from a designers problem description to the computer generated “optimal”
research to apply this approach  gegign.

to flows governed by non-
equilibrium effects (extended hydrodynamics) in order to address the underlying research question

stated above.

Demand for micro- and nano-scale devices has increased rapidly in recent years, and many of the
unique features of such flows are discussed in a recent review article by Stone et al. (Ref 7). Some
specific examples for designs governed by non-equilibrium processes are found in environmental
monitoring (Ref 8), biological/pharmaceutical/medical applications (Ref 9) often with an emphasis

on Point-of-Care (POC)
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from large scale pumps, this pump functions without any moving parts and has a critical length

scale of L=2pm.

With increased demand for such small-scale fluidic devices, the development of simulation and
design optimization methodologies that incorporate the small-scale physical effects not captured
by traditional methods has become an area of ever-increasing interest and great potential. As the
size of fluidic devices shrinks, the critical length-scale ‘L’ of the devices approach the mean-free-
path ‘A’ (the average distance traveled by fluid/gas molecules before colliding with neighboring
molecules), non-equilibrium effects such as velocity slip and temperature jumps at flow boundaries

must be considered. The ratio between the mean free path ‘A’ and critical length ‘L’ is the Knudsen
pl . . . . .
number (Kn = Z) and allows differentiation between continuum and rarefied flows as illustrated

in Figure 3. Continuum flow problems are generally well understood and can be accurately
modelled with the Navier-Stokes-Fourier (NSF) equations, which are transport equations that
utilize averaged macroscopic properties: velocity, pressure, density, temperature. This continuum
flow approach is valid for small Knudsen numbers (e.g. a flowing river), in which a large number
of molecular collisions typically leads to smooth variations of averaged properties, resulting in a
near equilibrium flow state. As the Knudsen number increases due to a decrease in device size (see
Figure 4) or due to a decrease of density (such as found at high altitudes), the NSF equations are
insufficient to capture the relevant flow phenomena encountered in the transition regime (1072 <
Kn < 1). Extended fluid dynamic (extended hydrodynamic) approaches must be utilized in order
to model the relevant non-equilibrium flow physics (see Figure 3). One example of flow
phenomena not captured by the NSF equations is the slipping of a fluid along channel boundaries

as illustrated in Figure 5.

Euler NSF Transition Kinetic Free
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Figure 3: Transition between flow regimes as a function of Knudsen number: from continuum (small Kn) to rarefied (large
Kn) flows (Ref 12)
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Figure 4: Increase of Knudsen number with decreasing domain size for air at standard conditions with a mean free path
of 68nm (drawings not to scale)
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Figure 5: Difference between no-slip boundary conditions (a) for macroscopic flows and velocity slip (b) for microscopic
flows is one example of flow phenomena that must be captured for micro-/nano-scale devices.

To adequately utilize the extended hydrodynamic effects at moderate Knudsen numbers, new
simulation and design optimization methodologies must be developed, implemented, and
validated. Two common options are as follows: (1) an expansion of the NSF equations through the
use of slip velocity and temperature jump boundary conditions for flows with Kn<0.1 and (ii)
solutions to the hydrodynamic Boltzmann transport equation (HBTE), which is generally valid for

all flows.

For flows with Kn=<0.1, non-equilibrium effects typically only occur in the boundary region of the
flow and can be modelled by expanding the NSF equations through the use of slip velocity (usiip)

and temperature (T) boundary conditions (Ref 13) — option (i) above:
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In collaboration with colleagues at the University of Colorado in Boulder, we recently incorporated
these boundary conditions into an existing NSF solver based on the finite-element method as part
of my summer 2016 research. Here, we have just started to scratch the surface of addressing our
research question and are in the final stages of preparing a first manuscript entitled “Fluid topology
optimization with a slip boundary model at finite Knudsen numbers” (Ref 14), which shows that
slip-boundary conditions can have considerable design effects. Much work remains and as part of
this Pew Research grant, [ will particularly explore the effect of temperature creep and temperature

jump boundary conditions on optimal engineering designs.

To explore flows beyond the range of the NSF equation — general transition region flows that
include Kn>0.1 — non-equilibrium effects must be considered everywhere in the flow domain.

