l*l National Library
of Canada du Canada

Biblicth&que nationale

Canadian Theses Service  Service des théses canadiennes

COnawa, Canada
K1A ONd

NOTICE

The quality of this microformis heavily dependent upon the
quality of the original thesis submitted for microtilming.
Every effort has been made to ensure the highest quality of
reproduction possible.

1 pages are missing, contact the university which granted
the degree.

Some pages may have indistinct print especially if the
original pages were typed with a poor typewriter ribbon or
if the university sent us an inferior photocopy.

Reproduction in full or in part of this microform is governed
by thé Canadian Copyright Act, R.S.C. 1870, ¢. C-30, and
subsequent amendments.

AVIS

La qualité de cette microforme depend grandement de 1a
qualité de la thése soumise au microfilmage. Nous avons
tout fait pour assurer une qualité supérieure de reproduc-
tion.

S'il manque des pages, veuillez communiquer avec
université qui a conféré le grade.

La qualité d'impression de certaines pages peut laisser 3
désirer, surlout si les pages originales ont é1é dactylogra-
phiées & l'aide d'un ruban usé ou si l'université nous a fait
parvenir une photocopie de qualité inférieure.

La reproduction, méme partielle, de cette microforme est

soumise 3 fa Loi canadienne sur le droit d'auteur, SRC
1970, ¢. C-30, et ses amendements subséquents.

[ 14



THE EFFECTS OF CURVATURE ON SHEARED TURBULENCE

ARTHUR GORDON LAWRENCE HOLLOWAY
A Thesis

presented to the University of Ottawa
October, 1989
in partial fulfilliment of the
requirements for the degree of
DOCTOR of PHILOSOPHY
in

MECHANICAL ENGINEERING

Ottawa-Carleton Institute for

Mechanical and Aeronautical Engineering

© Gordon Ho;.loway, Ottawa, Canada, 1990



Natoaal Libcary
of Candda

Bibliotheque aationzie
du Candda

Canadian Theses Service  Service des Ihéses canadicnnes

Quawa, Candda
KiA ONg

The author has granted an irrevocable non~ ~

exclusive licence allowing the National Libeary
of Canada to reproduce, loan, distribute or sell
copies of histher thesis by any means and in
any form or format, making this thesis available
to interested persons.

The author retzins ownership of the copyright
in hisfher thesis. Neither the thesis nor
substantial extracts from it may be prnted or

olhenvise reproduced without his/her per-
mission,

ISBN

X Jee

S

L'auteur a accordé une licence irrévocable et
non exclusive permettant a la Bibliothéque
nationale du Canada de reproduire, préter.
distribuer, ou vendre des copies de sa thése
de quelque maniére et sous quelque forme
Que ce soit pour mettre des exemplaires de
cetlte thése a la disposition des personnes
intéressées,

Lauteur conserve 1a propriété du droit dauteur
Qui protége: sa thése. Nila thése ni des extraits
substantiels de celleci ne doivent étre
imprimés ou autrement reproduits sans son
autodsadon.

0-315-600423-8



=] UNIVERSITE D’OTTAWA
UNIVERSITY OF OTTAWA




Abstract

The present experiment is an attempt to study the effect of curvature on
sheared turbulence in relative isolation from wall and entrainment effects. The
flow is an extension of previous studies on nearly homogeneous, parallel, shear
flows. Uniformly sheared turbulence is allowed to reach a state of transverse
statistical homogeneity in a straight rectangular duct, it is then passed into a
curved duct, also of rectangular cross-section. The near homogeneity of the

turbulence and the near uniformity of the shear are preserved.

The present experiments span a range of § = U./AR,. from -.49 to .65, (U.
is the centerline velocity. 4 = % is the mean shear rate and R, is the radius of
curvature at the centerline of the duct). using two curved tunnels with R.=2m

and 5m respectively as well as shear generators producing several values of A.

Measurements indicate that the growth of the turbulent stresses and length
scales is enhanced for § < 0 and suppressed for S > 0. For § > .05, the
stresses decay. In cases where sufficiently large total strain was achieved, the
stresses seem to grow or decay exponentially and to develop in a self-preserving
manner. The magnitude of the dimensionless shear stress, K, = %"—, decreases
monotonically with increasing S. The effect of curvature on shear stress is more

pronounced in the low wave number range.
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Chapter 1

INTRODUCTION

1.1 Motivation and Objective

Turbulent motions predominate in enviromental and technological flows and
for this reason fluid turbulence has been studied extensively under a myriad of
conditions. However, it is within the shear layers that the turbulent motions are
the most active, transporting momentum at rates which are orders of magnitude

higher than is possible by molecular motions in laminar flow.

The instantaneous streamlines of all such turbulent motions are highly
curved but the term "curved shear layer” is reserved for those flows in which the
mean streamlines are curved. With few exceptions all shear layers have some

degree of streamline curvature.

The importance of curvature effects varies widely from one flow to another.

For example, the curvature of the mean streamlines for the boundary layer along



a flat plate is so slight that the effects of curvature are essentially unoticable.
while in some vortex flows the turbulence is dominated by curvature effects.
Among the technologically important examples of curved shear flows would be
those on the curved surfaces of airplanes and ships or the internal passages of

turbo-machinery such as turbines and pumps.

Curvature can have a stabilizing or destabilizing effect on the #uid motion

depending on the direction of the mean shear with respect to the curvature.

The quasi-periodic motions associated with the transition to turbulence and
the fully turbulent motions are very sensitive to curvature. Even when a bound-
ary layer thickness is only a small fraction of the radius of curvature, curvature
causes significant changes in skin friction. With stronger curvature, longitudinal

vorticity can develop.

A better understanding of the interaction between streamline curvature and
shear may provide insight into drag reduction and perhaps lead to better design

of vehicles and fluid machinery.

Significant efforts have been made to study the effect of curvature on bound-
ary layers and free shear layers. Such studies have provided useful information
but the interpretation of these results is complicated by the simultaneous ac-
tion of different turbulent mechanisms such as entrainment of irrotational flow,

viscous wall layers and the inevitable inhomogeneity of the mean shear.

An ideal flow in which one could study the generic interaction of shear and
curvature would be one where turbulence, curvature and shear are homoge-

neous. While an exactly homogeneous curvature seems difficult to materialize,

(V]



the present experimental work is an attempt to generate a flow which has ap-

proximately homogeneous turbulence. shear and curvature.

Uniformly sheared turbulence is allowed to reach a state of transverse statis-
tical homogeneity in a straight rectangular duct, it is then passed into a curved
duct, also of rectangular cross-section. The near homogeneity of the turbulence

and the near-uniformity of the shear are preserved along radial lines in the

curved tunnel.

Therefore, away from the tunnel walls. the curvature effects on the turbu-

lence structure can be studied in relative isolation.

1.2 Literature Review

The effect of streamline curvature on shear flow stability was recognized by
Revnolds as early as in 1884. Most analyses of curved shear flows have been
concerned with the stability of basic motions. i.e. “simple” solutions of the
governing equations. Rayleigh (1916) and Synge (1933) studied inviscid flow
and found it unstable in cases where the angular momentum decreased with
radius. Taylor (1923) and Synge (1938) studied viscous flow between rotat-
ing cylinders. Gortler (1940) examined the stability of curved boundary layers
and Dean (1928) the stability of Poiseuille flow in curved circular pipes. All
of these studies show that the instability ha$ the form of longitudinal vor-
tices. Summaries of centrifugal instability can be found in books by Lin (1955),

Chandrasekhar {(1961) and Stuart (1963), and more recently in the review by



DiPrima and Swinney (1981). Such analyses have questionable relevance to
fully turbulent flows. nevertheless, results of linear analysis currently provide
the only mathematical and physical basis for understanding curved turbulent

flows.

Rayleigh (1916) suggested that centrifugal instability and bucyant instabil-
ity were analogous. Jeffreys (1928) showed that there is an analogy between
buoyant flow instability between parallel planes and centrifugal instability be-
tween concentric cylinders in the limiting case of a small gap. The analogy is
such that temperature corresponds to angular momentum. In the case of un-
stable curved shear flow the region away from the walls would be expected to
have a constant mean angular momentum. due to diffusion: similarily the flow

between heated parallel plates would have a nearly constant mean temperature

(Townsend, 1976).

The earliest attempt to model turbulence in curved flows was that of Prandsl
(1929) who balanced the production of kinetic and potential energies of turbu-
lence for small inviscid disturbances, using the analogy between curved and
buoyant flows, and proposed a modified mixing length, which was a linear fune-
tion of the difference between these production rates. This analogy between
buoyant turbulent shear flow and curved turbulent shear flow has been further
discussed by Bradshaw (1969.1973), who showed that Prandtl’s modification

of the mixing length was too small by an order of magnitude and proposed

alternatives.

Buoyant shear flow data and models have been used cautiously in the pre-



diction of curved shear flows ( Bradshaw 1969).

Recent modelling efforts have extended Prandtl’s (1929) analysis by account-
ing for viscous dissipation. inhomogeneities and finite disturbances with various
degrees of sophistication. So (1975) has applied a model similar to the Reynolds
stress models developed for plane shear layers (for example see Launder, Reece
and Rodi 1975) to curved boundary layer flows under the assumption that the
turbulence is in local equilibrium. Irwin and Smith (1975) applied the Reynolds
stress model to curved boundary layers. Gibson (1978) applied to curved flows
an algebraic stress model. where the Reynolds stress model is simplified un-
der the assumption that all components of the Reynolds stress and heat flux
are transported at the same rate as the turbulent kinetic energy. In contrast
to these approaches, Launder, Pridden and Sharma (1977) have proposed a
modification of the k-¢ model (for example, see Launder and Spalding, 1974).
where the dissipation equation is a function of the Richardson number. The full
Revnolds stress model has been applied by Gibson and Rodi (1981) to a curved
mixing layer, by Gibson, Jones and Younis (1981) to curved boundary layers,
by Gibson and Younis (1981) to a curved wall jet and by Launder. Tselepidakis
and Younis (1987) to a rotating channel flow. Pouagare and Lakshminarayana

(1983) have applied an algebraic stress model to a rotating channel flow.

A review of the performance of several k-¢ and algebraic stress turbulence
models in curved shear flows has been made by Rodi and Scheuerer (1983).
One of the few critical discussions of the Reynolds stress models with respect

to curved shear flows has been given by Gibson (1984).

ot



The consensus among modelists appears to be that the effects of curvature
can be predicted by standard Reynolds stress models. Most of the less com-
plicated k-¢ models display qualitatively correct behavior and possess sufficient
flexibility to reproduce the average velocity and turbulent kinetic energy of a
given experiment. The performance of these models seems, to the author, poorly
understood in plane shear flows and less so in curved flows. Little attempt has

been made to evaluate the various assumptions with respect to curved flow

structure.

Most available experimental studies of two-dimensional turbulent curved
shear flows can be classified as a) flow between rotating cylinders b) boundary
layers on convex and concave surfaces c) curved free shear flows d) curved duct

flows and e) rotating flows.

Experiments in turbulent flow between rotating cylinders have been per-
formed by Wendt {1933), Taylor (1936), MacPhail (1941), Pai (1943) and Smith

and Townsend (1982). Only the latter authors report turbulence statistics.

Experiments on convex boundary layers have been performed by Wilcken
(1930). Schmidbauver {1936), So and Mellor (1973), Meroney and Bradshaw
(1973), Ellis and Joubert {1974), Mayle, Blair and Kopper (1979), Smits, Young
and Bradshaw (1979), Gibson, Verriopoulos and Nagano (1982), Ramaprian and
Shivaprasad (1977, 19782, 1978b ,1982), Gillis and Johnston (1983), Gibson,
Verriopoulos and Vlachos (1984), Gibson and Verriopoulos (1984) and Muck,
Hoffman and Bradshaw (1985). With the exception of the experiments by So

and Mellor (1973), these are cases of relatively mild curvature.



Experiments on concave bhoundary layers have been performed by Wilcken
(1930), Tani (1962). Ellis and Joubert (1974). Meroney and Bradshaw {1973),
So and Mellor {1975), Mayle. Blair and Kopper (1979), Smits, Young and Brad-
shaw (1979), Gibson and Servat-Djoo {1981), Nakano, Takahashi. Shizawa and
Honami (1981), Ramaprian and Shivaprasad (1978,1982), Shizawa and Honami
(1983,1985), Ba.rloﬁ and Johnston (1983) and Hoffman, Muck and Bradshaw
(1985). Tani(1962) and So and Mellor (1975) used strong curvature and ob-

served longitudinal vortices in the mean flow.

The measurements of Ramaprian and Shivaprasad (1978, 1982) provide the

most comprehensive study of flow structure in curved boundary layer flows.

The boundary layer experiments of Mayle, Blair and Kopper (1979) and

Gibson, Verriopoulos and Nagano (1982) also contained heat transfer studies.

The experiment of Nakano, Takahashi, Shizewa and Honami (1981) is di-
rectly related to the present study. To study the effect of free stream turbulence
on a concave boundary laver a flow with an approximately linear shear was
generated at the entrance to the curved tunnel. The Reynolds stresses were
measured within two boundary thicknesses (where U=.99U.) of the concave
wall. While the turbulence was not uniform it did grow for the case where
velocity decreased away from the center of curvature and did not grow where

the velocity increased away from the center of curvature.

Experiments on curved free shear flows have been performed in strongly
curved mixing layers by Margolis and Lumley (1965), Wyngaard, Tennnekes,

'Lumley and Margolis (1968), Castro and Bradshaw (1976) and Townsend
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(1983). Curved wake flows have been examined by Savill (1983) and Koyama
(1985). A curved free jet flow has been studied by Pelfrey and Liburdy (1986).
The measurements of Townsend {1983) and Savill {1983) include multiple point

hot-wire statistics.

Experiments in curved circular ducts are extensive. The earliest experi-
ments were performed by Eustice (1911), who observed secondary flow patterns
by dye injection. For a recent review see Ito (1987). Experiments in fully de-
veloped curved rectangular duct flow have been done by Wattendorf (1935).
Eskinazi and Yeh (1956). and Hunt and Joubert (1979). Humphrey, Whitelaw
and Yee (1981) studied a developing flow. The direct numerical simulation
-of low Reynol;is number { Re=2990) turbulent curved rectangular channel flow
by Moser and Moin (1987) can also be used for comparison with experimental

results.

The experimental results have consistently demonstrated the enhancement
of turbulent mixing in cases where the velocity decreases with radius of curva-
ture and the suppression of turbulent mixing where the velocity increases with

radius of curvature, in agreement with the results of linear inviscid theory.

Steady longitudinal vortices have been seen by some investigators in cases
of extremely strong concave curvature but no counterpart seems to exist for

convex curvature.

Among the references mentioned above, the experiments of Ramaprian and
Shivaprasad (1978b) on convex and concave boundary layers have been cho-

sen as containing experimental results representative of inhomogeneous curved



shear flows. These experiments will be used for comparison to the present flow.

An important parameter in curved flows which is used widely in the lit-
erature is the curvature parameter § = U./AR,, where U, is the streamwise
velocity on the windtunnel centerline, A is the shear rate and R. is the center-
line radius. S represents the ratio of strain rate due to the turning of the flow to
the strain rate due to shearing of the flow. For an unsheared flow, S — zo0; for

a flow in pure rotation, S=1; for a straight shear flow, S=0; and for irrotational

flow, S=-1.



Chapter 2

ANALYTICAL
PRELIMINARIES

2.1 Curvilinear Coordinates and the V Opera-

tor

A curvilinear orthogonal system of coordinates denoted by s, n and z is shown
in Figure 2.1. The s coordinate is the arc length of a circle coincident with the
tunnel centerline and having radius R.. The point s=0 is located at the entrance
to the curved tunnel. The n coordinate runs normal to s, 1s zero on the tunnel
centerline and is positive outward from the center of curvature. The z coordinate
is normal to s and n and forms a right- handed system. This cooordinate system

is related to a z1, 7, 23 cartesian system by the transformation

8

ry = (R¢+TI)SIHRC

(2.1)
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I, = (Rc-i-n)cos—;—; (2.2)
r3 = = (2.3)

The scale factors (Karamcheti, 1966, p.140) of the s, n, z system are

n
hy = 1+ E (2.4)
ha =1 (2.5)
hy = 1 (2.6)

The unit vectors tangent to s, n and 2 are related to the e, ez, €3 unit vectors

by the transform (see Figure 2.1)

s .8 5 -

e, = cOS Eel - sin Eeg (2.7)
. 8 S :

e, = sin -R—cel + cos Eeg (2.8)

€. = & (2.9)

The velocity vector will be represented by u with components defined by
u = ue,-+ve,+ we; (2.10)

To obtain the equations for fluid flow in the s, n, z, system, the V operr.'or can
be expressed in s, n, z coordinates and substituted in the vector equations for
fluid fow which are independent of the coordinate system. The del operator in
curvilinear orthogonal coordinates is (Karamcheti, 1966, p. 145)

1 0° 19 1 9

V=ze——+er——+e3—— 2.11
lhl 3(_11 2h2 8q2 3h3 8q3 ( )

where e;,esz, ez are the unit vectors tangent to the orthogonal coordinates

1,92, ¢3. For s = q;,n = ¢z, and z = g3, equation (2.12) becomes

) ) ]
= e N— — = 12
v e’b‘as‘l'e“a tem (2.12)
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where X = (1 4+ n/R;)™". From equation (2.12) the gradient of a scalar ¢ is

9¢ + e.a—‘p (2.13)

V¢—et\a¢+en e

Os on

The gradient of a vector in orthogonal curvilinear coordinates (INaramcheti,

1966, p. 103) can be expressed as
Va=e,(Va, +xs) +en(Van + xn) + €:(Va, + x:) (2.14)

where a,,a, and a; are the e,, e, and e, components of a and x,, . and . are
vectors which are functions of a,, a,, a. and the derivatives of the unit vectors.

The only non-zero derivatives of the unit vectors (see equations (2.7) to (2.9))

are
3e [
2 m ——m PR
c% Rce,., (2.15)
de R :
23 - )
N B Rce, (2.16)

Evaluating x,, x» and x: with equation (2.15) and (2.16) and substituting into
(2.14) gives

Va =e,(Va, + ia.,,e,) +ex(Va, — ia,e,) +e.Va. (2.17)
R. R,
Equation (2.17) may be expanded to give
das | .. Gn da, Oa,
Va = e,e,(Ra— +R )-}-e.,eﬂ n +e,e. ER + (2.18)
da, da, aan
enes(t\ 63 —z\ )+ €nen—— an + €€,/ a
,Oa 3 da. -
e=e,ha—s + e.e, — B ~ +e.e.— s
The strain tensor (Karamcheti, 1966, p. 106) is
D = S(Va+(Va) (2.19)



aa, 1 da, da,

qs
= N( ) €,€, + ( +1\( a E))(eaen'l'enea)'*“
laa’ ‘—*)( e+ee)+he +
a- a eJ = T3 an 'ﬂ.eﬂ.
1 da. Oa,

—(— + —)(ene. +e.e,) + a—e e;

where ()7 indicates the transpose of the tensor. The rotation tensor (Karam-

cheti, 1966, p. 106) is

1
Q = év-qvaﬁ (2.20)
_ 1 6a, aan
= ( Bs ))(eaen eqe;) +
l(%1—?.\68&')(&,@:. e.e,) +
1 aan da.

§( d= a )(ene“' €; en)

The axial vector associated with the rotation tensor,i.e. the vorticity, (IKaram-

cheti, 1966, p.106) is

da, Oa. da, aa. da,

w=vxa=(@n B G 3P 1 (TG - B 220

Bs
Using equation (2.13) the divergence of a vector (Karamcheti, 1966, p.106) may

be calculated from

Oa, a an da.
vas 9
s +Ra X 4+ 52 (2.22)

The Laplacian of a scalar (Karamcheti, 1966, p.145) may be calculated using

Via=R—

equations (2.12), (2.13) and (2.22)

2 2
a¢+na1a¢+a¢ (2.23)

24 _ . _
Vie=V- (Vo) =Rt oaRan T o

The vector Laplacian (Karamcheti, 1966, p.134) may be written as

Via=V(V-a)—Vx(Vxa) (2.24)

13



Using equations (2.12), (2.21) and (2.22) the vector Laplacian is

\ N e, W N da, N
Va = [Vza.s'i'gz_gs&_Rq as]es+[v2an_ Ea_z_ﬁa“]eﬂ-i-v a:e: (2.2 5)

For a vector field without divergence, such as the velocity of an incompressible

fluid, the vector Laplacian may also be written as

Via = -V x(Vxa) (2.26)
_ a2a, 3 a_, N2 8a, N Ba, d%a. &%a, N2
= Gz TR s TRon 658 NBsan T mECIST
2 2 2
e a,.,+62a,,_&3a, N2 0a, O, e+

8z2  QsOn R, 0s Boom
62a. + Ze 62a. N da; O%an , O%a, iaﬁ]
Bs? YR On  Pnd: 59z R, 0z

[ 2

2.2 Statistical Definitions

2.2.1 Probabilities

The first order distribution function for a stochastic process 7(z,t) (where the

tilde denotes the instantaneous value) is defined as (Papoulis,1984,p.206)
F(Y;2,1) = P(i(2,£) < V) (2.27)

where P(A) is the probability of the event A. The corresponding first order

probability density function is given by
fQYiz,t) = fy(z,¢) = F (Vi2,1) (2.28)

14



Equation (2.28) may be used to derive the n'" moment of the stochastic process
¥(z,1)

Tz t) = fj; Y (Vs 2,)dY (2.29)

The second order distribution and probability density functions for the stochas-

tic process §(2,t) at times ¢; and t» are (Papoulis,1984,p207) -

F(y‘l)yZ; z, tlat'-’) = 'P(g(zv tl) S y‘hg(z) t2) S y2) (2'30)
& F 23
2 2, by, 1) = Jtate) = meF (1, Vai 2, iy ta 2.31
F(, Yes 2, 8, t2) = Fyy3n (2, that) 3.0 (D1, M52,y t2) (2.31)
Equation (2.31) may be used to derive the autocorrelation in the following way
Ratut)= [ [ WnfOnYuntt)dhdy,  (232)
-0 /=00

In a similar way the joint distribution and probabilty density functions for the

two stochastic processes #(z,t) and §(z,t) are defined as

F(X,¥;2,t) = P(E(2,t) £ &,§(2,t) £ V) (2.33)
a?
f(X,y;Z,t) = fxy(z:t) = %F(X$y;z1t) (2'34)

Equation (2.34) may be used to derive the joint moments of the stochastic

processes Z(z,t) and §(z,t) as

T = j_°° j_: X™Y fry(z, )dXdY (2.35)

While the statistical moments of 2 random process are defined in terms of the
probability density function for that particular process, in practice the statistical

moments can be estimated from the experimental observations as the ensemble



average of different realizations of a stochastic process j as (Papoulis, 1984,

p.245)

y(z,t) = lim V ym(z,t) (2.36)

where the subscript m denotes the pa.rtlcr.ﬂa.r realization of the experiment. In

cases-where §n is a stationary function of time, the ensemble average defined

by equation (2.28) is equal to the time average (Papoulis, 1984, p.245)
¥(z) = hm °_f (z t)dt (2.37)
In the case where 7 is spatially homogeneous, the ensemble average may be

replaced by the space average (Batchelor, 1953, p.15)
1
- = . il -~ 7 1] o
5 = Jim = [ 32, ) (2.38)
A stationary discrete time series is defined as

5(z) = §(jOt, ) (2.39)

where At is the time interval between points and N is the number of points. In
cases where the time interval is large enough that successive points are statis-

tically independent, the average may be written using equation (2.28)

_ .1 X -
y(z) = lim _,;J_{,:ys(Z) (2.40)

2.2.2 Space and Time Averages

The instantaneous variables U, V', W and P have been decomposed into mean

and fluctuating parts
U = U+u (241)

16



Vo= V4o (2.42)

]

W+w (2.43)

o
i

P+p (2.44)

where the average of the fluctuation is by definition equal to zero. An () will

indicate the average of a composite expression.

The covariance of two random variables at different points in space or time

is (Papoulis, 1984, p.209)

cab(zletl;z2:t2) = a(zhtl)b(zs t2) (2'45)

The Reynolds stresses are covariances in the limiting case where point 1 and

point 2 coincide. The nine components of the Reynolds stress tensor are

(Townsend, 1976)
uw
TT v Tw
ww

Due to symmetry only six of these components are independent. A measure
of the structure of the turbulent stress tensor is provided by dividing Reynolds

stresses by twice the kinetic energy (per unit mass) of the turbulence

w/¢ W T/
w/¢ /g T0/¢’

T/q° ww/q

where g% = (u?+v?+w?). This tensor is referred to as the structural tensor and

its elements are denoted by Ky, Kuv, Kuw €tc. Another important covariance

17



is the "time correlation™ (Hinze, 1975, p.57)

u(z,t)u{z,t + 7)
u?(z,t)

Ruu(z,7) = (2.46)

of a stationary function. R, Ry, Ru» 2and R, are defined similanly. Two

measures of the time correlation are the micro-scale (Hinze, 1975, p.57)

xi=(Thulz), 247)

and the integral scale (Hinze, 1915, p51)
A.m = ’ R«m z,7 dr 248

In a similar way one can define a "space correlation” for a homogeneous

turbulence as

u(z,t)u(z +r.t)
u*(z,1)

Bu(r,t) = (2.49)

By, Buw, Buw and B,,, are defined simila.fily. The associated micro-scale

2
)t:rz = (a B‘“‘EZ’ t) )r=0 (2-50)
ar?
and the integral scale
L, = j ” Buu(r,t)dr (2.51)
) 0

Loy Luwrs Luny 20d Loy, ate defined similarily.

The "space correlation” of the kinetic energy could be defined as

v(z,t) - v(z +r,1)

Boy(r,t) = (z,1)

(2.32)
where v is the velocity vector. The integral scale for this space correlation is
==
Lo = [ Bulr,t)dr (2.53)
0
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Lyqr isrelated to Luyr, Lyyy and Lyn,r a8
qu.r = Luu..r Ruu + Lw.rI\-vu + Lw.r-wa (2'54)

In the following only space correlations which are separated in the streamwise
direction, s, will be considered and for convience the s subscript will be dropped
with the understanding that all length scales and the microscales are for stream-

wise separations and derivatives unless stated otherwise.

The space correlation for streamwise separations can be approximated when
the turbulence intensity is low, from the time correlation using Taylor’s "Frozen

Flow™ hypothesis { Tavoularis, 1986). For example

Buu(s.t) = Rua(2.UT) (2.55)

from which follows the approximate relations for the integral scales and mi-

croscales

2.2.3 Spectra

The Fourier transform (or spectrum) of a covariance may be formed where
the covariance is spatially homogeneous or stationary in time. For a spatially

homogeneous covariance the Fourier transform is (Hinze, 1975, p.334)

Tk, ) = 8% [ z [ : i : Cor, e~ O dr drodry,  (2.58)
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where r = z; — z» and k is the position vector in wavespace and has the com-

ponents

k = ae, + e, + ve. (2.59)

A one dimensional streamwise spectra can be defined as

Fo(e,t) = 91—__ = C.,b(r,t)e‘i(’°)ds (2.60)

add -0

It is also possible to form the Fourier transform of the covariance from the
average of the product of the Fourier transforms of finite records of the random

variables themselves (Yeh and Van Atta, 1973) as
Caslk.t) = a(k, t)b*(k, t) (2.61)

where

akt) = — [m [ atz, 1) drydradrs (2.62)

873 Jooo Joco Joo

1 o0 _

— —i(r-k) . 9
Q3 _/:: j: j: - b(r.t)e drdradr; (2.63)

and the spade superscript denotes a complex conjugate.

(k. £)

The Fourier transform of the components of the velocity covariance may be

written for spatially homogeneous or a temporally stationary turbulence as

o~ .

au® Uy uwe

7a* To* oo°

wu* wre wwe

and will be denoted by C'uu, C'W,C'uw etc. This tensor is Hermitian since it

equals the conjugate of its transpose.



For a temporally stationary time correlation the Fourier transform is (Hinze.

