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Introduction

Stenoses and occlusions of internal carotid arteries are invol
in 34[1] to 44 percenf2] of strokes. Large multicenter trial8,4]
have shown that the risk of stroke increases significantly with t
degree of stenosis. Carotid lesions induce strokes by either a pé-
modynamic or an embolic mechanism. In the first case, obstr
tive lesions induce a loss of perfusion pressure that causes is!
emic lesions in the downstream cerebral territories. Poor collater
arterial circulation through the circle of Willighe main anasto-
motic network situated at the base of skias been shown to be
frequently associated with this clinical conditif,6]. In the case
of embolic strokes, materials detached from ulcerated plaque
mural thrombus migrate from the stenosis and occlude the dis®
smaller vesself7]. The embolization is probably related to com-
plex biochemical phenomena in plague and/or thrombus compgQ-
nents, which determine their mechanical properties, but also
shear stress due to blood fld®&]. In a simulation study, Cassot
et al. [9] showed that differences in collateral pathways of thF
circle of Willis and in degree of contralateral stenosis induce gre.
interindividual variability of measurable parametétew rate, ve-
locity) in a stenosis of a given radius reduction. They suggest
that this variability could lead to large changes in maximal wa
shear stres@MWSS) that could play a role in the embolic mecha-
nism. However, the magnitude of these shear stress variations

still to be quantified.

In spite of abundant literature about magnitude and effects
wall shear stresses at early stages of development of atheros
rosis and mural thrombos[40-12, there is no report about the
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et al.[13] have performed a regression analysis in order to inter-
%Iate their numerical results for all Reynolds numbers. However,
the scaling law they have proposed is limited to three moderate
gnstrictions(zg, 50, and 69 percent radius reducjiamd cannot
extrapolated to severe stenoses. There has been very little work
ard a simplified method valid for severe stenoses, mainly done
%% Back et al.[15,16. They used a local similarity method de-
|v|éd from the boundary-layer theory for steady flow through a
EBnical axisymmetric constriction. However, they found that the
wall shear stress monotonically increases from the inlet to the
throat, whereas all other studies find a peak wall shear stress
séilghtly upstream of the throat. Consequently, this model is only
curate for evaluating MWSS in approximately conical stenoses.
n the present study, the interactive boundary-layisL )
theory is applied. A scaling analysis based on geometric param-
ers (radius reduction at the throat and stenosis lengsh
achieved, assuming that the blood is Newtor{igrcosity of 0.03
Poise, the stenosis is axisymmetric with a small rate of change of
er and a smooth, rigid wall, and the flow is steady. Under these
sumptions, widely used by othé¢fd,13,14,16and further dis-
ssed below, such an asymptotic method allows the extraction of
ﬁﬂe fundamental mechanisms and the determination of the relevant
nondimensional parameters. In this way, a simple relationship is
tained between the MWSS in the convergence, the flow(oate
?/nolds numberand the geometric parameters. We thus com-
te the magnitude of MWSS in a carotid artery stenosis, as a
Er ction of the morphology of the circle of Willis and the stenotic

attern of both carotid arteries.

evaluation of high shear stresses in advanced occlusive lesions

that takes the role of collateral circulatory pathways into account.

For this purpose, a simplified methodology for evaluating MWS§lethods

in stenoses ranging from mild ones to occlusions is needed. In-

deed, even if Navier—Stokes solvers are now very efficient to Stenosis Geometry. The stenosis geometry is approximated
compute wall shear stress in moderate stenpsed 3,14, some by an axisymmetric fourth-order polynomiétig. 1), defined by:
difficulties still remain for stenoses whose degree, expressed as
percent narrowing in the luminal diameter, is higher than 70 per-
cent. Moreover, achieving a new computation for every particular
geometry and flow rate is still time consuming. Hence, Siegel

wherex, R, andL are, respectively, the axial coordinate, the radial
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i.e., radius reduction at stenosis throat.
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' R 241 2* 1 (6)
€ R\VRe, '
X 1 mmmmmmmmmmeeeeees This system may be simplified by taking the integral form of the
momentum equation, obtained by integrating it with respect to
R 1D between 0 and infinity. BecausBR/dx? is everywhere smallJ
Flow | . X is constant and equals, in the whole potential core. Thus, when
= T : I Y tends to infinity, the velocity matches the velocity of the core. If
L 0 L Y is sufficiently high, the result of the integration is independent
J\\ of the upper limit:
N d (Al +(1+ 2)A 1dU,_ fH @
— |2t B eSS
Fig. 1 Geometry and nondimensional parameters of stenosis dX\Hy H/7Ue dX AU
where the shape factét and the coefficient, are defined by:
H=A ru 1 U)onfl fy= o1 AU ®)
Wall Shear Stress in the Stenosis Convergent Part: IBL In- 1o Ue Ue "2 HU Y]

tegral Method. The ISL Nagory is based on two hypOtI’lesesTﬁ)dsolve the set of ordinary differential equatioi®s and (7) for

