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Respiratory fluid mechanics
James B. Grotberg?

Department of Biomedical Engineering, The University of Michigan, 1107 Gerstacker Building,
2200 Bonisteel Boulevard, Ann Arbor, Michigan 48109-2099, USA

(Received 27 January 2010; accepted 28 July 2010; published online 18 February 2011)

This article covers several aspects of respiratory fluid mechanics that have been actively
investigated by our group over the years. For the most part, the topics involve two-phase flows in
the respiratory system with applications to normal and diseased lungs, as well as therapeutic
interventions. Specifically, the topics include liquid plug flow in airways and at airway bifurcations
as it relates to surfactant, drug, gene, or stem cell delivery into the lung; liquid plug rupture and its
damaging effects on underlying airway epithelial cells as well as a source of crackling sounds in the
lung; airway closure from “capillary-elastic instabilities,” as well as nonlinear stabilization from
oscillatory core flow which we call the “oscillating butter knife;” liquid film, and surfactant
dynamics in an oscillating alveolus and the steady streaming, and surfactant spreading on thin
viscous films including our discovery of the Grotberg—Borgas—Gaver shock. © 2011 American

Institute of Physics. [d0i:10.1063/1.3517737]

I. INTRODUCTION AND RESPIRATORY ANATOMY

The respiratory system consists of two lungs, right and
left, situated in the thorax and connected via their primary
bronchi to the trachea and upper airway of the nose and
mouth, see Fig. 1. The bronchi, or more generally the air-
ways, then form a branching network which, for the most
part, is a sequence of bifurcations. Each level of branching is
called a generation, starting with the trachea as generation
n=0, the primary bronchi, generation n=1, and so on. For a
perfectly bifurcating system, there will be 2" airway tubes at
generation n. For 0=n =16, the airways only conduct the
gas flow in and out, they do not have any specialized appa-
ratus for exchange of oxygen and carbon dioxide between air
and blood. It is the conducting zone. For 17=n=19, there
start to appear small air sacs, alveoli, on the airway walls.
Alveoli are thin-walled and compliant with a rich capillary
blood supply and are designed for gas exchange. These spe-
cial airways are the respiratory bronchioles. For 20=n=22,
the walls of the tubes or ducts are entirely made of alveoli,
and then for n=23, there is the terminal alveolar sacs which
are clusters of alveoli. From generations n=17 to the alveo-
lar sacs is the respiratory zone.

Just for comparison, the tracheal diameter is d,
=1.8 cm in an adult, while the diameter of a terminal alveo-
lIus is ~200-300 wm. The total cross-sectional area at the
trachea is approximately A0=7Td(2)/4~2.5 cm?, but the total
surface area of all the 300 X 10° alveoli is 90 m?, similar to
the surface area of a tennis court (singles). The enormous
available surface area for gas exchange is far beyond what is
essential for basic life, but gives great reserve for acute situ-
ations such as exercise or disease. For reasonable ventilation
rates, the Reynolds number can range widely over the gen-
erations, thousands in the trachea, and much less than one in
the alveoli.
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The inside of the lung is coated with a liquid lining as
indicated in Fig. 1. For the first 15 generations or so, the
liquid lining consists of two layers. The serous layer is wa-
tery and adjacent to the airway wall which includes cilia that
beat toward the mouth. The mucus layer is on top of the
serous layer. Mucus has a number of non-Newtonian proper-
ties including viscoelasticity, shear thinning, and a yield
stress. The serous fluid is essentially Newtonian.

The liquid layer is just the serous layer further out in the
lung and the alveolar type II cells manufacture surfactants
which orient at the air-liquid interface and reduce the surface
tension significantly. Surfactants keep the lung compliant.
Surfactant deficits or malfunction make the lung stiff and
difficult to inflate.

Il. CLINICAL APPLICATIONS
A. Surfactant replacement therapy

The airways convey ambient gas into and out of the lung
for uptake of oxygen and removal of carbon dioxide. How-
ever, there are a number of situations in which liquid plugs
form in an airway and block it from gas exchange. This can
happen intrinsically: in normal subjects at full expiration in
the lower lung, in diseases with excess liquid in the lungs
(pulmonary edema, congestive heart failure, cystic fibrosis,
asthma, emphysema). It can also occur from extrinsic fac-
tors: therapeutic liquid delivery into the lung as in surfactant
replacement therapy,1 delivery of drugs,z’3 genetic
material,“’5 stem cells,6’7 liquid Ventilation,g’9 and drowning.

Surfactant replacement therapy is used for prematurely
born infants who lack sufficient natural surfactant, so they
have high surface tension in their lungs which are conse-
quently mechanically stiff and difficult to ventilate, see Fig.
2. Prematurity of several weeks of course results in low
birthweight as can be appreciated in the photo. Breathing is
very difficult for these babies, and prior to the advent of
surfactant replacement therapy, the mortality rate was sadly

© 2011 American Institute of Physics
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FIG. 1. The respiratory system.

high. Figure 2 also shows the route of instilling a liquid
bolus of commercial surfactant into the lungs via an endot-
racheal tube. While the replacement of surfactant by this
method has decreased mortality by 30%—-50%, the remaining
50%-70% do not survive. One of our goals has been to in-
vestigate and understand the fluid mechanics of this delivery
process so improvements on delivery can be made.