1975, p.64)
- 1 o0
R(z,w) = vl I Rz, 7)exp™ " dr (2.64)

—d -

or directly in terms of the transforms of the finite time series

Fa(z,w) = a(z, w)b*(z,0) (2.65)
-vhere

azw) = — f” a(z, £)e-0dt (2.66)

zw) = o [7 ez, tyei0at (2.67)

As with the time and space correlations the one dimensional streamwise

spectra and the power spectrum can be related approximately using Taylor’s

"frozen flow™ approximation as

- W —
Fab(av t) = Rab(zs E)ab (268)
where U is the mean streamwise velocity.
The discrete Fourier transform of a stationary discrete time series

Gi(z) = §(kdw,2) (2.69)

where k = ~Z...2 and Aw = g is the frequency interval may be calculated

from the relation (Papoulis,1978)

x e

- 1 . -
Gu(z) = TEL_pUi(z)e™S (2.70)



2.3 Governing Equations

The motion of a incompressible, constant viscosity fluid is customarily described
by the Navier Stokes equations and the continuity equation which in vector form
are (Slattery, 1981, p.58)

%J+u vU = -V§+uv.(vﬁ) - (2.71)

v-OU = 0 (2.72)

On substituting the various operators expressed in s, n, z coordinates from

section (2.1), the components of equation (2.71) are

R o REC
+(V30 + O%z%—‘: - ;;;o )
%_{_Maa_v-]_vgv *-W‘:;—Y._% = --éa;é (2.74)
+u(VV ~ 2%2:%—2 - %;-'?)
a;t RUaaW 17?:‘ + W%‘f = -%% + vV (2.75)
The continuity equation is
Rafr +R— oV Tt W =0 (2.76)

9s on Oz
If one decomposes the instantaneous velocity and pressure into mean and fluc-
tuating parts and average equations (2.73) to (2.76), one gets the equations for

the mean motion

DU | UV 0P 0® 0w 0w Mu. _
DrtrE T Mg, TR e Rt t (2.77)
N2V N2

VU 25— gY)
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v Ut 3P ot 9 v Jotw WaP

R~ oYU R (2.78)
+U(TV -2%1%% R;, )

%_‘:’ = ‘%% - R% + R%%m + a—?) +UVIW (279)

0 = nP a2 2T | (230)

where 2 = 2+8U £ +V & +W£. Equations for the fluctuating velocity and
pressure may be derived by subtracting equations (2.77) to (2.80) from equations
(2.73) to (2.76) respectively. The resulting equations for the fluctuating velocity

and pressure are

% = —[Ru% + v%—i + w%—g + %(»U +uV)] (2.81)
-u%% + [V + 2%2-3% - };—;u]
—[N%(uz - )+ R;—né(w —m)+ -a(?;(uw— 7T) + Ri;(uv — 7))

% = —[Ru% + v%—z + w%‘_:- - 2%0‘::.] (2.82)
..%% + [V — 2-2—2% - %;u]
—[R%(uv - %7) + x%%uz - 22 )+ %(vw - 77) - Ri‘c(u2 )

%—‘f = -[Ruagj + u%v: + waa":] - %% + vV (2.83)
—[R%(uw - T + Ra—i-%(vw - 7w) + %(w"’ - w?)]

0 = N‘;—‘; + u%% + g—‘: (2.34)

The last terms in equations (2.81) to (2.83) are not linear.

It is possible to form equations for the Reynolds stresses which appear in
equations (2.77) to (2.79). For'example the uv equation can be formed by multi-
plying equation (2.77) by v, equation (2.78) by u, adding the two equations and

averaging. The equations for u?, v?, w?, %w and TW may be derived similarily.
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The equations for the Reynolds stresses in s, n, = coordinates are

3 —- —
%% = -[Ru'-‘%—g+u—ug—v +W%—?+i(u—vv+u=1/)]+ (2.85)
3 Bu% 6?2'5 RT
M- 05 )“*a w®tez TRYUT
u? “ N 9 w2
o2 - (GGt + (Gl 25y~ 7l
D _9V =V _aV % "
s = [Ruua YR — on +vw—-2}—2-uvU]+ (2.86)
pJdov 6‘uv- s 8 viw R ——
Rpan& ~Ryo ¥ =G x 2R)+FT'_" o+
—2
A -——u[(—)2+}\2(a R+ (— )2+2:c (';u vz]
D w? ow W =W -
iz = —[Ruwg-ﬁ-tiv_a‘—-}-w*:]-!- (2.8%)
P _pduwd Qw9 P W
A e A ™ +a::(p Tl
w?
2= _ 2 2 2. —
WO GER R G + (52
%W = —[Nu 2aa—v+¥\uv%U+uvg—V+ {2.88)
—oU av aU R — —
39Y — ([ (92 — 72
vigy + T 3 + 7w Do (U(2u v?) +wV)] +
N (63+R__) ¥ p"* ) +
g uv? R — =
n pR+_)+ uvw-i-—(uv - u3)]+
du dv N2 auav du dv + du  dv r
Ve uv—2v[( )+ (3 s )+(3.,3.z) ('" s_tas)+2R§uu]
D au 3W ou
= = —IRTpo 27 el
io® = [Rzw B + Ru 5s T T (2.89)
W J W R
ﬁaa—+w2%€-+uw%—z+E(Uv_w'+'ﬁ'W)]+
P 9w 0 0 BT o
p(Ra +3*) [Ras(p + ulw) +
2 v 2B e ﬁ—]
7n R + ( + uw?) + —uTw] +
3u8w ou 3w dudw, N2 31: N2
iy RS v HRAC oy ml e Pl
%W = —[Ruw %—W+§\E‘i’u'aav+vwg—v+ (2.90)
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0w —oV __JdW R .
v 8n+w T H TS —2Rcbuw]+

p.o0w Ov dutw
P 3nR+8:) [ s +
O Vw FB, 8 PF —5 N
t‘31:( R +pR)+6: P +vw)—Rcu wl+

dv dw o, QU OW dvdw, W Ju N

2 _ o [ SLOW R vt Rl Gl Bl
vV TT 2y[(8n3n)+h(3838);‘-(3-73:)-}- Rcwas'*'Rng}

Equations (2.85), (2.86) and (2.87) may be added to form the equation for the

kinetic energy of the turbulence

D& _

Dt 2

—oU ouU oU
=Ry e - TG— S TW—
[Ru . +uvan T + (2.91)
NTPOL + FoL 4+ TToe +
ds dn

0z
_OW | _ W —dW R =
Ruwas +w3n+w 3:_.—&(uvU—u\/)]
I N AL IS AN A A
-[has(p+ 5 )+R3n(p}{+‘2§§)+az( +=-0+

23_ ?_Ez \26_"2 8_u2 a_‘lz vza_”z a_"z
v 2 "[(an) +R (65) +(3z) +(6n) +}\(as) +(Bz) +

Wy 2By (B B O O R,
(Gl + NG+ (G g s TR )

[\
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Chapter 3

HOMOGENEOUS CURVED
SHEAR FLOW

3.1 An Introduction

Shear plays an important role in the initiation and maintenance of turbulence.
As an idealization of a shear flow, von Karman (1937) introduced the concept
of a "homogeneous shear flow”, in which spatially homogeneous turbulence is
uniformly sheared. The turbulent shear stress works against the mean distortion
of the fluid to provide energy to the turbulence but the shear also has 2 role in
determining the turbulence structure (see the numerical simulations of Rogallo,
1981). The homogeneous shear flow is suitable for scrutinizing the interaction
of turbulence and shear in relative isolation from other features of turbulent

flows such as intermittency, viscous wall layers and inhomogeneity.



In a curved shear flow the energy provided to the turbulence comes from the
mean straining of the fluid as in rectilinear flow. The strain is 2 function of the
curvature but unlike buovancy, for example, the flow curvature does not provide
energy to the turbulence directly but may alter the turbulence structure from
what one would expect to evolve due to shear alone. Changing the turbulence

structure affects the efficiency of the energy transfer from the mean flow to the

turbulence.

As an extension of the study of homogeneous shear flow one might consider
2 flow with mean streambnes which are not parallel but which form concentric
rings (see Figure 3.1). The shear could be uniform in the radial direction but
the fluid would move along a curved path. In general it is not possible to have a
homogeneous turbulence under these conditions because of the spatial variation
of f.he curvature and strain. The concept of a homogeneous curved shear flow

might, however, be a limiting case.

Consider a finite volume of space which is large in comparison with the scales
of the turbulence but is Jocated far enough from the center of curvature for the
curvature to be nearly constant within the volume. Under these circumstances
the turbulence in the volume, which is assumed to be initially homogeneous,
might for some time remain independent of remote turbulent motions having

different structure, due to the different local curvature.

To formally establish the homogeneous curved shear flow we reduce equa-

tions (2.81) to (2.84) for the fluctuating velocities for the case where the mean

3V
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velocity is of the form

U = U.+4n (3.1)
vV =0 (3.2)
W =0 (3.3)

(A is assumed constant) and non- dimensionalize these equations in the follow-

ing way
T=id $f =3 n°=% =3
u":% v'=; w'=-‘# p-=p_AlLV
R U

where ! and V are length and velocity scales and v is the kinematic viscosity of

the fluid. In following we will take V = Al The result is

DJ; i) S - hg”. %(Vzu' +2x-hgi —RR%)  (34)
i 2 = 9 u"v" — vt
R (T R
——(u'w' — v w*) + h(u " — umv")]
Dy - __{3_?;_ 2y 2, 9u” 2
Dr (S +hn")u" = 6‘ + SE(V - 2R ha = RR*2%)  (3.5)
=2 _ )
_[ W) + R__E}.N_v
" =) + h(u*? = u2)]
Drw® 3
D‘: = _5‘3;+ SV (3.6)
— 9 vu* - vur
_[Ng(u w" —utw )+Ran_ m

a wl .
+§(w - w*2)
ou” ovt vt owr _
N PR wtor = O (3.7)
where B° = & +X*(Sh™! + (1 — S)n7)&,h = 4,8 = (1 + kn")™" and

S= .-1 o The variable S will play an important role in the following discussion.
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It represents a relative measure of the curvature effects with respect to the shear

effects.
Expanding ® in powers of n* about the point n* = 0, one gets
R =1—hn"+ Rh%n" + .. (3.8)

Substituting this expression into equations (3.4), (3.5), (3.6) and (3.7) and
taking h small enough that terms of order A? may be neglected gives

D- - N _QP_
Dr = 8 -+ %V (3.9)
--[F(m"2 ‘2)+-—-(uv -uvt) + a(mw - utuw")
Do - .. _Op 1 2,
Dt =~ T one + %v (3.10)
[aa_(u'v' —urt) + %(v - v‘~)+ 9 (v w - vt w)
Dw 80" 1o .
o = - z‘+ 32‘\7' w (3.11)
-[aa_(uw —uw)-i-a—a—(vw - w")-i-i(w - w?)
du*  ov"  ouw*
o Tt 0 (3:12)
where & = — =+ (Sh7' + (1 — S)n")3%. In the following the asterisks will be

omitted with the understanding that all variables are dimensionless.

3.2 Equations for the Reynolds Stresses

Equations for Reynolds stresses in a curved shear flow for the limiting case where
h? — 0 can be derived using equations (3.9) to (3.12) in a manner similar to
the derivation of equations (2.85) to (2.90). If we further restrict the discussion

to a homogeneous turbulence we can neglect spatial gradients of the statistics
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to give

a%% = T+ 8) +pge - GlEER+ (o 4+ S @)

=% = s +ps - By e Eypa Dy (3.14)

>3 = -0+ e+ Ty (3.15)

%ﬁ = —v3(1+85)+235+ p('g—: + é—:) (3.16)
gl e+ (G2 4 (Ji3)

;—T?zi = -T(1-8)- %[(%})2 + (g—:)2+ (f;—:)2 + (3.17)

s 0o ] )
Gor+ (g + (o + G2r+ 22+ Ly

The shear correlations Tw and TF have been omitted under the assumption

that we consider only homogeneous turbulence having symmetry about the s-n

planes.

The above analysis shows that the curvature appears explicitly in the equa-
tions for the sticamwise and transverse components of kinetic energy and for
the shear stress. Leaving aside, for a moment, the effects of curvature on the
pressure strain covariance and dissipation rate the curvature appears to act as
follows: when S < 0,77 > 0 the growth rate of ¥Z is increased; when 2 in-
creases, the growth rates of @7 and u? increase; conversely when S > 0,uv < 0

the growth rate of v2 is decreased, which causes a decrease in the growth rates

of 77 and u2.

In contrast, in a straight shear flow (§ = 0), direct energy production from
the mean flow appears only in the equation for the streamwise component of the

turbulence energy and shear stress (Champagne, Harris and Corrsin (1970)).
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3.3 Linearized Dynamic Equations for the Ve-

locity Spectra

The dynamic equations for the velocity spectra can be derived from equations
for the two point velocity covariances by taking their Fourier transforms (Hinze,
1975). A simpler method which is mathematically equivalent will be used here.
The fluctuating velocities in equations (3.9) to (3.12) are replaced by their
Fourier series representation and equations for the Fourier coefficients are de-

duced (Townsend, 1976).

The resulting nonlinear equations for the Fourier coefficients of the fluctuat-
ing velocity havg not been solved for any case although there have been several
empirical and theoretical models of the nonlinear terms in isotropic turbulence
(Hinze, 1975). In the following analysis only linear terms will be retained.
Champagne, Harris and Corrsin (1970) have suggested that this approximation
may be inconsistent, because the pressure fluctuations which are of the order
of V? are retained. Nevertheless, linear analyses have been performed for uni-
formly sheared homogeneous straight shear flows by Pearson {1959), Deissler
(1961,1975) and Townsend (1976). The results of Deissler (1975) show good
agreement between the predicted development of one- and two-point velocity
covariances and the observations of Champagne, Harris and Corrsin (1970).
The most serious error of the linear approximation is, presumably, the neglect

of the direct transfer of energy between various wavelengths of the turbulence.
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Excluding the nonlinear terms from equations (3.9) to (3.11) one gets

Du dp 1

o = —Hl+8)- 3t ;a;V'-‘u (3.18)
12)2:: = 25u-— % + %v% (3.19)
2 - Piavu (3.20)

where 2 = £ 4 (Sh~! ++ (1 — S)n)Z. These equations also appear in linear
Dr ar 83

stability theory of circular Couette flow (for example see Chandrasekhar, 1961).

It is useful in the following to construct an equation for the pressure fluctu-
ation by differentiating equation (3.18) by s, differentiating equation (3.19) by

n, differentiating equation (3.20) by z and adding these four equations to get
2 av 3u
Vp=2—~-5— 22
p=3 ds san ) (3

Equations (3.18), {3.19), (3.20) and (3.22) form 2 set of equations for studying
small fluctuations of velocity and pressure, however. they still contain a variable
coefficient in the convection term. Townsend (1976) has shown that this problem
may be treated by transforming to mean material coodinates. The equations

for the mean particle trajectories are

s
or
on
or
g:l_ = 0 ' (3.25)

(Sh™' + (1 = S)n) (3.23)

=0 (3.24)

Intergrating equations (3.23) to (3.25) gives
5 = s+ (SR (1= Sn,)r (3.26)
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t

n,

(3.27)

(3.28)

where z,, s, and z, are the material coordinates in the reference configuration

at 7 = 0. The motion of these material lines is illustrated in Figure 3.2. Trans-

forming equations (3.18) to ( 3.20) and (3.22) to mean material coordinates

gives

3r +(1+5)
ov
AR
or 25u
dw
~Vp

%

dp 1

—_ g 9
A (3.29)
dp dp 1.

S - (1= Spal + 5 Vi (3.30)
aaf + %\73 (3.31)
ov du du

P S(a_no -(1- S)Taso)) (3.32)

where V2 = (%g.o- + é_a;_g + % +(1- .".7)"'1""3%3 —-2(1 - S)"'?afn"'ja_k)' A solution of

these equations is the following

w(zo.7) = ilko.7)exp taos, + Foho T Yo%) (3.33)
¥(Zo,7) = ¥(ko,T)eXp oS + Bomto + Yo5o) (3.34)
w(2o,7) = W(ko,T)expt(ass, + fono + Yo%) (3.35)
2(20,7) = Plko,T)exp (oo + Bomto + Yo%) (3.36)

where a,, B, and v, represent the wavenumbers of the fluctuations in the refer-

ence configuration at time 7 =0 and ¢« = \/—1. Substitution of equations (3.33)

to (3.36) into equations (3.29) to (3.32) gives

a . R -

a—T+(1+S)U = —mp+§u (3.37)
B _ose = -+ S (3.38)
oy CU T TPTRY '
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o = TP+ (3.39)
9
5 = Z—;(aﬁ — 58%) (3.49)
where

a = a, (3.41)
B = B,—alfl-9)r (3.42)
T = % (343)
o= al+ 8+ 97+ a1 =9 = 2a,8,(1 - S)r (3.44)

Eliminating the pressure spectrum from equations (3.37) to (3.39) using equa-

tion (3.40) gives

ou a? af k2
— -0\ 2 — — =
AN i L (343
o B af. K
— —_——_— _ e - — —
-~ 251 - -2 - o 0 (3.46)
- kz
> -0+ 255 = 0 (347)

A general solution to equations (3.45) to (3.47) for all values of § has not vet
been found. There are, however, two values of S for which closed form solutions
are known, S = 0 and 1. First, in the case of plane shear flow, where § = 0,

equations (3.45) to (3.47) reduce with the neglect of the viscous terms to

oa a?

— — 9— by —

3 +(1 23 )5 0 (3.48)
ov aff .
—_—— 0 —
3~ 22?0 0 (3.49)
8o ay..
—_— 0 = 5
5 -39 = 0 (3.50)

These are the equations for the "Rapid Distortion” of turbulence in a straight

parallel shear flow which have been solved by Townsend (1976). The solutions
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to equations (3.48) to (3.50) are

2 X Y3 S L
7= ¢,+54q(1_a*.3‘))s‘, %actmﬁ;a (3.51)
k&z
T o= 5t (3.52)
B = @ +7"‘k"“'arcta.n£—“ 4 22 B‘ﬁ*)v (3.53)
° 14 B*3% Vo Lv °

where the supercript & indicates that the variatle has been normalized by

(a? +42)1.

For the second case, S = 1, equations (3.45) to (3.47) neglecting viscous

effects, become

ou & . .af
- oY _ 5
S+ -+ = 0 (3.54)
o af .. =
—_ —2—7p = .
o -2(1 = )u 2 0 (3.33)
_6awr +2 9'“9 FE-2700 = 0 (3.56)

where a = @,, = 8, and v = 7,. Equations (3.54) to (3.56) may be integrated

to give
- - . . Kr—a? .
u = uo(cos%r—%ﬁ—sm&ur)—v,—-,—asm&dr (3.57)
ko k2w
5 = 8.5 Gnowr+ii(costwr + Bsinur) (358
v o= U, L sin 2wt + Vo[ cos 2ws +k2wsm..,wr .58)
W = ﬁ°-kz_w(_a cos 2wt — Bsin2wr) + ﬁ,ﬁ(—ﬂ cos 2w£3.39)
+¢e sin 2wT)

where w = /2— Z—: These solutions suggest a harmonic modulation of the

turbulence.

The solutions of equations (3.43) to (3.47), if found, may be used to form

the spectra of the velocity covariance, or with use of equation (3.40) the spectra
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of the pressure-velocity and pressure- strain rate covariances. Alternatively,
equations for the spectra may be formed from equations (3.45) to (3.47) directly.

To apply either of these methods the initial values of the spectra must be known.

3.4 The Relevance of Uniformly Sheared,

Nearly Homogeneous Turbulence

3.4.1 General Discussion

~ Homogeneous turbulence is difficult to generate and maintain experimentally.

Laboratory approximations to homogeneous flow are generally stationary In
the laboratory ;fra.me but are inhomogeneous in the streamwise direction. A
laboratory flow of this type studied in the convected frame may have some
similarities to 2 homogeneous flow provided that the streamwise inhomogeneity
is small (Corrsin, 1963). Examples include grid generated turbulence as an
approximation to isotropic turbulence (Comte-Bellot and Corrsin, 1971) and
the uniformly sheared turbulence (Champagne, Harris and Corrsin , 1970) as

an approximation to homogeneous shear flow.

As an approximation to the present problem of homogeneous curved shear

flow we will extend the study of the uniformly sheared turbulence.
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3.4.2 The Mean Flow

Equations (2.77) to (2.80) for the components of mean velocity may be reduced
under the assumptions that the flow is stationary in the laboratory frame and

symmetric a.bout's,n planes and V=0. The result is

O refid = 2T Yo
Ro-(U +p+u) = o+ T (3.60)
Rz
+v(V2U—R—§U)
0P _ WU | _p8W g0 N
e NV E T (Ro= + R Rc) (3.61)
. N2 U
LY ——
R, 8s
U
= == 62
0 o ) (3.62)

It would appear from equation (3.62) that if V=W=0 then U cannot be 2
function of s, in which case equation (3.60) suggests that as the turbulence grows
the pressure must decrease to conserve mechanical energy. Another possibility
suggested by Hinze (1973) is that the pressure is independent of s and the growth
of turbulence kinetic energy is balanced by a streamwise decrease in the mean
kinetic energy. Any combination of these two mechanisms is also possible but
if the growth of the kinetic energy of the turbulence is small then any decline

in pressure or change in U may be neglected.

Equation (3.61) shows that there must be a transverse gradient of mean

pressure to turn the flow, a feature of curved flows only.

The uniformly sheared flow, for which U = U, + An, is compatible with

equations (3.60) to (3.62).
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3.4.3 The Reynolds Stresses

In this section it will be assumed that, in addition to stationaity and spanwise
symmetry of the statistics, the mean velocity is of the form (U, V. W) = (U, +
An,0,0), such that the only component of the shear is % = 4. Under these

conditions, equations (2.85) to (2.91) reduce to

& u? R
(U¢+An)a? = —[uvA-!——ﬁ(Uc-!-An)]-l- (3.63)
pO_ 0 F & iu X=
t\,03:3 [ as p ) +R¢ o+
2 . w2 K W
- (Gt v P+ (2 A
d 2 N __
(Dc-i-An)—— = -2Euv(U¢+ An)] + (3.64)
20 _pduw? N
Ny N3 85 i N 2R)+ wil +
w2 R2
i Sy ey e + 5z )=+2"—zg’;+gv=1
4 v _ paw 9 uw? 8 vwr
et An)zee = %5 P9z —Rg 5+ 2&"']'*'
vz__u[(_) +“(a 5 T( =]
(Uc+An)%ﬁ = —[va—E—((Uc+.4n)(2u-—v2)]+ (3.65)
R2(% aﬁ)—[R}%(E+m)+t{i(ﬁ+£)+i(?-ﬁ)]-ﬁ-
Jdu dv N2 du dv du dv N dv Nz
. vv? W_2v[(6 —)+ (3565) (6 3 3z T2 (u s)+2R§w]
8¢ R
(U¢+An)a% = —uvA——-uv(Uc-!-An) [u—("“ ) R ( R)]+ (3.66)

dv
29 - —— 2 - —_— —
vV V[( )2'*‘1\(3 2‘!‘(3 )2+( +N2(032+(322

G +eGer+ (Gor s e - )+“—2(u2+v2)1
on ds 0z os '8 R?

It is easy to see that equations (3.63) to (3.66) for the Reynolds stresses
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and the kinetic energy of turbulence are incompatible with exact transverse
homogeneity because n would still appear explicitly in both the convection
and curvature terms. The equations have a solution only if the turbulence is
streamwise homogeneous and the curvature effects negligible but this would
req_uire that the production and dissipation of the turbulence exactly balance, a
singular condition which is not generally valid, and that the flow be straight. A
similar problem has been pointed cut by Champagne, Harris and Corrsin (1970)
for the straight uniformly sheared dow (for which S = 0). They concluded
that if the fow is inhomogeneous in the streamwise direction then it must be
transversely inhomogeneous also. It is therefore only in a limited way that the
uniformly sheared laboratory flow may be considered relevant to the problem
of homogeneous curved shear flow. The shear must be weak, the streamwise

and transverse inhomogeneities and curvature effects small.
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Chapter 4

EXPERIMENTAL
APPARATUS AND

INSTRUMENTATION

4.1 The Existing Facility

The existing wind tunnel at the University of Ottawa is illustrated in Figure
4.1. It is described in detail by Karnik (1983). The tunnel has a shear gener-
ator comprising 12 separate parallel channels. each 25.4 mm high, and 2 flow
separator which tends to make the larger scales of the flow uniform on the
transverse plane. The shear generator has been adjusted to produce a nearly
linear shear, for which &, = j‘: & 6.2m™! for centerline speeds ranging from 5
to 15 m/s (Karnik and Tavoularis, 1987). The shear generator can be inverted

to generate a shear of the opposite sign but nearly equal magnitude.
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After leaving the flow separator. the flow pasvses through a straight rect-
angular section that is 305 mm high. 457 mm wide and 1372 mm long. near
the exit of which the turbulent stresses become nearly uniform in the trans-
verse plane and grow exponentially in the streamwise direction (Tavoularis and
Karnik, 1988). The flow then passes to another straight section, 1828 mm long,
initially of the same cross section but with side walls which diverge slightly to

accomodate boundary layer growth.

The first of these straight sections allows grids of parallel rods and woven
screens to be inserted normal to the flow. These uniform obstructions reduce

the rate of shear and preserve the linearity of the mean velocity (Karnik, 1987).

4.2 Design of the Curved Wind Tunnel Sec-

tions

The objective of the curved section design was to introduce two distinct degrees
of curvature. A "mild” curvature which would, presumably, introduce a small
perturbation to the straight shear flow structure and a "strong” curvature which

would create more pronounced effects.

Boundary layers are considered to have mild curvature when §/R. < .01
(Bradshaw, 1973) where § is a thickness defined such that U7 < .98U,. For
the present study of a homogeneous shear flow there is no counterpart to the
boundary layer thickness. As mentioned earlier, however, a representative mea-

sure of curvature is the parameter § = f;t. This would, generally. vary across
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a boundary layer. As typical cases with mild curvature one may consider the
convex boundary layer studied by Hoffman, Muck and Bradshaw (1983); where
-]‘;—c = .01 which had § = —.08 at ¥ = .5 and the convex boundary layer studied

by Muck, Hoffman and Bradshaw (1983): % ~ .01 which at ¥ = 5had § = .02.

In the present experiments the maximum shear generated by the existing
facility is restricted to &, € 6.2 m. As mild curvature for this flow, a centerline

radius of $ m was chosen, giving a minimum value of § = +.03.

Smaller values of k, and, hence, S are possible by placing obstructions in
the flow (Karnik and Tavoularis, 1987). Nevertheless, because it is uncertain
whether all features of the flow depend solely on S, it was decided another

curved section with 2 smaller radius of curvature should be built.

For the strong curvature case, a tunnel section with a 2 rh centerline radius
was constructed, giving a minimum velue of § = +.08. Higher values of S can
be obtained by decreasing &, using flow obstructions. With this design, it is

possible to perform experiments in the two tunnels with overlapping ranges of

S.

The length of the curved sections was chosen with the hope that it would
allow full development of the turbulence should such a condition exist. In the
unobstructed straight shear flow where k, = 6.2m™1, the turbulence becomes
self pre-serving within 2 m of the flow separator. By analogy, the length of the

curved sections was chosen to be 2 m.

The height, H, and width of the curved sections were made 75 mm and 50

mm smaller than the height and width of the existing straight windtunnel so

42



that the boundary layers would be bled at the entrance of the curved sections.

The curved sections are shown in Figure 4.2,

Each curved section was placed 4 m downstrecam of the flow generator with
its centerline tangent (see Figure 4.3) at the entrance to the centerline of the
straight section. The tangency of the tunnel was roughly evaluated by measur-
ing the height of the end of the curved section above the horizontal plane of the
straight tunnel and comparing this to a calculation based on the ideal circu-
lar geometry. However, due to imperfections in construction and warpage and
sagging of the tunnel the alignment could not be more precise than = 5°. To
evaluate the sensitivity of the flow to this alignment the altitude of the curved
tunnel was adjusted by +2¢m while measuring the turbulent shear stress and
checking for flow seperation at the entrance of the curved tunnel. The flow

appeared to be insensitive within the accuracy of the alignment proceedure. .

Measuring probes were inserted in the curved section from the top through a
full-width spanwise slot 10 mm wide (see Figure 4.4). The probes were mounted
on a slide (Unislide, model A2000) which allows continuous motion in the n and
z directions with a resolution of .01 mm. This slide is mounted on another slide
(Unislide, model A4000) which allows continuous motion in the z direction. For
streamwise traverse, the top of the curved section was made of 10 removable
curved plates, each 197 mm wide. To change the streamwise position of the
probe, one of these plates was removed and replaced by the probe traversing

system. This limited measurements to 10 streamwise locations.

To locate the tip of the probe in the s, n plane, the two side walls of the
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tunnel were engraved with a polar coordin: te system. The probe tip was aligned

using the corresponding lines on the two tunnel walls.

4.3 Instrumentation and Accuracies

4.3.1 The Hot Wire Anemometer

All present experiments were conducted in air flows for which the hot wire
anemometer 1s known to be a suitable velocity transducer with a fast time
response (up to 100 KHz) and a good spatial resolution (as small as 1 mm in

length).

All measurements in the present study were performed with a custom-made
cross wire array (TSI model 1248BJTIS). The sensing elements were made of
tungsten and had a diameter of 5 pm and a length of 1.2 mm. They were
separated by .5 mm and had a nominal inclination of 45° with respect to the
axis of the probe body . The wires were powered by constant temperature

bridges (TSI model 1050 A with a TSI 1051 2-D monitor and power supply).

The output from the constant temperature bridge is related to the voltage

across the wire by the relation
‘E=i{R,+R,+R.) (4.1)

where 1 is the current in the wire, K, is the wire resistance, R, is the resistance
of the prongs and lead wires in the probe body and R. is the resistance of

the coaxial ~ables connecting the hot wire probe to the constant temperature
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bridges. Typically R, = .93 R. = .3Q. and R,. = 6§ at 20°. The wires were

operated such that R, was 1.3 times its resistance at 20°C.