These can be accurately described by the hydrodynamic Boltzmann transport equation (HBTE):
of 2 Of 1 _
— 4+ —_— —— —_ “4 . u 3
= (=) 3)

The HBTE describes the time evolution of the distribution function f (X, &,t) which defines the

number of particles at location ¥ and time t with microscopic particle velocity & . One of the

possibilities for solving the hydrodynamic Boltzmann transport equation (HBTE) is the use of

moment-based solutions, the most famous of which is Grad’s moment method (Ref 15). Grad

proposed that the infinite number of possible particle velocities & in the HBTE could be reduced

through the use of a finite number of polynomials by representing

fEEN=WE)Y a,(E.0H, (&) (4)
in which w(&) is a weight function, a, (X,t) are the polynomial coefficients to be determined, and
H, (f ) are Hermite polynomials used to approximate the dependence of the distribution function

f(%,&,t)on the particle velocity &. It can be shown that when the complete set of Hermite

polynomials is used (n — o), an exact solution to the HBTE is recovered (Ref 16). An overview
of the current state of Moment Methods can be found in the recent review article by Torrilhon (Ref

12).
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A basic finite-element based 3™ order moment method was developed and implemented in
collaboration with colleagues at the University of Colorado in Boulder as part of my summer 2014
PEW Research Grant and during our continued collaboration. Applying the Maxwell
accommodation boundary conditions (Ref 6) in a finite element framework has been one of the
challenges of this work and the small number of “benchmark” problems for flows with moderate
Knudsen numbers (transition region flows) has made testing/validation of this implementation an
ongoing challenge. The implementation of non-equilibrium boundary conditions for the NSF
model allows us to cross-compare both models to ensure that accurate simulations of flows
governed by the non-equilibrium extended hydrodynamic effects are achieved. Furthermore, we
have been asked by Manuel Torrilhon at the RWTH Aachen to compare our model/solver against
some recent results obtained by his students with moment method based solvers. This aspect will

be a secondary focus of the proposed Pew summer research.

Proposed Summer 2017 Pew Research Grant

Support through the Pew summer research program will enable focused work on this research
project during a 1 month research visit to the University of Colorado at Boulder during summer
2017. The ability to spend this time at CU-Boulder will be instrumental to the success of the
proposed research by enabling daily face-to-face collaboration with Dr. Maute and his research
students. Two key tasks are:

1. To explore the effect of temperature creep and temperature jump boundary conditions
on optimal engineering designs, addressing the underlying research question: Will
these microscopic flow effects fundamentally change engineering designs at the
micro-scale or can they be neglected by engineering designers? The objective is to
prepare a publication of this work by the end of Summer 2017.

2. To explore the solution of the hydrodynamic Boltzmann equation for flows at larger
Knudsen numbers Kn>0.1.

In addition, the opportunity for a summer research visit to Boulder will further strengthen our
ongoing collaboration, making it more sustainable, mutually beneficial for Union and CU Boulder,
and providing continuous research opportunities for our engineering undergraduate students at
Union. Since starting at Union in 2010, this collaboration has directly led to research project

involvement for six Union undergraduates: Caroline McConnell (2013 graduate — Georgia Tech
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Research Assistantship), Andrew Tan (2015 graduate), Dillon Lisk (2016 graduate), Zachary
Benson (expected 2017 graduation), Chelsea Johnson (2016 graduate — Georgia Tech Presidential
Fellowship & NDSEG Fellowship), and Matthew Owen (current). This collaboration has also
permitted me to co-advise 3 graduate students at the University of Colorado, where I am currently
co-advising Luis Negrete.

Finally, the work supported through the Pew Summer Research Grant will provide a strong
foundation for my future research plans, which include the plan to apply for Research Leave to
conduct research at RWTH Aachen during fall 2018. Manuel Torrilhon and his colleagues in
Aachen are leading experts on Moment Methods for extended hydrodynamics and my proposed
PEW summer research will help to further enhance those opportunities for collaboration. RWTH
Aachen is one of Germany’s leading research institutions and to qualify for a sabbatical position
in Aachen it is important to show continuing active research engagement — support through the

PEW research grant will help me to do so.