As part of the investigation, we collaborated with the
physiologists to image the delivery of a liquid bolus into rat
lungs. A typical lung is shown in Fig. 3.1 The lung is sus-
pended by its tracheal connection to a ventilator and a liquid
instillation system. The liquid surfactant (Survanta, Ross
Laboratories, Columbus, OH) was instilled, with a small
amount of radio-opaque marker, and its propagation while
volume-cycling the lung is shown in Fig. 4 (video). The re-
lated video shows the plug formation and propagation to the
distal airways. From the x-ray density distribution, it is pos-
sible to calculate the center of mass, and various moments,
which fair well in comparison to plug propagation theory in
a single tube."! Plug formation during instillation of a liquid
bolus into a tube has been studied in experiments12 and the
distribution of the liquid bolus as it progressively coats the
airways and splits at bifurcations has been studied in one-
dimensional models.'>'*

Example of Extrinsic Liquid Plug:
Surfactant Replacement Therapy

-- Surfactant replacement therapy
in premature infants.

-- Partial or total liquid ventilation.

-- Drug, gene, stem cell delivery.

FIG. 2. (Color) Surfactant replacement therapy in premature neonates.
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Experimental Setup — Lung Close-up

» The excised lung suspended and
ventilated from tracheal cannula.

« A small diameter tube attached
to a syringe was inserted into the
cannula (upper center of figure).

« A surfactant bolus was formed in
the cannula by injecting 0.05 ml of
surfactant through the small
diameter tube.

(Courtesy of Robert Molthen, Medical College
of Wisoonsin, Milwaukee, WI)

FIG. 3. (Color) Excised rat lung experimental setup for imaging surfactant
liquid plug transport as a model of SRT.

B. Liquid ventilation

Another approach to reducing the surface tension in
these neonates has been to attempt ventilation by liquid
rather than gas. The idea is to reduce the effects of surface
tension by changing the air-liquid interface to a liquid-liquid
interface. For liquid ventilation, a perfluorocarbon fluid,
which can carry high amounts of oxygen and carbon dioxide,
is used to cycle the lung instead of a gas. Some success in
various animal models has been seen at this stage.lS_17

C. Airway closure

Another way for plugs to be in an airway is from the
airway’s own liquid lining. When the lining layer is too
thick, a Rayleigh instability can develop and create a
pluglg_21 which closes the airway and stops gas exchange for
that tube and all distal parts of the lung which are fed air
flow by that tube. Figure 5 demonstrates this intrinsic liquid
plug formation in a sequence of sketches. The insert video™
shows the closure process in a core-annular system with oil
as the annular film and water as the core. The instability can

Micro-CT Movie of Surfactant
Instillation — Single Dose

Experimental Conditions
» Excised Rat Lung

« Lung Suspended Vertically

« Normal Bolus Volume

« Surfactant = Survanta

« Ventilation Rate - 60 br/min

(Click image to start/stop movie)

FIG. 4. Micro-CT of a surfactant liquid bolus delivered into the rat lung of
Fig. 3 (enhanced online).[URL: http://dx.doi.org/10.1063/1.3517737.1]
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Airway Closure and Reopening

yquid film

rigid tube (O Air () Air
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Airway reopening plug propagation & rupture

FIG. 5. (Color) Intrinsic liquid plug formed from capillary, or capillary-
elastic, instability.

flexible tube

Film rupture: crackle

be enhanced by flexibility of the airway wall which can par-
tially collapse, giving a capillary-elastic instability as shown
in sequence.23’

D. Airway reopening

To reopen the airway, airflow (say during inspiration)
transports the plug and if the precursor liquid film is thinner
than the trailing film, the plug’s volume decreases until it
ruptures, thus reopening the airway for gas exchange. It is

Phys. Fluids 23, 021301 (2011)

thought that this rupture process causes an acoustical signal
called a “crackle,” which can be heard by stethoscope placed
on the chest wall near enough to the source. Inspiratory
crackles are the hallmark of diseases which increase the pres-
ence of liquid in airways and alveoli (e.g., congestive heart
failure, pulmonary edema, pneumonia, bronchitis, asthma,
emphysema, cystic fibrosis). If the airway is flexible enough,
a “peeling open” process can occur as shown.”

lll. LIQUID PLUG PROPAGATION
A. Steady plug propagation in a flexible tube

Common to all of the above examples of liquid plugs in
airways is their propagation due to air flow. Figure 6 is a
selection of results from an asymptotic solution for liquid
plug propagation in a flexible tube,”® which can be consid-
ered as either a liquid delivery or airway reopening applica-
tion. The assumptions of Re=0 and Ca><1 lead to an
O(Ca) viscous problem in the plug core which can be ig-
nored. So the plug has a constant plug core pressure, and
flow resistance is dominated by the transition regions, at
O(Ca'’®) which join the plug core to the precursor and trail-
ing films. A generalized Landau-Levich equation is found
with new information about the wall elasticity. Interestingly,
in the limit of high longitudinal wall tension, competing
length scales of the wall and the air-liquid interface create a
double boundary layer in the axial direction with outer, in-
termediate (wall tension dominated), and inner (surface ten-
sion dominated) regions.

Asymptotic Approach to Liquid Plug Propagation

Propagation of a liquid bolus along a liquid-lined tube

R

Re=0, Cal3< <1, wall elastance & tension
Plug core viscous effects O(Ca), negligible

Transition regions dominate, G,—0 rigid
Meee = TG — 1
T T =GP
Generalized Landau-Levich Eq
Quter, inner, intermediate regions

Tran 1 ! Tran 2

Howell, Waters, Grotberg JFM 2000

20 (@) ’

16 ] \. "

P R

0.8 f \

A

=5 (1] 10

h, (iII'plItI) vs h, (output)

os| | |

0.6 / \ /

0-2"—/ % " T os x:_f s 020

. Plug Rupture Criteria:

R 0 5 Airway Reopening h; > h,

FIG. 6. Asymptotic solution of a liquid plug propagating in a flexible tube. Upper left: problem sketch and definitions; upper right: generalized Landau-Levich
equation and asymptotic boundary layer regions; lower left: wall and interface positions for precursor film thickness %, > trailing film thickness A, and h, <h;;
lower right: time rate of plug volume change for three values of I" as a function of the capillary number, Ca. Reprinted with permission P. D. Howell, S. L.
Waters, and J. B. Grotberg, J. Fluid Mech. 406, 309 (2000). Copyright ©2000, Cambridge University Press.
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2-D Steady Plug Propagation in Channel

« AP=P,-P, drives plug at constant speed U.