The bridge voltage. E. across a hot wire in a laminar stream with veloaity,
[’. normal to the wire axis can be represented by the modified King's Law
(Tavoularis. 1986)

E*=44+BU™ (4.2)
where A. B and n are constants to be adjusted by least squares fitting to the
calibration data. Hot wires int turbulent flows. as in the case of an X array. are
generally sensitive to cooling by all three components of velocity (see Figure

4.3). The equation (4.2) should be replaced by the expressions

=~ -~

E} = A +BUYy, (+.3)

E} = A2+ Bl (4.4)

where the effective cooling velocity. [.s;. is by definiton. the hypothetical flow
velocity normal to the wire that would produce the same cooling as the actual
flow velocity. Assuming that the velocity component normal to the wire provides

all of the cooling, one can derive an expression for the effective cooling velocity

as (Perry,1952.p. 112)

-~

Uc!fl = \/(ff.sinﬂ —ffcosﬂl)z-i-ﬁn (4.5)
f'.euz = \/(T.-fsinﬂz +Vecos 8,3 + W2 (4.6)

when the wires lie in the s.n plane and 8, and 8, are the angles between the

-respective wires and the s axis. A similar expression exists when the wires are

in the s,z plane.



Even though #, and 8. are nominally 43° for X-wire probes. their precise
values may vary slightly and. for this reason. they were evaluated empincally.
ae probe was suspended from a swivelling mechanism so that it could be
positioned at any desired angle with respect to the axis of a calibration jer
(Karnik, 1988). First. the wires were calibrated in the jet stream with the
axis of the probe body vertical. In this case the effective cooling velocities

(neglecting tangential cooling) would be
['-.-_f_f[ = {-‘.J' sinal (4.7)
L-.-Jr_,r: = ['-J‘ Sine-_» (48)
where U; is the velocity of the jet stream. Because 6, and 6, are not known
apriori the bridge voltage was calibrated directly with U, as
Ef = A +(Bisinm o) (+.9)
E; = A2+ Bysin™ )" 4.10)
so that rather than having B,. for example. from the calibration we get
B;sin™ 6,. The wires were then pitched with respect to the vertical by the
angle ¥ (see Figure 4.6). The effective cooling velocity in this situation would
be
Uetnn = Ujsin(6, + ¢) (4.11)
U,:J'Jrg = Uj sin(02 - 1,’)) (412)
which would give the bridge voltages

sin(&; + ')

E} = 4, +(B;sin™ ;) -y U (4.13)
(B — o
Eg = H.+(B;sin™ 92)(Sl—n§hi—&’1')l)“’ v (4.14)
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which allows 8, and 8; to be calculated for each value fo ¢+ by rearranging

equation (4.13) and (4.14) to the form

#, = arctan —\HL— {4.13)

F, —cosv
#, = arctan —:I—Ii— {4.16)

Fy = cose

where
E;"‘ - ."1] L -
= (21§ 4.

E-g' - .'12 . .
B = (gearmer” (4.18)

For a range of ¢* values (+14°} the bridge voltage and U’, (F} and F; are plotted
versus ¢ in Figure 4.7) were recorded and values of 6, and . calculated using
equations (4.13) and (4.16). Average values of 8; and 8, are 46.2° and 34.4°

respectively.

To test the cooling effect of the component of velocity normal to the plane of
the wires the probe was rotated about its axis so that the wires would be normal
to the plane of motion of the probe support. The wires were then pitched by
the angle . see Figure 4.6. For this case the effective cooling velocity is given

by

Uy = U /sin®6, +sin 6 (4.19)

Uygpe = Uj;/sin® 8y +sin’ ¢ (4.20)
For a range of ¢ (£20°) the bridge voltage and U; were recorded and the effec-
tive cooling velocity calculated. The ratio U_Ef" plotied in Figure 4.8 versus ¢
appears insensitive to ¢ for ¢ < +10° and hence the contribution to the cooling

from the component of the velocity out of the plane of the wires is negligible.
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For the present data the contribution of the component of velocity normal
to the plane of the wires to the cooling was neglected. and 8, and 6, were taken
equal to 45° so that the [” and V" components of the velocity could be calculated

from equations (1.3) and (4.6) as

- 1. .
U = sWWpn+legp) (4.21)
.. 1 .. .
Vo= sUpn =Ugp) (4.22)

when the wires are in the s, n plane. Similar expressions can be formed for

when the wires are in the s.z plane.

Typically. the hot wires were calibrated in the windtunnel. with all Sow
obstructions removed to provide a low turbulence airstream (',_‘—_: = .003). To
simplify the calibration proceedure the pressure drop in the contraction of the
windtunnel was calibrated against a pitot tube placed in the windtunnel at the
position where the hot wires were to be calibrated. The hot wires were then
calibrated against the pressure drop in the windtunnel contraction. A typical
calibration curve between the bridge voltage. E. and the windtunnel velocity,

U. is shown in Figure 4.9.

4.3.2 Signal Proccessing

The hot wire anemometer generates a random electrical signal with a broad
frequency bandwidth and a relatively wide range of average and r.m.s. values.
To condition the analog signals for digitization, the electronic circuit shown in
Figure 4.10 was used. It offsets the input signal by 2 DC voltage between +6

volts and -6 V, it amplifies it by a gain of .5, 1., 2., 5., 10., 20. or 30. , and low
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pass filters the amplified signal with cut-off frequencies selectable from 1. 3. or

10 KHz.

All signals were digitized by a Data Translation DT 2828 board mounted in a
System 1800 (IBM AT compatible) micro computer with a 1 Mb random access
memory (RAM). 20 Mb hard disk drive and a 11 MHz clock. The digitized
samples were transferred to the hard disk drive periodically to make further
RAM available for storage. thus allowing real time operation. The hard disk
data files were transferred for long term storage to 60 mega byte magnetic

cassette tapes using an Everex tape drive.

The DT 2828 1s a ‘12-bit analog o digital converter (ADC) with a £10 V
range giving a nominal resolution of 3 mV. It can sample 4 signals simultane-
ously and digitize them consecutively. Sampling frequencies range from .5 KHz
to 40 KHz in the continuous operation for one channel. For more channels the
sampling rates are reduced in proportion. Higher sampling rates, up to 100
KHz for 1 channel, preclude continuous operation and an entire record must be

stored in RAM which limits the total sample size to 64 Kb.

4.3.3 Resolution
Spatial

Air turbulence contains structures which have a wide range of length scales and
it is necessary to choose a probe of the appropriate size or apply corrections

to the measurements. The order of magnitude of the structures in the present

49



flow can be estimated from previous studies in uniformly sheared turbulence
{Tavoularis and Karnik. 1939) and some preiiminary measurements performed

in the present flow.

Structures of the order of the Kolmolgorov scale are generally considered to
be the smallest which are relevant to the study of turbulence {Corrsin. 1963).
The Kolmolgorov scale for the present flow is estimated to be

v

N = )% = .3mm (4.23)

©
Another scale, associated with the dissipation of the kinetic energy of turbulence

and important to the calculation of the statistics of the velocity derivatives, is

the Taylor microscale (Tavoularis, 1986), which has a tvical value of

2

‘:AJIQJ
18
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A= (( ¥ & 5mm (4.24)

5l

The integral scale, generally associated with the energetic structures of the Sow

(Tavoularis, 1986), is estimated to be

Ly = f: Ruu(7)dr & 40mm (4.25)

The hot wires used in the present study have a length of 1.2 mm which would
be too large for accurate measurements of the events described by Kolmolgo-
rov scales and may cause significant errors in the measurements of Taylor’s

microscales. The spatial resolution of the integral scales should be adequate.

An quantitative estimate of the error due to wire length was made using
the analysis of Wyngaard (1968). The estimated error in the measured wave

amplitude was less than 5% for wavelengths greater than twice the wire length.
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the errors in the measurements of the Taylor microscales due to wire length are

expected to be negligible.

Temporal

The local rate of change of the fluctuating velocity as viewed from the laboratory
frame, in which the probe is fixed. can be estimated as the time required for the
various strutures introduced in the previous section to be convected past the
probe (Corrsin. 1963). Making use of Taylor’s "Frozen Turbulence Hypothesis™

(Tavoulars. 1986) we can make the following estimates

N '; x 30us (4.26)
A
L

S F 4000 (4.28)

where the conve._tive velocity is U=10 m/s. The constant temperature bridge
controlling the hot wire temperature seems adequate because it has a flat fre-
quency response up to 100 KHz. However. it takes time for these structures
to pass the sensing element of the hot wire probe (X array) which might be

estimated as (Corrsin, 1963)

lcos@

U

2z 350. 5

Te =

where [ is the wire length and 8 the angle between the wire and the mean flow

direction.



Furthermore. the laminar boundary layer on the wire has its own tme con-

stant (Corrsin, 1963) for trausfering momnentam

d‘.‘
o — = Lips (4.29)
v
and heat
&
To N — 1.1lps (4.30)

where v and « are the kinematic viscosity and thermal diffusivity of air. The
time required for radial conduction in the wire must also be considered and

could be estimated as (Corrsin, 1963)
d?
Tw = — &= 1.25us 4,
o 1.25p (4.31)

where a,, is the thermal diffusivity of the tungsten wire. From the above dis-

cussion it appears that the hot wire is adequate to resolve the smallest time

scales of the turbulence.

On the other hand, the digitization rate is 2 factor limiting the temporal
resolution. To resolve events described by the Komolgorov microscale would

require a minimum sampling rate of

2.5
— = 83kHz (4.32)
TK

according to the Nyquist criterion (Papoulis, 1978). This would be beyond the

speed of the DT2828 ADC for two channel operation. To resolve the veloci'ty

derivatives would require a digitization rate of

&

25 ~= 5kHz (4.33)
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To test the effect of sampling rate on the temporal microseale, my. the condi-
tioned signal was sampled at rates ranging from 1 kHz to 50 kHz and the my

calculated from each sample. The results are shown in Figure 4.11.

Frequencies as low as 10 Hz contain a considerable fraction of total cnergy
of the signal and to properly resolve these low frequencies the data records must
be at least .1 s long. To test the effect of the record length on the Reynolds
stresses 50 samples of 4096 points seperated by 40 ps were taken and the stresses
were calculated from various length pieces of each of the 50 samples.The results,
shown in Figure 4.12, suggests that a record of at least 164 ms is necessary to

provide a accurate estimate of the Reynolds stresses.

A high sampling rate is required to resolve the small scales and a long record
length is required to resolve the large scales. However, the length of the record
is related to the sampling rate as T = N/f, where N is the number of points
per record and f, is the sampling rate. Records with high sampling rates are

limited in length by the computer storage.

As a compromise of these conflicting criteria the following proceedure was

adopted: signals were

1. low pass filtered to 10 kHz.

2. 4096 points were taken 40 ps apart
3. 4096 points were taken 500 us apart
4. the process paused for 1 s

5. steps 2, 3 and 4 were repeated 50 times.
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The high speed samples were used to estimate the micro-scales and derivative
statistics and the low speed samples to calculate the mean velocities, Reynolds

stresses, and integral scales.

Amplitude

Signal noise dueto the electronics, residual turbulence of the fans and settling
chamber and disturbances due the turbulent boundary layers on the walls of the
windtunnel limit the signal resolution. To estimate the noise in the turbulent
signal the hot wires were placed on the wind tunnel centerline and the shear
generator and screens were removed. The signal energy in the unobstructed
flow was < .1% of the energy of a typical shear flow. The power spectrum of

the noise is shown in Figure 4.13.

The velocities in the shear flow range from 5 m/s to 15 m/s and if the entire
range of velocity is to be accomodated within the +10 V range of the ADC the
sensitivity of the amplified signal from the anemometer bridge is limited to 2
maximum of 2 m—‘;; The rms velocity in the shear flows is of the order of 1 m/s,
which at this sensitivity would correspond to an rms signal of 2 V. The ADC
had a nominal resolution of 5 mV, however, teits indicated that the resolution
was limited to 10 mV which gives about 200 voltage steps rms. However, the

rms velocity is not representative of the amplitude of the higher frequencies

which are smaller and may be as low as the Kolmolgorov velocity
vg = (ve)t & dm/s (4.34)
for which there would be only 20 voltage steps.
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In practice. with an overheat ratio, ﬁ:—; = 1.5, the hot wire had a sensitivity

of 58 ﬂ“:—}'; which was amplified by a gain of 20 to give an overall sensitivity of

1.16 -

YEN

4.3.4 Precision in Probe Positioning

The traversing systems, both transverse and spanwise had an accuracy of .1
mm, while the accuracy of the strcamwise position was about 2 or 3 mm. The
inclination of the axis of the probe body was aligned by eye at each streamwise
location using coodinate lines engraved on the walls of the tunnel. The precision

of this alignment is = 1° in the s,n plane and =~ 3° in the s,z plane.

The velocity statistics are nearly homogeneous but strongly anisotropic,
which makes the measurements somewhat insensitive to probe translation but

very sensitive to pitching of the probe.

To study the effect of probe pitch on the mean velocity and the Reynolds
stress tensor, consider a rotation of the coordinates through an angle 7, see

Figure 4.14. The transformation to the rotated coodinates for small « gives

U = U+Vy (4.35)
V. = V-Uy (4.36)
u? = ul+4 2oy (4.37)
T = w-(W-v)y (4.38)
v = v —2uwy (4.39)

Equations (4.36) to (4.40) suggest that V" and u"v" will be the most sensitive
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to error in alighment. An cmpirical study in which the probe was pitched in
the s,n plane, see Figure 4.15. suggests that a 1° error in alignment would lead
to 1% error in u2, a 2% error in v* and a 3% error in @7. U is not significantly

affected but the error in V could exceed 100 %.



Chapter 5

THE MEASUREMENTS

5.1 Shear Flow in the Straight Section

5.1.1 Generation of the Shear

To meet the objective of the present research, curved sheared flows with differ-
ent values of the curvature parameter, S = fﬁ:, must be generated. The shear
generator presently available produces flows with a nearly constant &k, = ﬁ-
within the range of U, of interest here (Karnik and Tavoularis, 1987; Tavoularis
and Karnik, 1989). Flows with different values of k, can be produced by in-
serting a number of screens and/or grids normal to the flow downstream of the
shear generator (Figure 4.1). In order to facilitate comparisons of the results,
the combinations of insert.d screens and/or grids were selected such that, at the

entrance to the curved section, all flows would have comparable values of the

turbulent intensities and lecgth scales. While the solidity of these obstructions
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determines &, the intensity and lengthscales of the turbulence are also :nflu-
enced by the mesh size and the positioning of the obstructions. Three woven
screens and one grid of parallel rods were combined to produce five flows (see
Table 5.1 and 5.2) with 6.25 < %, < .533. These flows will be referred to as
cases A, B, C, D and E. Flows with roughly the same magnitude but opposite
direction of shear were achieved by inverting the shear generator. Therefore
a total of ten flows were generated, these will be referred to as NA, NB, NC,
ND, NE, PA, PB, PC, PD and PE respectively (N stands for "negative” and
P stands for "positive”). In the straight tunnel the orientation of the shear
is unimportant and any difference in the measured development of the turbu-
lence between; for example, cases NA and PA can be attributed to assymetries
in the shear generator, screens, windtunnel or instrumentation. In the curved
flow, however, the orientation of the curvature with respect to the shear is an

important factor that determines the development of turbulence.

Cartesian coordinates z;, z, and z; (see Figure 4.1) will be used to describe

the straight shear flow.

5.1.2 The Mean Velocity

The centerline velocity, U,, was fouz;d to be uniformn along the windtunnel
centerline (see Figure 5.1) with VW < .01U.. Transverse profiles of U for the
flows with negative shear (cases NA, NB, NC, ND and NE) and positive shear
(cases PA, PB, PC, PD and PE) are shown in Figures 5.2 and 5.3 respectively.

In all cases U appears fairly linear over the central core of the tunnel. A
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summary of shear rates and centerline velocities (obtained by linear regression)

is provided in Table 5.3.

5.1.3 The Reynolds Stresses

Transverse profiles o E"—c E’,—c and ff are shown in Figures 5.4 to 5.9. The degree
of transverse variation is comparable to that in earlier studies (for example see

Tavoulads and Karnik, 1989).

To evaluate whether the shear flows approach a "self-preserving state”, as
described by Tavoularis and Karnik (1989) the development of u?, v2, w?. &% and
¢° along the windtunnel centerline has been plotted versus the non-dimensional
straining time, 7 = k,{x, — r]) {z] is the position of the last screen) In semi-
logarithmic (Figures 5.10 to 5.19). In cases NA, NB, NC, PA, PB and PC all
the stresses appear to grow exponentially and at compa.r;able rates. In cases ND,
NE. PD and PE the stresses do not exhibit a tendency to grow even at the end

of the straight section. This could be attributed to the insufficient development

time, namely small T-values for these cases (see Table 3.3).

The dominant components of the structural tensor, K, K,y Ky, and K,
have been plotted versus 7 in Figures 5.20 to 5.21. In cases NA, NB, NC, ND,
PA, PB, PC and PD the values of these components appear to reach nearly
constant asymptotes, comparable to the ones in the experiments of Tavoularis
and Karnik (1989). In contrast. in cases NE and PE the three normal compo-
nents are not very different from each other although the cross-component is

not small, indicating an anisotropic flow.
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The values of the dimensionless stresses. velocity scales and the exponents

of growth of the stresses. x,. defined by

¢ =g’ (5.1)

are provided in Table 5.4. Notice that, in the notation of Tavoularis and Karnik

(1989) x = £

5.1.4 Integral Length Scales and Taylor Microscales

The integral length scales were calculated by integrating the autocorrelation
coefficient up to its first zero and applying Taylor's "frozen turbulence™ ap-

proximation (Tavoularis and Corrsin, 1981), as, for example,

ot
(]
po—

Lo=U j(; " Ry (7)dr (5.5

where 7, is the first zero of R,,. L., and L., are defined similarily. The
development of L,,, L., and L,., along the windtunnel centerline has been
plotted on semi-logarithmic axes versus 7 in Figures 5.22 to 5.27. Although the
initial magnitudes of the integral scales are different for each flow, they all grow
with distance from the origin. This is consistant with previous studies of nearly
homogeneous sheared turbulence (Tavoularis and Karnik, 1989). In cases NA,

NB, NC, PA, PB and PC the exponents of growth of L,,.xr, defined as
Lyu = Lyyoe™” (5.3)

(kr = ’T:'L in the notation of Tavoularis and Karnik, 1989) are not very different

(see Table 5.3). For comparison the linear growth rates of L,,, computed by
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plotting L., versus % and 7 on linear axes. are provided in Table 5.3 as m 21

and m., respectively. These slopes are defined as

Lu=mazt+L., (5.4)
Luu =m.,T + Luuo (5-5)

In cases ND, NE. PD and PE, which use the grid of parallel rods as an obstruc-
tion to reduce the shear, the linear rates of growth of the integral scales are
considerably larger than those in the other cases. These differences persist not
only with respect to the total strain. r. but also with respect to the streamwise

distance =

The microscales \ve;re calculated using the variance of the temporal velocity
derivative and Taylor's "frozen turbulence” approximation (see Section 2.2.2).
Development of A, along the wind tunnel centerline is shown in Figures 5.28
and 5.29. With the execption of cases NE and PE. the microscales are nearly

constant away from the obstructions. The magnitudes of the microscales in each

case are different and appear to be related to the particular fow generator.

Typical values of integral length scales and microscales for the straight shear

flows are provided in Table 5.5.

61



5.2 Shear Flow in the Curved Sections

5.2.1 Mean Velocity
Mildly Curved Section (R, = 5m)

Figure 5.30 shows the variation of U, along the wind tunnel centerline. Typi-

cally, V. W < .0il..

Spanwise profiles of U were measured in cases NA and PA (see Figure 5.31).
In the case PA U shows a reasonable uniformity but in case NA U becomes
distorted in a manner which does not appear to be related to the boundary

layer.

Transverse profiles of U are shown in [igures 5.32. 5.33, 5.34 and 5.33. In
cases PA, PB, PC, PD, PE. NB, NC and NE the shear are conserved within the
measuring section but in cases NA and ND they decline significantly beyond a
certain location. It is not clear whether this decline occurs suddenly or gradually

over the length of the tunnel.

A summary of shear rates and centerline velocities is provided in Table 3.6.

Strongly Curved Section (R, = 2m)

The streamwise variation of U/, is shown in Figure 5.36. This variation in
most cases is less than 10% with the majority of this change occurring beyond
#=3.88. Spanwise profiles of U at two streamwise locations for the cases NA

and PA are shown in Figures 5.37 and 5.38. In the case NA U deterioratesin a
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similar manner although more dramatically than in the case of mild curvature.
Transverse profiles of U at two streamwise locations are shown in Figures 5.39.
9.40, 5.41 and 5.42. For cases PA. PB. PC, PD. PE. NB, NC and NE the shear
magnitudes are conserved but in cases NA and ND they decline significantly by

=474

A summary of the shear rates and centerline velocities is provided in Table

1.

(4]

5.2.2 The Reynolds Stresses
- Mildly Curved Section (R, = 5m)

Spanwise proﬁle;s of -L'i-:- f'" and fT:- are shown in Figures 5.43 to 5.45. The
spanwise inhomogeneity of the positively sheared turbulence is comparable to
that in the straight section (see also Tavoularis and Karnik, 1989), however,
the negatively sheared turbulence has developed a more pronounced inhomo-
geneity, which does not appear to be associated with the boundary layers. This
inhomogeneity in the turbulence level could be attributed to the spanwise non-
uniformity of the mean velocity or it could be due to secondary flows in a

negatively sheared curved flow.

[ ’ — - -
Transverse profiles of & -,'j: and ~= at two streamwise locations are shown

in Figures 5.46 to 5.57. Their variation is comparable to that in the straight

shear flow.

The development of u2. %, w?. TF and ¢? along the tunnel centerline is

63



shown in Figures 3.38 to 5.67. For the negatively sheared flows the stresses are
growing while for the positively sheared flows they remain constant or decay. It
is reminded that in the straight section upstream of the curvature the stresses

grew monotonically for both positively and negatively sheared flows A. B and

C.

Strongly Curved Section (R, = 2m)

Spanwise profiles of 7_‘% & and ;-‘;:_:3: at two streamwise locations are shown in
Figures 5.68 and 5.73. The turbulence in case PA is only mildly inhomogeneous.
while the turbulence in case NA develops a more visible inhomogeneity in a

similar fashion as was observed in the mildly curved section.

Transverse profiles of & - and =% at two strcamwise locations are shown in

P re U uv

Fi 5 5.74 to 5.85. The positively sheared turbulence displays small inhomo-
gures po play

geneity, however. the turbulence in cases NA, NB and NC develops significant

inhomogeneity, perhaps due its high intensity.

The development of 4%, v?, w?, @ and ¢° along the tunnel centerline is
shown in Figures 5.86 to 5.95. In the negatively sheared cases the stresses
grow while in the positively sheared cases they decay. This result is consistant
with the measurements in the mildly curved shear flow but in contrast with the
measurements in the straight shear flow where ¢* increased monotonically in

both positively and negatively sheared flows.
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5.2.3 Integral Length Scales and Taylor Microscales

Mildly Curved Section (R. = 5m)

The development of L., L,, and L, along the windtunnel centerline is shown
in Figures 5.96 to 5.98. In cases NA. NB. NC. ND and NE the length scales
grow at different rates. In cases PA, PB, PC, PD and PE the length scales

generally decline. In all cases the length scales were growing upstream of the
curved section.

Development of ), along the windtunnel centerline is shown in Figure 5.99.
In all cases A, is nearly constant. a feature typical of self preserving uniformly

sheared flows (Tavoularis. 1985).

Strongly Curved Section (R, = 2m)

Spanwise profiles of L,, and L, are shown in Figure 5.100 and 5.101 for cases
NA and PA. In case PA L., shows moderate variation while in case NA L.,
develops an inhomogeneity similar to that in the measurements of E—C L,,

appears to show little variation.

Transverse profiles of L,, and L, are shown in Figures 5.102 to 5.103 for

cases NA and PA. Their variation is comparable to that in the straight section.

Development of L,,, L,, and L. along the tunnel centerline is shown in
Figures 5.104 to 5.106. In cases NA, NB, NC, ND and NE the integral scales
grow at different rates. In cases PA, PB, PC and PD the integral scales approach

nearly constant values. In case PD the development of L,, and L,, has a
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somewhat erratic behavior, first decreasing and then increasing in a way which
cannot be solely attributed to measurement error. whether this feature is a
genuine feature of curved flow or an artifact of the present facility is not vet

clear.

The spanwise and transverse variation of A, is shown in Figures 5.107 and
5.108 for cases NA and PA. Development of A,, along the windtunnel centerline
1s shown in Figure 5.109. In cases NA, NB, NC, ND, PA, PB, PC and PD ),
is nearly constant while in cases NE and PE ), shows some moderate decay or

growth respectively.

5.3 Auto-Correlations and Cross-Correlations

All auto-correlations and cross-correlations were obtained from the ensemble

average of 50 discrete time series. cach consisting of 4096 points sampled with

a time separation of .5 ms.

Typical auto-correlations and cross-correlations observed in straight shear
flow and curved shear flows with both positive and negative shear have been
plotted in Figures 5.110 to 5.112. The auto-correlations in the curved fows are
similar to those of nearly homogeneous straight shear flow (see also Tavoularis
and Corrsin, 1981), so that curvature seems to have little qualitative effect on
these quantities. The cross-correlations are affected in a similar way to the 1
point velocity covariances. For the case of positive shearing, u and v are less

coirelated at all time delays than those in the straight shear flow. For the case
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of negative shearing u and v are better correlated at all time delays than those

in a straight shear flow.

5.4 Powerspectra and Cross-Spectra

All power spectra and cross spectra were derived by ensemble averaging dis-
crete records of the signals consisting of 1024 points each. These were selected
from records of 4096 points, such that the first point of each 1024-point record
coincided with the ninth point of the previous record. While successive records
were not statisticallv independent, this proceedure resulted in smoother spec-
tra than those computed using a smaller number of statistically independent
records alone. Ensemble averaging of spectra corresponding to 50 statistically
independent records of 4096 points was used to reduce the bias of the estimates.
Time series with two sampling rates, At=.5 ms and .04 ms, were used to im-
prove the frequency resolution of the procedure. Both time series were obtained
by the descretization of a continuous signal which was low pass filtered at 10
KHz. The spectra from the fast and slow samples overlapped, however, only
the spectral coefficients for the range 2 to 500 Hz were retained from the 2kHz
sample and the spectral coefficients from 24Hz to 6250 Hz were retained from

the 25kHz sample to reduce aliasing errors and noise contamination.

Typical power and cross spectral densities; Fuu, Fiu, Fuw and F, for the

straight and curved flows (S = £.10) are shown in Figures 5.113 to 5.115.

The power spectra shape does not appear to be affected by the curvature.
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The cross-spectrum for § = .10. however. is strongly suppressed in the range
between 2Hz to 50 Hz. compared to the negatively sheared curved flow or the

straight shear flow.

- 5.5 Probabilities and Higher-Order Moments

All probabilities were obtained from the ensemble average of 50 statisitically
independent discrete records of 200 000 points separated by .5 ms. Typical
probability density functions for the u.v and w components of velocity in the

curved shear flow are shown in Figures 5.116 to 5.118. They are nearly Gaussian.

Joint probability density functions for the shear stresses for u and » and u
and w are shown in Figures 5.119 to 5.121 for straight shear flow and curved

shear flow with § = £.10. All cases appear to be jointly Gaussian.

Some typical higher moments of the fluctuating velocity components are
summarized in Table 3.8. In all cases the skewness is near zero and the flatness

is near the Gaussian value of 3.
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.Chapter 6

ANALYSIS AND DISCUSSION
OF THE RESULTS

6.1 Definitions of Scales for the Evolution of

the Turbulence

As discussed in section 3.4 a uniformly sheared flow in a wind tunnel cannot
be homogeneous. A precise analysis, taking inhomogeneity into account would
be difficult and would perhaps place too much emphasis on effects which are
believed to be of secondary importance. However, some understanding of the
main effects of curvature may follow from consideration of the idealized curved
homogeneous shear flow which was introduced in Chapter 3. The following
discussion would also be relevant to the present experimental flows considered

in a coordinate frame convected at the mean speed U..
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If we take the ratio £ as a dependent variable then all the variables of
interest in the present flows can be nondimensionalized using appropriate time
and length scales which are inherent to the flow. Nondimensionalization by such
scales permits the elimination of two variables, and thus a compact description

of the flow.

In a straight homogeneous shear flow, the inverse of the mean strain rate,

A~ represents a “natural” time scale. The dimensionless time

r=t4 (6.1)

(Harris. Graham and Corrsin, 1977) is equal to the total mean strain of a fluid
element and. hence, is proportional to the energy transfered from the mean flow

to the turbulence. In the curved flow the fluid strain rate (see section 2.2) is
D=A1-25) (6.2)
and the total mean strain during the time ¢ is
Dt=7(1-15) (6.3)

In the case of § = 0 (straight shear flow) the strain reduces to 7 and in the case

of § =1 (rigid body rotation) there is no straining of the fluid.

