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SUMMARY FOR TODAY

• Define “Transport Phenomena” and provide context of this 
course and the spring course within the curriculum

• Make some observations about chemical engineering in 
society…

• Describe the overall structure of the course 

• Show numerous examples where the subject is relevant
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JUNIOR YEAR !!

• This is the year where you get to transition from saying you are a 
“chemical engineering major” to saying you are a chemical engineer! 
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Dept. of Chemical and Biomolecular Engineering

Fall Spring
Freshman MATH 10550, Calculus 1 4 MATH 10560, Calculus 2 4

CHEM 10171/11171 Intro to Chem 4 CHEM 10122 Gen Chem 3
EG 10111, Intro to Eng 3 EG 10112, Intro to Eng 3
Arts & Letters 1 3 PHYS 10310, General Physics 1 4
University Seminar/A&L 2 3 University Seminar/A&L 3 3

17 17

Sophomore MATH 20550, Calculus 3 3.5 3.5
CHEM 10172/11172, Organic 1 +lab 4 3
CBE 20255, Intro to Chem Eng 3 3
PHYS 10320, Gen Physics 2 4 3
A&L 4 3

MATH 20580, Linear ODEs 
CHEM 20273, Organic 2
CBE 20260, Thermodynamics 1
CBE 20258, Euŵer. and Stat Dethods
 A&L 5 3

17.5 *CBE 20290, Career Choices Eng *1
15.5 /*16.5

Junior MATH 30650, Differential Eq 3 CHEM 30324, Pchem 3
CHEM 30333/31333 Achem & Lab 4 CBE 30338, Chem Proc Control 3
CBE 30355 Transport 1 CBE 30356, Transport 2 3
   or CBE 30357 Biotransport 3 CBE 31358, Chem Eng Lab 1 3
CBE 30367, Thermo 2 3 A&L 6 3
CBE 30361, Materials 3 15

16

Senior CBE 40443, Separations 3 CBE 40448, Process Design 3
CBE 40445, Reaction Engineering 3 CBE Elective 3
CBE 41459, Chem Eng Lab 2 3 Tech Elective 3
CBE Elective 3 Advance Science Elective 3
A&L 7 3 A&L8 3

15 15

Total 128 credits *Strongly recommended

Standard Curriculum
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DEGREE OF UNIQUENESS
• Chemical Thermodynamics

• Nobody other than chemical engineers knows anything about this!

• Transport Phenomena

• The mechanical engineers work on some aspects of fluid flow and 
heat transfer, but generally can’t make the connection to the either 
the molecular scale or the specific chemical/material components 
of the system 

• These are not trivial subjects and even if you did stay at a Holiday Inn 
Express last night, you can’t learn them in 3 hours, in a small room on 
a Saturday morning!



TRANSPORT PHENOMENA
• “Transport phenomena” is the collective term for momentum transport, heat 

transfer and mass transfer” — collective study is more common in chemical 
engineering than in mechanical engineering

• Because the basic mechanisms of transport are the same (or similar) for all 
three quantities, 

• molecular diffusion/conduction

• convection

• the governing equations are similar and thus study as a coherent subject 
makes sense.  (and is potentially optimal.)
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BASIC QUESTIONS TO BE ANSWERED

We seek a general answer for 
steady state or transient situations 

and for arbitrary materials

T is fixed at some boundary, 
we would like the 

temperature at all distances 
from the boundary.

We also want the heat 
“flux”.



TRANSPORT PHENOMENA
• We want to be able to answer for temperature, 

concentration or velocity.

• We want to be able to answer for steady state or 
transient scenarios.

• We need to be able to deal with more complicated 
“boundary conditions” where a phase change may 
occur or a chemical reaction is occurring.
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MASS TRANSFER

A CO2 bubble is present in a liquid which has a CO2 
concentration well below the equilibrium solubility.

Thus CO2 will move from the gas bubble into the liquid.
How fast will this occur?

What is the concentration of CO2 “near” to the bubble?
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FLUID FLOW CAUSED BY A PRESSURE DIFFERENCE

If the velocity is 0, at the wall, 
what is the “velocity profile”?
What “forcing” is necessary 
to cause or maintain this 

flow?
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SIMPLEST EQUATION TO 
DESCRIBE WHAT IS HAPPENING

• Will some intuition allow us to gain insight into the most basic 
aspects of transport phenomena?

• We focus on the rate of change of concentration and 
temperature

• For this simple set of problems, we don’t consider the 
profile of concentration or temperature close to surfaces

• Consider the following situations.
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TEMPERATURE RISE IN A LIQUID

We expect 
that the 

cooler liquid 
will heat up  

faster
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DISSOLUTION OF SOLID

We expect that the 
concentration will 

increase faster if it is 
initially farther from 

equilibrium
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TEMPERATURE RISE IN LIQUID

We expect 
that if there is 

more total 
contact area 
between hot 
surface and 

liquid, 
temperature 
will increase 

faster
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DISSOLUTION OF SOLID

We expect 
that if there is 

more total 
contact area 

between solid 
and liquid, 

concentration 
will increase 

faster
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HYPOTHESIZED EQUATION
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“NEWTON’S LAW OF COOLING

“Greatest of all equations!”

CBE 
30355, 
30356, 
30357

CBE 30367
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RESULTING EQUATION!

• “Greatest of all” engineering equations!

• N is the flux, the flow of a chemical species (moles/time) per area.

• k is the mass transfer coefficient that is determined by the degree of 
mixing and irregular flow in the fluid near the interface as well as the 
molecular diffusivity and viscosity  (transport phenomena)

• (C-C*) is the concentration gradient, a straightforward simplification 
of the chemical potential gradient, (thermodynamics)
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GREATEST OF ALL 
EQUATIONS: TWO PARTS

• Chemical thermodynamics tells us what this gradient (or 
algebraic driving force) will be and thus establishes what can 
happen

• Transport phenomena tells us how fast it is going to happen
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MEET AND GREET!

• As in, find somebody you don’t know and introduce yourself
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WSJ ARTICLE
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HANS HAUG
REACTOR SPECIALIST AT DUPONT

The more you 
know, the 

better engineer 
you will be!
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WHY “BIO”
• Healthcare is an import issue for society

• Engineers have not really made their mark yet.

