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Fluid Physics in the News...
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Shape-shifting red blood cells respond to shear forces
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A recent study of red blood cells (RBCs) in shear flow [Lanotte ef al., Proc. Natl. Acad. Sci. U.S.A. 113,
13289 (2016)] has demonstrated that RBCs first tumble, then roll, transit to a rolling and tumbling
stomatocyte, and finally attain polylobed shapes with increasing shear rate, when the viscosity contrast
between cytosol and blood plasma is large enough. Using two different simulation techniques, we construct
a state diagram of RBC shapes and dynamics in shear flow as a function of shear rate and viscosity contrast,
which is also supported by microfluidic experiments. Furthermore, we illustrate the importance of RBC
shear elasticity for its dynamics in flow and show that two different kinds of membrane buckling trigger the
transition between subsequent RBC states.

DOI: 10.1103/PhysRevLett.121.118103
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FIG. 1. RBC shapes observed in microfluidic experiments
(A~ 8) and SDPD simulations (4~ 5) at various dimensionless
shear rates 7* = y7 (t~ 1.2 x 1073 s). The shapes are rolling
discocyte, rolling stomatocyte, TB stomatocyte, trilobe, and
multilobe, observed at y* = 0.012, 0.18, 0.3, 0.9, and 2.15 in
experiments and at y* = 0.014, 0.18, 0.34, 0.93, and 3.3 in
simulations, respectively. Two views, vorticity and flow-gradient
directions, are shown by the arrows with unequal and equal
lengths, respectively. See also movies S1-S4.
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FIG. 2. Shapes and dynamics of RBCs in shear flow as a
function of y* and A. Different areas, representing rolling
discocyte, rolling stomatocyte, TB stomatocyte, TT, and multi-
lobes, are based on simulation results, where dashed lines serve as
a guide to the eyes. Two sets of simulations are denoted by
triangles (SDPD) and circles (YALES2BIO). The colors indicate
RBC shape or dynamics. All simulation data are for Foppl-von
Kdrman number a = uD?/k = 680. The two sets of circles at
A= 5.3 and 1 =~ 8.3 correspond to simulations at A = 5 and 4 = 8,
respectively, and are just shifted up in the diagram for visual
clarity. The square symbols (4 = 8) correspond to experiments
from Ref. [22], the plus symbols (4 < 1) to data from Ref. [10],
and the crosses (4 < 1) to data from Ref. [38]. Diamond symbols
(A=~ 1 and 1 =~ 5—shifted down to 4.7) represent most probable
states from our microfluidic experiments, since no unique state,
but a distribution of different states is obtained for fixed flow
conditions, see distributions in Fig. S1. All experimental shear
rates are normalized by 7 based on average RBC properties (i.e.,
D=065x10"°mand g = 4.8 x 107% N/m).



Stokesian Fluid
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NS Properties

(incompressible)

0
altl Fu-Vu=g—(1/p)Vp+vV-u

® Equation for rate of change of u(x,t) (not
position) in lab frame

® Nonlinear. Complicated term: u . Vu

® Viscous length scale: v/U

® NS is a starting point: Once u(x,t) is known,
then other fluid properties can be determined.



Fixed and Material Volumes
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Identities For Conserved Quantities
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Example: Mechanical Energy
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Energy Conservation
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Mechanical Energy
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Total Work Done by Stress
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Mechanical Energy Density
for a Stokes Fluid
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Conservation of Total Energy

Density
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Equation for Internal Energy
(Temperature)
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Internal Energy Equation
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Summary of Fluid Dynamical

Equations
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Bernoullis Equation
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Bernoulli's Equation

(Conservation of Energy)
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Bernoullis Equation

VB =u x ) (Steady Flow)

1 d
B = —u2+/ z - gz = constant,
2 p
1
or —u- z gz = constant
2 p

(also time-varying irrotational flow)



Lift
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Pilot Tube |
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. Hole in Bucket
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What are E.O.M. in Co-Rotating
Frame of Reference?
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Gaspard-Gustave Coriolis