In 2 straight homogeneous shear flow there is no length scale associated with
the mean field. A velocity scale would be equivalent to a length scale since it
could be combined with A™! to yield a length scale but because a coordinate
transformation to the convected frame should be Galilean (see the discussion
in Harris, Graham and Corrsin, 1977) the mean velocity cannot be used as a

velocity scale. Therefore, a velocity scale (or length scale) must be defined from
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consideration of the turbulence field. A convenient chosce is the r.m.s. speed
of the turbulent fluctuations, ¢. which when combined with the time scale 4=

vields th= length scale

=41 (6.1)

In curved homogeneous shear flow the radius of curvature of ;lme mean flow,
R,, represents an obvious length scale. Unlike the straight flow a frame fixed
with the curved mean flow is not inertial and the mean convection speed, U7,
could represent a velocity scale, because mean convection could affect the dy-
namics of the turbulent motions. In the present flows, R. is very large in
comparison with the scales of the turbulence and it is unlikely that turbulent
motions would scale with it. Besides, a perfectly homogeneous flow should be
independen‘t of any external length scale. Then, it is possible that U, and R,
could be combined to provide another time scale for the flow, in addition to 4-!.
The equations for the Reynolds stresses (see section 3.2) lend some support to
this hypothesis, because in the limit of 7 — 0 all explicit appearances of R,
vanish, leaving only the ratio R./U. which could be considered as a period of
rotation of the flow. This is precisely so in the case of pure rotating flow where
§=1and U/R. = A= Q. Note that, when S =1, 7 is an appropriate scale

since it is equal to the angle of rotation.

If the above argument is correct, then once again no length scale or veiocity
scale can be associated with the mean flow but they must be defined from the

turbulence field. As in the sfraight shear flow, one may use

L= (6.5)
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In conclusion, the above discussion implies that all turbulence statistics in a
curved homogeneous shear flow, made dimensionless using A~ and £. should
depend only on the dimensionless time, 7, and the ratio, S, of the time scales

of the mean field.

6.2 Self-Preservation of the Turbulence Struc-

ture

In what is an assertion concerning the physics of the flow Tavoularis (1985) has
suggested that the sheared homogeneous turbulence evolves asymptotically to a
self preserving state for which the dimensionless statistics are independent of 7.
Tavoularis and Karnik (1989) have discussed the evidence concerning whether
such dimensionless statistics are independent of the starting conditions, i.e. the

facility in which the flow was generated, and hence would have universal values

in all such fows.

Using the equation for the turbulent kinetic energy Tavoularis (1985) has
shown that, if the dimensionless turbulence statistics are independent of 7, then
the velocity scale g and hence the length scale £ = £ must grow exponentially.
The equation for the kinetic energy in straight homogeneous shear flow is

1 84*
7o = Ko—E (6.6)

where B = ;7. If the right hand side were independent of 7, then g ought
to grow exponentially, the rate of growth depending on the asymptotic values

of K., and E. This argument can easily be extended to curved homogeneous
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shear flow using the correspouding equation (3.17) for the kinetic energy of the
turbulence in a curved homogeneous shear flow

L9 k1-$)-E (6.7)
q° Or

Once again if K,, and E are independent of = then ¢* must grow exponentiaily.

6.3 An Evaluation of Self-Preservation for the

Straight Shear Flows

The five straight shear flows used presently ( flows with "positive” and "neg-
| ative” shear are considered identical in this context) could perhaps be divided
into what have ﬁreviously been referred to as "high shear” and "low shear” fows
(Harris, Graham and Corrsin, 1977). Cases A, B and C would be considered
as "high shear” flows with growing stresses and integral scales; Cases D and E
could be considered as "low shear” flows with constant or decaying stresses and
growing integral scales; they are comparable to the experiments of Champagne,
Harris and Corrsin (1970) and cases O and P of Tavoularis and Karnik (1989).

Figures 5.20 and 5.21 show the development of X,,, Ky, Ky and K, with
7 for cases A, B, C, D and E. While there appears to be some consistancy in
the development of the various flows, only cases A, B and C could safely be
considered as having achieved dimensionless stresses which are independent of
7. For cases D and E the dimensionless stresses are still changing at the end of
the test section and therefore the flow does not reach 2 self-preserving state, an

observation consistent with the fact that ¢? is not growing.
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Another test of self-preservation is that the integral length scales, when
normalized with £ should become independent of . Dimensionless statistics
of this type have been investigated by Harris. Graham and Corrsin (1977) who
plotted the development of T;{: versus 7 for their own experiments and those
of Champagne, Harris and Corrsin (1970) and by Tavoularis and Karnik (1989).
who evaluated the turbulence Revnolds number, Ry = -}{i—fé&, for all published
data from homogeneous shear flows and found that Ry grows slowly with r
and that, for the available measurements. its values ranged between 25 and 60.
Figures 6.1 to 6.2 show the development of !-El %L and L'E“ versus 7. In cases
A, B and C the ratios are at most changing slowly compared to either ¢* or the
length scales. They are ordered as L > Lwm > L= a5 observed by others in

“high shear” flows. In cases D and E the ratios are changing slowly but with

Loy Lo
e, e Loun
T

The constancy of the dimensionless integral scales is a necessary condition
for self-preservation. A physical explanation of this constancy and an order
of magnitude estimate of this ratio could be provided by the following mixing
length-type argument. A particle traveling with the local mean velocity U would
on average be displaced, by the turbulent mixing, the distance L,, , which is the
integral length scale for the stress u? in the direction of mean shear. Assuming
that the particle preserves its momentum, at the new position it would have a
velocity, U, different from the local mean velocity U,. Then, the local velocity

fluctuation due to this particle would. on average, be

o' = Uy — U, (6.8)



For a uniform mean shear this would be

, U

u = _a';Luu.n = -4Lu.u.ﬂ (69)
which can be written as
- Luu T
2o _ (6.10)
iu

In the present flow L, , was not measured but at least for straight flow it could

be estimated from the experiments of Tavoularis and Corrsin (1981a) as
Luun = 30L,,, (6.11)
Ox the basis of this estimate, one would expect that
—= =33 (6.12)

or, with the typical value u’ = .70q, that

-4Luu..1 — Luu.a
q L

=24 (6.13)

Values of the ratio ‘4—";"—,‘1'1 in previous flows, summarized by Tavoularis and

Karnik (1989) (r./7, in their notation} indicate that this ratio has a value of

about 3, which is close to the above estimate.

Measurements of the kinetic energy dissipation rate, ¢, estimated from the
balance of the production and convection terms in the kinetic energy equation

and nondimensionalized as

€

E=4s (6.14)

have been collected in Table 2 of Tavoularis and Karnik (1989), in the nota-

tion 7,/7.. For the present purpose of evaluating the development of E the
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dissipation rate could also be estimated from the isotropic relation

)
-

€~ 30v3z (6.15)

which gives the dimensionless expression

‘I-lﬂl
Ex 30uA‘T (6.16)

Note that, for constant A, and 4, this estimate of E is proportional to K.
The development of E versus 7 is shown in Figures 6.3 and 6.4 for cases A, B,

C, D and E. Cases A, B, C and D show nearly constant values while case E

shows significant change within the range of measurement.

Among those flows which demonstrate a self-preserving character, the above
dimensionless statistics span a relatively narrow range of values, while shear
rates differ much more substantially (see Table 6.1). The same was also observed
for other experiments in uniformly sheared flows by Tavoularis and Karnik
(1989). Because of similarities in the way in which these flows were generated,
it is not possible to conclude with certainty whether or not these dimensional

statistics approach values which are universal and inherent to uniformly sheared

turbulence.



6.4 Evaluating the Effect of Curvature on Ho-

mogeneous Shear Flow

6.4.1 General Comments

The straight shear flows in Cases A, B and C have length scales and velocity
scales with comparable magnitudes and rates of growth. The structures of
these flows are effectively identical as indicated by the fact that the ratios of
turbulent stresses and of lengthscales approach comparable asymptotic values.
The relatively small variation in the rates of growth and in the asymptotic values
of the dimensionless statistics (see Table 5.4) is of rather secondary significance
In comparison to the effects of curvature. The main parameter expected to
produce an effect in the structure of the curved flows is S= 72%5‘ The effects of
curvature will be judged by direct comparison of the turbulence d;evelopment

in cases A, B and C.

The flows in cases D and E show considerably different growth rates of the
stresses and integral scales from the other cases, which may be due to insufficient
development of their structure. Furthermore, it appears that certain structural
aspects of these flows are still developing under the effect of shear at the entrance
to the curved section. Therefore, caution is necessary when comparing results
from these two cases with results in the other three. On the other hand, cases
D and E do produce the highest values of S (due to their low shear rates) and
may provide some insight into the stronger effects of curvature, not provided

by the flows with the higher shear rates.



One might expect that at least for small values of S. the scaling which has
been found suitable for the straight shear flows may also provide some insight
into the curved shear flow results. The curved shear flows can be separated into
two distinct classes. those with § < 0. where the scales of the turbulence grow.
and those with § > 0. where the scales of the turbulence do not grow. Tb}e

classes will be considered separatly in the following discussion.

6.4.2 The ”"High Shear” Flows

The ”Destabilized” Flows (S < 0)

“The growths of u2, v¥. w?, ¥ and ¢? in both the mildly and strongly curved flows
have been plottéd on semi-logarithmic coordinates against the dimensionless
' time 7 in Figures 6.5 to 6.9; the development of the stresses in the straight
tunnel has also been included for comparison. In all cases the rate of growth is
enhanced by the curvature. The enhancement for a given shear rate is greatest

in the more strongly curved tunnel. This growth can be fitted rather well with
a exponential function of the form
g’ = gle™T (6.17)

where k, was evaluated for each flow using linear regression on the semi -
logarithmic axes. These values of x, are presented in Table 6.3, they appear to

increase monotonically with increasingly negative S.

The integral length scales, L,,, L,, and L, have been plotted on semi-

logarithmic axes versus 7 in Figures 6.10 to 6.12. The rate of growth of the
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integral scales is enhanced in all cases. The growth of L, can be fitted by the

exponential function

Ly = L™ (6.18)

where &, was evaluated using linear regression on semi-logarithmic axes ( Tables

6.5 and 6.6).

The exponential growth of ¢ suggests that dimensionless stresses would have
asymptotic values independent of 7. K,,, Ky, K., and K,, are plotted versus
7 in Figure 6.13. The structure becomes practically independent of 7 near the
last measurement location with K,, and K., showing the most change from
the straight tunnel values, although this change has no clear trend. K, shows
2 modest but consistent incre:ase with increasingly negative S. The asymptotic

values of dimensionless stresses are provided in Tables 6.3 and 6.4.

The ratios %ﬂ, 5‘;,‘_.* and L’gk are plotted versus r in Figure 6.14. While
they show some adjustment to the curvature, they appear to approach constant
values. Typical ratios of the integral scales are summarized in Table 6.5 and

6.6. The most notable effect t of curvature is to rearrange the magnitudes of

the scales such that &= > Zue

The dimensionless dissipation E is plotted versus 7 in Figure 6.15. There
is an overall decline of E in 2ll cases although there does not appear to be any
systematic trend with S. This decline would contribute to the enhanced growth

rate of ¢° in the destabilized flows.

In summary, the destabilized curved shear flows seem to satisfy the con-

ditions of self-preservation, with the velocity and lengthscales growing expo-
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nentially and dimensionless statistics approaching asymptotic values which are

independent of = but dependent on S.

The ”Stabilized” Flows (S > 0)

The deveiopment of u%, v%. uw”, uo and ¢° has been plotted versus r on semi-
logarithmic axes in Figures 6.16 to 6.20. The curvature reduces the growth of
q* and, for the larger values of S, causes a decay of the stresses. For a given
shear rate the effects are strongest in the more strongly curved flow where the
value of S is larger. It is difficult to establish whether the decay is exponential
because of the small change of ¢° in the tuni;el in these cases. Nevertheless. an
exponential curve can be fitted by linear regression with satisfactory confidence.

The exponents of growth are summarized in Table 6.3 and 6.4.

The development of L,,, L,, and L,, versus 7 is presented on semi-
logarithmic axes in Figures 6.21 to 6.23. Curvature arrests the growth of the
length scales which was established in the straight tunnel. L,, does not resume
its growth but L,, and L., recover modest growth rates before the end of the
tunnel. In a exponential fit of the L,,, x; & 0 for all the flows although this

would seem to over-simplify the data.

The development of K,y, Ky, Kuw and K, has been plotted versus T in
Figure 6.24. K,, and K,, show some scatter but their average values do not
seem to be affected by the curvature by more than 10%. K, shows the least
variation of the diagonal components. In contrast the shear component K.,

shows a more systematic decline with increasing S. Asymptotic values of Ky,
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have been summarized in Tables 6.3 and 6.4.

While, as a first approximation. one could possibly assume that K,,. K,
and A, were independent of  and more crudely, even independent of § (at
least for small values of S), a closer examination seems to suggest that what
appears to be scatter may be a systematic behavior involving K,, and K.
Curiously the sum K,,+K,., plotted versus 7 in Figure 6.25, shows the elimina-
tion of almost all the apparant scatter in Figure 6.24. Because instrumentation
and wind tunnel artifacts cannot be ruled out as possibl explanations of this
behavior, a search for a physical expanation may be premature without fur-
ther investigation. For example, it must be established whether such behavior
would persist indeﬁnite‘ly with increasing  or whether it is the response of the

turbulence to the start of curvature and will eventually dampen down.

The development of 52"-, %g-‘* and 5‘-}?‘- is plotted versus 7 in Figure 6.26. For
§ = .03 and .04, ég and 5}:-"* are practically independent of 7 and S while 52’*
shows significant adjustment to lower values. When S = .07, .12 and .31, all
the dimensionless integral scales show accelerating growth rates and, although
their total change is small relative to changes in g* or the length scales, they
do not appear to be approaching asymptotic values. This behavior is 2 direct
result of the decaying energy and the resumed growth of the integral scales.
Where appropriate, typical ratios of the integral scales are provided in Tables
6.5 and 6.6.

The development of E versus 7 is shown in Figure 6.27. For S = .03 and

.04, E is independent of 7 and §. For S =.07, .18 and .64 E seems to increase

81




and then decrease. which is probably a result of the approximation used for E

(see equation 6.16) which gives E ~ R ,.

In summary, some statistics of the stabilized shear flow appear to be self-
preserving while others appear to depend on 7. For example, K, and E are
independent of . for small S. and ¢* develops exponentially, however, K., Ky
and the dimensionless integral length scales appear to show some significant
dependence on 7. Perhaps a classification less restrictive than complete self

preservation is appropriate for these flows.

Consolidation of the Results

The relation between x, and S for the "high shear” flows has been plotted in

Figure 6.28. x, shows a monotonic decrease with increasing S. A least squares

fit to the data gives

ke =.084(1 - 17.65)(1 - 9) (6.19)

where —.15 < § < .18.

The relation between K, and S for the "high shear” flow results has been
plotted in Figure 6.29. K, shows a monotonic decrease with increasing 5. A

least squares fit to the data gives

K,, = .14(1 - 2.85) (6.20)

for ~.15 < §<.18.



6.4.3 The "Low Shear” Flows

Of the four cases ND, NE, PD and PE, case ND is the closest to full development
when it enters the curved wind tunnel. It reaches a strain of nearly 4 by the
end of the curved tunnel and its structure is somewhat similar to that in the
other cases. Comparing the effects of curvature on case ND in the mildly curved
tunnel to those on NB in the strongly curved tunnel which has a comparable
value of S we see that the exponent of growth of ¢° in case ND is substantially
lower. Similar growth rates might have been expected for cases A,B and C when
there were overlapping values of S. In fact the exponent of growth of case ND
-in either tunnel is lower than the flows which had even lower values of S. On
the basis of this‘ discrepancy a quantitative comparison of flows D and E with

flows A, B and C does not seem appropriate.

The “Destabilized” Flows, (S < 0)

The development of %, +?, w?, T and ¢ is plotted against  in Figures 6.30
to 6.34. Although at the entrance of the curved section the growth rates of
these quantities could be positive, zero or negative, their development is always
enhanced positively. Exponents of growth of ¢ are summarized in Tables 6.3
and 6.4.

The development of Ly, L,y and L, is plotted against 7 in Figures 6.35 to
6.37. In the straight tunnel only L,, showed some growth while after the start
of curvature the growth rates of L,, and L, surpass that of L,,.

The development of K., K,,, K,., and K,, is plotted versus 7 in Figure
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6.38. Case ND in both the mildly and strongly curved tunnels shows some
reordering of K,,, K., and R, which had not been observed in the other
flows. It is difficult to judge if this trend is also occuring in the flow PE because
of the near equality of these three diagonal components at the start of curvature.

The shear component K, rises to values ab. ¢ .2 in both flows.

The development of the dimensionless integral scales, shown in Figure 6.39,
is consistant with but more pronounced than that in the "high shear” flows.
Lu js unaffected while &= and %= show a some growth, which is sustained up
to the last measurement location. For case E the dimensionless integral scales

are widely scattered and show no clear trend.

The normalized dissipation. E, is ﬁlotted versus T in Figure 6.40. Case ND
shows some decline in E which is comparable to what was observed in the high

shear flows. For case NE E is declining rapidly as it was before the start of

curvature.

The ”Stabilized” Flows, (S > 0)

The development of u?, v2, w?, @, and ¢° is plotted against T in Figures 6.41
to 6.45. Most of the stresses decay after the start of curvature, with the notable
exception of v, which first decays and then begins to grow for § = .65. The
most significant new phenomenon is the change in sign of U7 such that it has
the same sign as the shear. Such reversal in shear stress sign has only, so far,

been observed in strongly inhemogeous flows. This feature appears for $=.64,

.65 and 1.
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The development of L,, is plotted against 7 in Figures 6.46 to 6.48. For
S = .49 all the integral scales decline after the start of curvature. For the higher

values of S, L,, and L,,. but not L. show an erratic wave-like behaviour.

The development of K, K,,. K, and R, is shown in F igure 6.49. Case
PD in the mildly curved tunnel has $ = .2 and shows behavior similar to that in
other cases of comparable S. In the strongly curved tunnel there is a significant
change in the magnitude of the diagonal components, even stronger than the
one observed at lower values of §. What is more remarkable is that R changes
sign at 7 = .8 from the start of curvature and becomes positive such that the

shear and shear stress have the same sense. Similar trends are observed for case

PE.

The development of the dimensionless integral lengthscales is shown in Fig-
ure §.51. Lg‘- and Lg- demonstrate the same oscillatory pattern as was observed

in the integral scales themselves up to the last measurement.

The development of E versus 7 is shown in Figure 6.52. For § =.18, E is
practically unaffected by the curvature and is independent of 7; for §$ = .64, E
adjusts to a higher value, .35; for § = .65 E demonstrates an initial increase

followed by a drop as was observed in the “high shear” flows.

Closure

For the cases of destabilized flow, the "low shear” flows develop in a way that
is qualitatively consistent with the "high shear™ flows. It is possible that, given

sufficient development time, these flows would become self-preserving,
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The stabilized “low shear™ flows have a range of $ approaching that in rigid-
body rotation. These flows exhibit some distinct features, such as a change of

sign of the shear stress and an apparently wave-like pattern of length scales.

6.5 An Estimate of the Pressure-Strain Covari-

ance Tensor in Curved Shear Flow

The pressure strain covariances which appear in the Reynolds stress equation
are believed to play an important role in the partition of turbulent energy
and the development of the shear stress. Direct measurements of the pressure-
strain covariances do not exist but. as demonstrated by Champagne, Harris and
Corrsin (1970). Harris, Graham and Corrsin (1977) and Tavoularis and Karnik
(1989), the pressure strain covariance can be estimated from the Reynolds stress
equation in a homogeneous flow by balancing it against the measurements of
the other terms. The present flow offers an opportunity to extend this analysis

to include the effects of curvature.

The Reynolds stress equations for curved homogeneous shear flow may be

written in the following way (see section 3.2)

20
q "é: +2K,,(1 + S) +2E,, (6.21)
02
Op = q'zal —-4K,,5 +2E, (6.22)
or

2
bow = 4O +9E, (6.23)

_,0up
g

E_‘“ + Kuv(]- + S) - 2Kuus + Euv (6'24)

¢uu

H

éuv
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where, for example. o,, = -‘;—_T,‘j- and E,, = Que, The only non-mesurable
terms on the right-hand sides of the above equations are the three components
of the dissipation. These can be roughly estimated from the present measure-
ments, using the temporal derivatives of the fluctuating velocity ( Tavoularis and

Corrsin, 1981b). Alternatively the total dissipation, ¢. can be estimated as the

balance of measured terms in the equation for the kinetic energy of turbulence
= ——35{5 ~ 71 - S)4 (6.25)

or, in a normalized form. as

"

E = _q-ﬂ% -_— I{uu(l - S) (6.26)

Using the latter approach one must estimate the partition of the dissipation
into its components E,,, E,,. E.w and E,,. Two plausible assumptions to this

effect are

1. The dissipation is isotropic. i.e.

€ = -3‘5 (6.27)
€

= = 2

vy 3 (6.28)
€

= = 2

€ww 3 (6.29)

€ = 0.0 (6.30)

2. The dissipation is anisotropic, but its anisotropy is equal to the anisotropy

of the kinetic energy, i.e.

€uw = HA,u€ (6.31)
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oo = Nee (6.32)
Cuw = Rywt (6.33)

€y = N € (6.34)

The first hypothesis was used, among others, by Champagne, Harris and Corrsin
(1970) and is based on the assumption that motions corresponding to high
wavenumbers are responsible for the dissipation and would be isotropic at high
Reynolds numbers (for a thorough discussion see Hinze, 1975). The second
hypothesis was introduced by Tavoularis and Karnik (1989) and assumes that
the anisotropy imposed by the mean strain and most noticable at the low wave
-numbers persists even at the higher wave numbers which are responsible for the
dissipation. The implications of both hypotheses will be deduced with the hope

that the actual anisotropy of the dissipation tensor would be bounded by the

two cases presented above.

The transport terms in the Reynolds stress equations can be calculated from
the present measurements even if the stresses are varying at different rates as
during the period of development or adjustment to curvature. However, under
such circumstances the resulting estimates of the pressure strain would depend
on 7, S and the initial conditions of all the stresses. A simpler relation which
would depend only on 5 would be more desirable. Following Tavoularis and
Karnik (1989) we assume that Ky, Kv, Kuw and K, have constant asymptotic

values and that the kinetic energy grows exponentially as g2 = gZe**".
For an isotropic dissipation, equations (6.21) to (6.24) become
1 4
¢uu = (Kuu - "3"')Kq + EKuu(l + 23) . (6-35)
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9

Ou = (I\-—vv - _')"'q -+ g‘l\-uu(l + 55)
. 1 2.

¢‘urrc = (I\wu‘ - 5)'\:., - §I\m.'(1 - S)

.olu:' = I\-ul.-’\:q + I\-.u'u(l + S) - 21{!“1.5

[

For an anisotropic dissipation, equations (6.21) to (6.24) become
b = 2Ku(1+5) - 2K Kon(l - S)
S = —4KpS —=2K,,R,(1-5)
Guww = —=2RK,,K,,(1-25)
$w = Kn(1+85)-2K,S-K2(1-5)

Equations (6.39) to (6.42) are independent of Kq.

(6.36)
(6.37)

(6.38)

(6.39)
(6.40)
(6.41)

(6.42)

Equations (6.35) to (6.42) provide expressions for the pressure-strain covari-

ance which depends on S. Using the values of K, Koy Kyw and K, from

Tables 6.3 and 6.4, the dependence of Pury Ouus éu.;, and ¢,, on S has been

caleulated for both isotropic and anisotropic dissipation and is illustrated in

Figure 6.53 and 6.54.

It is interesting to note that, when normalized by the production of ¢2, as

—

~2p2
—TA(1 = 5)

! -
¢uu -

equations (6.39) to (6.42) take the following simple forms

1+5
- = _2
¢uu 21 — S Kuu
- S
¢w - 4 —S 2va
¢;m.r = —2wa
b = Dol o KuS __

Knw(1-5) “K,1-95)"
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(6.46)
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While for the destabilized flows the assumption that rhe dimensionless
stresses are independent of = for the stabilized cases only K. and I, show
such behavior while I, and K., are changing at least as quickly as ¢°. How-
ever, as illustrated in Figure (.25 the sum‘ K,y + R, is more independent of 7
and for the stabalized flows it may be more appropriate to limit the estimation

of ¢u, and ¢, to their sum duy + G-

6.6 The Stability of Curved Shear Flow

The present experiments include cases for which the energy of turbulence grows
and decays exponentially. Figure 6.28 suggests that, for § < .05, ¢* will grow
while for, § > .05, ¢* will decay. Stability analyses of curved shear flows such

as circular Couette flow have also predicted exponential growth or decay of the

energy of introduced disturbances.

The simplest and most easily applied criterion for instability is that of
Rayleigh (1921), which gives the necessary and sufficient condition for the in-

stability of the base motion in inviscid flow as

%(Ur)2 <0 (6.48)

Equation (6.48) says that, in unstable flow the square of the angular momentum
(or in cases where the fluid flows only in one direction the angular momentum
itself) of the base motion must decrease outward from the center of curvature.

Since this condition is necessary for instability it follows that flows for which
i(Ur)2 >0 (6.49)
n .
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are unconditionally stable.

We can evaluate the implications of equation (6.48) for the present flow by

substituting in it the expression for the mean velocity
U=U.+4n (6.50)

Then the neccesary and sufficient condition for instability on the the wind tunnel
centerkne (n = 0) is

S<-1 (6.51)
which corresponds to irrotational motion (a potential vortex). Rayleigh's
critereon does not describe, even approximately, the growth or decay of the

turbulence in the present type of flows.

6.7 The Effect of Curvature on the Specta

The turbulent shear stress is more sensitive to flow curvature than the normal
stresses. The cross-spectra in Figures 5.113-5.115 suggest that the contributions
of large-scale motions to the shear stress is the mcst strongly affected. To
examine these effects more closely, the cross-spectra for S =-.10, 0. and .10
have been plotted in Figure 6.55. The wave number « and the specta have been
normalized with the Kolmolgorov scales, nx and vg. Although the spectra at
all wavenumbers show eﬁ't'acts of the curvature, the low wavenumber range is by

far the most affected.

The spectral density of the normal stresses are shown in Figures 6.56, 6.57
and 6.58. When scaled using Kolmolgorov variables the spectra appear to col-
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lapse at the higer wavenumbers. The difference between the spectra at the lower

wavenumbers may be explained by the difference in the integral length scales

between the three flows.

6.8 Comparison to Curved Boundary Layers

Uniformly sheared flows in straight sections are known to have properties com-
parable to those in the outer regions of turbulent boundary layers (Tavoularis
and Corrsin, 1981a). It is therefore worthwhile to examine whether the effects
of curvature on homogeneous flows would be similar to the effects of curva-
ture on inhomogeneous flows, particularly on boundary layers. A quantitative
comparison between the homogeneous flows and curved boundary layer flows is
difficult because the cu.rvature_ parameter S varies strongly across the boundary
layer. For this reason comparisons will be made qualitatively. Typically the
strength of the curvature in boundary layer flows is characterized by the ratio
%, where § is the boundary layer thickness and R is the radius of curvature of
the surface. In the present context, & ~ O(S), if we make the crude estimate
A ~ O(U/6). For the mildly curved boundary layers studied by Ramaprian
and Shivaprasad (1978b), £ = .013, which suggests milder curvature than that

in the present studies.

For the concave boundary layer (S < 0) the measurements of Ramaprian and
Shivaprasad (1978b) give K, ~ .2 across most of the boundary layer. This is
significantly higher than that measured on a flat plate where K, = .16. For the

convex boundary layer (S > 0), Ky, = .11 across most of the boundary layer,
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which is significantly less than that measured in a flat plate boundary layer.
These observations agree with the results observed in the present homogeneous
flows. Cross-spectra measured by Ramaprian and Shivaprasad (1978b) show
that these effects of curvature on the shear stress are confined to the lower

wavenumber range, in conformity with the present results (Figure 6.55).

The integral length scales are larger in the concave boundary layef than in
a comparable flat plate boundary layer and in the convex boundary layer they

are smaller than in a comparable fat plate boundary layer.

The Taylor microscales are mostly unaffected by curvature in a boundary

layer as well as in the present homogeneous fows.
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Chapter 7

CONCLUSIONS

The conclusions of the present study can be summarized as follows:

o

. It is possible to generate a curved uniformly sheared flow with approxi-

mately homogeneous turbulence.

When the mean velocity increases away from the center of curvature the

growth of the Reynolds stresses and the integral scales is suppressed.

When the mean velocity decreases away from the center of curvature the

growth of the Reynolds stresses and integral scales is enhanced.

The development of the kinetic energy of turbulence, g%, can be rep-
resented by an exponential function ¢° = ¢2e™". Empirically x, =
.084(1 — 17.65)(1 - S) for —.15 < § < .18.