• Interesting and possibly richer problems than if we just 
consider the chemical process industries

• Transformation of the chemical industry

• We know how to make almost everything we need pretty 
well

• Profitability is ~low…
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FORTUNE “30”, 1980 — 2016
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WHY: CBE 30357/ “BIO” ENGINEERING?

• > 100 
years of 
“hard 
calculating”

• ~35 years 
with a soft 
start

from Wikipedia
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CHEMICAL ENGINEERING
• The curricular major of chemical engineering

• And 

• the intellectual foundation of chemical engineering has 
benefitted from the divergence of the academic discipline 
from industrial practice

• The net result is that chemical engineering is perhaps most 
intellectually rich and academically broad academic major

• (Potentially) we have more to say about a greater number 
of topics than anyone else!
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RECENT RESEARCH BY CHEMICAL ENGINEERS
Biofilm streamers cause catastrophic disruption
of flow with consequences for environmental
and medical systems
Knut Dreschera,b, Yi Shenb, Bonnie L. Basslera,c,1, and Howard A. Stoneb,1

Departments of aMolecular Biology and bMechanical and Aerospace Engineering, Princeton University, Princeton, NJ 08544; and cHoward Hughes
Medical Institute, Chevy Chase, MD 20815

Contributed by Bonnie L. Bassler, January 7, 2013 (sent for review November 26, 2012)

Biofilms are antibiotic-resistant, sessile bacterial communities that
occupy most moist surfaces on Earth and cause chronic and medical
device-associated infections. Despite their importance, basic informa-
tion about biofilm dynamics in common ecological environments is
lacking. Here, we demonstrate that flow through soil-like porous
materials, industrial filters, and medical stents dramatically modi-
fies the morphology of Pseudomonas aeruginosa biofilms to form
3D streamers, which, over time, bridge the spaces between obstacles
and corners in nonuniform environments. We discovered that accu-
mulation of surface-attached biofilm has little effect on flow through
such environments, whereas biofilm streamers cause sudden and
rapid clogging. We demonstrate that flow-induced shedding of
extracellular matrix from surface-attached biofilms generates a sieve-
like network that captures cells and other biomass, which add to the
existing network, causing exponentially fast clogging independent
of growth. These results suggest that biofilm streamers are ubiq-
uitous in nature and strongly affect flow through porous materials
in environmental, industrial, and medical systems.

bioclogging | biofouling | porous media

In the laboratory, bacteria are usually grown as planktonic cells
in shaken suspensions, which differs dramatically from the nat-

ural environments of most microbes. In their natural habitats,
bacteria often live in biofilms (1–3), which are tightly packed,
surface-associated assemblies of bacteria that are bound to-
gether by extracellular polymeric substances (4, 5). Although
biofilms are desirable in waste-water treatment (6), biofilms
primarily cause undesirable effects such as chronic infections or
clogging of industrial flow systems (1–3). Cells in biofilms display
many behavioral differences from planktonic cells, such as
a 1,000-fold increase in tolerance to antibiotics (7, 8), an altered
transcriptome (9–11), and spatially heterogeneous metabolic
activity (12, 13). Some of these physiological peculiarities of
biofilm-dwelling cells may be due to strong gradients of nutrients
and metabolites, which also affect biofilm morphology and com-
position (14, 15). However, little is known about how physical
aspects of the environment affect biofilm dynamics.
The opportunistic pathogen Pseudomonas aeruginosa has be-

come a model organism for biofilm studies largely because it forms
biofilms in diverse habitats, including soil, rivers, sewage, and
medical devices in humans (1, 2, 16). Two features are common
to all of these environments: First, the presence of rough surfaces,
which at the microscopic level reduce to surfaces with many cor-
ners, and second, a pressure-driven flow. The standard assay for
growing biofilms in the laboratory abstracts from these realistic
environments by typically using a smooth surface as a substrate,
and either no flow or a pump to force nutritious medium across
the biofilm at a constant flow rate (17–19). These standard assays
have enabled the identification of several genes involved in biofilm
development (10, 19–24), yet it is unclear to what extent these
results are relevant in natural habitats, as the standard assays
neglect the different surface chemistries, interactions with other
species, and physical constraints of natural environments.

To investigate biofilm morphologies under more realistic phys-
ical conditions, we developed a microfluidic system that combines
two shared features of P. aeruginosa habitats, i.e., a sequence of
corners (25) and a flow driven by a constant pressure. We discov-
ered that in this system biofilm streamers cause rapid clogging
transitions, and we used a combination of experiments and theory
to explain the timescales of the clogging dynamics. We further
show that biofilm formation under the physical constraints of our
model system does not require all of the genes that have been
identified as essential in standard biofilm assays. Finally, we dem-
onstrate that biofilm streamers are ubiquitous in soil-like porous
materials, feed spacer meshes of water filters, and medical stents.

Results and Discussion
Using our model microfluidic flow system (Fig. 1A, Fig. S1), we
discovered that biofilm growth on the walls of the chamber, which
has been the focus of much previous work (26, 27), only modestly
affects the flow rate through this channel over a period of T ≈ 50 h.
By contrast, biofilm streamers that initiate on corners (25, 28, 29)
rapidly expand and cause a catastrophic disruption of the flow on
timescales as short as τ ≈ 30 min (Fig. 1B) in our model channels,
which are 200 μm wide and 90 μm high. A streamer causes a dra-
matic decrease in flow rate, even in a 3D environment where the
flow can pass above and below the streamer, because it consists of
immotile biomass, suspended in the center of the channel where the
flow speed would be highest in the absence of a streamer. A model
calculation (SI Text and Fig. S2) confirms that for flow driven by
a constant pressure, a biofilm growing on the walls of the channel
has a significantly weaker effect on flow than the same volume of
biofilm positioned in the center of the channel. However, such
arguments cannot explain why the time until clogging T is long,
whereas the duration of the clogging transition τ is short.
The exponential accumulation of cells on the walls of the chan-

nels (Fig. 2A) indicates that the accumulation process is dominated
by growth (doubling time 6.5 ± 1 h) rather than attachment of
cells that are flowing by, because attachment would result in a
subexponential accumulation rate. For example, a constant attach-
ment probability for each cell per unit time would only yield a linear
accumulation of wall-attached biomass with time, to first ap-
proximation. However, cells must be able to attach to the walls
as the channel is initially seeded with sterile medium. We observed
that flow shears off streamers from the biofilm positioned at the
corners (Fig. S3). These streamers initially consist primarily of

Author contributions: K.D., Y.S., B.L.B., and H.A.S. designed research; K.D. and Y.S. per-
formed research; K.D. and Y.S. contributed new reagents/analytic tools; K.D., Y.S., B.L.B.,
and H.A.S. analyzed data; and K.D., Y.S., B.L.B., and H.A.S. wrote the paper.

