C e 20=K )
11217
e

CONC W ERL I < LATUATION

C. — E0NIL aR)0M
S SOV &1195Y

} r T/"S (TY I1c ks

S’T|Q(2m(,
ct sAne
alg D ‘{ - ‘\lf\~L0£
0 v\ REgon Wil
SgDUD f ro C & Vo)
o GET W/NNE&

W/ INC REASE 1
LY 1MW E

30357_17_lecture_11_28 1710 12717



CONYENSING —> @
g ¥ QLOFILE

TULANENT
WAT e
FLOW

s"\'éﬁﬂ 2
SAT
TR

WE WOVLY E4FPEcT THRT TUHE
WALL T£ MPEQATILE WD
STAY CLISE TO T3 A< we
INCREASR) WATER FLOW

{ TRCKNESS DUER W RICH WOST
OFr NE Mf’fﬂ-ﬁTUQﬁ CRRAGF
Dccon S

30357_17_lecture_11_28 2/10 12717



o Fol Sout) 01<soLy NG AND

WATEL REAVINE, MIsT OF
TEMPELTULE CAANGE OCcv2 S 1A 4

. C coMIARED TO MACRD ~
‘({2(’:0'\) v IMENSON OF QUQTEM>

s AT THE ROUNDARY “EquUingeryH
ULVE" P BRS 19K EVEN THOUSK
LELION 6ETS T HNNE L Rs
VLRI VE (S TNCREASEY

e D \PEUSONV] CONOISTN 1S

OcCcwunNG, 1T MIéNT NOT X
OBuovs, £J7 CONYEcTTOA TS
ALSD 1MASRANT rv REGrON

# WECALL Y& WIN'LQ‘/’E/Z
A LDYNDARY-LAYER

CONS ECNW] 0 FFusso o)
CONY EcSiow) CON0INIoN) | V146

| VERNTA] Viscdue

SAME
YINUE

30357_17_lecture_11_28 3/10 1172717



Relevance of developing,
transient and Boundary-
Layer Flows!

Thanks to Milton van Dyke, Robert Treybal and Bob
Brodkey and cardiology literature



Boundary-layer tlows

 Boundary layer flows are an important topic for
the first Transport course because their essential
‘physics” is the next logical topic intellectually,
there are many important engineering examples
and the heat and mass transfer analogies are
central to understanding chemical engineering

* Yet, | considered it almost a personal failing that
| did not have much in the way of physiological
motivation for this topic...



‘Boundary-Layer” not founad

The Mosby Physiology Monograph Series

Achilles J. Pappano - Withrow Gil Wier

CARDIOVASCULAR
PHYSIOLOGY

ELSEVIER
(e

Mayo Clinic Cardiology
Concise Textbook

THIRD EDITION

Editors
Joseph G. Murphy, M.D.
Margaret A. Lloyd, M.D.

Maybe | don’t have to feel so bad...




boundary-layer”

* For flows with Reynolds number >> 1

inertia forces dominate viscous forces over (most) of the flow field

however because of the no-slip condition, the velocity will be very
much slower close to the solid surface

the resulting velocity gradient is large, but confined to a thin
region (small comported to macroscopic dimensions of the
channel or object in the flow) close to the surface

in the thin, high gradient region viscous forces and inertia forces
are about the same order magnitude.

This region is called a "boundary-layer”



Historical origins

 Aerodynamics

e “Lift” can be calculated from “inviscid” flow theory

(no viscosity, hence fluid is assumed to slip at wing
surface)

» “drag” requires knowledge of shear stress on the

wing surface, thus viscous effects and the no-slip
condition

* Prandtl (1904) is credited with first explaining the
iIdea of a boundary-layer



Prosalc Interest

 |f you want to dissolve sugar in your iced-tea,
you feel the overwhelming, natural urge to stir it!

* |t is obvious that the weather is changing and




Coronary Artery Wall Shear Stress Is Associated With
Progression and Transformation of Atherosclerotic Plaque and
Arterial Remodeling in Patients With Coronary Artery Disease

Habib Samady, MD; Parham Eshtehardi, MD; Michael C. McDaniel, MD; Jin Suo, PhD;
Saurabh S. Dhawan, MD; Charles Maynard, PhD; Lucas H. Timmins, PhD;
Arshed A. Quyyumi, MD; Don P. Giddens, PhD

Background—Experimental studies suggest that low wall shear stress (WSS) promotes plaque development and high WSS is
associated with plaque destabilization. We hypothesized that low-WSS segments in patients with coronary artery disease
develop plaque progression and high-WSS segments develop necrotic core progression with fibrous tig~:~ =~~=~nein=