The dimensionless shear stress, K, appears to acquire asymptotic values

which depend on the curvature parameter S. Empirically K, = .14(1 —
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2.85) for —.15 < § <« .18. Curvature affects mostly the low wavenumber

range of the shear stress spectrum.

. Effects of curvature on homogeneous shear flow are comparable to those

on turbulent boundary layers.
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symbol type G M d

G parallel grid | .378 | 254 | 9.75
S1 woven screen | .26 | 12.7 | 1.76

S2 woven screen | .294 | 3.18 .70

S3 woven screen | .264 | 3.18 .70

Table 5.1: Specifications for the grid and screens used in the present study.

ks
case | 0.0 | 1.05 | 2.50 | £.50
Afl—]l =1 =] —=
B |2 —|— |-
cC [s1}]S82| — | —
D S1 (82 [ —
E . S1 | 52 { S3

Table 5.2: Positioning of various grid/screen combinations used to produce the

shear Hows
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case | symbol Ue A kg Tmaz
(m/s) |.(s71) | (m~Y)
NA =] 103 | -64. 6.25 | 20.0
NB Q 9.8 -50. 5.00 | 16.0
NG a 100 [ -30. 3.00 8.6
ND ) 9.9 -15. 1.51 3.7
NE = 9.4 53 .56 1.0
PA [ 9.7 65.0 6.67 | 214
PB ® 9.6 530 | 5.56 | 17.8
FPC 7 9.8 29.0 | 3.00 8.6
PD [ 9.7 13.0 133 3.2
PE 8 9.4 4.9 526 96

Table 5.3: The mean flow conditions for the straight section.

T,
(%)
NA | 189 | .50 | .20 | .30 | .143 | 1.244 | .083
NE [15.1 | 48 | .21 | .31 | .150 | .5588 | .073
NC | 8.05 | 46 | .20 | .33 | .147 | 1603 | .113
ND | 342 | .50 | .21 | .29 | .156 | .5588 | .069
NE | 92 | a7 | .28 | .35 | .168 | .1023 | —
PA [201] .50 | .20 | .30 | -.135 | 1.454 | .098
PEB | 168 | .47 | .21 32 | -.133 | 6124 | 072
PC | 81 | 46 | .22 | 32 [ -133 | .1670 | .137 |
PD | 3.0 | 45 | .23 | .31 | -.140 | .4766 | .083

PE | 87 | 34 | 31 | 35 | =134 | 1113 | —

Table 5.4: The dimensionless Reynolds stresses in the straight section at
=9.91.
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case T Luu f::— -‘Yf:-':- m, me Ky A f-‘: %’:-
{mm} {mm)} | (mm) (mm)
NA | 189 | 37, 32 38 | 0429 | 0021 | 071 54 | .52 | .59
NB | 15.1 | 29. .32 38 | 0275 | 0017 | .0%4 56 | .52 | .59
NC | 805 | 2. A0 42 ) 0138 | .0013 | 068 | +0 [ .36 | 51
ND | 342 | s2. .34 34 | 0449 | 007t | 112 | 99 | .50 | .56
NE | 92 | 7a. .56 38 106 | 0321 {115 | 103 | 64 | 51 |
PA | 20.1 | 40. .30 36 | 0452 | .0022 | .068 54 | .52 | .57 |
PB | 168 | 27 .32 40 | 0243 | 0015 | .061 5.3 | .53 | .60
PC | 8.05 | 23. .39 42 | 0118 | 0013 | .059 | 6.« | .5¢ | .60
PD | 3.01 | s0. .36 T | 0518 | 0206 | %34 | 9.4 | .53 | .60
PE | .868 | 52. .59 .52 | 0406 | 7937 | 5207 | 9.9 | .70 | 4

Table 5.5: The integral lengthscales and Taylor microscales for the

section at %:9.9.

=417 ==5.12
case Ue A ky 5 Ue A Kk, 5
(mfs} | (s=1) | (m=1) {m/s) | (s~} | {m—})

NA | 102 | -6l 6.67 | -.03 10.6 | -51. 500 | -.04
NB | 98 -50. 500 | -.04 9.8 -46. 5.00 | -.04
NC | 98 -30. 286 | -.07 100 | -28. 25 | -.08
ND | 9.3 -18. 1.67 | -.12 9.7 11, 111 | -.18
NE | 9.5 -6.1 625 | -.31 9.5 6.2 67 | -.30
PA | 10.1 64. 6.67 | .02 10.1 61, 6.67 | .03
PE | 10.3 52, 5.00 | .04 10.3 50. 500 | .04
PC | 103 27. 2.86 | .07 10.3 26. 2.50 | .08
PD | 104 11. 1.11 .18 10.5 9.5 91 .22
PE 9.6 3.0 312 | 64 9.9 1.6 16T | 1.2

straight

Table 5.6: The mean flow conditions in the mildly curved section, R.=5 m.
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=T =474
case U: A k; S Uc A k. Ay
{m/3) | (a=}) | (m~1) (m/s) [ {s=1) | (m—1)
NA | 101 | -64. 6.25 | -.08 114 | -60. 500 | -.10
NB | 9.7 -52. 5.55 | -.00 100 | -54. 5.55 | -.09
NC | 96 -31. 3.33 | ~.15 103 | -31. 332 | -.16
| ND | 96 -19. 1.92 | -.26 104 | -1v. 1.67 | =30
NE | 9.1 9.3 102 |49 | o7 9.1 91 | -.53
PA | 10.2 65. 35 1 .08 ] | 105 64. 6.25 | .08
PB [ 10.6 53. 5.00 | .10 10.5 52. 5.00 | .10
PC | 11.0 | 30. 36 18 11.0 30. 2.9 | .18
PD | 10.2 7.8 1.3 65 11.2 9.0 .83 .62
PE | 9.6 15 64. | 32. 104 15 .50 35.

Table 5.7: The mean flow conditions in the strongly curved section, R,=2 m.

=10t .50 | -141 [ -.063 |-.100 | -.051 | ~.061 | .016 | .001
20 | -301-051] 053 |-003 | 037 | -.037 | 002 | -.021
Gaunssian | — 0 0 0 0 0 O | o |
=10 | .50 | 2.94 | 314 [ 313 | 142 | 149 | 1.44 | -168 | 105 | =175
Goussian | — | 3 3 3 |15 | 15 | 13 0 1.0 0
A0 1 -30 | 259 | 3.28 | 317 | -911 | 1.22 | -045 | -.128 | S99 | -1
Gausian | — | 3 3 3 | -9 | 118 { -9 0 10 [ 00
\ .

Table 5.8: Typical values of the higher order moments in the curved shear flow;
Case B, ©=38.01, n=0, z=0, R.=2m.
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case | straight flow symbol { S | symbol | § | symbol
NA AN o3 O |-os] R
NB D 0] O |- @
NC XX w0t A || YV
ND X 2| O |26
NE > 31) X |-e0] H
PA N 0| _E—._
PB <, wl Ol @
PC XX | AN |as |V
PD X 18| O || §
PE % eat X ]

Table 6.1: Symbols for the Figures of Chapter 6.



case | Ry |- | Ry | " | —e— ¥

Aluw A | —wAQ=3)
NA | 1920.{ .33 | 280.| .12 .70
NB [ 990. | .36 {190.| .14 .76
NC | 410. | .39 |130.| .14 .62
ND | 2800.) 41 [340.( .15 .78
NE | 980. | .51 |140.] .30 1.0
PA | 2260. | .33 |310.] .12 .65
PB | 970. | .38 [190.| .14 72
PC | 430. | .42 |130.] .16 A7
PD | 2520.| .45 |300.| .18 .89

PE | 700. | .78 |130.| .32 1.0

Table 6.2: Some dimensionless parameters for straight shear flow. * ¢ estimated
from the measurements of A, and the 1sotropic relation for dissipation, + € from

balance of the kinetic energy equation.
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CaNe 5 Kuyu Koy Nuw Kuv q Ry

NA [ -.03 51 .20 .30 153 [ 3.2704 118
NB [ -.04 51 .21 .2 154 | 11706 .139
NC | -.07 A7 .23 .31 167 2793 -198

ND | -2 | A% | .26 | .27 | .2040 | .6602 | .137
NE =31 & 33 | 30 218 1096 270 _
PA | 03 | 49 | .20 | .31 | -.119 | 1.8179 | .0l4 |
PB | .04 | 48 | .21 | 31 | -.118 | .6665 | .004
PC | .07 [ a7 | .2 31 | -.102 | 1716 | -.018
PD | 18 | .50 | .2 29 | -.0¢3 | 3790 | -.268

PE | 64 | 40 | 2 34 | 085 | 0892 | -.i911

Table 6.3: The Reynolds stresses in the mildly curved section, R.=5 m, +=4.58

case S Kuu va Kw Kuu qz g

NA -.08 49 22
NB | -.09 | .50 | .23
NC | .16 | 42 | .26
ND ~.26 41 30 219 8185 344
NE | -49 | 31 [ 37 208_]_.1313 | 531
PA | 08 | 48 | .20 | .31 | -.108 | 1.3773 | -.054
[ PB | 16 | 48 | .21 | 31 | -.096 | .5356 | -.076
PC | .18 | .47 | .20 | .32 | -064 | .2038 | -.126
PD | 85 | .51 | .20 | .29 | -.009 | .4003 | -.3:9
PE | 32. | 42 | .24 | .34 | -.048 | .0927 [ -.457

164 | 34481 | .204
JA67 | 1.3830 | .251
.185 .2991 332

BBl

Table 6.4: The Reynolds stresses in the strongly curved section, R.=2 m,

£=3.01
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case S Lusw }I_-:‘_'- %‘::‘ ™m, my Kr Ao -;-: -‘}:ﬁ
{mm} (mm) | (mm) {mm)
NA | -.03 | 6s. 38 | 30 { 654 [ 408 | 069 | 5.7 | .53 | .61
NB | -.04 | 54 34 30 | 567 | 4ve | 09| 60 | .50 | 5°
NG | -.07 | 33. A4 37 | 247 ] 360 | 120 | 68 1 .56 | B2
ND | -12] 110. | 52 | 30 | 495 | 12.3 | .114 | 953 | .56 | .58
NE | -.31 | &8. 20 ) 37 | 336 [ 217 | 35| 103 | =3 | .1 |
PA | .03 | 35. 34 | .50 — — — 5.3 | .51 | .60
PB | .04 | 25. 33 | .51 — — —_ 5.3 | .51 | .60
PC | .07 | 1o. 37 | .52 — — — 6.1 | .54 | 61
PD | .18 | S0. 33 | .51 - — — 3.8 | 49 1 .5¢
PE | .64 | 46. 45 | .57 — - — | 100 | .60 | .67

Table 6.5: The integral and micro scales for mildly curved section

%=4.58
case ) Luy {‘-:- -%:“:- m, mr 33 M %:- %:'-

(rmum) {ram) | {mm) (mm)
NA | -.08 [ 1. .51 31 108 | 725 | 103 | 5.7 | .53 | .63
NE | -.09 | 53. A7 | 32 | 108 [ 814 [ 148 | 61 | 52 | .59
NC | -.15 | =a. 59 | 39 | 466 [ 583 | 162 | 6.7 | 63 | .66
ND | -26 | 111. | 64 35 | 865 | 188 | 164 | 9.5 | 64 | .62
NE ) -49 | 8. [ 69 | 42 ( 613 | 25.04 | .299 | 109 | 82 | .58
PA [ 08 ] 2r. | 37 | .57 | — — | — ] 50 [ 521 %2
PB [ .0 | 20. 35 | .58 — — — 51 | .51 | .61
PC | .18 | 1s. 36 | .54 - — — 59 | 52 | 63
PD | 65 | 56. 29 | 46 — — — 88 | .48 | .57
PE [ 32. | 41, 43 | .58 — — — | 100 | 56 | .66

Table 6.6: The integral and micro scales for strongly curved section,

%_—_3.01

. R.=3 m.



S | B ey Sl BT o
=03 | 2.31 A2 B4 03 1.66 d2 94
=04 2.50 13 a5 04 1.59 15 1.00
=07 1.87 .13 55 07 1.24 21 1.10
=08 | 2.44 A1 -1 .08 1.5 13 1.27
=09 | 2.38 12 32 .10 1.45 .16 1.42
=12 | 2.7 J5 69 .18 1.26 20 2.28
-.15 1.87 14 24 I8 89 26 3.33

=26 | 2.3 Jd1 S8 B4 6 B0 14,7
~31 1.63 15 69 65 69 38 55.
-49 2.12 AT 13 1.0 20.2 12.6 —

Table 6.7: Some dimensionless parameters for curved shear flow. * ¢ estimated
from the measurements of Ay and the isotropic relation for dissipation, + ¢ from

balance of the kinetic energy equation.
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Figure 3.1: The simple curved shear flow a) positive shear b) negative shear.
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Figure 3.2: Successive positions of material lines in curved shear flow 2) positive

shear b) negative shear.
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Figure 4.1: The existing wind tunnel facility (after Karnik, 1983),k, =30 mm.
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Figure 4.2: The curved test sections a) mild curvature, R.=5 m b) strong
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Figure 4.3: The connection between the straight and curved test sections.
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Figure 4.4: Probe support and traversing mechanism.
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wire 2
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(b)

Figure 4.5: The relationship between the cross wire geometry and the air ve-

locity a) the s, n plane b) the n, z plane.
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Figure 4.6: The arrangement for testing the directional sensitivity of the cross-

wire array a) pitching the probe b) yawing the probe.
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Figure 4.7: The effect of pitch angle on the effective cooling velocity for the

Cross wire array; o F, ¢ F,,
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Figure 4.9: A typical calibration curve for the hot wire anemometer. solid line

is a least squares fit of the data.
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Figure 4.11: The effect of sampling frequency on the measured value of Taylor’s

microscale; the signal has been low pass filtered to 10kHz.
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25 kHz. O u2, o 0%, A Tw.
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Figure 4.14: Rotation of the s,n plane.
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Figure 4.15: The effect of pitching the cross wire array on the mean velocity

and Reynolds stresses in curved shear flow. O U, o u?, A 2, v uv.
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Figure 5.2: Transverse profiles of U% in the straight section; F=9.9, z3=0.

Symbols as in Table 5.3.
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Figure 5.3: Transverse profiles of g: in the straight section; £=9.9, z;=0.

Symbols as in Table 5.3.
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Figure 5.10: Development of u? along the wind tunnel centerline in the straight

section, Cases A, B and C. Symbols as in Table 5.3.
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Figure 5.11: Development of »2 along the wind tunnel centerline in the straight

section, Cases A, B and C. Symbols as in Table 5.3.
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Figure 5.12: Development of w? along the wind tunnel centerline in the straight

section, Cases A, B and C. Symbols as in Table 5.3.
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Figure 5.13: Development of @7 along the wind tunnel centerline in the straight

section, Cases A, B and C. Symbols as in Table 5.3.
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Figure 5.14: Development of ¢? along the wind tunnel centerline in the straight

section, Cases A, B and C. Symbols as in Table 5.3.
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section, Cases D and E. Symbols as in Table 5.3.
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Figure 5.16: Development of v? along the wind tunnel centerline in the straight

section, Cases D and E. Symbols as in Table 5.3.
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Figure 5.17: Development of w? along the wind tunnel centerline in the straight
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Figure 5.19: Development of ¢* along the wind tunnel centerline in the straight

section, Cases D and E. Symbols as in Table 5.3.
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Figure 5.20: Development of KX,,, K,,. . and K, along the wind tunnel

centerline in the straight se:tion, Cases A, B and C. Symbols as in Table 3.3.
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Figure 5.21: Development of Ky, K., Ny and K, along the wind tunnel

centerline in the straight section, Cases D and E. Symbols as in Table 5.3.
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Figure 5.22: Development of L,, along the wind tunnel centerline in the straight

section, Cases A, B and C. Symbols as in Table 5.3.
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Figure 5.23: Development of L,,, along the wind tunnel centerline in the straight

section, Cases A, B and C. Symbols as in Table 5.3.
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Figure 5.24: Development of L,., along the wind tunnel centerline in the straj ght

section, Cases A, B and C. Symbols as in Table 5.3.
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Figure 5.25: Development of L,,, along the wind tunnel centerline in the straight

section, Cases D and E. Symbols as in Table 5.3.
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Figure 5.26: Development of L, along the wind tunnel centerline in the straight

section, Cases D and E. Symbols as in Table 5.3.
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Figure 5.27: Development of L, along the wind tunnel centerline in the straight

section, Cases D and E. Symbols as in Table 5.3.
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Figure 5.28: Development of ), along the wind tunnel centerline in the straight

section, Cases A, B and C. Symbols as in Table 5.3.
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Figure 5.29: Developient of A, along the wind tunnel centerline in the straight

section, Cases D and E. Symbols as in Table 5.3.
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Figure 5.30: Streamwise development of U, in tlLe mildly curved section, symbols

as in Table 5.3.
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Figure 5.31: Spanwise variation of EU,— in the mildly curved section;

Symbols as in Table 5.3.

165

U
Ue
ol
o
j==)
“F ® = B 8 & uw u = ;
C o
v
iy
(o]
o ) ! 1 1 ) ) y 1 }
-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
Z
w

hic=5.4. n=0.



2.0

t.8

Sla

1.0 1.2 1.4 1.6

0.8

0.6
T

0.4
f

0.0 0.2

-0.5-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

Il

Figure 5.32: Transverse profiles of LUT in the mildly curved section, negative

shear; ;==.42, :=0. Symbols as in Table 5.3.
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Figure 5.33: Transverse profiles of U% in the mildly curved section, negative

shear; ﬁ=5.42, +=0. Symbols as in Table 5.3.
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Figure 3.34: Transverse profiles of LUT in the mildly curved section. positive
[ .

shear; ==.42, z=0. Symbols as in Table 5.3.
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Figure 5.35: Transverse profiles of ;% in the mildly curved section, positive

shear; ,i-=5.42, ==0. Symbols as in Table 5.3.
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Figure 5.36: Streamwise development of U, in the strongly curved section: sym-

bols as in Table 5.3.
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Figure 5.37: Spanwise variation of % in the strongly curved section:

n=0. Symbols as in Table 5.3.

171



2.0

V)
.
ol O
“F ®™ = 5 a4 E ®m ®w =a =
o c
Q
w3
iy
o
O e e———————— Lt vy

~0.5-0.4 -0.3 -0.2 -0.t 0.0 0.1 0.2 0.3 0.4 0.5
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Figure 5.39: Transverse profiles of -,",i in the strongly curved section, negative

shear; ﬁ=.4'.—':, =0. Symbols as in Table 5.3.
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Figure 5.40: Transverse profiles of ;% in the strongly curved scction, negative

shear; t=4.74, >=0. Symbols as in Table 3.3.
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Figure 5.41: Transverse profiles of Ul in the strongly curved section. positive

shear; =42, z=0. Symbols as in Table 5.3.
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Figure 5.42: Transverse profiles of -g: in the strongly curved section, positive

shear; ;=~=4.74, :=0. Symbols as in Table 5.3.
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Figure 5.44: Spanwise variation of :7: in the mildly curved section; >=5.42,
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Figure 5.45: Spanwise variation of :“,_"7 in the mildly curved section; £==5.42,

n=0. Symbols as in Table 5.3.
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Figure 5.46: Transverse variation of -5'; in the mildly curved section, negative

shear; ;“1‘-=.42, ==0. Symbols as in Table 5.3.
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Figure 5.47: Transverse variation of f‘}': in the mildly curved section, negative

shear; -,i-=.42, =z=0. Symbols as in Table 5.3.
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Figure 5.48: Transverse variation o % in the mildly curved section, negative

shear; -,;’::.42, z=0. Symbols as in Table 5.3.
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Figure 5.49: Transverse variation of -I'j': in the mildly curved section, negative

shear; hic=5.4?., z=0. Symbols as in Table 5.3.
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Figure 5.50: Transverse variation of z";: in the mildly curved section, negative

shear; ;—c=5.42, 2=0. Symbols as in Table 5.3.

184



0.7

005
!
ec
a8
Boo B

Ty
Tyt

6.5
1
oo
o
oy

[
o
(8>
[
>
oOnDPr oOR
po
o

0.4
!
0

<o 8

s a
of 0«4
o~
P
c'_
g2
<
o
(=] ] ! ] ] ] ! ] ! I

-0.%5 -0.¢ -0.3 -0.2 -0.@ 0.0 0.1 0.2 0.3 0.4 0.5

i

Figure 5.51: Transverse variation o % in the mildly curved section, negative

shear; —,:-‘=5.42, z=0. Symbols as in Table 5.3.
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Figure 5.52: Transverse variation of f’_j—: in the mildly curved section, positive

shear; i=.42, 2=0. Symbols as in Table 5.3.
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Figure 5.53: Transverse variation of E"é in the mildly curved section, positive

shear; =42, z=0. Symbols as in Table 5.3.
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Figure 5.54: Transverse variation of %-; in the mildly curved section. positive

shear; ;£=.42, z=0. Symbols as in Table 5.3.
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Figure 5.55: Transverse variation of 3 in the mildly curved section. positive

shear; f:=5.42, ==0. Symbols as in Table 5.3.
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Figure 5.56: Transverse variation of ('_’7: in the mildly curved section, positive

shear; t=5.42, >=0. Symbols as in Table 5.3.

190



0.7

©
ot
uv
ufv!
n
s b
b
- v E
> 8 ] ]
e £ ¢ s 12 8 ¢ o =
M e °
l"z_ . g v v
i v % =a
®
N . = B B
(=18 e 'S
& * v
p— E
O‘_
S 8
o { { ' 1 1 { [ )
-0.5-0.4 -0.3 -0.2 -0.1 0.0 O0.! 0.2 0.3 0.4 0.5
n
he

Figure 5.57: Transverse variation of ;2::7 in the mildly curved section, positive

shear: ==5.42, z=0. Symbols as in Table 5.3.

2

191



2.5

u2
2 0
(m—) o
3= gy 8
(]
]
w
- I m}
=}
<
e o o
n) o
= o
L (o} ©
Q ° o
°
Q e o ° ° © M
a
e 8 A A a A a a
o & bl 2 B 2.1 e . 2 .
g.0 1.0 2.0 3.0 4.0 5.0 6.0 XL 7.0

Figure 5.58: Development of u? along the wind tunnel centerline in the mildly

curved section; negative shear. Symbols as in Table 5.3.
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Figure 5.59: Development of v2 along the wind tunnel centerline in the mildly

curved section; negative shear. Symbols as in Table 5.3.
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Figure 5.60: Development of w? along the wind tunnel centerline in the mildly

curved section; negative shear. Symbols as in Table 5.3.
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Figure 5.61: Development of v along the wind tunnel centerline in the mildly

curved section; negative shear. Symbols as in Table 5.3.
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Figure 5.62: Development of ¢* along the wind tunnel centerline in the mildly

curved section; negative shear. Symbols as in Table 5.3.
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Figure 5.63: Development of u? along the wind tunnel centerline in the mildly

curved section; positive shear. Symbols as in Table 5.3.
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Figure 5.64: Development of »? along the wind tunnel centerline in the mildly

curved section; positive shear. Symbols as in Table 5.3.
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Figure 5.65: Development of w? along the wind tunnel centerline in the mildly

curved section: positive shear. Symbols as in Table 3.3.
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Figure 5.66: Development of 77 along the wind tunnel centerline in the mildly

curved section; positive shear. Symbols as in Table 5.3.
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Figure 5.67: Development of ¢ along the wind tunnel centerline in the mildly

curved sectiou; positive shear. Symbols as in Table 5.3.
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n=0. Symbols as in Table 5.3.
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Figure 5.69: Spanwise variation of {’,—' in the strongly curved section; ==2.15,

n=0. Symbols as in Table 5.3.
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Figure 5.70: Spanwise variation of % in the strongly curved section; £=2.15,

n=0. Symbols as in Table 5.3.
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Figure 5.71: Spanwise variation of % in the strongly curved section; ;==4.74,

n=0. Symbols as in Table 5.3.
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Figure 5.72: Spanwise variation of -;—; in the strongly curved section; *=4.74,

n=0. Symbols as in Table 5.3.
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Figure 5.73: Spanwise variation of ;‘%_3 in the strongly curved section; ;-=4.74,

n=0. Symbols as in Table 5.3.
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Figure 5.74: Transverse variation of f‘,—c in the strongly curved section, negative

shear; ==.42, z=0. Symbols as in Table 5.3.
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Figure 5.75: Transverse variation of % in the strongly curved section, negative

shear; ;>=.42, z=0. Symbols as in Table 5.3.
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shear; ~=.42, z=0. Symbols as in Table 3.3.
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Figure 5.77: Transverse variation of # in the strongly curved section, negative

shear; ;==4.74, z=0. Symbols as in Table 5.3.
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Figure 5.78: Transverse variation of E’T' in the strongly curved section. negative

shear; ,—::=4.T4, >=0. Symbols as in Table 3.3.
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Figure 3.79: Transverse variation of f+;- in the strongly curved section. negative

ul

shear; ==4.74, :=0. Symbols as in Table 5.3.
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Figure 5.80: Transverse variation of z‘% in the strongly curved section, positive

shear; ;==.42, z=0. Symbols as in Table 5.3.
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Figure 5.81: Transverse variation of {‘;—; in the strongly curved section. positive

shear; f¢'='42’ z=0. Symbols as in Table 5.3.
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Figure 5.82: Transverse variation of ZZ in the strongly curved section. positive

shear; i-=.42, 2=0. Symbols as in Table 5.3.
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Figure 5.83: Transverse variation of 5:- in the strongly curved section, positive

shear; ;-=4.74, z=0. Symbols as in Table 5.3.
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Figure 5.84: Transverse variation of L—'}’: in the strongly curved section, positive

shear; ==4.74, ==0. Symbols as in Table 5.3.
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Figure 5.85: Transverse variation of 2% in the strongly curved section. positive

u'v’

shear; ;-=4.74, z=0. Symbols as in Table 5.3.
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Figure 5.86: Development of u? along the wind tunnel centerline in the strongly

curved section; negative shear. Symbols as in Table 5.3.
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Figure 5.87: Development of 12 along the wind tunnel centerline in the strongly

curved section; negative shear. Symbols as in Table 5.3.
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Figure 5.100: Spanwise variation of L, in the strongly curved section; w-=2.15,

n=0. Symbols as in Table 5.3.

234



b~

<

é

120.0
T

(mm)

80.0

40.0
]

o
(=]

1 1 ! 1 t ! t t 1

-0.5-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 G.3 0.4 0.5

Figure 5.101: Spanwise variation of L,, in the strongly curved section; =215,

n=0. Symbols as in Table 5.3.

235



140.0

120.0
I

Ly

(mmn)

40.0  60.0  80.0 100,0
1 I 1 I
Q
0

20.0
1

0.0

1] | ] 1] |

! 1 1 1

=0.5-0.4 -0.3 -0.2 -0.1 aq.0 .1 0.2 6.3 0.4 0.5
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Figure 5.119: Iso-probability contours of the fluctuating velocities in the straight

section, Case NB; if=9.9. ra=0, z3=0.
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Figure 5.120: Iso-probability contours of the fluctuating velocities in the

strongly curved section, S =-.01; e =3.01, n=0, z=0.
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Figure 6.1: Development of the dimensionless integral lengthscales along the
wind tunnel centerline in straight shear flow (Cases A, B and C). Symbols as

in Table 6.1.



2.0

@
w
- I x Ltm
Ky | x X -
X
o~ x
- x
<
L

© uun Lw
> £ y ¥ —

* ﬁ
o * va
o % r ;:( § x ¥ X
~ » ¥ XX
- L » ¥ »
° :x*** Ly
N Loyw L
sk il i

L
<
o 1 1 I

0.0 1.0 2.0 3.0 4.0

=\

Figure 6.2: Development of the dimensionless integral lengthscales along the
wind tunuel centerline in straight shear flow {(Cases D and E). Symbols as in

Table 6.1.

[
(o]
~1



0.20

E
o

v
- n &
o n ® 8 g g

Mg, &

@ 4
B ©
S B
=}
g S
i
<L
[
Q
=
o 1 1 1 f
0.0 S.0 10.0 15.0 20.0 25.0

Figure 6.3: Development of E along the wind tunnel centerline in straight shear

flow (Cases A, B and C). Symbols as in Table 6.1.



1.0

0.9

0.8

0.7

0.4 0.5

0.3
T
x

0.2

0.0 0.1

Figure 6.4: Development of E along the wind tunnel centerline in straight shear

flow (Cases D and E). Symbols as in Table 6.1.