« h,=h,, for the steady state.

« Soluble surfactant, Newtonian fluid.

« Surfactant in far precursor film is prescribed.
* L/H, hy/H=h,/H prescribed for steady state.

FIG. 7. Steady 2D plug propagation in a channel, showing definitions and
problem assumptions. Reprinted with permission from H. Fujioka and J. B.
Grotberg, Phys. Fluids 17, 082102 (2005). Copyright 2005, American Insti-
tute of Physics.

B. Steady plug propagation and effects of surfactant

Figure 7 is a schematic of a liquid plug in a two-
dimensional channel propagating at speed U due to the driv-
ing pressure P;—P,. The fluid is Newtonian and contains a
soluble surfactant whose bulk concentration is C and surface
concentration is I'. The local surface tension depends on the
surface concentration of surfactant, o=0o(I"). This model as-
sumes steady flow, so h;=h,.

Numerical solutions for this problem were presented in
Ref. 27 by solving the continuity and steady Navier—Stokes
equations, along with conservation of C and I, and the in-
terfacial (adsorption-desorption) kinetics between them. The
kinematic boundary conditions on the wall and interface, as

Phys. Fluids 23, 021301 (2011)

well as the normal and tangential stress boundary conditions
at the interface, must also be satisfied. Using a nonlinear
(modified Frumkin) equation of state o(I") between the sur-
face tension and the surface leads to a sample solution of the
pressure and velocity fields, as well as the surfactant concen-
tration field shown in Fig. 8. The important dimensionless
groups are the Reynolds number, Re=pUH/ u, and the cap-
illary number, Ca=uU/ o,,, where o, is the surfactant-free
surface tension. In order to express the plug speed in only
one of these, an equivalent pair of parameters is Re and A
=Re/Ca=pHo,,/ x*. From the surfactant conservation equa-
tions there are the bulk and surface Peclet numbers, and from
the equation of state we have the surface elasticity parameter
E=—",./0,,)(da/dl') which reflects the Marangoni number
Ma=E/Ca.

Figure 8 from Ref. 27 shows the plug propagation in the
frame of the plug, so the wall is traveling to the left at di-
mensionless speed of —1. This example has Re=50, A
=1000 and the plug length scaled on H is Lp=0.5. The lower
half of the figure shows the streamlines and pressure field,
while the symmetric upper half shows velocity vectors. Note
that there are two distinct flow regions in the lower half: the
wall layer and the plug core vortex. Six stagnation points
arise, all on the interface, with two at the midline, two in the
lower half and two in the upper half of the plug. The precur-
sor film has a capillary wave with a minimum thickness just
in front of the core denoted by A, where wall shear stress
becomes maximal.

Plug propagation with surfactant is shown in Fig. 9 from
Ref. 27. For E=0.7 and the remaining parameter values as
indicated, there are significant differences from Fig. 8. The
six stagnation points have become four, and are all on the
midline, with two in the interface and the other two internal,
see insert. Consistent with this change is that the surface

Flow and Pressure: No Surfactant

1 ~—
?:&‘& _= = = = % > = E |
L 7\ 3 7 i
05 [ y 4
- °F S —_ e
s : ]
[ IL=0. m 2-15-1 050 05 1

0.56

05 | sn O=Cap=pHla,
)5
4

Re=50, A=1000, L,=0.5

* 6 stagnation points, all on the interface

* Two flow regions: recirculation core and flow-through wall layer
* Recirculation region low velocity

* Capillary wave at front

* Pressure minimized at A in capillary wave

FIG. 8. (Color) Steady plug propagation with no surfactant. Reprinted with permission from H. Fujioka and J. B. Grotberg, Phys. Fluids 17, 082102 (2005).
Copyright 2005, American Institute of Physics.
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Flow, Pressure, and Surfactant (Lp=0.5)

Re=50,1=1000, L=0.5, Sc=10, Sc,=100,
K,=10¢, K,=102, y=10"3, E=0.7, C,=10
B S

05 N HIE

C: 100E04 100603 1.00602

T 2-15-1-050 05 1

B U=Cap=pHIc,

4 stagnation points on midline, 2 on interface, 2 internal

The recirculation zone is no longer in contact with the interfaces.
Thicker transition region at front, thinnest point at B

The maximum concentration attains at the front meniscus

FIG. 9. (Color) Steady plug propagation with surfactant. Reprinted with
permission from H. Fujioka and J. B. Grotberg, Phys. Fluids 17, 082102
(2005). Copyright 2005, American Institute of Physics.

velocities at the front and rear of the plug core are reversed
from the no-surfactant case, driven now by surface tension
gradients. The film thickness at point A is much thicker, thus
reducing the shear stress on the wall there. The surfactant
concentration is shown in the upper half and reveals the
buildup of surfactant in the front of the plug. Additional
work in this area for long bubbles has been done by
others.”**

The fluid stresses on the walls can influence the airway
epithelial cells by provoking the release of bioactive mol-
ecules as well as injuring them. Figure 10 from Ref. 27
shows the distribution of wall pressure and shear stress for
the steady plug at different values of Re. The plug length is
Lp=2, so the front of the plug at the midline, y=0, is at x=1

Phys. Fluids 23, 021301 (2011)

and the rear at x=—1. The pressures and shear stresses in-
crease with increasing Re. The region in front of the plug
sees the largest shear stress and the most negative pressure,
as well as experiencing the largest axial gradients of pressure
and shear stress. There are a number of industrial applica-
tions of liquid plug propagation including oil recovery tech-
nology, hazardous waste removal, and microchannel
reactors.’’ 2

C. Steady plug propagation and effects of gravity

Figure 11 shows results of a computational study of lig-
uid plug propagation in a channel with the effects of
gravity.33 For the Bond number, Bo=0.1, fluid from the up-
per precursor film near the interface is entrained by the upper
vortex, then handed off to the entrained flow of the lower
vortex, and then into the lower trailing film. This process is
more evident for Bo=0.6, where the vortices are smaller and
the relative thickening of the lower trailing film more promi-
nent.