WSS in Dynes/cm?
40

One IVUS Segment
(0.5mm thickness)

Figure 2. Example of a wall shear stress (WSS) profile of the left
anterior descending coronary artery from a patient demonstrat-
ing lumen and external elastic membrane boundaries, superim-
posed virtual histology intravascular ultrasound (IVUS)-derived
necrotic core data (red dots), and areas of variable WSS. The magni-
fied segment of the vessel demonstrates the high-resolution spatial
location of the IVUS images (thickness=0.5 mm) superimposed on
the WSS profile. Time-averaged WSS values were circumferentially
averaged for each IVUS segment to provide quantitative hemodynam-
ic data to correlate with plaque progression data.




] EDITORIAL

Role of Shear Stress in Atherosclerosis and Restenosis

After Coronary Stent Implantation
Rosaire Mongrain? and Josep Rodés-Cabau®

2Department of Mechanical Engineering, McGill University, Montreal, Canada.
®Quebec Heart Institute, Laval Hospital, Quebec, Canada.

progression oi diiterent plaques.

for instance, there is a well-known predlsposmon for
atheroma plaques to develop in the outer wall of the vessel
at the level of the bifurcation of the common carotid
artery,'? and in the coronary arteries it has also been
shown that there is a preferential progression of plaques in

segments with bifurcations, as well as along the inner wall
of curves in the coronary arteries.>* On the other hand, it
is unclear why some plaques remain quiescent for many
years, while others progress rapidly. These findings




Review of Cerebral Aneurysm Formation, Growth,
and Rupture

Nohra Chalouhi, MD; Brian L. Hoh, MD; David Hasan, MD

3614 Stroke December 2013
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The role of shear stress in the pathogenesis
of atherosclerosis

Kristopher S Cunningham®? and Avrum I Gotlieb?

'Department of Pathology, Toronto General Research Institute, University Health Network, Canada and
*Department of Laboratory Medicine and Pathobiology, University of Toronto, Toronto, Ontario, Canada

Although the pathobiology of atherosclerosis is a complex multifactorial process, blood flow-induced shear
stress has emerged as an essential feature of atherogenesis. This fluid drag force acting on the vessel wall is
mechanotransduced into a biochemical signal that results in changes in vascular behavior. Maintenance of a
physiologic, laminar shear stress is known to be crucial for normal vascular functioning, which includes the
regulation of vascular caliber as well as inhibition of proliferation, thrombosis and inflammation of the vessel

Laminar Flow Regions of Disrupted Flow
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Examples: Developing flows

* Recall that our fully-developed (i.e., not
changing with distance) flows, don’t have non-

Zero Inertia terms.

* Thus, “boundary-layer” tlows are spatially
changing flows.

« Classic example, flow along a flat plate the
boundary layer starts at the front edge and gets
thicker along the plate in the flow direction



TABLE 3.4

Navier-Stokes Equation for an Incompressible Fluid

Rectangular coordinates
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Boundary-Layers and
orrelations!

anks to Milton van Dyke, Robert Treybal and Bob




Boundary-Layer must be very thin and viscous effects
confined to region close to surface

)4 Boundary. [
"hen the NACA
Widence the |am;
4t half of the upy

paration on an inclined airfoil.
) airfoil of figure 23 is raised to 5°

indary layer separates from the filaments in water. O
ace. The flow remains attached

to the lower surface, from which it leayes tangentially at
the trailing edge. Streamlines are shown by colored fluid

NERA photograph, Werle 19 4&' :




Flow is forced around object (hence acceleration of free
stream) but boundary layer is small compared to object size

separation on a
his shape is suffici-
Rankine ogive of

same Reynolds
on diameter and
minar boundary
quickly becomes
s to the surface,

egion of recircu-
n is by air bub-
hotograph, Werle




boundary-layer separation
and “reattachment”

> ;fvr;,; P “l-!--t._;

e —
35. Leading-edge separation on a plate with laminar face. At this Reynolds number of 10,000 based on length it
reattachment. A flat plate 2 per cent thick with beveled

then reattaches while still laminar, enclosing a 100_85
‘ leading-edge “bubble” of recirculating fluid. Visualization is
ng edge over the upper sur- by air bubbles in water. ONERA photograph, Werle 1974