The authors declare no conflict of interest.

Freely available online through the PNAS open access option.
1To whom correspondence may be addressed. E-mail: bbassler@princeton.edu or hastone@
princeton.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1300321110/-/DCSupplemental.
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extracellular polymeric substances (EPS; refs. 4, 5) and over time,
these filaments bridge the distances between corners and capture
cells flowing by. Flow therefore affects the biofilm structure not
just by providing nutrients (14, 15) but also by actively shaping
the biofilm (30, 29, 25).
Because the wall-attached biofilm is a necessary precondition

for streamer formation, slowing growth should delay clogging.
Indeed, we found that T is prolonged by the addition of low levels
of tetracycline, a bacteriostatic compound (Fig. 2B; see Fig. S4 for
the effect on growth rate), which indicates that T is determined
by cell growth. As τ is independent of growth (Fig. 2C), some
other mechanism must be responsible for the clogging duration.
We wondered whether advective transport of cells to the clogging
site could be responsible for τ. To test this idea, we loaded the
apparatus with cells expressing gfp for the first 43 h, a time that
is significantly before the clogging transition is expected. At this
time, we exchanged the in-flowing culture to one that exclusively
contains cells that express mCherry rather than gfp, but are other-
wise isogenic. We discovered (Fig. 2D, Movie S1) that streamers
contain only mCherry expressing cells, while only very few
mCherry expressing cells attached to the resident (green) biofilm on
the walls of the channel. The rapid clogging transition is therefore
due to cells that are transported to the clog-forming streamers.
To determine how cells that are transported by flow can cause

rapid clogging, we developed quantitative models of streamer
growth. Although many theories of biofilm buildup in porous
materials have been proposed previously (26, 27, 31–33), they
do not apply to our case, as biofilm streamers were not included
in these theories, and we have now demonstrated that they are
of crucial importance in nonuniform flow systems. Consider first
the case of a solid streamer (Fig. 3A). Cells constantly flow past
this streamer, and some of them migrate across streamlines and
come in contact with the streamer, in which case we assume there
is a probability α that the cells get absorbed. For the parameters
of our experiments, this advection-diffusion process predicts (SI
Text) that the radius R of such a streamer would grow approxi-
mately as R ∼ 11 μm (αt)3/4, as a function of time t in hours. Such
streamer growth dynamics and the resulting flow rate decrease
are slow (Fig. S5) and are therefore unlikely to be the domi-
nant contribution to the experimentally observed rapid clogging.
However, if we assume that the biofilm streamer behaves like
a permeable, porous material (27, 31), with cells flowing through

it (Fig. 3B), the equations for the streamer growth predict (SI Text)
that the streamer grows exponentially fast, R ∝ exp(t/τtheory), with
a growth timescale τtheory that is of a similar magnitude to the
experimentally observed clogging time scales. Fig. S5 shows that
the dynamics predicted by the model based on a porous streamer
are qualitatively more consistent with the experiments than
the results from an advection–diffusion-based model of a solid
streamer. High-resolution confocal images of the biofilm structure
during streamer growth reveal (Fig. 3C) that the assumption of
a porous streamer is indeed justified: the main streamer is a net-
work of smaller biofilm filaments with numerous gaps that create
a sieve-like mesh that catches cells, and possibly EPS, flowing
through it (Fig. S3 and Movie S2).
Our model of streamer growth, based on a permeable streamer,

can be further tested by noting that this model predicts a func-
tional dependence of the clogging time scale τtheory ∝ U−1C−1,
where U is the average flow speed prior to the emergence of
streamers, and C is the density of cells in the medium that flows
past the streamer (the full expression for τtheory is given in SI
Text). Fig. 3D shows that τ ∝ U−0.98, consistent with the prediction
for a porous streamer. In addition, τ ∝ C−0.6 (Fig. 3E) at a fixed flow
rate of 4.8 ± 0.8 μL/min, which is a weaker functional dependence
of τ on C than the model predicts. This discrepancy likely arises
because τtheory ∝ C−1 results from the assumption that there is a

Fig. 1. Biofilm streamers cause rapid and sudden clogging. (A) A constant pres-
sure difference Δp drives a suspension of P. aeruginosa cells through the model
microfluidic channel, which is 200 μmwide and 90 μm high. (B) Measurement of
flow rate versus time. The flow rate through this channel only changes slowly
during biofilm buildup on thewalls of the channel for the time period T. Channel
walls are indicated by dashed white lines, and cells constitutively express gfp.
Biofilm streamers expand rapidly and cause clogging over a short time τ.

Fig. 2. Cell growth sets T, while τ is due to a transport process. (A) Semi-
logarithmic plot of the accumulation of cells on the walls, measured via GFP
fluorescence. Different colors represent data from n = 10 independent
experiments. (B) T depends on flow rate, and can be prolonged by slowing
growth with a low concentration of the growth-inhibitor tetracycline (tet).
(C) Tetracycline has no effect on τ. (D) For the first 43 h, cells expressing
gfp are flowed through the channel at a rate 18.1 ± 0.05 μL/min. Sub-
sequently, the in-flowing culture is exchanged to contain only cells pro-
ducing the red fluorescent protein mCherry. Biofilm streamers are
exclusively composed of red cells, whereas very few red cells attach to the
resident green biofilm on the wall, indicating that streamers consist of cells
that were transported to the eventual clogging site by flow (Movie S1).