Brief Survey of Relevant Literature and Contributions of Research:

While the previous project description has highlighted many of the relevant references from
scholarly literature, the proposed research will make a distinct contribution to the field of
computational fluid dynamics, namely the application of topology optimization to flows governed

by non-equilibrium extended hydrodynamics.

Topology optimization for fluid flows started with the pioneering work of Borrvall and Petersson
(Ref 17) in 2003 and has been the primary focus of my research over the last 12 years, starting
with my Ph.D. research (Ref 1) and including recent and ongoing research projects with Union
University undergraduates. Much progress has been made in recent years, as highlighted in the
recent review article on “Topology Optimization for Microfluidics” by Chen (Ref 18). However,
despite the importance of non-equilibrium effects for many microfluidic applications, current
topology optimization frameworks do not model these effects due to their high computational
complexity and cost. To the best of my knowledge, our manuscript currently under preparation
(Ref 14) will be the first work exploring the effect of slip boundary conditions on topology
optimization. The work as part of this proposed Pew Research Grant constitutes the first work that

will explore the effect of thermal creep and temperature jump for topology optimization and will
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help address whether or not these micro-scale flow phenomena should be considered by design

engineers.

Past PEW Research Grant Results

In September of 2014, I provided Micah Watson - chair of the Pew Research Committee — with a

brief summary of my summer 2014 PEW research grant funded visit to the University of Colorado,

where I closely collaborated with my former PhD advisor and one of his graduate students, Luis

Negrete. I also provided a brief overview of this work during the 2015 Spring Pew Luncheon. The

PEW funded summer research has since led to the following completed and ongoing research:

1.

We implemented a 3™ order moment method based solver for the HBTE. I presented a brief
overview of this work at the Fields Institute Moment Method Workshop in Toronto,
Canada during October 2014. This workshop has led to the exchange of research ideas with
Dr. Manuel Torrilhon and his students at the RWTH Aachen in Germany, and I had the
opportunity to visit Manuel and his students while in Germany during summer 2015.
Related to this research, I have been co-advising a Master’s student (Luis Negrete) at the
University of Colorado through weekly/biweekly Skype research meetings. Luis will
graduate this upcoming spring, and we are currently preparing our collaborative research
for publication (Ref 14) — a copy of the first page of the current draft is included in the
appendix.

In addition to the HBTE research, I investigated the possibility of efficient iterative solvers
for fluidic topology optimization with the lattice Boltzmann method, a topic closely related
to my Ph.D. research. Several recent publications in this area have misrepresented the
theoretical origin of these approaches. Following the PEW funded summer research, [
prepared a “Brief Note” on this topic, highlighting mistakes/misconceptions in the current
literature, which was submitted to the Journal of Structural and Multidisciplinary
Optimization during spring 2015. The reviewers requested that we revise our submitted
work to not only explain the misconceptions in the existing literature, but to also include
examples of the proposed alternatives, which I explored with one of our undergraduate
students — Chelsea Johnson — from fall 2014 until her graduation last spring. This ability
to involve undergraduates at Union in research on a continuous basis was one of the key

motivators for my last PEW research application and is one of the most rewarding aspects
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of working at Union. Chelsea’s involvement in this project has exposed her to
undergraduate research, prepared her for a National Science Foundation summer research
experience for undergraduates (REU) at the University of Alabama during summer 2015,
and motivated her to pursue graduate studies in Aerospace Engineering. She just recently
started graduate school at Georgia Tech where she is supported by prestigious fellowships
from Georgia Tech (Presidential Fellowship) and the Department of Defense (NDSEG).
This work is still ongoing and we hope to publish our findings in the future.

Receiving the PEW Research grant during summer 2014 played a significant role in these research

achievements, undergraduate research opportunities, and ongoing activities.
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Essay on Faith and the Discipline:

“In the beginning God created the heavens and the earth” (Gen 1:1 NIV) and has made us “ruler
over the works of [his] hands; [he has] put everything under [our] feet.” (Ps 8:6) As such, God is
the Master Engineer (Ref 19) who has designed all of creation. While Genesis does not provide
much insight into God’s attention to detail while ‘engineering’ Creation, God uses engineering

terminology to describe his work while questioning Job (Job 38-39).