259



10

i n
...._2 [ ]
u N ] g ]
®
a .- . B .
ra ]
, —3 05 %
m—-;) ] 2 900
F i 5 . a o]
Ny Q
4 g% 88
e% ®®
e® ot
T ot
(el 3&3“
N nn"n
] =
lD i
— 11 1 i
0.0 7.0 14.0 21.0 28.0 35.0
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shear flow, § <0 (Cases A, B and C). Symbols as in Table 6.1.
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shear flow, § <0 (Cases A. B and C). Symbols as in Table 6.1.
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Figure 6.9: Development of ¢? along the wind tunnel centerline in destabilized

shear flow, S <0 (Cases A, B and C). Symbols as in Table 6.1.
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Figure 6.10: Development of L, along the wind tunnel centerline in destabilized

shear flow, S <0 (Cases A, B and C). Symbols as in Table 6.1.
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Figure 6.11: Development of L,, along the wind tunnel centerline in destabilized

shear flow, S <0 (Cases A, B and C). Symbols as in Table 6.1.
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Figure 6.12: Development of L., along the wind tunnel centerline in destabi-

lized shear flow, S <0 (Cases A, B and C). Symbols as in Table 6.1.
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Figure 6.15: Development of E along the wind tunnel centerline in destabilized

shear flow, § <0 (Cases A, B and C). Symbols as in Table 6.1.
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Figure 6.16: Development of uZ along the wind tunnel centerline in stabilized

shear flow, § >0 (Cases A, B and C). Symbols as in Table 6.1.
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Figure 6.17: Development of 2 along the wind tunnel centerline in stabilized

shear flow, § >0 (Cases A, B and C). Symbols as in Table 6.1.
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Figure 6.18: Development of w? along the wind tunnel centerline in stabilized

shear fiow, § >0 (Cases A. B and C). Symbols as in Table 6.1.
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Figure 6.19: Development of 7% along the wind tunnel centerline in stabilized

shear flow, § >0 (Cases A, B and C). Symbols as in Table 6.1.
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Figure 6.20: Development of ¢* along the wind tunnel centerline in stabilized

shear flow, § >0 (Cases A. B and C). Symbols as in Table 6.1.
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Figure 6.21: Development of L., along the wind tunnel centerline in stabilized

shear flow, § >0 {(Cases A, B and C). Symbols as in Table 6.1.
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Figure 6.22: Development of L,, along the wind tunnel centerline in stabilized

shear flow, S >0 (Cases A, B and C). Symbols as in Table 6.1.
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Figure 6.23: Development of L., along the wind tunnel centerline in stabilized

shear flow, § >0 (Cases A, B and C). Symbols as in Table 6.1.
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Figure §.24: Development of the dimensionless stresses along the wind tunnel
centerline in stabilized shear flow, § >0 (Cases A, B and C). Symbols as in
Table 6.1.
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Figure 6.25: Development of K, + K, along the wind tunnel centerline in

stabilized shear flow, § >0 (Cases A. B and C ). Symbols as in Table 6.1.
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Figure 6.26: Development of the dimensionless integral lengthscales along the
wind tunnel centerline in stabilized shear flow, § >0 (Cases A, B and C).

Symbols as in Table 6.1.
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Figure 6.27: Development of E along the wind tunnel centerline in stabilized

shear flow, 5 >0 (Cases A, B and C). Symbols as in Table 6.1.
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Figure 6.28: The dependence of the exponent of growth of ¢%, x,, on §, data
from cases A, B and C. The solid symbols represent data from the mildly curved
section, the open symbols represent data from the strongly curved section and

the solid line represents a least squa.rcossgt to al] the data, equation 6.19.
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Figure 6.29: The dependence of K, on S, data from cases A, B and C. The
solid symbols represent data from the mildly curved section, the open symbols
represent data from the strongly curved section and the solid line represents a

least squares fit to all the data, cqua.t:j)osr}4 6.20.
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Figure 6.30: Development of u? along the wind tunnel centerline in destabilized

shear flow, S5 <0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.31: Development of v2 along the wind tunnel centerline in destabilized

shear flow, S <0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.32: Development of w7 along the wind tunnel centerline in destabilized
shear flow, § <0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.33: Development of &T along the wind tunnel centerline in destabilized

shear flow, S <0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.34: Development of ¢* along the wind tunnel centerline in destabilized

shear flow, § <0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.35: Development of L, along the wind tunnel centerline in destabilized

chear flow, § <0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.36: Development of L., along the wind tunnel centerline in destabilized

shear flow, § <0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.37: Development of L. along the wind tunnel centerline in destabi-

lized shear flow, § <0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.38: Development of the dimensionless stresses along the wind tunnel
centerline in destabilized shear flow, $ <0 (Cases D and E). Symbols as in Table

6.1.
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Figure 6.39: Development of the dimensionless integral lengthscales along the
wind tunnel centerline in destabilized shear flow, § <0 {Cases D and E). Syn-

bols as in Table 6.1.
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Figure 6.40: Development of £ along the wind tunnel centerline in destabilized

shear flow, § <0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.41: Development of u? along the wind tunnel centerline in stabilized

shear flow, $ >0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.42: Development of 57 along the wind tunnel centerline in stabilized

shear flow, § >0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.43: Development of w? along the wind tunnel centerline in stabilized

shear flow, § >0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.44: Development of w5 along the wind tunnel centerline in stabilized

shear flow, § >0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.45: Development of ¢* along the wind tunnel centerline in stabilized

shear flow, § >0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.46: Development of L., along the wind tunnel centerline in stabilized

shear flow, S >0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.47: Development of L,, along the wind tunnel centerline in stabilized

shear flow, § >0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.48: Development of L., along the wind tunnel centerline in stabilized

shear flow, § >0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.49: Development of the dimensionless stresses along the wind tunnel

centerline in stabilized shear flow, § >0 (Cases D and E). Symbols as in Table
6.1.
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Figure 6.50: Development of K., + K, along the wind tunnel centerline in

stabilized shear flow, § >0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.51: Development of the dimensionless integral lengthscales along the
wind tunnel centerline in stabilized shear flow, § >0 (Cases D and E). Symbols

as in Table 6.1.
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Figure 6.52: Development of £ along the wind tunnel centerline in stabilized

shear flow, § >0 (Cases D and E). Symbols as in Table 6.1.
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Figure 6.53: The dependence of the pressure-strain rate covariance on S cal-
culated from the balance of the Reynolds stress equations assumming isotropic
dissipation. Solid symbols represent data from the mildly curved section, open

symbols represent data from the s:rm%%lg curved section.
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Figure 6.54: The dependence of the pressure-strain rate covariance on S calcu-
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Figure 6.55: The effect of curvature on the cross-spectral density; —

S=0,--- S$=-10,=*+-+ §=.10, £=3.01, n=0, z=0.
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Figure 6.56: The effect of curvature on the uZ spectral density;y —— S = 0, —~~
S =-.10, ++--- S =.10, ;£=3.01, n=0, 2=0.
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Figure 6.57: The effect of curvature on the v? spectral density; ——

S==-.10, +=-+- §=.10, £=3.01, n=0, z=0.
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Figure 6.58: The effect of curvature on the w? spectral density; ———— S =0,-=-~=

§==10, ++sees §=.10, £=3.01, n=0, z=0.
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Appendix A

TABLES OF RAW DATA
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Case %1'- r 14 Vv W ilé:- l-::‘r IH"- I-L:— E q;‘

q v 9 e < 2

(2 | B | B (B}

pa | 583 [ 1186 | o0.668 | 0128 | 0.049 | 069 | 0218 | 0310 ] 0340 | 0.042 | o.eTasn
pa | eee | 1335 | o8se | 0148 | 00er | oaze | o1 | 03z | c0a0e | c.0ae | oror4a7
pa | T 1533 | 9.90% | .0.150 | 0.043 | 04d1 | 0.210 | 0309 | .0.138 | 0.049 | 0.90812%
pa | 833 | 21894 | 9927 | -0.260 | 0.043 | 0483 | 0.208 | 0300 | .0.333 | 0048 | 1064934
pa | 9.6 | 1864 | 9955 | -0.160 | 0.041 | 0491 | 0200 | 0208 | -0.132 | o.0ne | 1230192
pa_ | 9ot | 2016 | 10012 | 10222 | 0.044 | 0498 | 0.202 | 0.300 | -0.238 | 0.035 | 1.434384
pb | 3.83 | 9.7 n.sxs— «0.088 | «0.011 | 0.444 | 0.210 | 0.3¢d | .0.142 Tm 0.392428
pb | 6.68 | 11.38 | 9.82% | -0.004 | 0.003 | 0445 | 0,210 | 0345 | -0.139 | 0.010 | 0.428387
pb | T 1269 | 5.860 | 0.106 | 0.004 | 0.43) | 0.208 | 0.339 | .0.237 | o018 [ c.4vover
pb | 8.33 | 1410 ] 9.867 | -0.212 | 0.002 | 0.460 | 0.210 | 0.331 | -0.134 | G.18 | 0.813%¢T
pb | 9.3¢ | 13.51 ] 9802 | -0.220 | 0.008 | 0.6 | 0210 | 0.326 | .0.238 | o021 | 0.3662m1
pb_| 991 | 16.78 | 2373 | -0.168 | 0.024 | 0470 | 0230 | 0221 | .0.133 | o.027 0.612388 |
pc | 483 | <28 | 10017 —:)‘oso +0.104 | 0454 | 0.213 | 0.333 | .0.138 | .0.00% o.:cu;r
pc | %48 | 5.03 { 10073 | -0.089 | -0.093 | 0.460 | 0.210 | 0.330 | .0.138 | 0.003 | 0.116292
pc | 630 | 3.82 | 10.03¢ | -0.007 | -0.080 | 0.467 | 0.210 | 0.323 | -0.237 | o.008 | o.170828
pec | 713 | 639 | 10023 | -0.300 | .0.068 | 0.432 | 0.223 | 0.328 | -0.138 | o0.c08 | 0.142002
pe | 708 | .36 | 10.101 | -0.11} | -0.063 | 0.4c4 | 0.218 | 0320 | -0.235 | 0.022 | o.asT1ss
pe | 871 | 803 | 10002 | -0.145 | -0.042 | 0450 | 0.218 | 0.323 | -0.133 | 0.016 | 0367039
pd Ta? 1.33 10.23‘.'— -0.131 | 0.032 | 0.412 | 0,252 | 0.338 | -0.150 -_o::: 0.463502
pd | 4.26 | 1.6 | 10389 § -0.128 | 0.028 | 0.420 | 0.248 | 0.324 | .0.247 | 0.027 | o.e6130
pd | 5.00 | 2.03 | 10.283 { -0.134 | 0.029 | 0.428 | 0.242 | 0.2331 | 0140 | 0026 | 0.471324
pd | 583 | 2.3¢ | 10.282 | -0.128 | 0.030 | 0.444 | 0.238 | 0.328 | -0.140 | 0.030 | 0.4%8312
pd | 6.66 | 270 | 10.336 | -0.242 | 0.034 | 0.449 | 0,237 | 0.324 | .0.242 | 0.0m1 | o.¢Tee30
pd [ 741 | 3.01 | 10.387 | -0.147 | 0.040 | 0434 | 0.235 | 0.311 | .0.140 0.022 | 0.476334
pe | 133 | o 5.599 { -0.095 | o.0s1 | 0312 | 0329 | 0.280 | 0133 .o.os'r— 0157628
pe | 216 | 033 | 9.606 | -0.08 | 0.047 | 0321 | 0.215 | 0.36¢ | -0.14¢ | .0.034 | 0.142313
pe | 3.00 | 048 | 9.600 | .0.11% | 0.036 | 0.328 | 0.306 | 0.385 | .0.143 | -0.01¢ | 0.120070
pe | 383 1 081 9.583 | -0.118 | o0.086 | 0.333% | 0.310 | 0338 | .0.143 | -0.008 | 0.1228s3
pe | 466 | 073 | 9387 | 0121 | 0.060 | 0339 | 0310 | 0352 | -0.139 | .0.000 | 0.117444
pe | 541 | 087 | 2.620 | -0.120 | 0.05¢ | 0.342 | 0308 | 0.352 | -0.134 | 0.004 | o.111270

Table A.1: Straight section; zo =0, z; =
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! e %1- :‘.% ﬁ -\‘:‘% u'i\:’ u'n—:‘- :Ei‘-:vh' :#t::: o v/ o
I N e G- )
ps | 3.83 | 0.2t .n.:oa- 0009 | wir | 0138 | con 0.094 | 0.382 | 0.280 o.-m?
pa | 668 | 010 | w0116 | o002 | .0061 | o0OM 0.005 0085 | 0614 | c.a08 | 0498
pa | 750 | o007 | .0.083 | 0012 | .0.031 | 0043 | 0.0 0.038 { 0.061 | 0.437 | 0.330
pa | 833 | 001 | .0.004 | 0.003 | 0014 | 0024 | o.00T 0.023 | 0717 { 0,472 | 0.574
ps | 9ae | 0,03 | «0.004 | -0.047 | 0007 | 0004 | 0.002 | 0003 | 0.TA8 | 0503 | 0823
pa | 991 | 008 | 000 | -0.00% | 0026 | -0.014 | 0008 | 013 | 0.881 | 0342 | 0.e6
pb | 383 | 024 | 0200 | «0.032 | <0142 | @70 | 0.007 0079 | 0.418 | o287 | 0.368
pb | 666 | 0.24 | -0.238 | .0.008 | 0081 | 0109 | o0.002 0.073 | 0437 | 0.300 | 0.384
pb | 730 | 0.07 | -0.088 | .0.004 | -0.037 | 0.054 0.004 o083 | o1 | 0213 | 0.309
pb | 833 | eoo | -0.0m1 | 0001 | -0.010 | o020 | 0.007 0028 | 0.486 | 02328 | 0.412
pt | 246 | 000 | -0.018 | -0.008 | -0.008 | 0.011 | -0.003 | 0023 | 0.513 | 0.345 | 0422
| »b | 951 | .00 | 0015 | -0.000 | 0.003 | 0000 | 0004 0.009 | 0336 | 0.338 | 0.443
?T 0.2 | o204 | 002t | 0133 -o-:ue 0.080 | 0132 | 0.718 | o149 | o187
pe | 546 | -0.24 | 0.103 | 0.031 | 0322 | -0.130 | o038 | .0141 | 021 | 0ase | 0a9e
pe | 6.30 | -0.23 | G184 | 0.030 | 0130 | -0.137 { 0023 | -0.147 [ 0.246 | 0.265 | 0.20%
pc 13 -0.19 0.168 0.0123 Q.104 -0.11% 0.0233 +0,139 9,253 | 0.17¢ | Q.21
pe |7 0.29 | 0161 | -0.032 | 097 | 0107 | 0009 | -0.114 | 0.270 | 0.384 | 0.22¢
pc | 871 | 038 | 0244 | -0.012 | 0092 | -0.099 | o0.008 | .0.22% | 0277 | o.191 | 0.232
pd | 333 ] 022 | 0104 | 0001 | 0243 | -0a11% | -0.005 | -0.082 | 0.437 | 0.342 | 0308
pd | 426 | -0.21 | 0133 | .0.007 | 028 | -0.134 | oos | .00es | 0443 | 0338 | 0304
pd | %00 | -025 | 0138 | .0.024 | 0.128 | w0115 | -0.000 | .0.086 | C.447 | 0.338 | 0.393
pa | 583 ) -0.28 | o167 | 0.002 | 0341 | 0040 | 013 | 0080 | 0461 | 0337 | ca%o
pd | 686 | -0.28 | 0200 | -0.083 | 0.137 | -0.148 | 0012 | -0.087 | 0.462 | 0336 | 0.387
pd | a1 | -031 ] 0320 | -0.033 | 0120 | -0.144 | 0.010 | -0.007 | 0462 | 0.333 | 0.385
pe | 133 { -0.09 | 0.068 | .0.004 | 0074 | -0.077 Tou -0.117 | 0222 | o228 | o238
pe | 226 | 009 | 0105 | 0.024 | 0067 | -0.070 | o005 | -0.1068 | 0.214 | 0.212 | 0.228
pe 3.00 | -0.10 0.084 0.038 0.069 «0.07% 0.032 -0.093 0.207 | 0.700 | 0.218
pe | 383 | 034 | 0138 { 0.002 | 010 | 0321 | o019 | -0097 | 0.203 | 0195 | 0.209
pe 4.68 | -0.16 0.164 -0.001 0.112 =0.118 0.007 -0.008 ¢.199 | 0191 | 0,203
pe | 541 | -0.18 | o280 | .0.03¢ | 0025 | .0.330 | o017 | -0.008 | 0.19% | 0.184 | 0.398

Table A.2: Straight section; z; =0, 2, = 0.
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Y]

L1~ _ _ (2 | & o3 |
T__S-; 3.012 2224 a.IOT_I =1.322 1425 -1.330 0373 —1.148 0.245 0,582 0.380 0.16;—|
pa 6.88 3.993 3.204 3129 1254 1.3%¢ -1.383 0.362 113 . 0.614 0.408 0.433
P .50 3.014 .22 3.12% «1.269 1.39¢ ~1.284 0.415 1132 0.374 0.681 0.437 0.530
pa 8.3 3.016 § J.2 2138 ~1.236 1.389 ~1.278 0.403 1176 0.35% 0717 | 04T1 0.574
P 9.18 3.034 3.257 3.138 ~1.25%8 1.3 ~1.25% 0.480 1.181 0.442 0.78¢ 0.503 0.423
pa 9.9'1_ 3.07% 3.250 _3.163 «1.37% 1.39 -1.281 0.470 1.169 0.431 0.851_- 0.542 0.681
pb 3.33_. 2,808 2.005 —'.‘.999 «1.308 1.3% ~1.317 9.0%9 3% b 0.08° 0.1:8— 0.287 0.268
pbd 8.66 | 2859 | 20T 3.003 =1.248 1.351 »1.261 0.092 1.199 0.088 0437 | 0,300 0.384
pb T80 | 2883 | 3078 3.022 ~1.241 1334 -1.237 0.138 1,165 0.124 0,461 0.313 0.390
pb 8.33 2901 3100 017 =1.222 1.348 =1.237 Q.161 1.132 0.133 0.488 0.328 0.412
pb 218 2.059 14 3.042 ~1.252 1.367 =1,251 170 1187 0.181 0.313 0.34% Q.42
pb 5.91 2,925 A.151 3074 -lﬁ_ 1243 -1.21% 0,222 1.140 0.183 0.33¢ 0.338 0.443
pe 41.63 | J.063 2.2¢8 31 ~1.STI 1.43%0 1377 -0.088 1.141 ~0.086 0.218 0.149 0.187
-3 346 3.061 324 3.008 -1.333 1437 ~1.331 -0.011 .11 =0.007 0.231 0.138 0.15¢8
P 6.20 3.030 3.206 116 =1.312 1418 -1.32% -0.011 1.104 =0.013 0.248 0.165 0.203
pe T13 | 2976 | a8 3,140 «1.267 1390 =1.303 0.02¢ 1.141 2.015 0.233 | 0.17¢ Q.218
pe .96 2.989% 2192 3.14% -1.233 1.384 =1.263 0.059 a1l 2,053 0.270 0.184 0.224
L_Pc | 8T 2966 | 3.150 3.130 «1.212 1.35% =1.233 0.004 1.129 0.101 _0._2'-'7 0.191 0.232
T 3.3 2,888 2.898 3,033 ~1.262 1.3%0 -1.282 0.178 1.068 0.193 T:S? 0.342 ¢.39%
pd 4.18 | 2.8%0 2,960 3.008 «1.204 1.359% =1.243 0.194 1.0%3 0.17¢ 0.443 | 0.228 4.3M
pd 3.00 2922 3.031 2,058 =1.221 1.328 -1.215 0.209 1.070 0.201 0.449 ] 0228 0.39%
pd 3.83 2.966 2.100 A.045 =137 1.26% =1.217 0.25¢6 1.053 0,229 0.461 Q.337 0.2%0
pd 6.68 24972 3.110 3.037 =1.251 1.38¢€ -1,260 0.231 1.048 0.249 0.482 0,336 0.387
pd _.'.u 3.033 2130 .125 ~1.246 1.262 =1.214 ony 1.106 0.232 | 0.463 0.33% | 0,288
pe 1,33 | 2828 | 2.850 | 2929 +1.101 1.228 =1.130 0,477 1.042 -0.:!4'.'- 0.222 | 0.228 | 0.238
pe 2.16 | 2.793 2,857 2.901 -1.200 1.284 -1.221 -0.210 0,998 -0.075 0.214 0.212 0.228
pe .00 2.837 | 2.843 2911 -1.1%9 1.231 1149 -0.078 1.013 +0.011 0.207 | 0.200 0.218
pe .83 .88 2.817 2,910 -1l.122 1.218 +1,117 -0.017 1.008 0.019 0,202 0.19% 0.20%
pe {1.68 2.841 2.810 2,921 -1.092 1.20¢ -1.087 0.011 1.031 0.047 0.199 | 0.191 0.203
pe 3.41 2.911 2.849 2.042 +1.085 1.2 -1.083% 0,031 1.053 ©.083 0,195 | 0.184 0.198

Table A.3: Straight section; 2o =0, z2 =0.



case % Lun Lyw Lww Ay Ay Awr
(mm) | (mm) | (mm} | (mm) | {mm) | (mm)}
pa | 583 [ 232 2.3 9.6 5.0 2.7 3.0
Pa .48 3.4 8.6 10.4 3.0 av 3.0
pa T.50 W .4 2 1.0 3.1 23 3.0
pa 833 333 104 n.y 51 -5 3.0
P 9.16 6.2 10.9 134 5.3 27 3.1
Pa 9.91 33.9 12.0 14.2 3.4 2.8 31
pb 5.8) 7.8 2 8.0 3.2 2.9 3.1
pb 6.68 19.5 .6 8.5 3.2 .9 a2
pb .50 21.1 7T 2.0 53 2.9 31
pb 8.3 Vs 8.0 2.3 52 2.8 3.2
pb 9.1¢ M8 B.4 10.0 3.3 2.8 3.2
pb 2.9 6.9 8.6 t0.v 5.3 2.8 3.2

2
pe | S48 | 191 8.7 8.4 (X3 3.2 4.0

T pe | 830 | 214 5.9 5.8 6.8 3.9 4.1
pe | Tz ] 211 a7 9.1 6.8 18 4.l
pe | Toe | 223 8.8 9.3 67 3.8 4.0
pe | 871 | 2209 8.9 2.8 6.7 38 4.0
pd | 333 | s9.3 29.9 %4 [¥ 3 L3 5.2
pd | 416 | e26 | 302 | 283 8.9 IR 8.0
pd | s.00 | ce2 28.7 28.8 9.0 8.2 5.0
pd | s.83 | Tia 28.9 22.5 9.2 5.1 5.8
pd | s6s | 728 8.7 29.4 2.8 3.1 5.7
pd | 741 | so03 202 | 30.0 9.4 5.0 5.6
pe | 133 | 367 m 238 5.1 4.0 4.2
pe | 216 1 444 30.3 25.5 T 53 5.6
pe | 300 | 450 30.2 26.6 8.0 5.8 8.3
pe | 383 | 0.0 3.1 26.7 9.1 63 6.8
pe | 886 | 3.2 316 | 272 0.5 L¥ 7.1
pe | 541 | 324 311 ar.s 2.0 8.9 7.3

Table A.4: Straight section; z2 =0, z3 = 0.
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x 2 v - ur frere) -
Case -5-1- r u v w 3 ";_r 1;,-‘. :i- ::i:. q._‘

L G Gy | Lms ]
na | 583 | 111 | 10048 | 0.237 | 0.040 | 0.9 | 0.209 | 0322 | 0T 0.008 | 0660949 |
na | 668 | 1270 | 10011 | 0135 | 0.040 [ 0Tl | 0209 | 0320 | 0.345 ] 0.013 [ 0.732734
na | 780 | 1420 | 10,334 | 0227 | 0039 | 047y | 0200 | 0318 | 0.146 | c.009 | 0.842063
ns | 833 ] 1587 | 10,348 | 0233 | o.089 | o.4es | 0202 | 0312 | 0.242 | 0.00¢ | 0970132
aa | D26 | 1746 | 10179 | 0139 | 0.069 | 0.492 | 0.204 | 0.303 | 0.144 | 0.003 | 1.100314
na | 9.0 ws 10,220 | 0.185 | 0073 | G495 } 0203 | 0304 | 0343 | 0.002 | 1.2439%¢
b | 583 | 8.80 | 9.957 | o.088 | 0.000 | 0.48s | 0312 | 0324 [ oaex [ -0.023 [ 03sas0r
ab | 668 | 10.2¢ | 9989 | 0.080 | 0.047 | 066 | 0.212 | 0322 | 0.138 | -0.023 | 0.393408
nb | 7.30 | 1343 | 0078 | 0082 | 0.031 | 0ato | 0210 | 0.320 | 0.134 | -0.02¢ | o.31812
nb | 833 ] 1270 | 2933 | 0.084 | o086 { 048 | 0211 | 0.313 | 0.255 | -0.024 | 0.470186
nb | 926 | 13.97 | 9961 | 0.090 | 0.087 | 0.477 | 0.202 | 0.324 | 0.152 | .0.028 | 0.516230
ab | 991 | 1531 | 5.978 |_o.1=s 0.065 | o480 | 0.206 | 0314 | 0150 | -0.02¢ | 0.338842
ac | 463 | 428 | 10153 | 0104 | -0.035 | 0.465 | 0.207 | 0.328 | 0.13¢ | 0.008 | e.100672
ne | sae | sos [ 10,142 | 0.099 | -0.006 | 0.46d | 6202 | 0333 | 0.152 | 0.011 | 0.110804
ne | 630 | =82 | 10,148 | 0,092 | -0.005 | 0487 | 0200 | 0.333 | 0.151 | 0.004 | 0.12139%
ne | T3 659 | 10,149 | 0.024 | 0.008 | 0.483 | 0.200 | 0.338 | 0.148 | 0.017 | 0.134450
ne | 706 | .36 | 10234 | 0.092 | 0.025 | 0.as0 | 0201 | 0.338 | 0.347 | 0.02¢ | 0.148742
oc | 871 | 803 | 10276 | 0133 | 0046 | 0463 | 0203 | 0333 ] 0.147 | 0021 | 0.360303 |
ad ] 333 | 1.53 | 9.985 | 0.08¢ | 0.038 | 0.466 | 0.223 | 0311 | 0.172 | 0000 o.;s:m:j
nd | 436 | 192 | 9943 | 0006 | 0.04¢ | 0475 | 0219 | 0.307 | 0.173 | 0.003 | 0.469803
nd { 500 | 230 | 9962 | o.057 | 0.059 | 6483 | 0.217 | 0.300 | 0.268 | 0.008 | 0.489325
nd | 583 | 268 | 9981 | 0036 | o053 | 0498 | 0212 | 0.293 | 0.163 | o0.00% | 0.310214
nd | ees | 307 | 10,000 j 0.051 | 0080 | 0308 | 0212 | 0.283 | 0.162 | o0.006 | 0.520927
nd | 741 | 341 | 10086 | 0.064 | 0.084 | 0499 | 0.215 | 0.086 | 0186 | 0.007 | o.s28587
ne | 133 | 023 | o380 | 0062 | o.003 | 0.2¢5 | 6334 | 0.397 | 0.096 | .0.080 | 0.13909:
ne | 236 | 037 | 9.37¢ | o045 | 0.017 | 0.275 | 0.324 | 0.401 | 0.116 | -0.063 | 0.108762
ne | 300} o051 | 9394 | 0.040 | 0.020 | 0.207 | 0.309 | 0.304 | 0.132 | -0.053 | 0.102872
ne | 383 | 065 | 9300 | 0.036 | 0.02¢ | 0322 | 0.205 | 0.383 | 0.146 | -0.040 | 0.100338
ne | 406 | 079 | 9.373 | 0.034 | 0.045 ) 0.340 | 0.285 | 0.366 | 0.160 | -0.03¢ | 0.100642
ne | 541 | 092 | 9484 | 0041 | 0.045 | 0372 | 0,278 | 0.350 | o.168 | -0.030 | 0.202338

Table A.5: Straight section; 2 =0, 3 = 0.
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case ":71; i‘f} "% -“"‘%- u’:.\:' ;ﬁ%— “: u:' S o' v w'
na 5.83 —0.12 0.107 0.047 0.067 0.083% 0.8 0,030 0.581 | 0074 0.464
na €.68 0.09 2.088 2.0%0 0.047 0,081 0.024 0.027 0.308 0.397 0.491
na .50 0.03 0.049 0.047 ©.021 0.041 0.021 0.019 0.632 0.413 0.310
na 8. 0.04 ©.042 0.042 0.024 0.03% 0.021 0.013 0.68¢ 0.444 0.350
D& 214 «0.01 0.019 0.036 «0.002 0.011 0.032 0.008 0.739 0.478 0.582
as igi_. -0.02 -0.010 0.052 =0.009 -0.004 0.038 «0.003 0.783 0,300 0.613%