4346 | www.pnas.org/cgi/doi/10.1073/pnas.1300321110 Drescher et al.
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Discovery of optimal zeolites for challenging
separations and chemical transformations using
predictive materials modeling
Peng Bai1, Mi Young Jeon1, Limin Ren1, Chris Knight2, Michael W. Deem3, Michael Tsapatsis1 & J. Ilja Siepmann1

Zeolites play numerous important roles in modern petroleum refineries and have the potential

to advance the production of fuels and chemical feedstocks from renewable resources. The

performance of a zeolite as separation medium and catalyst depends on its framework

structure. To date, 213 framework types have been synthesized and 4330,000 thermo-

dynamically accessible zeolite structures have been predicted. Hence, identification of

optimal zeolites for a given application from the large pool of candidate structures is

attractive for accelerating the pace of materials discovery. Here we identify, through a large-

scale, multi-step computational screening process, promising zeolite structures for two

energy-related applications: the purification of ethanol from fermentation broths and the

hydroisomerization of alkanes with 18–30 carbon atoms encountered in petroleum refining.

These results demonstrate that predictive modelling and data-driven science can now be

applied to solve some of the most challenging separation problems involving highly non-ideal

mixtures and highly articulated compounds.

DOI: 10.1038/ncomms6912

1 Departments of Chemistry and of Chemical Engineering and Materials Science and Chemical Theory Center, University of Minnesota, 207 Pleasant Street
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USA. 3 Departments of Bioengineering and of Physics and Astronomy, Rice University, 6100 Main Street, Houston, Texas 77005, USA. Correspondence and
requests for materials should be addressed to J.I.S. (email: siepmann@umn.edu).
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Theoretical Aspects
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Copyright c⃝ 2010 by Annual Reviews.
All rights reserved

1947-5438/10/0715-0247$20.00

Key Words
mathematical biology, immunology, statistical mechanics

Abstract
The immune system recognizes a myriad of invading pathogens and their
toxic products. It does so with a finite repertoire of antibodies and T cell
receptors. We here describe theories that quantify the dynamics of the im-
mune system. We describe how the immune system recognizes antigens by
searching the large space of receptor molecules. We consider in some de-
tail the theories that quantify the immune response to influenza and dengue
fever. We review theoretical descriptions of the complementary evolution
of pathogens that occurs in response to immune system pressure. Methods
including bioinformatics, molecular simulation, random energy models, and
quantum field theory contribute to a theoretical understanding of aspects of
immunity.
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y. The materials genome in action: identifying the
performance limits for methane storage†

Cory M. Simon,a Jihan Kim,b Diego A. Gomez-Gualdron,c Jeffrey S. Camp,d

Yongchul G. Chung,c Richard L. Martin,ei Rocio Mercado,f Michael W. Deem,g

Dan Gunter,e Maciej Haranczyk,e David S. Sholl,d Randall Q. Snurr*c

and Berend Smit*afh

Analogous to the way the Human Genome Project advanced an array of biological sciences by mapping the

human genome, the Materials Genome Initiative aims to enhance our understanding of the fundamentals of

materials science by providing the information we need to accelerate the development of new materials.

This approach is particularly applicable to recently developed classes of nanoporous materials, such as

metal–organic frameworks (MOFs), which are synthesized from a limited set of molecular building

blocks that can be combined to generate a very large number of different structures. In this Perspective,

we illustrate how a materials genome approach can be used to search for high-performance adsorbent

materials to store natural gas in a vehicular fuel tank. Drawing upon recent reports of large databases of

existing and predicted nanoporous materials generated in silico, we have collected and compared on a

consistent basis the methane uptake in over 650 000 materials based on the results of molecular

simulation. The data that we have collected provide candidate structures for synthesis, reveal

relationships between structural characteristics and performance, and suggest that it may be difficult to

reach the current Advanced Research Project Agency-Energy (ARPA-E) target for natural gas storage.

Broader context

Natural gas, mostly methane, is an attractive replacement for petroleum fuels for automotive vehicles because of its economic and environmental advantages.
However, it suffers from a low volumetric energy density, necessitating densication to yield reasonable driving ranges from a full fuel tank. Densication
strategies in the market today, liquefaction and compression, require expensive and cumbersome vehicular fuel tanks and rell station infrastructure. If we are
able to develop a nanoporous adsorbent material to store natural gas at ambient temperature and moderate pressure, one could envision a simple fuel tank that
can be relled at home. Modern, advanced nanoporous materials are highly tunable, inundating researchers with practically innite possibilities of materials to
synthesize and test for methane storage. The current research is focused on nding among these millions of possible materials one that can be used to store
natural gas without using liquefaction or compression processes. In this Perspective, we adopt a computational approach to screen databases of over 650 000
nanoporous material structures. Using this nanoporous materials genome approach, we reveal relationships between structural characteristics and perfor-
mance, and suggest that it may be difficult, if not impossible, to reach the current Advanced Research Project Agency-Energy (ARPA-E) target for natural gas
storage using nanoporous materials.

Introduction
Natural gas, which is mostly methane, is an attractive alterna-
tive to petroleum as a transportation fuel because of its

increasing supply1 and possibly lower emissions of greenhouse
gases and other pollutants.2–4 The main technological obstacle
for the replacement of gasoline with natural gas is the
comparatively low volumetric energy density of natural gas. On
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Valais, Rue d’Industrie 17, Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-
1950 Sion, Switzerland
iWatson Group, IBM Almaden Research Centre, San Jose, California 95120

† Electronic supplementary information (ESI) available. See DOI:
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Development of a Maleimide Amino Acid for Use as a Tool
for Peptide Conjugation and Modification

Kenneth Christopher Koehler • Daniel L. Alge •

Kristi S. Anseth • Christopher N. Bowman

Accepted: 25 March 2013 / Published online: 9 April 2013
! Springer Science+Business Media New York 2013

Abstract An amino acid possessing a maleimide side
chain was developed and synthesized in good yield. With a

propensity to undergo the Michael addition reaction, the

creation of a maleimide amino acid derivative was targeted
for use as a highly functional tool for enabling peptide

conjugation and structural modifications. After addressing

the inherent potential side reactions of maleimides during
solid phase peptide synthesis, the ability to incorporate the

maleimide amino acid in an RGDS peptide sequence was

demonstrated. 1H NMR and mass spectroscopic techniques
enabled thorough characterization of the peptide sequence,

confirming the presence of the maleimide functionality.