: . : =
edges is inclined at 2
) |

.5° to the stream. The laminar boun-
dary layer separates at the leadi



Boundary layer separates

32. Laminar separation on a thin ellipse. A 6:1 elliptic tanium tetrachloride on the surface form white smoke,
cylinder is held at zero angle of attack in a wind tunnel. which shows the laminar boundary layer separating at th¢
The Reynolds number is 4000 based on chord. Drops of ti- rear. Bradshaw 1970

24




Flow along a “flat” plate




Table 3.3 Mass transferf for simple situations

Fluid motion Range of conditions Equation Ref.
1. Inside circu- Re = 4000-60 000 jp = 0.023 Re— 017 41
lar pipes Sc = 0.6-3000 Sh = 0.023 Re®® Sc!/3 52
Re = 10 000 — 400 000 j, = 0.0149 Re™*!2
Sc > 100 Sh = 0.0149 Re88 Sc!/3 44
2.  Unconfined Transfer begins at
flow parallel leading edge jp = 0.664 Re; 0.5 1

to flat platesf Re, < 50 000
Re, = 5 X 10°-3 x 10’

Pr 0.25
Nu = 0.037 Re?® Prg-”(—ﬁrﬂ)

Pr = 0.7-380 ;
65
Re, = 2 X 10*-5 X 10° Between above and
Pr 0.25
Pr = 0.7-380 Nu = 0.0027 Re, prg-“(—hﬂ)
i
3. Confined gas
flow parallel o _ 960022000 j, = 0.1/ REES 46
to a flat plate Ceits = Jp = V.11 KEg
in a duct
4. Liquid film in e 0-1200
wetted-wall P ’ Egs. (3.18)-(3:22) -
tower, transfer ripples suppressed 37’

between liquid 41 Lafiab )"”6 0.5
sndiing 5o 13008300 Sh = (1.76 X 10 )( 5 Sc




5 Perpendicular Re = 400-25 000 kP, Sc056 — (0.28] Re04

to single Sc = 0.6-2.6 Gy
cylinders Re’ = 0.1-10° 16
Pr = 0.7-1500 Nu = (0.35 + 0.34 Re’®3 + 0.15 Re’38) Pr0? %]
42
6. Past single Sc = 0.6-3200 Sh = Sh, + 0.347(Re” Sc%°)%62
spheres Re” Sc®5 = 1.8-600 000 Sh 2.0 + 0.569(Grp, Sc)**° Grp Sc < 10° \l
— 59
2.0 + 0.0254(Grp 5¢)** Sc°*  Gr,, Sc > 10° |
7. Through fixed Re” = 90-4000 2 06
beds of pellets§ Sc = 0.6 Jjp = jy = ——Re” 0575
[
Re” = 5000-10 300 e 204 SN
Re” = 0.0016-55 e H09s o8 :
Sc = 168-70 600 A=t ol b
Re” = 5-1500 . _ 0250, ., 03
Sc = 168-70 600 BT

1 Average mass-transfer coefficients throughout, for constant solute concentrations at the phase surface. Gener-
ally, fluid properties are evaluated at the average conditions between the phase surface and the bulk fluid. The heat-
mass-transfer analogy is valid throughout.

1 Mass-transfer data for this case scatter badly but are reasonably well represented by setting j,, = j,,.

§ For fixed beds, the relation between ¢ and d, is a = 6(1 — €)/d,, where a is the specific solid surface, surface per
volume of bed. For mixed sizes [58]
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ness COTAILIONS. ERcymodern formNaN

of the Dittus-Bo
(D3], which is based on Eq. (11.65), is

NNumb = hdi/ Ky = 0.023(N re,mb)" *(N g )" (1
0.7 < Npemp < 100
10000 = Nge mp = 120 000
L/d;=60 (smooth tubes)

: hat
- 0.4 for heating (T, > 7;,) and 0.3 for oolm. Not tha

rge AT, another equation by Sieder and Tate [S4] is

u'kiil

Nnu,mb = 0.027(Nremp)" (NVprms) - (tmpltte) 21 (11.67)
0.7 < Np; mp = 160
Nge.mp = 10000
L/d;=60 (smooth tubes)

er analogy. The Friend—Metzner an
'}‘@rent form in order to correlate d

[heir correlation for heat transfer is
|

alogy uses ap €quation of
ata over wide ranges of N,

/VRe,mbNPr.mb(f/z)(.umb/;uw)Q14 (1183)
Nu,mb — 1 20 =+ (11.8)(](/2)1/2(NPr.mb | 1)(]v13’r,mb)—]/3

0.5=Np;mp = 600 Nre.mp =10 000
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