TE‘ 0.7 0.173 «0.020 0.101 0.128 -0.01¢ 0.083 9.40% 0.274 0.333
ub €.66 on 0,131 -0.002 0.06D 0.090 -0,002 0.0%0 0.428 | 0.289 | 0.33%¢
nb T.0 a.08 0.083% 0.004 0.032 0.034 0.004 0.029 0.431 0.301 0.371
nb 8.33 0.02 0.054 0.036 0.019% 0.0 0.011 0.021 0.478 0218 0.387
1] 9.16 0.02 92.029 0.043 0.004 Q010 | o0.013 0.01% 0.40¢ 0.228 0.403
nb 2.0 0.00 0.022 0.038 «0.003 0.008 0.01¢6 0.001 0.518 0.339 0.412
ne 4.63 «0.14 0,178 0.021 «0.100 -_0.129 l;-nlt «0.087 0.218 0.144 Q.182
ng 340 | -0.12 «0,12¢ Q.022 «0.072 =0.087% 0.008 +0.098 0.227 0.150 0,192
ne £.30 =007 -0.083 0,003 =0.034 -0.088 -0,00% -0,079 0,238 0.13¢ 0.201
nc 7.13 «0.04 -0.043 0.006 -0.032 =0.040 =0.004 «0.077 0.24% G.164 0.213
ne .96 -0.01 =0.032 0.024 «0.013 «0.029 -0.003 ~0.081 0.282 0.173 0.224
ne 8.71 0.00 -0.013 0.028 «0.007 -0.011 0.001 ~0.054 0,27} 0.181 0.23
nd 3.33 | -0.02 0.036 9.003 -0.013 0.009 -0.000 -0.030 0.400 0,318 | 0.3%
nd 4.18 | -0.01 0.017 0.008 0.004 0.013 Q.002 0,028 0.472 | 0.320 | 0.380
nd 3.00 «0.07 -0,022 =0.002 -0.030 «0.031 0.002 «0.029 0.486 0.32¢8 0.283
ad 3.3 =0.07 | -0.048 0.014 «0.034 «0.035 0.008 -0.029 0.502 0.222 0.387
ad 6.05 -Q0.07 =0.049 0.023 =0.024 -0.030 0.016 =0.012 0.517 0,335 0,387
nd T4l | 009 | .0.070 _I_°.°25 +0,035 | -0.047 0.003 «0.048 0.514 | 0,237 | 0.383
ne 1.33 | -0.03 | -0.036 ——0.010 -U.Dl? 0.023 0.096 -0.051 0.180 0.200 | 0.218
ne 2.18 0.02 =0.008 0.008 0.0%¢ 0.092 C.044 «0.031 0.172 0.188 0.207
Be 3.00 0.23 0.053 -0.0438 0.214 0.16% -0.013 +0.011 0,175 | 0.178 | 0.201
ns 3.83 Q.29 0.092 -0.020 0.23¢ 0.162 «0.017 -0.015 0.180 0.172 0.19¢
ne 4.0 03N 0.137 -0.028 0.242 0.171 =0.023 -0.002 0.188 | 0.162 | O.192
ne 3.4] 0.32 0.142 =0.049 0.228 0.180 =0.001 -0.007 0.195 0.189 0.182

Table A.6: Straight section; z, =0, z3 = 0.
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case 5':1; ':s‘- .v% :%- :1;:‘-;% n'uf u’a w" ﬂt’-:‘w‘-:% :u".t% o v v
__ NLINNCIRREIN
na 3.8 2044 3.132 3.089 1337 1.430 1.3%2 0.024 1.018 0,047 0.5681 0.374 0.404
na 6868 | 2.938 | 2137 | 3113 1.353 1.430 1.331 0.082 " 1.030 0.077 0.50¢ | 0.397 | 0471
na .30 2.960 J.1¢8 J.130 1.354 1.429 1.380 0.084 1.049 0.033 0.832 0.419 0.318
na 4.3 | 3017 | a.208 | 3330 1.3 1.420 1.044 0.08% 1.022 0.035 0.688 | D.444 | 0.350
na 9.16 | 3.030 | 2240 | 2174 1.338 1.443 1387 0.013 1012 N 0.021 0.739 | 0.473 | 0,382
na 2.91 4 2007 | J.2m1 | 3210 1.334 1.442 1.378 0.002 | 032 0.02¢ 0.783 | 0.500 | 0.81%
nb .83 =903 3.145 3.043 1.489 1.314 1.7 =0.1%6 -—0.‘396 ~0.178 0.405 0.274¢ 0.239
nb 6.66 | 288 | J.08% | 2.028 1.412 1.458 1449 «0.164 0.991 ~0.172 | 0428 | 0.280 | 0238
nb .50 | 2917 | 3.0 | Jd.020 1.298 1.432 1.420 -0,172 0.992 «0.17¢ | 04381 | 030y | 0272
nb 833 | 2406 | 2114 | 3042 1378 1.436 1413 -0.158 0979 «0.183 | 0.478 | 0.318 | 0.387
nb 9.1 | 2.920 | J.108 | 3.067 1.374 1.439 1394 -0.198 1.023 -0.203 | 0.436 | 0.228 | 0.403
b 201 | 2095 | daz i .02 1374 1.438 1.335_-_0.188 1.030 _ -0.178 | 0.318 | 0.03% | 0.419
Re 4.63 | 3071 | 3283 | 3.106 1.329 1.374 1.373 0.049 I.NO— 0.087 0.216 | 0.144 | 0.182
nc 546 | 3.008 3.200 I 3.092 1.481 1.2 L.MT 0.080 1.052 0.092 0.227 0.150 Q.152
ne €30 | 2995 | 2216 | 2078 1.470 1.518 1.507 0.110 1.06% 0.12» 0.238 | 0.138 | o.20%
ne T3 | 2984 | 3193 | J.082 1.420 1.4%0 1.472 Q.140 1.073 0.148 0.24% | 0.164 | 0.213
BG T.96 | 2.960 | 3.162 | 3.042 1.423 1.483 1450 0.182 107 0.187 0.262 | 0.173 | 0.22¢
L e | AT | 2.943 | J.134 | 3.073.] 1284 1.453 1424 Q.18 1970 0.17¢ 0,273 | 0181 | o231
nd an LT40 | 2948 | 2,909 1471 1.479 1.498 0.013 ©.934 0.019 0460 | 0.218 | 0.376
nd 4.16 | 2.712 | 2,985 | 20N 1431 1.456 148 0.03¢ 0.948 0.031 0.472 | 0.320 | 0,380
ad £.00 760 | 2,987 | J.082 3384 1.421 1.295 0.072 0.949 Q.06¢ 0.48¢6 | 0.326 | 0283
nd 583 | 2746 1 3.071 | 3.004 1.323 1.374 1.360 0.055 0.928 0.072 0.502 | 0.329 | 0.387
nd 6.66 | 2.744  3.013 | 3.103 1.031 139 1.341 0.041 0.207 0.083 0.517 | 0.335% | 0.287
L ad 741 | .74 3.028 | 3.081 1.28% 1.367 1,303 0.048 0.941 0.088 0514 | 0.237 | 0.389
B ne 1,33 | 2,920 | 2.90) | 923 0.923 1.171 0.207 -0.674 1.066 ~0.252 | 0.180 | 0.200 | 0.218
ne 2.16 | 3.081 | 2.95¢ | 2.868 1.240 1.413 1.232 =0.351 1.027 =0.322 | 0.171 | o.18¢ | o207
ne 3.00 | 3.296 | 2.019 | 2.879 1.333% 1377 1.418 ~0.484 1.009 «0.280Q 0.175 | 0178 | o201
ne 3.83 | 2341 | 3.038 | 2.819 .61 1.620 1.510 -0.327 0.99%0 -0.202 | 0.180 | 0.172 | 0.196
ne 4.68 | 3330 [ 3.008 | 2.809 1.718 1.688 1.808 -0.293 0.960 =0.197 | 0.188 | 0.169 | 0.192
ne 3.41 | 3.213 | d.085 | 2.888 1.408 1.634 1.814 -0.224 0.947 -0.169 0.195 | 0,160 | 0.18p

Table A.7: Straight section; z; = 0, z3 =
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case i{- Luu Luv Luw Ay Aw A
{mm)} | {(mm) (rm:)__(mrn) {wm) | (thm)
na | sa3 | oo 8.3 9.9—— 5.0 a7 L
na j 668 | 248 a6 10.3 5.0 2.5 a1
LY 28.0 9.4 1.2 3.2 2.7 3
na | B33 | 328 10.4 123 5.2 .7 3.1
na | 924 | 30 11.3 13.1 3.3 2.8 32
na | 951 | ate .. 14.0 3.4 2.8 32
nb | 3.83 | aTT T8 8.2 3.3 2.9 3.3
nb | 568 | 198 T.9 8.7 5.4 2.9 3.3
ab | T50 | 218 8.0 9.2 3.4 3.0 33
nb | 833 | 240 LR 9.7 5.8 29 33
nb | 2.8 | 254 8.8 10.3 3.3 2.9 3.3
nb | 991 | 288 2 130 | 38 29 13
ne 4.63 17.5 .2 T8 —_6.1. °.7 (0—
ne | 348 | 188 8.3 8.3 6.8 3.9 w2
ne | 630 | 20.2 2.9 8.9 6.9 aa 4.2
ne | Ta3 | 210 2.0 9.2 .0 29 4.3
ne | Toe | 221 3.1 9.6 1.0 3.9 43
ac | 871 | 229 2.2 9.6 7.0 3.9 4.3
ud | 333 | T0.4 30.9 26.1 2.8 3.1 5.9
nd | 416 | B4 314 26.2 2.9 5.2 .9
ad | 300 | ses 30,4 278 9.8 3.0 5.9
nd | 583 | 224 31.0 28.2 3.9 4.9 3.9
nd | e66 | 9233 3.1 28.1 10.1 4.9 5.6
nd | 741 | 823 28.5 28.4 °.9 4.9 18
ne | 132 | 306 | 25 | 224 | oar 33
ne | 216 | 4T3 3r.2 6.3 6.0 4.9 5.2
ee | 3.00 | 533 38.1 25.9 T4 .5 6.2
ne | 383 | €23 39.0 26.9 L6 6.2 6.6
ne | 408 | a4 39.1 277 9.0 6.4 7.1
se | 341 | 733 40.7 28.1 10.3 6.6 T3

Table A.8: Straight section; z, =0, z3



2 o2 2 ey ey o
cae | g r t v w -\';- o 5:: :i,- 1:3- q;
| 1 B [ B |y N (5|
_pa 042 | o6t 2961 | -0132 0030 | 0.303 0.193 | 0.302 | -0.124 | -0.031 | 160381 |
Pa_| 138 | 200 | 10083 | .03%0 | 0017 | 0313 | o108 | 0289 | .0.124 | .0.032 | 1766848
pa_| 208 | 3.33 | 10.040 | .0339 | 0030 | 0523 | 0201 | o2ve | cou1zz | -0.081 | 1793138
Pa | 292 | <8¢ | 9868 | .0.000 | 0.08¢ | 0301 | 0198 | 6302 | .0t0 | w0013 | 17oeare
pa .73 | 399 | 10,008 | .0.032 | ¢a2 0.504 | 0.20¢ | 0392 | -0.127 | -0.020 | 1.837is3
P [ 428 ] 733 | 9746 | 0075 | 0071 | 049e | 0.200 | 0308 | .0119 | .c.023 | 1.m17ese
Pa | 342 | 840 | 2788 | -0.064 | 0307 | 0.493 | 0.202 | o306 | .0.322 | .0.012 | 1.906es7
pa | 625 | 399 | 0.3 | 017y { o6t | o.o0 | 0a9d 0.7 | -0.100 | -0.010 | 1.983«02
P4 | 0.42 4 0.50 | 10413 | -0.1330 | -0.037 | c.a84 | 520 :!os 0321 | -0.002 | 0.662133
pb 28 1 350 | 061 | .0.3%0 | 0.018 | o4sr | 0.207 | 0308 | -0.122 | -0.01 | g.eemins
pb | 208 | 250 | 10.380 | -0.333 | 0.038 | 0308 | 0.263 | 0,283 | -0.124 | .0.03t | o.ep0s37
pb | 262 | 330 | 10396 | -0.004 | 0067 | 00 | 0.202 | 0308 | -0.007 | -0.004 | o.882824
pb ] 3.5 | 430 | 20580 | -0.140 | 0.132 [ 0421 | 0210 | 0200 | .0.12s | -0.008 | 0.e83253
pb [ 458 | 330 | 10.234 | 0058 | 0.085 | 0.482 § 0.203 | 0.3 | -0.1:8 { 0010 [ 0.686s52
Pb | 242 | .30 } 10334 | .0.028 | 0a22 { 0480 | 0.204 | 0.3 | -0.116 | .0.010 | c.683419
_pb | 628 | 730 | w067 | o2 0084 | 0482 | 0.798 | 0.320 | -0.100 +0.008 | 0.703729 |
—pc 0.42 T‘.‘o :u.iac-—_-o.osz QX 0.460 | 0.203 o.:u_q [ 0128 | 0,030 0176038 |
pc 1 1.23 [ 086 | 10.703 | -0.341 | 0.039 | 0.462 | 0205 | 0328 | -0.120 | -0.038 | o.184203
pc | 208 | 143 | 10731 | .0131 | 0074 | oas7 | 0211 0.302 | -0.117 | -0.04¢4 | 0184717
Pe | 292 | 200 | 10438 | 0.023 | 0.072 | 0dce | 0207 | 0327 | .0.098 | -0027 | o.3s1889
pe | 373 | 257 | 10660 | -0.118 | 0048 | 0478 | 0.218 | 0308 | .0.214 { 0004 | Du27EITD
pe | 488 | 315 | 10325 | .0.030 | 0.007 | 0472 | 0213 | 038 | -0.202 | -0.013 | o.1masTs
Pe | 542 | 3.72 | 10438 | 0.008 | 0233 | 069 | 0.213 | 0319 | <0100 | -0.033 | 0.173581
_pc | %23 | 420 | 103 | o.:8 0095 ; 0464 | 0212 o.sm_l_-o.osz -0.018 | 0.167614 |
: 042 | 011 m.szs—T:.ou “0.057 0468 | 0.22¢ | 0.310 | -0.137 | -0.002 | a.4es808 |
pd_[ 135 | 0.33 | 10.793 | 0234 | 0.003 | ourr | 0223 | o298 | -0am | com13 | o.esisiz
pd | 208 | 0.33 | 20809 | .0.112 | 0.029 | 0482 | 0.21¢ | 0.206 | .0.210 | -0.015 | 0.449332
pd_| 292 | 0.7 | 10545 | 0049 | 0.053 | 0498 | 0.208 | 0.29¢ | -0.087 | 0.001 | 0.42138¢
pd | 375 ] 3.00 | 10717 | 0070 | 0132 | o301 | 0.212 | o.2ss | .c.oa7 | .c.008 | 401100
pd | 438 | 1.22 | 10360 | 0028 | 0070 | 0.s01 | 0210 | 0.280 | -0.073 | .0.010 | 0.379031
pd 1 542 [ 144 | 10008 | 0.073 | 0213 | 0498 | 0.211 | 0201 | 0059 | 0.000 | 0389928
| pd | 6325 | 168 | 10512 | 0320 0.013 | 6.576 [ 0.245 | 0.179 | -0.044 | -0.260 o.:‘%«J
_pc 0.42 E 9.638 —-_o.ou -o.; 0.3%0 | 0.263 | o.3s7 Tm 0.019 | 0.113070
pe_| 1235 | 009 | 9.896 | .0.127 | -0.028 | 0.360 | 0.287 | 0.as3 | -0.127 | 0013 | 0.200e42
e 208 | 016 | 9904 | -0.133 | 0.03¢ | 0.380 | 0.200 | 0.330 | 0122 0.008 | 0.105047
pe 2.92 | 0.22 ; 2.830 0.000 0.014 | 0.384 | 0.267 | 0.3¢9 | -0.090 | o007 | o.co87es
Pe | 3.73 | 0.28 | 10048 | -0.120 | 0.097 | 0309 | 0.267 | 0.233 | 0106 | e01s | 0.004732
Pe | 438 | 034 | 0923 ] .0.035 | 0.043 { 0401 | 0.260 | 0.330 | .0.085 | 0.010 | 0.080208
pe | 54 | 041 | 10067 | 0.007 | 0.082 | 0.409 | 0261 | 0.331 | -0.071 | 0.019 | o.cevaso
pe [ 625 | 047 | 9931 | 0228 | 0.05¢ | 0.433 { o.2e5 | o302 | -0.087 | -0.02¢ | 0.078018

Table A.9: Mildly curved section; n=0, z=0, R,=5 m.
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| | e )

pa o.a:_ -0.05 | «0.00¢ | 0.013 | 0.017 | -0.010 _;.uos o000 | 0.913 | o382 | o0.708
pa | 123 | -003 | .0,013 | o.om 0.016 | .0.017 | 0.007 «0.004 | 0952 | o.am1 | 0.7
ps | Zo08 | 005 | ccoo | ooos | 0020 | .c021 | 0.008 «0,011 | 0968 | o600 | 0.704
pa | 202 | 003 | w0018 ] 0033 | 0.000 | .0.004 | O.048 «0.019 | 0.948 | 0393 | om36
pa | 373 | 008 | coos | o002 | comy | .0.017 | o.008 .0.00T | 0.968 | 0.613 | 0.7T3e
pa | 438 { .0.02 | .0.007 | 0013 | 0013 | w0009 | oom: 0011 | 0.948 | 0,603 | 0.T48
pa | 342 | 060 | -0.020 | .0.007 | o0.c00 | o.003 0.001 0.010 | o060 | o0.620 | 0.7e3
| pa | 825 | 000 | .0030 [ 0032 | 0.004 0.003 0.006 0.013 | 0.979 { 0.614 | O.7aT
-_;b 0.42 | -0.08 | 0,045 | 0.005 | 0.034 | .0.000 | .0.00 | .0.018 | 0.368 | 0371 | 0.5
pb | 1.23 | -0.08 | 0.083 | -0.001 | 0.041 | .0.047 | -0.00¢ | -0.02* | 0.380 | 0377 | 0.438
pb | 208 | «0.08 | 00T | 0012 | o4t | w0040 | .0.000 | 0027 | 0.392 | 0.380 | 0.4e2
pb | 202 | -0.11 | 0.080 | -0.003 | 0044 | -0.081 | -0.003 | -0.017 | 0.578 | 0.3T1 § 0.439
pb | 3.73 | .007 | 0032 | o002 | 0030 | -0.048 | 0002 | 0,032 | 0570 | 0379 | 0482
pb | 4.38 | 002 | D063 | -0.012 | 0.041 | .0.0¢8 | .0.005 | .0.037 | o887 | 0370 | o.esT
pb | 3.42 | 0,09 | 0.04¢ | 0021 | 0081 | -0.083 { -0.007 | -0.03% | 0.376 | 0.373 | 0.6
pb 6.23 | -007 | 0.043 | 0.00¢ 0.038 | -0.043 | .0.011 «0.036 | 0.583 | 0.37T4 | 04Ty
pc | D42 | -0.20 o.:oT .10t 0004 | .0.320 | o.089 -0.116 | 0283 | 0.190 | 0.243
pec | 135 | 018 | 0138 | 0089 | o0.08¢ | .0.216 | o.0%a 0,206 | 0.2904 | 0193 | 0.243
pc | 208 | -0.1a | 0120 | 0074 | voto | .0.091 | 0.036 -0.098 | 0.300 | 0.19%7 | 0.738
pe | 292 ] w012 ] 0112 | o049 | 0080 | 0088 | o0.04n 0.093 | 0291 § £194 | 0.2¢4
pc | 3.75 | -0.20 | 0.092 | 0.006 | 0033 | -D.06¢ | .0.003 | .0.07¢ | 0.202 | 0197 | 0233
pc | 438 | 007 | 0054 | 0012 | 0033 | -0.045 | 0018 0.065 | 0.284 | 0191 | 0232
pec | 542 | -0.08 | 0.047 | 0.020 | 0.03%8 | .0.040 | 0.0m: »0.058 | 0.283 | o0.192 | 0.238
pe €28 | -0.02 | 0013 | co21 | oo | .0.022 | oou «0.047 | 0.279 | 0.288 | 0.233
pd | 042 | .0.23 | 0133 | 0o2s | o113 | -0.127 :.ooz -0.087 | 0483 | 0.323 | 0.380
pd {123 | .0.24 | 0.364 | 0.043 | 0.090 | -0.127 | o.013 0.093 | 0489 | 0.322 | 0372
pd | 208 | -0.26 | 0178 | o042 | 0093 | -0.131 | 0022 | .0.092 | 0.482 | 0310 | 0.3e3
pd | 292 ; .0.28 | 0.1% | 0015 | 009 | .0.132 | .0.003 | .0.073 | 0438 | 0.298 | 0332
pd | 375 | -0.23 | 0.133 | o0.028 | o083 | .0.138 | 0.008 0,088 | G.448 | 0.202 | 0339
pd | 4.38 | 2022 | 0.124 | 0.020 | coT0 | .0.220 | o.018 -0.082 | 0.438 | 0282 | 031
pd | 5.42 | <017 | 0.081 | 0.017 | 0038 | .0.000 | .0.007 | .0.068 | 0.420 | 0.272 | 0.328
| pd J 625 {020 | 0.035 | 0235 | 0082 | -0.004 | 0.084 «0,0229 | 0.408 | 0.286 | 0.228
T 042 | -0.09 | 0.130 | 0.033 | 0.070 | -0.088 | -0.014 | .0.054 | 0.199 | 0.182 | 0.201
pe | 138 | .0.09 | 0136 | 0040 | o084 | -0.083 | -0.009 | -0.08 | 0299 | 6177 | 0198
pe | 2.08 | 000 | 0.133 | 0052 | 0060 | .0.000 | 0.000 -0.040 | 0.200 | 0.172 | 0.139
pe | 292 | -0.00 | 0135 | 0055 | 0050 | .0.067 | 0003 | -0.057 | 0.195 | 0.162 | O.188
pe | 3.75 § -0.10 | 0.107 | 0.047 | 0054 | .0.072 | 0,015 | .0.046 | 0154 | 0130 | 078
pe | 4.28 | -0.08 | o098 | 0.073 | 0.044 | -0.071 | 0.003 -0.027 | 0.189 | 0.152 | 0.174
pe | 542 | 005 | 0.072 | 0073 | 0.019 | -0.038 | 0.005 | .0.01¢ | 0.190 | 0.131 | 0.170
pe | 623 | 0,09 | 0.056 | 0073 | 0.023 | 0055 | ocoos | -0.018 | 0.185 | 0.145 | 0154

Table A.10: Mildl}; curved section; n=0, z=0, R,=5 m.
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L _ 1 . 1 | (2 )0 ]
_pg 0.42 | 3016 | 2262 | 3,201 Txaz 1.349 —:!.100 «0.238 1.07-3—. -0.232 0.91) | 0.389 Q.7
Pa 1.2% | J.00s 3.362 J.18¢6 -1.147 1320 =157 -0.267 1.060 =0.232 9.933 | 0591 0.715
2.08 2.967 3254 2174 -1.0890 1.30) -1.109 -0.382 1.037 ~0.402 0.064 0.800 0.704
P& 2.92 | 2933 | 3.2%¢ | 2183 -1.023 1277 ~1.042 -0.082 1.026 +0.009 0.948 | 0.39% | 0.Ty6
pa T3 2870 | A9 J.186 -1.140 1318 -1169 -0.133 0.998 ~0.138 0.964 0.613 a.Te
pa .38 | 2,962 | 3.227 | 2.170 | .1.08% 1.302 -1.103 +0.182 1.028 ~0.174 0.948 | 0.603 | 0.746
Pa 342 | 2008 | 3.22¢4 | 2240 | .1.203 1.304 -1.118 ~0.034 1.007 «0.087 0.9¢9 | 0.820 | 0.763
pa 6,23 '.'.909_3.201 3.143 | 0904 1.233 -_‘I.OOB 0077 1.034 ~0.048 Q0.979 | o.814 | o.78r ‘
pb 0.42 | 2942 | 3a8e | 2118 -1.189 130 -_1.192 -o.oul 1.03% -0.02% 5»0.566 0.371 | 0431
pbd 1.2 2939 | 3297 321 =111 1312 -1.141 0,072 1.034 =0.102 0.380 | 0357 0.438
pb 2.08 | 2.060 | 3217 | 3341 | -1.108 1.308 =1.127 | .0.22% 0.963 -0.232 0.392 | 0.380 | 0,442
1] 292 | 2.083 | 3238 | 2136 | -1.008 1.264 -1.037 | -0.068 1.007 ~0.0423 0.378 | 0371 | 0489
pb 375 | 3.000 | 3283 | 3134 =370 1.333 -1.187 +0.032 0.998 -0.082 0.379 { 0.37% | 0.452
pb 4.38 | 3017 | A7 3.1 | -1la23 1.328 ~1.142 ~0.091 1.031 -0.079 0.367 | 0.370 | 0.457
pb 3.42 3.013 | 2281 141 +1.009 1.311 ~1.118 -0.079 1.048 ~0.068 0.378 | 6,273 0448
-1} 6.23 | 2.99% | .21 31T | 1044 _L’.‘BO -1.030 .o.osa_ 1L.049 ~0.004 0.383 | 0.374 0473
pe 042 | 2991 | 2239 | 3097 l ~1.239 EI =1.264 -0.291—_ 1.114 =0.2%¢ 0285 | 0.190 | 0.243
pc 1.2% 2,065 | .20 3.0%4 -1.122 1,323 -1.130 =0.290 1.093 -0.271 0.2 0.195 0.2¢3
pe 2.08 2.3 | 3211 3.107 +1.050 1.270 -1.072 -0.291 0.99% =0.33% 0.300 0.197 0.23¢
pe 292 | 3937 | 3237 | 3101 =0.913 1.223 -0.946 -0.213 1.087 -0.200 0201 | 0.194 | 0.24a
PS 3.75 1 293¢ | 2ave | 3113 | 1017 1.244 ~1.037 -0.019% 0.963 +0.041 0.292 | 0.197 | 0.233
pe 4.38 | 2.929 | 3.200 | 2106 | .0.971 1.208 -0.941 -0.099 1.004 ~0.100 0.284 | 0.191 0,232
pe 3.42 | 2058 | 3198 | 3.092 | -0.013 1.198 =0.924 -0.240 3.027 ~0.217 0.285 | 0.192 | 0.233
. 6.25 } 2071 | 3a7¢ | 3.200 | .0.849 1.182 -0.858 «0.110 1.033 -0.10‘.‘_0_.2?9 ?ﬂ 0.233
T 0.42 | 2.880 | 3.182 TO“ -1.218 1.353 -1.188 0.001 1.002 0.007 0.465 | 0.323 | 0.380
pd 1.25 | 242 | 2191 | 3.08) | .1.03 1.278 -1.071 «0.071 0.998 -0.08% 0.489 | 0322 | 0272
pd 2.08 | 2.960 | 2.247 | 3.048 | .0.962 1.232 -0.974 -0.11% 0.977 ~0.103 Q469 | 0.310 | 0.363
pd 2.92 | 2.931 | 3.241 | 32087 | -o.7e2 1.144 -0.778 +0.005 0.7 0.033 0.458  0.29¢ | 0.332
pd 3.75 f 2891 | 3.235 | 3244 | -0.718 1.115 «0.746 | -0.03s 0.944 -0.039 D.448 | 0.292 | 0.339
pd 4.58 | 2.844 | 3.2¢0 | 307 | .0.612 1.083 =0.621 «0.070 0.938 ~0.048 0.436 | 0.282 | 0.3
pd 5.42 | 2.844 | 3211 | 3.133 | .0.404 1.051 -0.310 0.013 0.964 0.036 0.422 | 0.279 | 0.328
pd 6.25 | 2.903 | 3.262 | 3.316 | -0.313 1.024 ~0.323 +1.152 1.204 ~1.410 0.408 | 0.2¢5 | 0.228
'_pc C.42 | 2.818 | 2.842 | 2,011 | 1,208 1.240 ~1.12% 0.1¢8 0.993 0.162 0.199 | 0.182 | o201
pe 1.35 | 2853 | 2.887 | 2.940 | -1.02¢ 1.210 -1.025 0.128 0.963 0.137 0.199 | 0.177 | o.19¢
pe 2.08 | 2878 | 2007 | 2.948 -0.937 1.172 -0.957 0.057 0.952 9.080 0.200 | 0.172 | 0.182
pe 2.92 | 2.800 | 2.93% | 2,970 | .0.783 1.113 -0.788 0.071 1.011 0.99% 0.195 | 0.1€2 | 0.188
pe 3.75 | 2.836 | 2.928 | 2.980 | -0.811 1.110 ~0.807 0.153 0.92¢ 0.140 0.194 | 0.13% | 0178
pe 438 | 2779 | 2936 | 3.0:2 | -0.838 1.062 -0.839 0.100 0.977 0.127 0.189 ] 0.152 | 0.174¢
pe 542 | 2.770 | 3.020 | 2971 -0.502 1,009 -0.518 0.131 0.262 0.2%¢ 0.190 | 0.131 | 0170
pe 8,23 | 2.784 | 2.006 | 3.195 | .0.381 1.00% -0.38) -0.126 1.0 -0.03% 0.18% | 0.145 | 0.134

Table A.11: Mildly curvedagction; n=0, z=0, R.=3m.