Figure 12 from Ref. 33 shows the effects of surfactant on
the plug of Fig. 11. Note the bounding streamlines of the
vortices form saddle points, and there is accumulation of
surfactant at the lower front interface. The recirculation is
weaker in the vortices.

D. Unsteady plug propagation

Figure 13 shows the results of unsteady plug propagation
based on the computations found in Ref. 34. At =0 the plug
is exposed to a dimensionless unit pressure drop P;—P,=1.
The left frame is the plug speed, Ca, while the right frame is
the plug length Lp. Two sets of results are in each graph,

Wall Pressure and Shear Stress
2=1000, L,=2, Sc=10, Sc,=100, K,=10¢,
K,=102, =103, E=0.7, C,=10**

125
100F

075 .. ...
0.50
025

l} 0.00

025

A25F e Re=70 " 3

g

X
Wall Pressure 11=Ca-p=p'H/o,

0.50

0.40
0.30
0.20
0.10

& 000

-0.10

0.20

-0.30

-0.40

-0.50

X
Wall Shear Stress = -2 -«

« Wall pressure and shear increase with Re: can affect cells.
« In the front meniscus, both stresses oscillate in the capillary wave.

FIG. 10. (Color online) Wall pressure and shear stress for different Re. Reprinted with permission from H. Fujioka and J. B. Grotberg, Phys. Fluids 17, 082102

(2005). Copyright 2005, American Institute of Physics.
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Bo=0.1, 0.6
a=90°

Ca=0.05, Bo=0.1,LP=0.5,Re=0 Ca=0.05, Bo=0.6,LP=0.5,Re=0
| P4 -2 7 & 5 P mi _5

VS=0149 VS=0074

L Vs=0.149 S VSO

——— Lowerwal
Upperwall

T
AN o N AL
T
AN o N &L
o

\Q/y

K] 2 1 -1 (x) 1

* Bypass flow from upper precursor film to lower trailing film.
* Recirculation decreases with increasing Bo.

* Lower (upper) wall shear stress decreases (increases).

FIG. 11. (Color) Gravity effects on plug propagation. Reprinted with permission from Y. Zheng, H. Fujioka, and J. B. Grotberg, Phys. Fluids 19, 082107
(2007). Copyright 2007, American Institute of Physics.

plugs with no surfactant and plugs with surfactant, and surfactant is present, the plug can reach an essentially con-
within those two groups are several values of the precursor  stant length as time increases. So a strategy may be available
thickness %,. The plug ruptures when Lp goes to zero, which  to deliver the plug contents farther downstream if surfactants
occurs for all nonsurfactant plugs in this set of results. When are used by avoiding rupture. If a plug contains transportable

Effects of surfactant

1

T

Ca=0.05, Bo=0.6,LP=0.5,Re=0, E=0.7, CO= 104 o=90°

05
> >
05
1 -
4 i X i X
2 .
. om Color: surfactant concentration contour
—— Lowerwall
2 ———— Upperwal
4

 Recirculations are weaker with soluble surfactant (E=0.7).
» Saddle points exist inside the plug core.
» Surfactant accumulates at the lower front transition region.

FIG. 12. (Color) Surfactant effects on plug propagation with gravity. Reprinted with permission from Y. Zheng, H. Fujioka, and J. B. Grotberg, Phys. Fluids
19, 082107 (2007). Copyright 2007, American Institute of Physics.
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Effect of Precursor Film Thickness on L, and Ca
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t
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B : withsurhctantC =10° |
osf N\ T Moo -
PT L]
[ i
0.4}~ -1
0.2 -
B no surfactant '
[ L . | 1 i ) A 1 Il 2 | i
0 400 600 800

sVVhenthe trailing imis thicker than the precursor film, Lp decreases and Ca increases.
*The plug propagation speed, Ca decreases as h, decreases.

*Surfactant causes Ca to decrease.

sLpfor h,=0.03 shows the shortest time to rupture;
‘mass-losing rate: Q ~ Ca(hy-hy), y~Ca?3

FIG. 13. (Color) Time-dependence of the plug speed (Ca) and plug length L, for different values of the precursor film thickness /,. Reprinted with permission
from H. Fujioka, S. Takayama, and J. B. Grotberg, Phys. Fluids 20, 062104 (2008). Copyright 2008, American Institute of Physics.

materials that are targeted to the airways, then it would be
beneficial to have the rupture occur just downstream of those
airways so the largest possible dose goes to them. Examples
could be delivery of antibiotics, genetic material, or even
stem cells. If the target is the alveoli, as is common for
surfactant delivery, then it is better to avoid rupture and have
the contents reach the alveoli as much intact and undiluted as
possible.

E. Effects on epithelial cells: Airway on a chip

When a liquid plug is close to depositing all of its vol-
ume into the trailing film, the plug becomes so thin at its
midline that it will rupture. In the lung, this event can create
a sound called a respiratory crackle which is heard with a
stethoscope. Clinically it can be an indication of pulmonary
edema or other fluid buildups such as pneumonia or an ex-
cess of mucus (asthma, emphysema, cystic fibrosis). In addi-
tion to being a clinical sign, however, is the plug rupture
process also injurious to the lung? This question was studied
in Ref. 35 by a microfluidic system shown in Fig. 14. Human
pulmonary airway epithelial cells were grown on a mem-
brane with an underlying media bath and an overlying liquid
film, i.e., an airway on a chip.36 Liquid plugs were propa-
gated over the cells and then the cells were stained to look
for damage.