First, the Reynolds number based upon upstream diameter q

] g : dU,, dt Iculat dH, and h to hypoth-
mean upstrear velociy (Beis arge enouglitypically between o412 er B TR 8 PR U ST SO N R 0 e
200 and 80D for the boundary-layer theory to hold. Second, aﬁ_’e velocity profile may be locally approximated by one of the

Rey is not strictly infinite, the boundary-layer at the vessel wa . :
: : : : ) S ] alkner—Skan family(exact profiles for flow past wedg¢g1]).
interacts with the potentidthus irrotational core of inviscid fluid Thus, the role of the pressure gradient in the potential

through the global conservation of flof7—19: The core flow ] Lo
speed is increased to take account of the boundary-layer displar Fs_ented byA,, see E_q(g)) and the role of the ’.10'5"” con_dltlon

"1 T at'the wall are taken into account. The approximate closing laws,
ment (at order Rg~“), which is itself dependent on the pressur

N h TR A " Yeduced from a Runge—Kutta 4 numerical integration of the self-
gradient in the core. This modification is a significant improv

ment on the classical boundary-layer approach, but even the ﬁgl{mlar equation, take the following form:
theory is only valid for attached flows. dU,

Assuming a curvilinear system of coordinat€sg. 1), we de- ax
note bys* the current length measured along the stenosis wall
from the beginning of the convergence={ —L), n* denoting the 2587 %% A;<0.6 4 1
coordinate normal to the wall. The asymptotic dimensionless vari- 1207 A,=0.6 f,=0.9 HZ H/ ©
abless, n, u, v, andu,, are chosen to be of the same scale in the :

boundary-layer as Reends to infinity. They are determined by: Given the stenosis geometfye., L and D), the upstream dis-
placement thlcknes&lo and Reynolds number Rethe set of Egs.

A=A.2

o s* e VRen* u— u* v VReVv* " _ug” (6) and(7) closed by Eq(9) is numerically solved by a marching
Ro* ! VIRy* ! Ut ! Vaug* » Ve U ' predictor/corrector method. The wall shear stregs(nondimen-

(2) sionalized by the upstream Poiseuille valyeUp*/R,* , where

" . ) w is the viscosity, is obtained by:
whereu*, v*, andu,* are, respectively, the velocity components

parallel and normal to the wall, and the velocity at the edge of the 1 UR
boundary-layer. The displacement thicknesses of the boundary- Tw:msz AL VRey (10)
layer are defined by: !

sr V2R 5—[96(1 !
1 ﬁRQ) 1, 01 o N
Let us introduce new variable§ Y, A, U, V, andU, defined by

the Mangler transformation that reduces the problem to a plal
bidimensional formulatioh20]:

The value of MWSS is then computed. The relationship between
MWSS andL, D, 510 and Rgq is investigated by regression analy-

sis based on the least-squares method.

dn. 3)

eSimulation of Blood Flow Through the Circle of Willis.
5nce the relationship between MWSS dndD, 1, and Rg is

known (see results the calculation of MWSS in carotid stenoses

X= JSR(S')zdS' Y=R(s)n, A;=R(s)8;, U=u requires knowledge of the trans-stenotic blood flow. As demon-
o ' » o e ' strated by Cassot et 49], this flow rate is highly dependent on
4 the anatomy of the circle of Willis.
1 1 dR(s) Therefore, the blood flow through the distensible network in-
V= R VTR as ") Ue=Ue. cluding the circle of Willis and its afferent and efferent arteries

) (Fig. 2 is simulated as described by Zagzoule and Marc-Vergnes
If the rate of change of taper of the convergemt®/dx® is [22] and Cassot et al9]. In each segment of the network, a set of
everywhere small, the dimensionless versions of the boundaflree unsteady equatiorisonservation of mass and momentum
layer equation$20] and of global conservation of flow, written in and purely elastic tube Igwrelates the variable cross-sectional