Once characterized, the ability to use the maleimide moiety
as a peptide modification tool was investigated. Specifi-

cally, it was shown that the maleimide functional group

could be exploited, given the proper reaction conditions, to
anchor a peptide to a surface and create a cyclic confor-

mation from a linear sequence. Furthermore, bioactivity of

the peptide containing maleimide amino acid was evalu-
ated by studying cellular interactions with surfaces func-

tionalized with an integrin binding sequence.

Keywords Michael addition ! PEG hydrogel !
Macrocycle ! Diels–Alder reaction

Introduction

Peptides represent a large potential source for the develop-

ment of therapeutic compounds and biologically responsive

materials. In their native conformation many peptide
sequences suffer setbacks, such as low bioavailability,

decreased stability and rapid enzymatic breakdown (Bird et al.

2010), which hinder their use in therapeutic applications.
These setbacks can often be mitigated or removed completely

by synthetically altering the peptide’s sequence or confor-

mation. However, when composed of naturally occurring
amino acids, a limited number of functional chemical handles

exist, such as amines, thiols and carboxylic acids, to enable the

ability to conjugate the sequence to another biomolecule or
material and/or change a peptide’s conformation. Exploitation

of protecting groups commonly used in peptide synthesis and

the introduction of synthetic, non-natural residues have
increased the number of reactions that are available to facili-

tate the modification of a given peptide structure.
One approach to increase the viability of incorporating

peptides into therapeutic compounds and materials involves

the cyclization of a linear sequence to form macrocycles or
staples. As compared to their linear counterparts, peptides

presented in cyclic or stapled format have been shown to

exhibit increased stability, higher binding efficiency and a
decreased susceptibility to degradation by enzymatic proteases

(Bird et al. 2010; Bernal et al. 2007; Cascales and Craik 2010).

Many strategies, including lactam formation, photochemical
techniques (Aimetti et al. 2010; Meutermans et al. 1999),

olefin metathesis (Bird et al. 2010; Bernal et al. 2007; Cascales

and Craik 2010), and extended native chemical ligation (Shao

Electronic supplementary material The online version of this
article (doi:10.1007/s10989-013-9347-y) contains supplementary
material, which is available to authorized users.
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ABSTRACT: Hydride-terminated silicon (Si) nanocrystals were capped with dodeca-
nethiol by a thermally promoted thiolation reaction. Under an inert atmosphere, the
thiol-capped nanocrystals exhibit photoluminescence (PL) properties similar to those of
alkene-capped Si nanocrystals, including size-tunable emission wavelength, relatively high
quantum yields (>10%), and long radiative lifetimes (26−280 μs). X-ray photoelectron
spectroscopy (XPS) and Fourier transform infrared (FTIR) spectroscopy confirmed that
the ligands attach to the nanocrystal surface via covalent Si−S bonds. The thiol-capping
layer, however, readily undergoes hydrolysis and severe degradation in the presence of
moisture. Dodecanethiol could be exchanged with dodecene by hydrosilylation for
enhanced stability.

■ INTRODUCTION

Silicon (Si) is an extraordinarily useful semiconductor,
employed in a wide variety of commercial applications,
including transistors, optical detectors, and solar cells, yet is a
very poor light emitter.1 By creating quantum dots, Si can be
made to emit light efficiently with color that can be tuned with
size from near-infrared to visible wavelengths.2−5 These optical
properties make Si quantum dots an earth-abundant alternative
to toxic cadmium (Cd)- and lead (Pb)-containing nanocrystal
light emitters.6,7 Si is also biodegradable7 and offers other
unique electronic and thermoelectric properties8 that are
potentially useful for a range of applications, such as imaging
contrast agents,6,7,9,10 sensors,7 light-emitting diodes,11,12

photovoltaic devices,13−15 thin-film transistors,16,17 and optical
displays,18 to name a few.2,19

Colloidal quantum dots are stabilized using molecular
(typically organic) capping ligands to prevent oxidation and
corrosion, provide dispersibility in solvents, and prevent
aggregation.20,21 Thus far, the most common and effective
approach to capping Si nanocrystals involves the addition of
alkenes by hydrosilylation.3,10,22−30 This provides good
stabilization of the luminescence, even in the presence of air,
but the hydrocarbon ligands are covalently and irreversibly
bonded to the Si surface, which makes synthesis by arrested
precipitation from Si reactants impossible in the presence of
alkenes and prevents further manipulations, as in the deposition
of an inorganic shell or an exchange of capping ligands. In this
context, amines have shown some promise as a labile ligand for
Si; for example, dodecylamine has been applied as a capping
ligand for Si nanorod synthesis aided with tin and gold seed

particles.30−33 However, amines have been shown to signifi-
cantly influence the optical properties of Si nanocrystals.34−36

Here, we show that alkanethiols can be used as capping
ligands for Si nanocrystals and allow for ligand exchange with
alkenes. Alkanethiols have been used extensively as capping
ligands on many other types of nanocrystals but not Si.37−41

We find that thiol-capped Si nanocrystals exhibit size,
crystallinity, and PL properties similar to those of the alkene-
passivated Si nanocrystals but are very susceptible to hydrolysis
and degradation in the presence of moisture. Dodecanethiol
could also be exchanged with alkenes by a subsequent thermally
promoted hydrosilylation reaction.

■ MATERIALS AND METHODS
Materials. FOx-16 was purchased from Dow Corning. 1-

Dodecanethiol [CH3(CH2)11SH > 98%], anhydrous toluene (C7H8),
anhydrous ethanol (C2H5OH), and anhydrous methanol (CH3OH)
were purchased from Sigma-Aldrich. Ethanol, chloroform, and
hydrochloric acid (HCl, 37.5%) were obtained from Fisher Scientific.
Hydrofluoric acid (HF, 48%) was obtained from EMD Chemical.
Deionized (DI) water was obtained using a Barnstead Nanopure
Filtration System (17 MΩ resistance).