Figure 15 shows the stained cells: green are healthy and
red cells are dead. The protocol called for 5 or 10 plugs/min
for 10 min. The passage of the plugs over cells is clearly
damaging, as the red count is evident at stations B, C, and D.
However, the plugs ruptured at station A, and there the rup-
ture causes a significant increase in cell death. This is the

first understanding in the field of respiratory medicine that
the crackle sounds heard so routinely by physicians are also
a potential source of injury. Fundamental fluid mechanics has
been an important means of revealing this connection.

IV. LIQUID PLUG SPLITTING

When the plug reaches an airway bifurcation, it will split
in some ratio depending on the physical features of the flow.
Then it will split at successive airway generations, so that
understanding the split phenomena will shed light on what
determines the final distribution of the plug. A split ratio of
unity at each bifurcation would lead to a homogeneous dis-
tribution, for example. Other values will leave the distribu-
tion non-homogeneous. Gravity effects are important for this
split in the larger airways where the Bond number is appre-
ciable. Figure 16 shows an experimental apparatus from the
work in Refs. 37 and 38 used to measure the split ratio Rg
defined as the plug volume going uphill divided by the vol-
ume going downbhill. This keeps 0=Rg=1 as a function of
the initial plug capillary number, the Bond number, the initial
plug volume, and the roll and pitch angles, ¢ and v, respec-
tively.

Figure 17 shows the problem formulation for a simple
theory of plug splitting.37 The law of Laplace is used for the
pressure jump across the interfaces, Poiseuille Law is used
for the viscous pressure drop from the rear interface to the
bifurcation, and then again from the bifurcation to each of
the two front interfaces while incorporating gravity. For a
tube experiment, there is no precursor film so an extra pres-
sure drop due to the moving contact line is included.”
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Micro-engineered In Vitro Small Airway System
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FIG. 14. (Color) Microfluidics system for exposing human pulmonary airway epithelial cells to liquid plugs. Reprinted with permission from D. Huh, H.
Fujioka, Y. C. Tung, N. Futai, R. Paine, J. B. Grotberg, and S. Takayama, Proc. Natl. Acad. Sci. U.S.A. 104, 18886 (2007). Copyright 2007, National Academy

of Sciences, U.S.A.

Figure 18 shows the results of the experiments and features of the data that increasing Ca, increases Ry toward
theory by plotting split ratio Rg versus the capillary number unity with an asymptote which decreases as the roll angle
Ca,, of the plug when it starts in the parent tube, for different increases. Also, there is a critical value of Ca, below which
roll angles 7 The theory captures the important qualitative  Rg=0, i.e., the plug goes completely downhill when its speed

Liquid 10PR SOPR 100PR
flow

E3

Wall shear stress (dynes/cm?)

=3

8

8

FIG. 15. (Color) Results of plug passages and ruptures over the airway cells. Red cells are dead and green are alive. (a) Single-phase liquid flows do not
damage differentiated cells. Exposure to propagation and subsequent rupture of liquid plugs results in progressively larger numbers of injured cells [(b)—(d)].
PR is plug propagation and ruptures within 10 min. (e) The extent of cellular damage is elevated with increasing PR. (f) Numerical simulation reveals
generated large wall shear and wall pressure gradients. (g) Downstream viability suggests more deleterious mechanical stresses at site of plug rupture.
Reprinted with permission from D. Huh, H. Fujioka, Y. C. Tung, N. Futai, R. Paine, J. B. Grotberg, and S. Takayama, Proc. Natl. Acad. Sci. U.S.A. 104, 18886
(2007). Copyright 2007, National Academy of Sciences, U.S.A.
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Experimental setup
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‘A

FIG. 16. (Color) Experimental setup for gravity effects on plug splitting.
Reprinted with permission from Y. Zheng, J. C. Anderson, V. Suresh, and J.
B. Grotberg, J. Biomech. Eng. 127, 798 (2005); 128, 707 (2006). Copyright
2005, 2006, The American Society of Mechanical Engineers (ASME).

is low enough. That means the pressure at the bifurcation
must be high enough to overcome gravity and push fluid
uphill.

V. SURFACTANT SPREADING ON THIN FILMS
AND THE “GROTBERG-BORGAS-GAVER (GBG)
SHOCK”

Delivery of surfactant into the lung involves the plug
convection process discussed above, but also at a smaller
scale level there eventually will be a surfactant layer spread-
ing on a thin viscous liquid layer. Initial interest in this topic
for our laboratory came through General Motors Corpora-
tion. They were concerned about respiratory aerosols that
arise in manufacturing, namely, oil fogs. High rotational
speed drills, which are coated with oil for lubrication, spin
off oil droplets that can be inhaled by workers. What happens
when that oil droplet encounters the air-liquid interface of
the airway liquid lining? Likewise, aerosolized surfactants
were being investigated for delivery into neonates and adults
by a number of pulmonary researchers at that time. What
happens when a surfactant droplet hits the interface? This is

Simple theory for plug splitting with gravity

» Compute pressure drops and mass balance between rear and front menisci
* Pressure drops
— Capillary jump + trailing thin film correction across rear mensicus (P, — x,)
— Poiseuille law + gravity in liquid (7; — 7y, 7ty — 70y, Ty — 73 )
- Moving contact line effect at front menisci. P, —m, ) =(c/a, )cos(a,)

« Empirical correlation for a4 CosQ, —COSQy _ 2C:

FIG. 17. Simple theory of plug splitting. Reprinted with permission from Y.
Zheng, J. C. Anderson, V. Suresh, and J. B. Grotberg, J. Biomech. Eng. 127,
798 (2005); 128, 707 (2006). Copyright 2005, 2006, The American Society
of Mechanical Engineers (ASME).
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the “business end” of aerosol delivery, and a naked research
area in those days but now is being considered in the design
of medical aerosols.*

Once a droplet hits the interface (or a spreading surfac-
tant front arrives), then the Marangoni effect of a surface
tension gradient induced flow can cause it to spread along
the interface. For a thin viscous film, we have shown*'™#
that the spreading becomes a kinematic shock wave. Figure
19 shows a steady flow model*' that we solved with a lower
wall moving to the right at unit speed. The air-liquid inter-
face to the left is clean, with no surfactant, and to the right it
is a monolayer which is restrained by a barrier. In the limit of
both lubrication theory and negligible surface diffusion, there
is a steady solution to the governing equations which has a
jump in surface height from H=1 to H=2 which satisfies
conservation of mass, since the oncoming flow is a flat pro-
file under the clean interface and a linear profile under the
stationary surfactant interface.

Unsteady surfactant spreading shown in Fig. 20 is
also for an insoluble surfactant monolayer. At t=0 the sur-
factant concentration, I'(r,0), is uniformly distributed for 0
=r=RI<1 and fitted to a cosine function for RI=r=1,
such that JI'/dr=0 at r=RI and 1. A typical value chosen for
RI is 0.7. Also at =0 the interfacial height is given as H
=1. These are the initial conditions for the coupled partial
differential equations (PDEs) shown in the upper left, which
are derived from the conservation laws and boundary condi-
tions. The upper right graphs show the interface position and
surfactant distribution at four values of time as the surfactant
spreads. As time increases, the height of the interface is ap-
proaching 2 as would happen in the steady case shown in
Fig. 19. Also, the minimum height is just behind the shock.
The lower left shows that the shock speed is equal to the
ratio of the jump in volume flow to the jump in cross-
sectional area of the film, consistent with the definition of a
kinematic shock wave.

Experiments confirmed the spreading computations and
development of the shock,*” while additional theory and ex-
periments considered pre-existing surfactant on the surface,
stretching wall motion, and finite boundaries for the
interface.***~*® A movie of this type of flow is shown in Fig.
21, which is the first frame. The view is from above over a
thin viscous film which is contained in a trough. The liquid
surface is sprinkled with talc for visualization and there are
red dye streaks along the bottom of the trough at the liquid-
trough wall interface. For this choice of initial film thickness,
as the surfactant drop spreads radially outward, it drags the
fluid with it and the minimum height just behind the shock
front leads to film rupture resulting in a dry ring with an
interruption of the dye streaks. Spreading stops rupture of the
liquid layer, so would be an unwanted result if the desire is to
have the surfactant spread as far as possible. For thicker
films, not shown, the shock elevates the fluid in front of it
enough to cause gravity effects to drive the fluid near the
wall radially inward from hydrostatic pressure, giving a bi-
directional flow.**** Additional work on the shock wave
from our group,49’50 and subsequently from many others,
have all shown it to be rich in fluid dynamics. Applications
include fingering instabilities,”" precorneal tear film

42,43
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Results (low Re-low Ca expts.)
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FIG. 18. Results of experiments and theory for plug splitting. Reprinted with permission from Y. Zheng, J. C. Anderson, V. Suresh, and J. B. Grotberg, J.
Biomech. Eng. 127, 798 (2005). Copyright 2005, The American Society of Mechanical Engineers (ASME).

dynamics,52 analysis of wave propagation,53’54 wine tears,”
drying instabilities,”® and the spreading of bacteria.”’
Dr. Borgas, Dr. Gaver and I felt that, after over 20 years, we
should name the shock and that this article was an appropri-
ate vehicle to do so.

VI. ALVEOLAR LIQUID FILM DYNAMICS

A simplified model of an alveolus is shown in Fig. 22
from the analysis presented in Ref. 58. The two-dimensional
alveolus is assumed to be a circular cap with an opening

Grotberg-Borgas-Gaver (GBG) Shock

Steady state “spreading” model &1rfaclant\Momlayer~ r(x),o(x) | Barrier
)

Clean Surface
—~ =2

H*=1

]

—i1pH +ic H*+H=1 Y
2
=—&*(oH _H
—%p,H2+a,H+1)r:PLr po=-d'(0H,)., &=
(3

x
s

Lubrication theory (e—0), p,~0, no diffusion (Pe,»>%)
Ic);r =—1, u(x)=0, H(x) :2"

Shock

FIG. 19. Steady surfactant spreading as a standing GBG shock wave. Re-
printed with permission from M. S. Borgas and J. B. Grotberg, J. Fluid
Mech. 193, 151 (1988). Copyright 1988, Cambridge University Press.

width a(f)=ao[1+Af(¢)], where a, is the mean opening
width, agA is the breathing amplitude, and f(7) is a time-
dependent function prescribed for breathing. The system re-
quires conservation of bulk surfactant, conservation of inter-
facial surfactant, normal (capillarity) and tangential
(Marangoni) stress boundary conditions at the interface. For
fast bulk diffusion the bulk concentration is essentially con-
stant, C=1. Assuming the surface tension is high enough, the
interface maintains a circular shape and then it is convenient
to use bipolar coordinates. Both the Bond number and Rey-
nolds number are negligible since the alveolar radius is so
small (~150 wm). The remaining control parameter is taken

Unsteady Evolution of the GBG Shock

Unsteady, axisymmetric surfactant monolayer spreading
on a thin film
Evolution Equations

=
H_12( 18P, o 000r &
E‘rar{'sar”' Wars, } .

ar=;£{,[(i_m§)£+%’gm,]} ﬂ

Pe or/ or

| 2 3 g
Dimensionless adi coordiate, -

P(r,z,t) = G[H(r,l)—z]—u'ﬂ[¥+%%]