Mangler coordinates, are, respectively: area of the vessel, the pressure, the flow rate, and the wall shear
U av stress. A second-order asymptotic expression of the wall shear
—+—=0 stress as a function of the flow rate is provided to close the system
X Y [23]. The compatibility conditions at the nodes of the network are
U ouU dU, U ®) the identity of the pressure signals and the conservation of flow.
U X +VW = UeW + vz The effects of the carotid stenoses are put into the network model

by means of the semi-empirical formulas of Young, Tsai, and
and Seeley[ 24,25 relating the trans-stenotic pressure drop to the flow
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Fig. 2 Diagram of the circle of Willis and its afferent and effer-
ent arteries. (VA: vertebral, BA: basilar, ICaA, internal carotid, i T 0
ACeA: anterior cerebral, MCeA: middle cerebral, PCeA: poste- -6 -4 -2 0

rior cerebral, ACoA: anterior communicating, PCoA: posterior X

communicating arteries.
9 ) Fig. 3 Nondimensional displacement thickness in Mangler co-

ordinates A; (upper) and wall shear stress (lower ) versus axial
position in the convergence characterized by D=0.7 and L
rate in streamlined constrictions. As the predicted pressure dre, for Re,=1000 and different values of A, v2/Re, (corre-
differs from the experimental measuremef$], the potential sponding to an initial displacement thickness 61,* between
E;%:Nassomated with using these formulas is further discussgfir * and 0.33R,*)
By varying the diameters of anterior and posterior communicat-

ing arteries, within the range of anatomical data, we can simul nosis. Whatever the initial value &f . Eq. (11) holds and the
the hemodynamic influence of the circle of Willis. Stenoses q ) b, EQ. (1D

} ; ves of wall shear stress become superposed in the downstream
variable degrees can be added to one or to both internal carog}gfrt of the convergence, where the gradient paramateris

. o .
arteries Ry"=2mm) over a 5 cnlength (corresponding td-  gaater than 0.6. Maximal difference from the mean for MWSS in

=12.5. Given the pressure signal at entries and outputs, th 1he cases studied is less than 0.25 percent. MWSS is therefore
model computes instantaneous pressure and flow rate values,gbpendent of inlet displacement thickness and thus, of the as-

each point of the network. MWSS in the stenosed arteries is thefimeq entry velocity profile. This validates the use of the IBL
derived from the average flow rate thus computed and the stenogf*é)ry.

degrees.

2 Comparison With Solutions of Complete Nawvi®tokes
Equations. Siegel et al[13] and Huang et al.14] have numeri-
cally solved Navier—Stokes equations for axisymmetric Newton-

Validation of IBL Integral Method for Calculation of ian flow in moderate stenoses. In the first work, a spectral element
MWSS method was applied to cosine-shaped constrictibrs| 3;6] and

. . . D €[0.29;0.5;0.69) for diverse Reynolds number values. Huang

1 Dependence on Upstream Displacement ThickneBsis- et al. [14] used a finite difference scheme with an unspecified
tence of a potential core implies that the displacement thicknggsnstriction shape, for five values of pdir, D) ((2, 0.25, (2,

8,* is not thicker thanR,* R/3 for a fully developed parabolic 0.33, (2, 0.5, (4, 0.5, (1, 0.5), and three values of B&100,

Results

Poiseuille flow, i.e., from Eqg3) and(4): 500, 1000. The results obtained with both methods are consistent
R2\Re, with our IBL method: the discrepapcy be_tween the various
A< QJ_ 11) MWSS obtained for the same stenotic configuratierg., same
3v2 values of pairs(L, D)) is smaller than 8.5 percent in spite of

ifferent shapes of the stenosis model.
Therefore, the classical assumption of a fully developed paraboﬂc P

flow at the inlet of the convergen¢&3,14 is not consistent with ~ Scaling Law for Maximal Wall Shear Stress. Siegel et al.

our methodology. Some authdr$5,16 hypothesized a flat pro- [13] performed a scaling analysis of the numerical results ob-

file. Actually, the boundary-layer grows from the artery origintained in three moderate constrictiof®9, 50, and 69 percent

and its thickness is unknown at the inlet of the constricfidr]. radius reductio) leading to the following relationship:

Therefore, the dependence of displacement thickness and wall - 05

shear stress distril?ution in the con\f)ergence on inlet displacement MWSS=a(Re)™"+b, (12)

thickness was first investigated for nine values of Reynolds numhere the numerical values of coefficierdsand b depend on

ber (from 400 to 2000, thirteen values ob (from 0.3 t0 0.9, and stenosis degree and length in an unknown fashion. Our aim was to

four values ofL (from 3 to 12. complete these results for stenoses ranging from moderate to se-
For example, Fig. 3 displays the results obtained in a 70 percemtre ones, focusing on dependence of MWSS on the upstream
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al” b Table 1 Estimated parameters K and £ (see Eg. (13)) and re-

1000 prr T T 1000 T rrey - gression coefficients
100 ‘ ‘ // S - / 1 K £ xsquare  Correlation coefficient
100 :
e a(L)°s 0.170  3.298 0.291 1.000
10 - b 0.705 2.984 0.146 1.000

L -

0.1 D - o 1 — .
02 03 04 05 0507 08 05 1 02 03 04 0500 07 08 29 T Hence, dimensional expression as a function of parameters mea-

D b surable in clinical practice is the following:
Fig. 4 Parameters a(L)®® and b as a function of radius reduc- 4uQ* 0.240 1 Q* |95
tion. Full circles: results derived from Siegel et al. [13]; cross: MWSS* = R | (1= D)S.ZQBW( R )
mean of the results of regression analysis obtained for L be- m(Ro™)* | ( T™Ro V
tween 3 and 12 at fixed D; line: interpolation of results aver-

0.705
aged upon L. + (15)
(l_ D)2.984 ’

whereQ* is the flow rate through the stenosis.
Reynolds number and the geometric parameters. In other words,

we investigated the dependence.of parameieaadb (Eq. (12)) MWSS in a Carotid Stenosis: Role of the Patency of the

on stenosis length and radius reduction. The first step was to apa- . :
lyze the dependence of MWSS onger D between 0.3 and 0.9 Eﬁrcle of Willis and of Stenotic Pattern. Cassot et al9] have

. : wn that the flow rate in a carotid stenosis is highly dependent
e L 12 R e of e remts S0l s reducton anc. provded colatral iulatory path
relation coefficient in all cases was 0.999 or greater. Finally, wigays of the circle of WWIllis are efticient, on sténosis degree at the
looked for a relationship between the thus idgntiﬁednd b co¥ g?:rtsravlvaatgrﬁvsggt%;zgce' dependence of MW8S these param-
efficients and the corresponding valuesLodnd D. As indicated ’

by the dimensional analysis of E(LO) (see Appendix A a\ﬁ 1 MWSS Dependence on Carotid Stenosis Degrégure 5,
andb should be independent af This was verified, as the maxi- left, displays the variations of MWSSin a unilateral stenosis
mal deviation from the mean values af/L andb obtained for a Versus stenosis degree for five configurations of the circle of Wil-

range ofL (3 to 12 at fixed D was 1.1 percent and 2.9 percent,l(iz'cib% g)r:dﬁ\éisatérﬁggsgqn?rr;tjn?gaatmgrgor{ecri%rg(%li{)ﬂgiaatlﬁgetggeries
respectively. Hence, a relatlonshlp between these averadEd Whatever the configuration, MW3Sxhibits a maximal value for
andb parameters anD alone(see Fig. 4was sought. The chosen 5 gtenosis degree between 60 and 80 percent. The maximal value
fitting function, derived from the dimensional analysis of Bt) o MwSS* depends on the configuration of the circle of Willis: It
(see Appendix A was: is multiplied by approximately four when both communicating
K arteries are narroWACoA and PCoA diameter equal to 0.4 mm
(1—7D)§’ (13) compared to the cases when one of the communicating arteries at
least is broaddiameter equals to 1.6 mmwhich allows collateral

whereK and ¢ are positive real numbers. Results obtained by treipply from anterior and/or posterior territories.
least squares method are given in Table 1, and displayed in Fig. 4In the case of a stenosis associated with a contralateral occlu-
They show very good agreement with numerical values derivetbn (Fig. 5, righy, the higher MWSS is obtained when the