“Where were you when I laid the earth’s foundation? Tell me, if you understand. Who
marked off its dimensions? Surely you know! Who stretched a measuring line across it?
On what were its footings set, or who laid its cornerstone?” (Job 38:4-6 NIV).
As Christian engineers, following in God’s creative footsteps as designer and creator of all things,
we are held to a high standard in our work, which can be both encouraging and daunting at times.
The official definition of engineering by ABET (the accrediting body for engineering) highlights

indirectly that as engineers, we are tasked with using God’s creation to benefit mankind.

“Engineering is the profession in which a knowledge of the mathematical and natural
sciences gained by study, experience, and practice is applied with judgment to develop ways
to utilize economically the materials and forces of nature for the benefit of mankind.” (Ref
20)
John Turnbull, in an article on the philosophy of engineering (Ref 21), emphasizes that while
engineering is often associated with technology, engineering design is driven by social issues and

enabled by technology. He states that “Engineers have the skill and ability to design ... They can

combine science based technologies with social insight, to improve the quality of life.”

In an attempt to create improved engineering designs, engineers are frequently looking at nature
to reproduce and use its myriad of fascinating designs in engineering applications — for example,
the strength of spider webs or the ability of a gecko’s feet to stick to almost anything. In a 2008
article published in National Geographic, “Biomimetics — Design by Nature” (Ref 22), Andrew
Parker, an evolutionary biologist and research fellow at the National History Museum in London
comments on this trend. Parker attributes these phenomena in nature to millions of years of
evolution and natural selection and refers to them as “a treasure-trove of brilliant design.” As
Christian engineers, we attribute these ‘brilliant designs’ to God as our perfect Creator.

Considering that the world’s best scientists and engineers are often puzzled by the task of
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recreating these designs should cause us as engineers to be in awe of our Creator. We can look at
these designs in nature from a point of reverence towards God and a clear example of His ‘invisible

qualities’ as indicated in Rom 1:20:

“For since the creation of the world God’s invisible qualities — his eternal power and divine
nature — have been clearly seen, being understood from what has been made, so that men are
without excuse.” (Rom 1:20 NIV)

Considering God’s handiwork in natural revelation leads us to admit that we are limited in our

own ability and mimicking the work of our Creator presents an avenue for praising God through

our work as engineers.

Grounded in my faith and this understanding of the engineering discipline in light of God’s
handiwork in creation, I am motivated by my faith through three particular aspects related to my
ongoing and proposed research: an improved understanding of creation, improved stewardship of
our resources, and mentorship opportunities with undergraduate students. First, the development
of new computational models for extended hydrodynamics will lead to an improved understanding
of those physical phenomena. By gaining an improved understanding of natural phenomena and
designs, we in turn gain a more intimate and detailed understanding of God, our Creator. Second,
God has given us stewardship over creation. Improving/optimizing flow devices through design
optimization methodologies enables us to be better stewards of the resources entrusted to us by
God. Third, I view discipleship and mentorship as key aspects of our Christian life and have
benefited greatly from excellent research mentorships as a student. I see undergraduate research
mentorships analogous to Jesus’ mentorship of Peter, James, and John who had a special role
among his disciples and received unique insights into Jesus’ life. Jesus preached powerful
messages to great crowds, but it was the one-on-one mentorship he had with his apostles that turned
the world upside down. In fact, the Bible is full of examples that demonstrate the power and value
of one-on-one mentorships, including Moses and Joshua, Eli and Samuel, Paul and Timothy, and
Paul and Titus. This serves as motivation to pursue research projects that emphasize close

collaboration with undergraduate students.
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Tentative Schedule and Plan for Dissemination:

My past research on computational fluid dynamics and design optimization has led to eleven

journal and twelve conference publications, with an additional journal publication currently in

preparation. The proposed research promises exciting contributions to the field of simulation and

design optimization for extended hydrodynamics. Upon successful completion of this work, I

expect to submit the findings to a peer-reviewed conference or journal focused on computational

engineering, such as the Journal of Structural and Multidisciplinary Optimization.

Fall 2016/Spring 2017

Summer 2017

Late Summer/Fall 2017

Spring 2018

Research at Union in collaboration with Matthew Owen
(undergraduate research grant), as well as continued collaboration
with Luis Negrete and Kurt Maute through biweekly Skype research
meetings. Focus will be placed on validating the thermal creep and
temperature jump boundary conditions as well as integrating these

models into the topology optimization framework.