)

Same assumptions as before, shock wave develops

3
Shock speed given in terms of jump in volume flow E 02
rate divided by jump in cross-sectional area of the film

dry 2m,Gv,H —3vH") _ LvH ® Dl ot

dt 2mr (H —H") (H -H") O R AT EA N AT
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but, I:v‘ — H =2 when H'=1 Gaver & Grotberg, JFM 1990

FIG. 20. Unsteady surfactant spreading with GBG shock evolution. Re-
printed with permission from D. P. Gaver and J. B. Grotberg, J. Fluid Mech.
213, 127 (1990). Copyright 1990, Cambridge University Press.
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Surfactant Spreading with Critical Thinning
Behind the GBG Shock

15 ml glycerine in trough

1.5 mm film thickness

Spreading droplet of Liqui-Nox

Talc on surface

Parallel dye streaks on trough bottom

FIG. 21. Movie of surfactant drop spreading on the surface of a thin viscous
film revealing critical thinning and film rupture behind the GBG shock
(enhanced online).[URL: http://dx.doi.org/10.1063/1.3517737.2]

to be dimensionless sorption, K=agk,/ U, where k; is the
dimensional sorption constant, a, is the alveolar radius, and
U is the velocity scale from the oscillation. The combination
of these forces results in a competition of mechanisms that
can induce flow: wall motion, capillarity, and surface tension
gradients. Under normal circumstances, the liquid layer is
thin and we investigated a thin layer model in our previous
work.”’ The problem shown in Fig. 22 can have a thick layer
and represents the situation in many diseases which lead to a
liquid excess in the alveoli: congestive heart failure, pulmo-
nary edema, and acute respiratory distress syndrome. The
latter can result from many kinds of medical insults: surfac-
tant deficiency, infections in the bloodstream, pneumonia,
severe bleeding, trauma, toxic fumes, and aspiration.

Typical streamlines are shown in Fig. 23. During either
inspiration or expiration, there is outward or inward flow,
respectively. However, at the turnaround the velocity field is
vortical with the direction of the vortex flow either clockwise
or counterclockwise.

The type of flow pattern led us to inquire about the pos-
sibility of communication among the alveolar cells with the
alveolar fluid as the conveying medium. It has always been
assumed that the blood flow, lymphatic flow, or interstitial
flow provides the vehicle for communication. So our inves-
tigation presents a novel idea for lung physiology. Time-
averaging the velocities gave us the cycle-averaged stream-
lines as shown in Fig. 24 for an insoluble surfactant (K=0).
The vortex is clockwise and can provide a steady convective
field for the transport of signaling molecules secreted by al-
veolar cells.

Cycle-Induced Flow and Transport of
Surfactant in an Alveolus

RO=R,A+A ()

¢ “High surface tension” ~ interface circular
e Thebc's of I' at the alveolar opening :

(i) Noflux al/8s=0

(i) FixedI'=1

Wei, Fujioka, Grotberg POF 2005

FIG. 22. (Color) Model of an oscillating alveolus with a liquid film. Re-
printed with permission from H. H. Wei, H. Fujioka, R. B. Hirschl, and J. B.
Grotberg, Phys. Fluids 17, 031510 (2005). Copyright 2005, American Insti-
tute of Physics.
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Instantaneous Streamlines
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FIG. 23. Instantaneous streamlines at several phases of the alveolar oscilla-
tion. Reprinted with permission from H. H. Wei, H. Fujioka, R. B. Hirschl,
and J. B. Grotberg, Phys. Fluids 17, 031510 (2005). Copyright 2005, Ameri-
can Institute of Physics.

The sorption parameter is significant. A sequence of fig-
ures showing steady streamlines for three nonzero values of
K is shown in Fig. 25. From left to right we see the devel-
opment of two vortices, three vortices, and a saddle point.

VIl. AIRWAY CLOSURE

Airways are liquid lined, flexible tubes as shown in Fig.
26,” where the unperturbed tube radius is @ and the unper-
turbed film thickness is (a—b). The ratio of the liquid film
thickness to the tube radius is e=(a—b)/a. The air-liquid
interface is subject to Rayleigh instabilities, and if € is large
enough, say & > g, the instability has enough liquid to create
a plug which occupies the entire tube cross section. This
phenomenon is known as airway closure in the lung setting,
and it can be enhanced by the flexibility of the tube. Airway

Cycle-Averaged Streamlines — K=0 (Insoluble Surfactant)
1

alveolar

075f [ /

>05

Mixing & Cell-Cell
Communication

0.25 . .
One Redirculation

(clockwise) Region
« fixed end conc.
x * I:E =1:1)
V=0.9, A=0.2, a=n/2, Ma=4.0, Ps=10.0, K=0 (insoluble)

0 1 1
0 0.25 05 0.75 1

FIG. 24. (Color) Cycle-averaged streamlines showing one vortex for K=0,
insoluble surfactant. Reprinted with permission from H. H. Wei, H. Fujioka,
R. B. Hirschl, and J. B. Grotberg, Phys. Fluids 17, 031510 (2005). Copy-
right 2005, American Institute of Physics.