from Siegel et al[13]. ACOA is broad and the PCoA is narrow, because the nonoccluded
Finally, the generalized law for MWSS is: carotid irrigates ipsi- and contralateral anterior cerebral territories,
05 without collateral supply from the posterior side. The greater the
MWSS= 0.170 Re + 0.705 ) (14) caliber of the PCoA, the smaller the maximal value of the
(l*D)3'298 L0.5 (1*D)2'984 MWSSk
Unilateral stenosis Stenosis + Contralateral occlusion
MWSS* (Pa) MWSR* (s') MWSS* (Pa) MWSR* (s™")
105 R 35000 105 -r 35000
90 30000 90 /ﬁ;}a 30000
75 e 25000 75 7 AN zzggg
60 20000 60
45 ,/f \, 15000 45 PN 15000
30 - 10000
15 A r 5000
0 - v T 0

0 20 40 60 80 100

Stenosis degree (%) Stenosis degree (%)
Fig. 5 Dimensional maximal wall shear stress (MWSS*) and rate (MWSR*) as a function of
stenosis degree, for five arrangements of anterior and posterior communicating arteries diam-

eters; X: AcoA =0.4 mm/PCoA=0.4 mm; [J: ACoA =0.4 mm/PCoA=1.6 mm; O: ACoA=1.6
mm/PCoA=0.4 mm; A: ACoA =1.6 mm/PCoA=1 mm; +: ACoA =1.6 mm/PCoA=1.6 mm.
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% MWSR* (s} tions are the axisymmetric and smooth geometry. However, they
MWSS* (Pa) SR* () made possible the dimensional analy@gpendix A), which ex-

75 . \ 25000 plained the simple dependence of MWSS on geometrical param-
60 57.8% stenosis o° 20000 eters and Reynolds number. The results of Siegel ¢1.8].were
0/2)3’ explained and extended to a larger range of stenosis de@jrees
45 _" 15000 particular for severe ongswith a simpler methodology and a
A great reduction in computing time. The main interest of the so-
30 & 10000 obtained scaling lawEqg. (14) or (15)) is that all the parameters
needed are measurable eithemivitro experiments, or in clinical
15 5000 practice, allowing a simple and much more accurate evaluation of
MWSS than the classical Poiseuille law. This could be of greatest
0 T T T 0 concern for studying the role of elevated shear stresses in ad-
0 20 40 60 80 100 vanced occlusive lesions, particularly on plague ulceration, rup-
ture, and thromboembolism.
Contralateral stenosis degree (%) Using our scaling law, we calculated MWSS values in carotid

stenoses, according to the patency of collateral pathways. The
Fig. 6 Dimensional maximal wall shear stress  (MWSS*) and main assumption in the simulation of blood low through the circle

rate (MWSR*) in a 60 percent stenosis as a function of con- of Willis was to use semi-empirical formulas of Young, Tsai, and

tralateral stenosis degree, for five arrangements of anterior and Seeley relating the transtenotic pressure drop to the flow rate in

'Fz‘?s“;”m communicating arteries diameters; same symbols as streamlined constrictions. As the predicted pressure drop differs
ig.