Si Nanocrystal Synthesis and Ligand Exchange. Hydride-
terminated Si nanocrystals were synthesized using published
procedures.3,42 In a typical synthesis, 30 mL of FOx-16 is evaporated
under vacuum in a Schlenk line to form a white residue of hydrogen
silsesquioxane (HSQ). This is heated under forming gas (93% N2 gas
and 7% H2 gas) flow at 1100−1250 °C for 1 h. Nanocrystals with
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Vascular Targeting of Nanocarriers:
Perplexing Aspects of the Seemingly
Straightforward Paradigm
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Objectives and Challenges of Vascular Targeting
of Nanocarriers. Drug Delivery Systems (DDS).

DDS promise to improve pharmacotherapy
by optimizing: (i) drug solubility, (ii) its isola-
tion from the body en route to the target
site, (iii) its pharmacokinetics (PK) and bio-
distribution (BD), (iv) control of activity, (v)
permeation through biological barriers, and
(vi) targeting (Figure 1).1!5 Nanocarriers for
drug delivery have diverse chemical con-
tents,6!10 morphologies, surface features,
geometries, and physical properties.1,11!20

Intricacies of their design have been re-
viewed elsewhere;21!24 this article instead
focuses on the biological aspects of carrier
interactions with target cells.

DDS and drugs are eliminated by the
reticuloendothelial system (RES, including
liver, spleen, and lymphatic nodes) and

other tissues;kidneys, lungs, and the bile
tract.25,26 A carrier can “passively” accumu-
late in a desired sites. For example, particles
in the size range ∼10!200 nm tend to ac-
cumulate in tumors and inflammation foci
due to enhanced permeability of pathologi-
cal vasculature25,27 (Enhanced Permeation
and Retention, EPR, Figure 2B). Nonspecific
retention of carriers in the microvasculature
is another example of “passive targeting”28

(Figure 2C). It is exemplified by perfusion
imaging using mechanical entrapment of par-
ticles with diameter 20!50 μm29 and delivery
of plasmid DNA using cationic liposomes that
bind to negatively charged vascular cells.30

Delivery is enriched in areas downstream from
the site of injection, where released drug is
removed by blood. “Passive targeting” pro-
vides little, if any, guidance in cellular delivery.

* Address correspondence to
muzykant@mail.med.upenn.edu.

Received for review January 8, 2014
and accepted April 30, 2014.

Published online
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ABSTRACT Targeted nanomedicine holds promise to find clin-

ical use in many medical areas. Endothelial cells that line the luminal

surface of blood vessels represent a key target for treatment of

inflammation, ischemia, thrombosis, stroke, and other neurological,

cardiovascular, pulmonary, and oncological conditions. In other

cases, the endothelium is a barrier for tissue penetration or a victim

of adverse effects. Several endothelial surface markers including

peptidases (e.g., ACE, APP, and APN) and adhesion molecules (e.g.,

ICAM-1 and PECAM) have been identified as key targets. Binding of

nanocarriers to these molecules enables drug targeting and subsequent penetration into or across the endothelium, offering therapeutic effects that are

unattainable by their nontargeted counterparts. We analyze diverse aspects of endothelial nanomedicine including (i) circulation and targeting of carriers

with diverse geometries, (ii) multivalent interactions of carrier with endothelium, (iii) anchoring to multiple determinants, (iv) accessibility of binding sites

and cellular response to their engagement, (v) role of cell phenotype and microenvironment in targeting, (vi) optimization of targeting by lowering carrier

avidity, (vii) endocytosis of multivalent carriers viamolecules not implicated in internalization of their ligands, and (viii) modulation of cellular uptake and

trafficking by selection of specific epitopes on the target determinant, carrier geometry, and hydrodynamic factors. Refinement of these aspects and

improving our understanding of vascular biology and pathology is likely to enable the clinical translation of vascular endothelial targeting of nanocarriers.

KEYWORDS: drug targeting . intracellular delivery . nanoparticles . nanomedicine . nanocarriers . endothelium .
cell adhesion molecules . ICAM-1 . ACE . PECAM
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The electronic properties of solution-processable small-molecule
organic semiconductors (OSCs) have rapidly improved in recent
years, rendering them highly promising for various low-cost large-
area electronic applications. However, practical applications of
organic electronics require patterned and precisely registered OSC
films within the transistor channel region with uniform electrical
properties over a large area, a task that remains a significant
challenge. Here, we present a technique termed “controlled OSC
nucleation and extension for circuits” (CONNECT), which uses
differential surface energy and solution shearing to simulta-
neously generate patterned and precisely registered OSC thin
films within the channel region and with aligned crystalline do-
mains, resulting in low device-to-device variability. We have fab-
ricated transistor density as high as 840 dpi, with a yield of 99%.
We have successfully built various logic gates and a 2-bit half-
adder circuit, demonstrating the practical applicability of our tech-
nique for large-scale circuit fabrication.

organic semiconductors | patterning | small molecules | transistors | circuits

Organic electronics are being rapidly developed to pave the
way for low-cost, large-area, flexible, and transparent elec-

tronics, such as active matrix displays, radiofrequency identifi-
cation tags, and integrated logic circuits (1–6). Solution-processable
small-molecular organic semiconductors (OSCs) are promising for
these applications because of their high performance in organic
thin-film transistors (OTFTs) and their low-cost, large-area proc-
essability (7–11). Recently, solution-processed small-molecule
OSCs have shown record-breaking charge carrier mobility in thin-
film transistors, furthermore providing the exciting prospect of
organic electronics (9–12). However, significant challenges still
remain to realize practical applications of organic electronics.
First, patterning and precisely registering OSCs within the channel
region is imperative to reduce leakage current between neigh-
boring TFTs and parasitic capacitance, and to increase device
yield. Second, low variability in electrical characteristics is essential
so that all OTFTs work in concert with one another to carry out
proper device functionalities. Last, all these features must be
achieved in a scalable and economical manner, as large area
and low cost are key advantages for organic electronics.
To address the above challenges, various groups have devel-

oped methods to pattern OSCs (3, 9, 13–24), such as templating
OSCs (14, 19–21), inkjet printing (9, 18), gravure printing, and
other roll-to-roll coating methods (25–27). In addition, the use
of solvent wetting/dewetting surface treatments has been widely
used in conjunction with the patterning methods described above
(10, 11, 13, 15–17, 22, 28, 29). Despite some promising results,
there remain shortcomings that potentially limit their practical
applicability. Primarily, it is difficult to align drain and source
electrodes to OSCs, as standard photolithography generally
cannot be directly applied due to solvent-induced degradation.