Downloaded 28 Jun 2013 to 141.211.173.82. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://pof.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3517737.2

021301-12  James B. Grotberg

Cycle-Averaged Streamlines - K=0.5 (Soluble)
1

R

1_\\ Large moleaules {drugs, genetic
/f_“%—\\ material} Om ~ 108 cm?fs)
075 ST IS
|F e N
\ ,(
.
=05 41\

Second Redirculation Region -..\\

Cycle-Averaged Streamlines — K=0.
1

Three Redrculation Regions

Phys. Fluids 23, 021301 (2011)

Cyde-Averaged Streamlines — K=1.0
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FIG. 25. (Color) [(a)—(c)] Cycle-averaged streamlines for three values of the sorption parameter K as shown. Reprinted with permission from H. H. Wei, H.
Fujioka, R. B. Hirschl, and J. B. Grotberg, Phys. Fluids 17, 031510 (2005). Copyright 2005, American Institute of Physics.

closure occurs in normal individuals near the end of expira-
tion, usually only in small airways and those that are in the
lower (gravity-dependent) lung regions since those airway
radii are still smaller due to the weight of the lung above.
Because the closed airway does not allow gas exchange dis-
tally, the region of the lung normally ventilated through that
airway is no longer ventilated. This leads to an inhomogene-
ity of gas exchange and a mismatch of ventilation with blood
perfusion. From the discussion above of airway reopening, it
takes the next inspiration to propagate the plug and rupture it
to re-establish ventilatory gas flow. Because of the gravity
influence, the majority of the lung above does not experience
closure under normal circumstances. The lung volume at
which closure initiates is known pulmonary physiology as
the “closing volume.” Closing volumes vary with disease,
age, pregnancy, and other clinical settings. A potential respi-
ratory issue for breathing in microgravity environments is
that airway closure, if it occurs, would not have a preference
for any lung region so could occur everywhere. For situa-
tions in which the plug does not rupture, that portion of the
lung can be blocked from gas ventilation and eventually its
resident gas will absorb into the capillary blood and the re-
gion collapses, a condition known as atelectasis. A new find-
ing from combined experimental and theoretical studies® in-
dicates that fluid shear stresses on the wall during airway
closure can be just as large, if not larger, than those that
occur during airway reopening. So mechanical damage to the
airway epithelial cells can occur during both phases, closure
and reopening.

In Ref. 24 we investigated the critical ratio of the liquid
film thickness to tube radius €, and its dependence on airway
flexibility and surfactant activity. The Rayleigh instability in

z*

FIG. 26. Liquid lined flexible tube with an initial sinusoidal perturbation of
the air-liquid and liquid-wall interfaces.

the setting of a flexible tube is a novel mechanical system
which we call a “capillary-elastic instability.” A new param-
eter arises to describe the relative balance of surface tension
and tube elasticity, o/Eh,, where h, is the tube wall thick-
ness, o is the surface tension, and E is the elastic modulus
for the tube material. In Fig. 27 the results are shown for

varying o/ Eh,, and the surfactant activity 6. For a rigid tube,

o/Ehy—0 and a clean interface with no surfactants, 5=0,
the critical liquid film thickness was found to be &.~0.17.

Increasing the surfactant strength to 6>0 increases &,, so
surfactants stabilize airways from closing since the airway
can stay open with a thicker film. For a given surfactant
activity level, making the wall more flexible relative to the
surface tension, o/Eh increasing, lowers &, making the sys-
tem less stable. It is the air-liquid interfacial curvature in the
transverse (z=constant) plane which is the destabilizing con-
tribution to the Rayleigh instability. The inward radial de-
flection of the flexible tube causes that transverse curvature
to increase, forcing the system to be less stable.

Since the core fluid of Fig. 26 is the gas which oscillates
into and out of the lung, we wondered if a cycling frequency
and amplitude could be found to prevent airway closure, and,
if so, by what mechanism.®’ Under reasonable assumptions
the oscillatory gas flow can drive the liquid film and be con-
sidered uncoupled, so the film motion does not affect the gas
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FIG. 27. Ceritical liquid film thickness e, vs o/Eh, for three values of

surfactant activity &.
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FIG. 28. The effect of frequency on the minimum core radius r;,(f) with
time 7. Here, 8=43.05, £=0.13, y=0.0018 and \=14.86. Reprinted with
permission from D. Halpern and J. B. Grotberg, J. Fluid Mech. 492, 251
(2003). Copyright 2003, Cambridge University Press.

oscillation. For a thick enough film, the Rayleigh instability
initiates wave growth so that the minimum radius of the
interface location, r,;,(¢), decreases on the average, while
also responding to the time-periodic core flow stress, see Fig.

Stability Mechanism: "Reversing Butter Knife”
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During stroke: trailing film thicker than leading film - bulge shrinks

During turnaround: capillary instability — bulge grows

Requires tuning with high enough frequency
FIG. 29. “Reversing butter knife” stability mechanism responsible for the
nonlinear saturation of the Rayleigh instability. Reprinted with permission
from D. Halpern and J. B. Grotberg, J. Fluid Mech. 492, 251 (2003). Copy-
right 2003, Cambridge University Press.
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Oscillatory Core Flow

FIG. 30. (Color) Video of oscillatory flow imposed during a closure insta-
bility. Nonlinear saturation prevents closure by the reversing butter knife
mechanism (enhanced online).[URL: http://dx.doi.org/10.1063/1.3517737.3]

28. If the frequency and amplitude are too small, then the
airway closes. However, if the frequency and amplitude are
high enough, they cause the time-averaged r,,;, to oscillate
around a nonzero value, i.e., the tube remains open. Figure
28 shows that the average value of r,,;, increases with fre-
quency, while the amplitude of the r,,;, oscillation decreases
with frequency.

The mechanism is shown in Fig. 29.%1 During the power
stroke the leading film is thicker than the trailing film and the
fluid bulge diminishes, much like the process for liquid plug
flow discussed above. During the turnaround phase, how-
ever, the fluid velocities are smaller and the capillary insta-
bility dominates, so the bulge grows. With the right tuning of
frequency and amplitude, the two phases combine to reach
an average rn;,>>0, keeping the tube open. We call this the
“oscillating butter knife” mechanism. The liquid film is
rhythmically reapplied to the wall, just tuned to balance the
closure process. Figure 30 is a simulation of this process
from solutions of the governing equations.
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