from the experimental measuremef2§], the potential error as-
sociated with using these formulas was estimated in the particular
case where both anterior and posterior communicating arteries are
2 MWSS Dependence on Contralateral Stenosis DegrAs. so narrow that they founctionally behave as closed. This analysis
an example, Fig. 6 displays the variations of MWS8 a 57.8 demonstrated that using more accurate formulas would change the
percent radius reduction stenosis versus contralateral stenosisatesolute numbers, but not the general trends of the results de-
gree for five configurations of the circle of Willis. In all cases, apicted in Figs. 5 and 6. As an example, the maximal MWSS
S-shaped curve is obtained. As long as the degree of the contratztculated when both communicating arteries are na@®@oA
eral stenosis remains less than 30 percent, the MiN@8&ie does and PCoA diameter equal to 0.4 mia underestimated by around
not change significantly from the value for a unilateral stenosi8p percent.
while contralateral stenoses greater than 80 percent have practiAn interesting result is that wall shear stress doesn't increase
cally no further effects on the MWSS and behave like occlu- monotonically with the stenosis degree: The stenosis degree lead-
sions. As the degree of the contralateral stenosis increases fromrgp to maximal MWSS results from a balance between the in-
percent to 80 percent, the MWS$hcreases, but the slope of thecrease of wall shear stress due to increasing velocity, in order to
curve is strongly affected by the communicating arteries’ diansatisfy mass conservation, and its decrease due to reduction of
eters: It increases when ACoA diameter increases, because fthes rate through the vessel induced by its increased resistance.
interaction between ipsilateral and contralateral sides increas€bis suggests that risk of embolus release could be greater for
and decreases when PCoA diameter increases, because collater@le moderate stenoses than for more severe ones. Even for a
supply from the posterior territories minimizes flow rate augmergiven stenosis degree, the results show huge variations of the
tation. Consequently, when the ACoA is thin, the amplitude of thdWSS. For instance, very high MW3Salues(>70 Pa can be
S-shaped curve is almost zero. Maximal amplitude is obtained ftound in moderate stenos€80 percent if they are associated
broad anterior and thin posterior arteries, leading to very highith a contralateral occlusion, large ACoA, and narrow PCoA
MWSS* in moderate stenosésp to 70 Pa for a 60 percent ste-diameters. This last result was obtained because we have not only
nosig. When the degree of contralateral stenosis equals the degteasidered an isolated stenosed vessel, but also included it in the
of the ipsilateral one, the cerebral network presented in Fig.vehole network. It could explain the uncertainty about the percent-
becomes symmetric, and ACoA diameter has no influence. Cunage of stenosis above which carotid obstructive lesions must be
obtained for the same PCoA intersect in that case, whatev@nsidered severe for the risk of stroke. In fact, peril of embolic
ACO0A patency. stroke is likely to be elevated for stenosis degree where MWSS is
maximal(i.e., between 60 and 80 percgnthen risk of hemody-
Discussion namic stroke in_creases with stenosis de_gree. Further investigations
on the mechanical properties of thrombi and plaques are therefore
Our scaling law for MWSS in a stenosis is based on severiaéeded for a better understanding of the role of MWSS in the
simplifications when compared to the pathophysiological congmbolic mechanisms.
plexity. The principal assumptions are to consider the blood as a
Newtonian fluid, the flow as steady, and the stenosis as axisym-
metric with a small rate of change of taper and a smooth, rigiicknowledgments
wall. Nevertheless, even if blood is non-Newtonian, its non- The authors gratefully acknowledge Mokhtar Zagzoule, Edu-
Newtonian components do not affect the magnitude of wall shegido Angles-Cano, and Stanley Berger for enlightening discus-
stresses in arterial conditiof8]. The relative error made when sjons. This work was supported by a research gfam1010
calculating the MWSS assuming quasi-steadiness of the flow ifiom INSERM (French National Institute For Health and Medical
stead of taking its unsteadiness into account can be evaluated l¥egearchintercommission No. 1 and by the CNRBrench Na-
dimensional analysis from Pedl€y29] taking numerical data tional Center for Scientific Reseaich
found in carotid arterief9,22]. This error is about 15, 10, 7, and
5 percent for respectively a 30, 50, 70, and 85 percent stenosis.
intimal thickening in stenosed arteries decreases the flexibility 0
the wall, the variations of stenosis radius caused by pressure flua; b = coefficients for maximal wall shear stress relationship

menclature

tuations encountered in carotifid2], are less than 1.5 percent. (Eq. (12)
The hypothesis of a little rate of change of taper is not limiting, D = degree of stenosigadius reduction at stenosis thrpat
since it is verified even for total occlusionsli=3, i.e., if the L = length of convergent part of stenosis

convergence length is greater than 6 mm. The two last assump-n = coordinate at right angle to the stenosis wall
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Q = flow rate
R = radial position of the wall
Rey = Reynolds number based upon upstream diameter and
mean upstream velocity 2Ry* - Uy* /v=2Q*/mRy*v
s = current length measured along the stenosis wall from
the beginning of the convergence=( —L)
u = velocity component parallel to the stenosis wall
U = velocity component in the Manglet direction
v = velocity component normal to the stenosis wall
V = velocity component in the Manglef direction
X = axial coordinate
X,Y = Mangler coordinatessee Eq.(4))
8, = displacement thickness of the boundary-layer
A, = displacement thickness of the boundary-layer in Man-
gler coordinates
A, = pressure gradient parameter of the boundary-layer
M = Viscosity
v = kinematic viscosity
7 = wall shear stress
Subscripts
0 = upstream condition = —L)
e = condition at the edge of the boundary-layer
Superscript
— = mean over a cross section
* = dimensional quantities
none = nondimensional quantities

Appendix A: Dependence of MWSS on Parameters
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