Additive printing methods to place OSCs on electrodes or vice
versa is often difficult to achieve, especially as the density of
TFTs become higher (30). For instance, alignment using inkjet
printing is restricted by the registration capability of the instru-
ment, whereas the size of each OTFT is limited by the droplet
size attainable (22, 31). Another potential issue with these
methods is the variance in electrical characteristics of TFTs due
to the difficulty in obtaining uniform crystal growth on isolated
TFTs over large areas (9, 15, 21, 27, 28, 31–35). Even single
crystalline domains of patterned TFTs may have large variability
in electrical characteristics as a result of random orientation and
size variance.
Self-alignment of OSCs on electrodes has been developed by

various groups to overcome misalignment (36, 37). Vertical TFTs
were created to achieve self-aligned small channels (36, 37);
however, achieving high-device performance requires precise
control of device fabrication. UV light exposure after electrode
patterning can be used to generate a hydrophilic channel between
the electrodes, where OSCs can be selectively isolated and de-
posited (38–40). However, this method is limited to transparent
substrates and only short channels (<500 nm). The UV light can

Significance

Solution-processed organic electronics are expected to pave
the way for low-cost large-area electronics with new and ex-
citing applications. However, realizing solution-processed or-
ganic electronics requires densely packed transistors with
patterned and precisely registered organic semiconductors
(OSCs) within the transistor channel with uniform electrical
properties over a large area, a task that remains a significant
challenge. To address such a challenge, we have developed an
innovative technique that generates self-patterned and self-
registered OSC film with low variability in electrical properties
over a large area. We have fabricated highest density of
transistors with a yield of 99%, along with various logic cir-
cuits. This work significantly advances organic electronics field
to enable large-scale circuit fabrication in a facile and eco-
nomical manner.

Author contributions: S.P., G.G., J.H.K., Y.H., and Z.B. designed research; S.P., G.G., L.S.,
G.P., J.H., J.H.K., and J.P. performed research; S.P., J.H., J.P., T.H.L., J.H.N., Y.H., and Z.B.
contributed new reagents/analytic tools; S.P., G.G., J.H.K., X.G., J.H.N., and Z.B. analyzed
data; S.P., G.G., and Z.B. wrote the paper; and Y.H. and Z.B. managed the project.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1S.P. and G.G. contributed equally to this work.
2To whom correspondence may be addressed. Email: zbao@stanford.edu or yongtaek@
snu.ac.kr.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1419771112/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1419771112 PNAS | May 5, 2015 | vol. 112 | no. 18 | 5561–5566

A
PP

LI
ED

PH
YS

IC
A
L

SC
IE
N
CE

S

Review article

Engineering design and molecular dynamics of mucoadhesive drug delivery
systems as targeting agents

Laura Serra a,b,c, Josep Doménech c, Nicholas A. Peppas a,b,d,*

a Biomaterials, Drug Delivery, Bionanotechnology and Molecular Recognition Laboratories, University of Texas at Austin, Austin, TX, USA
b Division of Pharmaceutics, University of Texas at Austin, Austin, TX, USA
c Department of Pharmacy and Pharmaceutical Technology, School of Pharmacy, University of Barcelona, Barcelona, Spain
d Departments of Chemical and Biomedical Engineering, University of Texas at Austin, Austin, TX, USA

a r t i c l e i n f o

Article history:
Received 27 February 2008
Accepted in revised form 2 September 2008
Available online 17 October 2008

Keywords:
Bioadhesion
Mucoadhesion
Molecular dynamics
Hydrogels
Tethered chains

a b s t r a c t

The goal of this critical review is to provide a critical analysis of the chain dynamics responsible for the
action of micro- and nanoparticles of mucoadhesive biomaterials. The objective of using bioadhesive con-
trolled drug delivery devices is to prolong their residence at a specific site of delivery, thus enhancing the
drug absorption process. These mucoadhesive devices can protect the drug during the absorption process
in addition to protecting it on its route to the delivery site. The major emphasis of recent research on
mucoadhesive biomaterials has been on the use of adhesion promoters, which would enhance the adhe-
sion between synthetic polymers and mucus. The use of adhesion promoters such as linear or tethered
polymer chains is a natural result of the diffusional characteristics of adhesion. Mucoadhesion depends
largely on the structure of the synthetic polymer gels used in controlled release applications.

! 2008 Elsevier B.V. All rights reserved.

1. Introduction

1.1. General concepts of mucoadhesion

Mucus is a viscous and heterogeneous biological product that
coats many epithelial surfaces [1]. Mucus-secreting cells are
widely spread in different locations in the body, including the
nasal, ocular, buccal area and the gastrointestinal, reproductive
and respiratory tracts.

Mainly, the mucus serves as a lubricant to minimize shear stres-
ses and as a protection barrier against harmful substances. How-
ever, mucus can perform other important functions [2–5]. Goblet
cells located in the epithelium are unicellular mucus-secreting
glands.

Mucus is stored in large granules in the goblet cell and can be
released by exocytosis or exfoliation of the whole cell [6]. Mucus
granules are mainly stored in the apical side of the goblet cell,
which results in the characteristic balloon shape of these cells.
Although the secretion of mucus can vary depending on age, sex,
body location and health condition, the average mucus turnover
is approximately 6 h [2]. Goblet cells experience two types of
granules exocytosis: basal secretion, which is characterized by a
low level, continuous and unregulated secretion and stimulated

secretion, which is a regulated exocytosis of granules in response
to extracellular stimuli.

The stimulated pathway can dramatically increase the mucus
secretion [7]. In pathological conditions, secretion of mucus can
considerably vary. For example, in ulceration or inflammation,
the intestinal mucous layer is thinner [8]. In physiological con-
ditions, it has been observed that the mucous layer on the gas-
tric and duodenal epithelial surfaces has a thickness between 5
and 200 lm in the rat, and twice this variation in the human
[9].