One month research visit to CU-Boulder (4-6 weeks), allowing
focused time spent on implementing the optimization framework in
the software package developed at CU Boulder, collaborating face-
to-face with researchers and graduate students, and exploring new
research project opportunities for undergraduate engineering

students at Union.

Preparation of an article to be presented at a peer-reviewed

conference or submitted to a peer-reviewed journal.

Pew Research Presentation at Union
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Budget:

A budget of $4500 is requested as a Researcher Stipend to support a 1-month (4-6 week) research
visit to the University of Colorado in Boulder, CO. This time will be devoted to the proposed
research and to identifying additional research projects suitable for Union University
undergraduate engineering students. A large portion of the stipend will be utilized to cover the
costs of travel to Boulder (2242 miles round trip @ $0.54/mile = $1210) as well as the cost of
living while in Boulder (e.g. furnished apartments are typically around $2500-$3000/month in
Boulder, CO).
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Appendix: Page one of Manuscript under Preparation (Ref 14)

Fluid topology optimization with a slip boundary model at finite
Knudsen numbers

Luis F Negrete, Kurt Maute, Georg Pingen

1 Introduction: The Knudsen Number

The Knudsen number is a non-dimensional parameter that characterizes the rarefaction of a fluid (typically, a gas).
It is defined as

A2
R P
where A is the mean-free path of the fluid, L, is some global reference length, e.g. the spacing between plates or
the eylinder diameter, and & is any chosen quantity, e.g. the fluid density. The first definition in (1) represents
a global Knudsen number, while the second ean be used to represent a loeal Knudsen value. The mean-free path
is the average distance a fluid particle travels between collisions with other particles. Larger Kn numbers indicate
that particles travel further distances between collisions; thus, the fluid is said to be more rarefied.

Flows in which K'n < 1072 are said to be in the Hydrodynamie Range, where both the Euler and Navier-Stokes-
Fourier (NSF) equations with traditional no-slip boundary conditions are valid. Flows for which 1072 < Kn < 107!
are said to be in the Slip Flow Regime, where the Euler equations are no longer valid and the NSF equation cannot
be used with the traditional no-slip boundary conditions. Instead, veloecity and temperature slips begin to oceur
as the Kn increases, i.e. the velocity and temperature of the fluid at the wall and that of the wall itself are not
the same. Flows for which 107! < Kn < 10 are said to be in the Transition Regime; here, the NSF equations
are no longer valid. (CITE Burnett Equations as an example of what others do in this range?). Finally, flows
for which Kn > 10 are said to be in the Free Molecular Flow Regime, where intermolecular collisions are so rare
that they can be ignore; instead, only particle-wall interactions are important. The Direct Simulation Monte Carlo
(DSMC) method is particularly powerful in this regime, since each particle ean be considered independent of other
particles in a flow. (CITE recent work with DSMC? Bird?) In contrast to other fluid flow equations, the Boltzmann
Transport Equation (BTE) is valid across all these regimes, though a collision-less BTE is most appropriate for
large Kn number flows.

This work secks to expand on previous work in the Slip Flow Regime, where Kn < 0.1, by extending the
use of the NSF equations by implementing slip boundary conditions and exploring the effect of the Kn number in
topology optimization problems; this work will also explore the effect of the ghost penalization framework developed
by (Villanueva?).

The Knudsen number ean be given from the Reynolds and Mach numbers via:

. Ma [4x
Kn=po\ 7 @

The incompressible Navier-Stokes are valid for Ma < 0.3; thus, for a given Kn number, the Re bound from above
to satisfy the incompressibility constraint.

The new boundary condition introduced in this work requires the exact position and orientation of the fluid-solid
interface, which is not realizable with density methods for optimization. Instead an immersed boundary method is
used to deseribe the interface.

ddg

K Fiak (1)

2  Optimization

2.1 Optimization Model

The optimization problems considered in this work are formulated with respeet to an objective and one or more
constraints for desired funetionality. The objective and constraints are defined in terms of design eriteria, such as

16
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