1792-1843
"On the equations of relative motion of a system of bodies”, published 1835



Small Rotation of Frame in &t
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Co-Rotating Frame

(continued)
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Centrifugal and Coriolis Forces
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Incompressible Navier-Stokes in
Co-Rotating Frame
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Co-Rotfating MagnetoSphere
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Coriolis Force
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Angular Momentum
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Example 4.2
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Ch. 4 Exercises

4.3/Angular momentum & stress tensor
4.4/Differential form of E.O.M.
4.5/Stokes’ expression for stress tensor
4.8/Rocket equation

4.9/Trust generated from a “propeller”



Exercise 4.3

3. Consider conservation of angular momentum derived from the angular
momentum principle by the word statement: Rate of increase of angular momentum
in volume V = net influx of angular momentum across the bounding surface A of V
+ torques due to surface forces + torques due to body forces. Here, the only torques
are due to the same forces that appear in (linear) momentum conservation. The possi-
bilities for body torques and couple stresses have been neglected. The torques due to
the surface forces are manipulated as follows. The torque about a point O due to the
element of surface force Tk d Ap, is [ €;jkx jTmid Am, where x is the position vector
from O to the element dA. Using Gauss’ theorem, we write this as a volume integral,

d 0x; 0 Tk
/Vs,'jkT(xjtmk)dV=8ijk[ .(-—J‘tmk + X )dV

—-— e . . dV,

where we have used dx;/dx, = &;n. The second term is [, x x V - tdV and
combines with the remaining terms in the conservation of angular momentum to give
Jy x x (Linear Momentum: equation (4.17)) dV = [, €;jxtjx dV . Since the left-hand

side = 0 for any volume V, we conclude that &;;7x; = 0, which leads to 7;; = 7j;.




Exercise 4.3
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Exercise 4.4

4. Near the end of Section 7 we derived the equation of motion (4.15) by starting
from an integral form for a material volume. Derive equation (4.15) by starting from
the integral statement for a fixed region, given by equation (4.22).



Exercise 4.4
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Exercise 4.5

5. Verify the validity of the second form of the viscous dissipation given in
equation (4.60). [Hint: Complete the square and use §;;6;; = §;; = 3.]



Exercise 4.5
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Exercise 4.8

8. Show that the thrust developed by a stationary rocket motor is F = pAU? +
A(p — pam), where panm 1s the atmospheric pressure, and p, p, A, and U are,
respectively, the pressure, density, area, and velocity of the fluid at the nozzle exit.



Exercise 4.8
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Exercise 4.9

9. Consider the propeller of an airplane moving with a velocity U;. Take a
reference frame in which the air is moving and the propeller [disk] is stationary. Then
the effect of the propeller is to accelerate the fluid from the upstream value U; to
the downstream value U, > U;. Assuming incompressibility, show that the thrust
developed by the propeller is given by

A
F =5~} -u,

where A is the projected area of the propeller and p is the density (assumed constant).
Show also that the velocity of the fluid at the plane of the propeller is the average value
U = (U, 4+ Uy)/2. [Hint: The flow can be idealized by a pressure jump, of magnitude
Ap = F/A right at the location of the propeller. Also apply Bernoulli’s equation
between a section far upstream and a section immediately upstream of the propeller.
Also apply the Bernoulli equation between a section immediately downstream of the
propeller and a section far downstream. This will show that Ap = p(U; — U})/2.]
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Summary

Basic fluid dynamics involves “6” field variables: p, Ui, P, T

Conservation of Mass, Energy, Newtons Law, and an
equation of state provide a "closed” set of dynamical
equations for a fluid Integral or differential formulation of
equations of motion (E.O.M.) are equivalent

Integral form of momentum-force equation can be
combined with Bernoullis Principle for a powerful way to
compute flow/force parameters.

Apparent forces, centrifugal and Coriolis, appear in a co-
rotating frame of reference