Mucus consists mainly of water (up to 95% weight), inorganic
salts (about 1% weight), carbohydrates and lipids (less than 1%)
and glycoproteins (no more than 5% weight). Mucus glycoproteins
are also called mucins and consist of a protein core with branched
oligosaccharide chains attached over 63% of its length [2]. Approx-
imately 80% by weight of the glycoprotein consists of oligosaccha-
rides, which make the mucin more hydrosoluble and also protects
the protein core from proteolytic degradation.

Mucins are responsible for the gel-like properties of the mucus
[2]. Glycoprotein concentrations determine the cohesion of the
mucus. When a critical mucin concentration is achieved, the
hydrodynamic volumes of the molecules start overlapping and a
gel is formed.

The main amino acids in the branched protein blocks are serine
and threonine, which are linked to the oligosaccharide chains by
O-glycosidic bonds. The sugar residues composing the oligosaccha-
ride side chains are galactose, fucose, N-acetylglucosamine, N-acet-
ylgalactosamine and sialic acid. Generally the oligosaccharide

0939-6411/$ - see front matter ! 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.ejpb.2008.09.022
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CBE 30357 - Biological Transport Phenomena
TR 11:00-12:15

356A Fitzpatrick

Course Synopsis
Fluid mechanics, heat transfer and mass transfer can be grouped under the moniker:  
“Transport Phenomena” because the mechanisms for all three involve molecular 
diffusion and convection.  Thus the governing equations for each are very similar.  As a 
starting point  for this subject, fluid mechanics is often chosen as it will be in this course.       1

When possible, example problems and physical phenomena will be chosen from 
physiologically, medically and biologically relevant processes.  Topics will include 
fundamentals of fluid motion and stress in fluids on a microscale, the differential 
equations of fluid flow, solutions of the differential equations, limiting behavior such as 
“creeping flow”, lubrication flow and boundary layer flows and the Bernoulli equation and 
the integral momentum formulation. 

Syllabus
See this as a separate file on Sakai

Instructor
• Mark J. McCready  

Room 257I Fitzpatrick Hall.  (240G  McCourtney) 631-7146, email: mjm@nd.edu
• office hours: 

• W 9:15-10:15, (257 Fitz)
• Th: 1:30-3 (240G McCourtney)
• F:  2:30-3:30 (240G McCourtney)
• (or by appointment or try drop-in)

• chemeprof.com
 
Course Grading

Homework   
Homework is assigned as groups of problems that are usually due on Fridays at 5PM.

  
 

Homework 15%
Hour tests (9/28,11/9) 50%
Final Exam (12/13 
(Wednesday), 10:30 AM)

35%

 Why?  As Tevye exclaims… “Tradition!”1



CBE 30357
Biological Transport Phenomena

Fall 2017
Syllabus

Text:  G. A. Trusty, F. Yuan D. F. Katz : Transport phenomena in biological systems (2nd 
Ed.)

Course Description: This is an introductory course in “Transport Phenomena” with a 
focus on fluid flow.  In so far as possible, example problems and physical phenomena 
will be chosen from physiologically, medically and biologically relevant processes.  
Topics will include fundamentals of fluid motion and stress in fluids on a microscale, the 
differential equations of fluid flow, solutions of the differential equations, limiting behavior 
such as “creeping flow”, lubrication flow and boundary layer flows and the Bernoulli 
equation and the integral momentum formulation.  Some considerations of heat and 
mass transfer will be included when possible.      

Topic ~no. classes (book chapters)

Relevance of topic and introduction of subject 1 (TYK1)

Chapter 2
Fluid kinematics and conservation relations  1 (TYK2)
of mathematical models
Statics, constitutive equations, application of momentum balances 3 (TYK2)
Blood Flow 1 (TYK2)

Chapter 3
Differential momentum balance, derivation,  3 (TYK3)
Solutions of problems obtained from the differential equations
of fluid mechanics 3 (TYK3)

Test 1 (Sept 28)

Dimensional analysis, scaling and simplifications of momentum 
equations 2 (TYK3)
Low Reynolds number (Creeping) flow 1 (TYK3)

Chapter 4

Integral forms of the mass and momentum equations 1 (TYK4)
Problems formulated in integral form 1 (TYK4)
Bernoulli’s equation and associated problems 2 (TYK4)

Test 2 (November 9)

Boundary layer theory 3 (TYK4)
Flow separation, lubrication theory and peristaltic pumping 2 (TYK4)

Chapter 5

Nonsteady flow (time and space) 1  (TYK5)
Branching flows 1  (TYK5)
Arterial flows and atherosclerosis 1  (TYK5)

Final Exam (Wednesday, December 13, 10:30)
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Course Goals and Objectives

1. Reach a level of calculational proficiency such that: units are never a problem, checks for 
dimensional consistency of equations are routinely done, acquisition of “publicly” available 
information (and all physical/chemical properties) are obtained without issue and the values 
are correct ~>95% of the time.

2. Be able to formulate (including understanding shear and normal stresses, velocities and 
pressure), solve and explain steady, (differential) unidirectional fluid flow problems for 
Newtonian, power law and other “simple” fluids.

3. Demonstrate an understanding of the relationship between measured quantities in laminar 
flow (e.g., pressure drop, flow rate), the “solutions” from goal 2 and dimensionless quantities 
such as Reynolds number and friction factor.

4. Develop an understanding of, and reasonable proficiency in, the rationale for simplifying the 
Navier-Stokes equations based on the value of the dimensionless parameter, Reynolds 
number.  

5. Be able to formulate, solve and understand some select, elementary problems in “creeping” 
and “ideal” flows. 

6. Develop a basic understanding of “boundary-layer” theory and be to solve and explain the 
result for simple problems. 

7. Be able to formulate, solve and explain “macroscopic” fluid flow problems that require use of 
a combination of mass, energy (perhaps the Bernoulli equation) and momentum 
conservation. 



CBE 30357:  8/22/17

OVERVIEW

• This course brings in two completely new ideas 

• (at least to you) 

• Conservation of momentum (vector quantity)

• Differential analysis — allows us to solve problems on any length scale

• (We could, but we won’t do much analysis based on molecular concepts)

• “Can’t make money a molecule at a time!)

• I have been saying this since the 1980’s but strictly speaking… it is no longer true!