case -':_c Luu Lew Lww L™ Ay Aw
tmm) | tmem) | tmmy | o) | (men) | (o)
_;__:.;: 3 | 12 | 180 3.3 2.6 31
pa | 128 | 3w s | 188 54 LX) 31
pa | 208 | 240 | 108 | 181 2.3 2.8 3.0
pa | 292 | 338 11.1 16.0 .3 R a2
pa | ams | 3ss | 122 16.4 54 28 a1
pa | 4se | asa 121 173 33 2.7 a2
pa | 542 | ate | 132 | 184 13 2.8 33
pa |82 | 373 | 128 | 198 13 27 | 34
pb | 042 | 27e 8.7 1.1 3.3 T | a2
ob | 12 219 a2 1.8 3.3 2.7 a2
pb | 2.08 [ 233 3.1 122 83 ar ae
pb | 202 | 20 T2 121 8.2 26 32
pb | 37 | 208 Py 12.2 3.3 2.7 3.1
pb | 438 | 232 8.4 12.3 8.3 2.7 32
pb | 342 | 2 8.8 13.4 L3 2.7 33
b | 633 | 287 | 2.0 13.8 5.3 .7 3s
pc | 04z | 212 | s 2.8 64 3.8 .0
pc | 128 | 220 8.3 10.0 LX) EX 39
pe | 208 | 207 7.5 10.4 6.3 34 )
pc | 202 | 100 T.0 10.3 el 3.2 3.z
pc | 3.ms | 192 T3 10.0 6.2 34 ar
pe | «38 | 101 . 10.0 61 3.3 AT
pe | s42 | 193 1 10.7 €1 3.2 3.8
pc | 623 | 18 To 10.7 €0 a2 3.8
T??a 251 | 283 | ar .8 5.4
pd | 125 | 6832 | 232 | 2m9 8.7 4.8 5.3
pd | 208 | 658 | 208 | 284 88 . 5.2
pd | 282 | 57 103 | ze3 8z 4.2 4.8
pd | 378 ] s | 178 | 2v0 8.9 4.4 5.1
pa | <58 | s0s | 168 | 257 a8 43 5.0
pd | 542 | 486 1 264 | 264 a7 4.2 5.0
pd | €as | 470 | 1621 | 236 | 83 a1 a3
pe | 042 | 400 [ 287 | 270 0.5 ea 7.0
pe | 138 | ar2 | 211 | 272 9.8 e T
pe | 208 | 402 | 256 | 274 100 €4 7.0
pe | 292 | 4821 | 238 | 267 2.8 6.0 X
pe | 375 | 487 | 230 | 282 10.1 6.1 6.
pe {458 | 453 | 206 | 262 | 100 €.0 6.7
pe | 542 | 453 | 202 | 258 9.8 5.8 €8
pe | 635 | 435 | 182 | 233 10.0 38 7.2

Table A.12: Mildly curved section; n=0, z=0, R.=5 m.
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case -n'-: r v v ?31- :"!:-
(3 (|

—_n-a_- 0.42 0.87 10.249 0.230 -0.06% Q.492 0.308 0.300 0.143 0 ¢08 1422473
fa 1.2% 2.00 10.331 0.142 «0,004 0.49) 0.203 0.J04 0.130 2.019 1.8640954
na 2.08 3.3 10.590 0.118 0.01% 0.500 0.203 0.29° 0.133 0.018 1.970302
na 2,92 4,87 10.322 0.153 0.064 0.511 0.203 0.387 0.148 0.04> 2345718
na 3.0 8.00 10.81% 0172 0.097 0.320 0.202 0.278 0.153 0.03% 2.822484
.19 4.38 T 10.634 0.284 0.07¢6 0.50% 0.208 282 0.133 0.019 3.270374
na S5.42 8.&7 10,711 0.287 0.198 0.332 0,218 0.231 0.164 0.047 3.480201

IL 8.2% 10-00_ 10,742 0.610 Q.08 Q.WL 017 0.283 0.187 0.030 4308477
ab 0.42 0.50_ 2.884 0.150 -0.081 odm 0.218 0.307 0.153 0.0 0.609303
nbd 1.23 1.30 10.10% 0.032 «0.032 0477 0.218 0.307 0.157 0.042 0.482108
ot -3 2.08 2.50 10.231 -0.029 +0.033 0.492 0,213 0.295 0.1538 0.032 0.779988
ab 292 3.30 10,072 -2.003 | -0.011 0.303 0.208 0.202 | 0.1 0.084 0.880393
nb 3.7 4.30 10.012 -0.03¢ 0.018 0.512 0.208 0.282 0.153 0.061 1.037713
(1] 4.38 3.50 2914 0.033 -0.02¢ 0.314 0.20% ¢.281 0.134 0.0%0 1.170812
nb 342 €.36 9.857 0.07¢ 0.02¢ 6.51¢ 0.208 0.277 0,157 0.07. 3.332776
nb €.23 .50 9.687 0.224 -0.050 0.508 0.20% Q.287 0.138 0.088 1,616497
ne 0.42 0.29 10.084 0.131 -0.042 0.470 0.21¢ 0.314 0.157 | -0.046 | 0.170480
ne 1,25 .86 10.217 0.021 0.022 0.463 0.223 0.312 0.163 ~0.043 0.184130
nc 2.08 1.43 10.2867 -0.02¢ «0.008 0,439 0.22} 0.321 0.164 -0.028 0.206567
ne 2.92 2.00 10.269 0.00% 0.003 C.459 0.221 0.220 0.181 «0.016 | 0224940
nc A7 2,37 10.406 0.014 0.104 D.4¢5 0.222 0.213 c.183 =0,021 0.260441
ac 4.58 313 10,132 0.047 0.02¢ 0.467 | L6 0.307 0.167 ~0.047 0279207
ne 3.42 352 10,138 0.060 0.037 0,437 0.220 0.323 0.162 | -0.03% | 0312997
n¢ .25 4.29 10.298 0.387_. «0.024 0,477 0.227 0.298 0.17¢ -0.040 0.29133¢
nd 0.42 0.1¢v 3562 0.06.;_ «0.007 0.402 0,223 0.283 0.167 0.011 0324682
nd 1,28 0.30 10.132 -0.030 -0.003 0.485 .23 0.284 0178 0.021 0.563330
nd .08 0.8 10.077 | -0.068 0.20¢ 0.477 0.240 0.262 | 0.183 0.032 0.368056
nd 2.92 1.17 10.080 -0.022 0.040 0.468 0.242 2.2900 0.183 .06 0.577241
nd .75 1.50 10.223 «0.033 £.137 0.468 0.230 0.282 €.193 0.022 0622364
nd 4.58 1.84 10.087 0.040 0.053 0.472 0.25% 0.272 0.204 0.018 0.660242
ad 3.42 2.17 10.048 0.0 0.110 0472 ©.260 0.268 0.209 0.021 0473740
nad 6.25 _2.50 10.047 0,207 0.041 0.470 0.2¢0 0.270 0.218 0.02¢ 0.739272
ne 0.42 _0-06 2.401 6.031 =0.008 0.373 0.2H 0.230 0174 ©.028 0.005131
ae 1.2% 0.19 9.62¢ -0,02% | -0.008 0.351 0,277 0372 | 0.148 0.042 0.09108%
ne 2.08 0.3 24572 «0.077 0.16¢8 0.374 0307 0.218 0.194 0.041 0.101384
ne .92 0.44 2.542 «0.044 0.014 0.268 0312 0.321 Q.202 0.029 0.104828
as .75 0.58 9.637 -0.066 ¢.115% 0.383 0.21¢ 0.319 0.208 0.004 0.105370
ne 4.58 Q.69 2.573% -0.,00% 0,042 0.288 0.328 0.305 | 0.218 0.027 0.100547
e 3.42 0.81 2473 0.024 0.089 0.381 0,323 0.017 0.213 0.02% 0.111114
ne 8.25 0.4 $.515 0.235 0.040 0,242 .34 0.204 0.229 0.029 0.11947¢

Table A.13: Mildly curved section; n=0, z=0, R.=5 m.
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_ _ G M I
na 042 | -0.0% | -0.019 -0.018 { -0.02% .o.on_ -0.007 -0.039 0.&3? 0343 | 0.634
na 1.2% | 0.0V | -0.024 -0.031 -0.02% | -0.024 ~0.041 -0.037 0.897 | 0.380 | 0507
na 2.08 | .0.090 | -0038 { 0018 <0.038 | -0.034 -0.022 ~0.084 0.993 | 0.632 | 0.7¢3
na 292 | -0.10 | -0.047 0039 | -0.032 | .0.030 0.00% 0,084 1.0%4 0.6%0 | 0.820
na 3.33 | 0,10 | -0.039 «0.013 .| -0.032 | -0.001 -0.007 -0.098 1.211 0.75% | 0.88¢
oa 4.58 | «0.12 | ~0.068 | -0.041 =0.044 ~0.04% -0.023 +0.074 1.288 | 0.820 | 0.0%2
as 342 | -0.13 | .0.083 | .0.022 | -0.054 -0.053 0.041 =0.131 1.360 | 0.871 0.934
na 635 | -0.15% | -0.07¢ -0.008 | .0.081 -0.029 -0.001 «0.11% 1468 | 0.588 1.104
ob Q.42 | -0.02 | -0.007 | -0D.06s | -0.018 | .0.018 | -0.028 <0.026 | 0.539% | 0363 | G.432
nb 1.23 | «0.08 | .0.041 =0.062 | -0.041 -0.038 ~0.030 -0.032 0.362 | 0.378 | 0.431
b 2.08 | -0.00 | -0.03¢ | -0.096 | .0.033 | .0.040 | .0.057 =0,040 0.620 | 0407 § 0.480
ab 2.92 | -0.11 | 0.052 | .0.082 | .0.045% | 0082 | -0.010 -0.040 | 0.684 | 0.428 | 0507
nb 375 | 011 | -0.044 =0.037 | -0.030 | -0.048 =0.030 =0.003 0.729 | D.482 | 0.541
nb 4.58 | -0.31 | -0.052 | +0.120 | -0.022 | .0.030 | -0.062 =0.043 0.775 | 0490 | 0.7
nb 342 | 012 | -0.057 +0.127 | -0.048 -0.038 -0.067 -0.036 0.829 | 0.326 | 0.0V
nb €23 | .00 | -0.028 -0.137 | -n031 -0.029 0,087 ~0.033% 0,208 | 0.578 | 0.681
ne 0.42 | 0.0 -0.001 -0.023 0.009 0.007 +0.008 -0.037 0.283 | 0.192 | 0.201
ac 1.23 | 0.09 0.006 -0.017 0.032 2.013 -0.000 0,020 | 0.293 | 9203 | 0.240
ac 2.08 0.02 0.013 +0.073 0,018 0.017 ~0.009 -0.03% o308 | o214 | o.ss
ne 2.92 0.04 0.010 «0.076 0.021 0.017 -0.010 «0.044 0.321 0,223 | 0.208
ne .78 .07 0.045 -0.107 0.032 0.038 -0.039 -0.026 0.348 | 0.240 | 0.283
ne 4.38 | o0.08 0.018 -0.108 0.039 0.032 -0.051 0.01¢ 0.361 | 0.231 | 0.293
nc 3.42 | 0.08 0.014 ~0.104 0.021 0.019 -0.034 =0.025 | 0.378 | 0.262 | 0.318
ne £.25 0.05 0.033 =0.143 0.020 0.034 -0.051 -0.020 0.432 | 0.298 0.3&_
T_o.qz -0.07 | -0.068 0.017 =0.028 -0.042 -0.011 -0.024 0.308 | 0.344 0.3:
nd 1.23 | -0.08 | -0.051 =0.018 | -0.021 -0.032 ~0.011 ~0.031 0.32¢ | 0.2681 0.401
nd 2.08 | -0.07 | -0.04% | -0.C08 | .0.032 | -0.033 | .0.016 -0.058 | 0.320 | 0.2¢0 | 0.¢01
nd 2.92 | -0.08 | -0.077 | -0.010 | -0.043 | -0.050 0.023 -0.032 | 0.520 | 0.37¢ | G409
od 3.95 | -0.31 | -0.088 | -0.007 | -0.047 | -0.0% 0.004 =0.032 | 0.540 | 0.395 ! 0.419
nd 4.38 | -0.11 | -0.083 | -0.0t3 | -0.032 | -0.057 | -0.008 -0.057 | 0.359 | 0.411 | 0.423
nd 542 } «0.33 | 0,113 | .0.012 | -0.070 | .0.075 | -0.002 -0.078 0.536¢ | 0420 | 0427
nd 6.25 ﬂ -0.176 | -0.034 | -0.108 | -0.113 | -0.017 «0.078 | 0.3890 | 0.430 | O.447
oe 042 | 0.0 0.130 Q.012 ©.208 0.150 0.000 0.007 0.189 | 0.147 } 0.177
ne 133 | 0.27 0.129 0.035 0.194 0.139 0.013 0.013 G179 | 0130 | 0.184
oe | 2.08 | 0.2¢ 0.157 0.033 0.181 0.145 0.017 0.032 0.195% | 0177 | @.180
ae 92 | 0. 0,123 0.037 0.169 0.132 0.012 0.027 0.196 | 0.181 | 0.184
ne 373 | 0.23 0.135% 0.028 0.178 0.141 0.03¢6 0.023 0.196 | 0.182 | 0.183
ne 4.58 | 0.2 0.17% 0.080 0.189 0.149 0.005 0.054 0.201 | 0.189 | 0.183
ne 5.42 0.20 0.132 0.0681 0.143 0.130 0.004 0.040 0.200 ] 0.189 | 0.188
ne 625 | 0.1¢ 0.083 0.061 0.312 0.089 0.022 0.041 0.208 | ©0.200 | 0.19%1

Table A.14: Mildly curved section; n:=0, z=0, R.=5 m.
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1 { ’.‘)__ ('{*) (3}
na 0.42 3.072 3.229 3.190 1.40% 1.492 2.:r 0.047 1.047 0.027 0.827 0.542 0.654
na 1.2% J.000 3234 3.20% 1.388 1.48> 1.411 9.168 1.11¢ 0.137 0.897 Q.380 a.7oy
na 2,08 2.990 3178 3.18% 1.441 1.502 1.43° 0,128 1.117 0.12¢ 0.993 £.832 [+ (1.9
na 2.92 2.978 J.191 J3.188 1.328 1.433 1.353 0.245% 1.029 0.333 1.094 0.620 0.820
na A.38 2.9 3.187 3.19% 1.344 1.437 1.2¢) 0.31% 1.004 0.208 1.211 0.73% 0.888
na 4.53 2.857 3.144 J.169 1.303 1.304 1.332 [ & 5] 1.0%74 Q.15 1.288 0,820 Q.92
na 342 2.887 J20TT 3.25%6 1.338 1.408¢ 1.2 .13 0.88¢ 0.382 1.360 0.871 0.924
na 4,23 2.85% a.osu:« 1.309 _;439 1.390__0.265 1.03¢ 0.223 1.484 0.008 1.104
nd 0.42 2934 .13 2073 1.3%0 -TM 1.408 0358 1.03¢ 0.242 0339 0283 0.432
nb 1.23% 2.987T J.148 3.030 l.418 1.475 1.43% 0327 1.071 0.314 0.582 0,38 0.4531
nb 2.08 2.946 3.140 3.089 1.407 1.470 1.417 0.390 1.064 0.2%¢ 0.820 0.407 0.480
nbh 292 2,068 3.238 3.104 1.392 1.467 1.417 0.438 1.084 0.483 0,684 0.428 0.307
nb 3.7 2.957 3.in 305 1.358 1447 1370 042 1.043 04577 0.729 0.482 0.341
ab 4.38 2.922 3.128 3144 1244 1.428 1.348 0,520 1.074 0.324 LTTS 0.490 0.574
nb 3.42 2.940 3.201 3.129 1.381 1.481 1.410 0.523 1.082 0.542 0.829 0.5328 6,407
nb £.23% 2.913 3.139 3.128 1.402 1.464 1.407 0.628 1.15% 0.629 Q.508 Q.57 0.681
ne 0,42 2.968 3.138 3.041 1.438 1.487 1.454 ~0.352 1.008 -0.208 0.283 0.192 0.231
nec 1.2% 3.021 3134 3.054 1.323 1.541 1.510 «0.303 0.938 -0.320 0.29) 0.203 0.240
ne 2.08 2.992 3.132 3.080 1.49% 1.527 1.52% -0.184 1.022 =-0.193 0.308 0.214 0.234
ne 2.92 2.938 3,102 .06 1.488 1.513 1.482 «0.104 1.034 0,111 0.321 0.223 0.268
.14 3.7 3.007 3.138 3.109 1.491 1.3 1.310 «0,130 1017 -0.138 0. 348 0.240 .| 0.28s5
ne £.38 3.019 3.124 3128 1.512 1.345 1.318 0,385 1.008 «0. 388 0,381 0.251 0.293
-1 3.42 2,973 3.11% .080 1.4083 1.527 1.504 +0.301 1.143 -0.275 0,378 0.262 0,312
ne 6.25 2.200 3.031 3.073 ﬁo! 1.827 _ 1.51¢ -0.281 1.029 -0.279 0.432 0.298 0.340
71- 042 2.822 3.031 2075 T:l?'.' 1.422 B 1.383 0.078 0,958 0.093 0.508 0244 0.28%
nd 1.2% 2,730 2.982 3.108 1.420 1434 1.441 0.149 0.938 0.163 0.52¢ 0.361 0.401
ad 2.08 2.732 2.963 3.132 1.429 1.481 1.473% 0.287 0.984 0.288 0.320 0.369 0.401
nd 2.92 2.757 2.930 3.04% 1.486 1.483 1.467 0.282 0.98¢8 0.2¢8 0.320 0.374 0.40%
nd 3.7 2.749 2.511 3,14 1.49% 1.491 1,454 0.178 1.002 0.183 0.540 0.39% 0.410
ad 4.58 2.697 2013 3.110 1.837 1.533 1.373 0.148 0.837T 0.170 0.359 0.411 0.423
ad 5.42 2.704 2.847 2.089 1.564 1.3583 1.5%0 0.164 0.857 0.168 0.568 | 0.420 0.427
nd 8.25 2.882 2.800 3.093 _1.584 1.380 1.618 0.191 0.975 ©.221 0.580 0.439 0.447
ne 0.42 J.168 3.043 2471 _1.653 1.8620 1.6407 0.209 0.918 0.205 0.189 0.167 0.177
ne 1.2% 3.319 3439 2.804 1.70% 1.793 1.785 0,341 1.122 0.313 0.179 0.130 0.184
ne 2.08 3.0507 2.974 2.920 1.683 1.8643 1.67¢ 0.208 0.921 0.321 0.195 0.17T 0.180
ne 2.92 2.088 2.48 2.903 1.742 1.688 1.Ta¢ 0.222 0.959 0.227 0.198 0.181 0.184
ae .73 2.049 2.980 2.904 1.738 1.691 1.747 0,232 0.978 0.270 0.19¢ 0,182 0.183
ne 4.38 2.920 2.930 2.954 1.784 1.708 1.7 0.213 0.943 0.243 0.201 0.189 0.183
e .42 2.844 2.920 2,957 1.722 1.68% 1.739 0.213 1.009 0,322 0.200 0.189 0.188
ne 6.2% 2.779 2.7688 2.937 1.72% 1.692 1.768 0.237 0.580 0.238 0.208 0.200 0.191

Table A.15: Mildly curved28ction; n=0, 2=0, R.=5 m.



Care ﬁ Luu Luw Lww Ay 2o Aw

| tmm} | (mm) | Onm) | (mm) | (mm) (mm) |

na 0.42 41.7 133 15.% 5.3 ' _5-2—
na 1.2 474 16.3 16.7 X} 2 ] 3.3
na 2.08 32.9 19.2 v 5.6 = 3.3
na 292 617 A4 182 2.6 2. 3.4
.19 3 658 L B ] 19.4 L 3.0 3.4
na 4.54 683 ol P § 20.5 T 3.0 3.5
na 3.42 TH0 8.3 21.1 3.9 31 3.3
L. TY 6.23 80.8 339 1.0 3.9 32 3.7
nd [« X ¥ 28B4 10.1 12. 34 2. 3.3
nb 1.2 33.2 11.8 2.7 - % 3.0 3.4
ab .08 36, 13.1 4.0 AT 1.9 3.4
nd =92 418 143 4.8 %9 3.0 3.4
nbd 3.78 T2 1%.9 15.3 %0 3.0 3.4
nb 4.58 3.8 1.9 16.0 6.0 3.0 34
nb 542 M.T 18.9 18.v 6.0 .0 3.8
nb 6.2% 618 a1 _ 18.4 6.1 3.1 3.5

— —— —
ne Q.42 28 9.2 16.0 L3 3.8 .2
ne .23 25.% 10.% 0.7 8.9 3.9 4.2
ne 2.08 ar. 11.7 H 6.3 3.8 4.3
ne 2.92 28.9 12.3 14 t.8 3.9 4.1
nc 375 32.1 3.3 11.7 8.8 3.8 4.2
ne 4.58 2.8 14.2 12,0 8.6 3.7 4.1
nc 542 4.1 13.2 12.1 8.7 T 4.3
ne 8.23 8.6 7.3 13.0 t.8 38 4.0
nd Q.42 21.6 337 axT 2.4 4.3 53
nd 1.2% 100.1 32.1 30.1 2.3 4.2 5.3
nd 2.08 $0.0 41.% 25.5 2.2 3.0 53
nd .92 101.4 433 1.4 9.1 3.0 5.3
nd 3.7% 108.5 54.0 n.e 9.3 5.2 3.4
nd 4.58 110.0 3Tl 3.2 .3 3.2 34
ad 5.42 109.8 61.0 N9 2.3 3.2 4.1
ad 6.25 128.9 7.2 ara 2.8 5.3 3.6
ow 0.42 T4 46.1 28.2 10.0 7.0 1.2
ne 1.23 %0 416.¢ J0.7 8.4 6.2 7.6
ne 2.08 83.9 3.0 J0.1 10.7 T4 1.3
ne 2.92 0.2 534 3.9 10.8 T 1.8
ne 3.75 58.2 ste 2.8 11.1 7.9 T.8
aw 4.58 883 81.5 331 0.8 T .7
ne 5.42 .t 0.4 34.5 11.0 8.0 1.2
ne 6.23 D74 T2.4 38.2 113 8. 8.1

Table A.16: Mildly curved section; n=0, z=0, R,=5 m.
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caee 7.'? * v v w ﬁ- ?} .ﬁa_ :!:. :;-g. q'.;
& | @ | @ (Bf)
Pa 0.42 0.82 10372 +0.183 -0.050 0.317 0.138 0.29% -0.12% «0.030 1.834702
P 1.28 192 10.082 0124 «0.27 0.31% | 0.191 0.200 | -0.102 «0.004 1.8747%2
P 2.1 22 2.9%8 -0.139 -0,332 0.500 0.199 0.201 «0.102 «0,013 1530887
pa ‘3.01 4.52 5.307 <0221 «0.342 0.430 0.208 0.314 -0.108 «0.022 1.3TTaTt
pa .88 3.81 9,911 <0345 | -D.448 0.400 0.201 Q.19 | .0.109 | -0.033 1.2920e8
pa 4.7¢ T.11 10.11% «0.013 «B.420 0.408 0.200 0,334 «0.104 -0.007 13713
Pa 361 8.4 10377 _-9.04'_‘ ~0.480 0.487 0.198 ﬂs -0.106 =0.044 1.216584
pb 0,42 | 0.50 10.921 --O.I-‘? «0.034 0.495 | 0.199 | 0.30¢ | 00N -0.008 0.7T10044
pb 1.28 1.%4 10.783 | .0.091 «0.313 0.508 | 0.19¢ | 0.208 | -0.101 «3.014 0.680647
pb .13 | 2.87 10,739 | -0.07D -0.358 0.501 0.204 0.293 | -0.096 | .0.017 | 0.803307
23 3.0 .61 10,503 | .0.13¢ +0.384 0477 | o.208 0.31% | -0.056 -0.01% | 0.333818
-1 J.a8 4.6 10,426 | -0.006 | .D.467 0.431 0.20¢ 0.343% | «0.008 | -0.032 | 0.494832
pb 4.7 3.69 10.608 0.083 ~0.424 0,434 0.208 0.240 «0.004 -0.01% . 474221
pb 3.41 6.33 | 10.70% 0.084 _‘0.112 0.461 | 0.206 | 0.331 | -0.101 -0.018 0.433144
pc 0.42 | 028 ] 11.258 -D.I?S_-O.M'-‘ 0.487 | 0.197 | 0.318 | -0.134 0049 0.234082
pc 1.28 0.85 11.040 | -0.030 =0.297 | 0,310 0.188 0.206 | -0.084 0.048 0.238380
pe 2.1% 1.43 11.003 -0.008 0,360 0.4%¢6 0.193 Q.31 «0.073 0.037 0.223049
pc 3.01 2.00 10.805 -0.038 -0.289 QAT2 0.204 0.324 -0.084 0.023 0.203793
pe .88 2.38 10.722 0,070 -0.499 0.403 0.20¢ 0.281 -0.038 | -0.02% | 0194750
pe 4.74 3.13 10.9e¢ 0.224 -B.478 0.434 0.228 | ¢.318 «0.039 0.004 0.1710¢1
pc 3.61 T3 10.971 0.23¢ -0.30% 0,448 | 0.235 | 0.319 | -0.0890 | -0.000 0.154169
pd 0.42 | c.08 10.6%0 -0.119 -0.091 0.483 0,224 2.203 | -0.133 0.001 0.303108
pd 1.28 0,24 10,328 | -0.03¢ «0.268 0.519 0.193% 0.288 | -0,091 «0.039 | 0.468333%
pd 2.1% 0.4 10.560 | -0.018 «0.230 2.514 0.198 0.288 | -0.047 | -0.041 0.4310e4
pd 3.0 Q.57 10,462 | -0.063 | .0.338 0.506 0.203 | 0.291 =0.000 ~0.043 | 0.400328
pd J.88 0.73 10.531 0.052 «0.450 0.469 0.217 | 0.314 0.029 -0,087 | 0.388310
pd 4.74 0.90 10.910 Q.241 ~0.422 | 0481 0.248 | 0.292 0.0e0 <0047 | 0.353118
pd 5.61 IL_II.DSG 0.24¢ -0.439 | 0,428 | 0.288 | 0,284 0.070 =0.033 24_2108
pe 0.42 | 0.05 9.012 =0.112 =0.091 0,379 0.285 | 0.33% | -0.142 4.010 Eﬂll
pe 1.28 0.15 9.847 =0,0€61 <0275 a.408 0.260 0334 | -0.115 | .0.034 0.104470
pe 2,15 0.2¢ 2.873 -0.074 =0.332 0.418 0.248 | 0.304 -0.083 -0.0390 | 0.00919)
pe .01 Q.2¢ 9223 +0.137 | -0.344 0.421 0.242 | 0337 | 0.048 -0.040 | 0.092605%
pe 3.88 | 048 2.995 -0.108 «0,364 0.407 | 0.245 | 0.348 | -0.010 | .0.046 | 0.090758
pe 4.74 0.57 10.283 0.104 -0.401 0,407 | 0.263 | 0.330 0.03% -0.042 | 0.088301
pe 5.61 | 0.67 | 10.530 | 0.000 | .0.454 | 0.285 | 0.20: | 0.32¢ | o0.03p +0.043 | C.087647

Table A.17: Strongly curved section; n=0,
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z=0, R.=2 m.



case 73; :%- -u% .:% ut : v 'Y u-:‘- u’;-‘ u J ﬁ'f o v d
L1 _ (2 | (B [ 3
T 0.42 | .0.05 | 0.02¢ | 0.030 o.t;;o— «0.004 | 0.00% -0.003 | o974 | 0388 | 0.738

pa | 128 | .00 | 0002 | .0.02% | 0.028 | -0.025 | 0.004 0.617 | 0932 | 0.58% | 0.697

pa | 25 { .0.02 | -0.008% | .0.035 | 0.007 | .0.002 | .c.011 0001 | 0373 | 0.332 | 0.8T9

pa | 301 | 002 | 0047 | w0022 | 0019 | .0020 | .0.004 o006 | 0.813 | 0.332 | o.es8

pa | 388 | w000 | 0012 | o001 | 0014 | .0.008 | .0.001 0.607 | 0.771 | 010 | o682

pa | 4.7¢ | -0.00 | -0.006 | 0.002 | 0.001 | -0.002 | o0.012 0.003 | 0.76% | 0.504 | 0.832

pa | 581 | -0.01 | -0021 | o030 | o.0ur | .00 ©.009 0.004 | 0.7%4 | 04%0 | 0.838

pb | o2 | 000 n.n; o.ox-o_ o.m: -0.048 | -0.021 | .0.013 | 0394 | 0.378 | .88

pb | 1.28 | -0.08 | 0034 | -0.004 | 0.032 | .0.06¢ | 0010 | .0.023 | 0278 | 0330 | 0444

pb | 213 ] «0.04 | 0044 | .0.033 | 0.02¢ | -0.044 | 0.001 -0.027 | 0580 | 0331 | o2

pb | 3.0t | -0.08 | 0030 | -0.003 | 0.63T | .0.037 | 0002 | .0.021 | 0306 | 0.33¢ | 0.4

pb | 3.88 | .0.06 | o4l | .0.015 | 0.03% | -0.036 | -0.012 | .0.014 | 0aT2 | 0317 | O.ald

pd | «.7¢ | 006 | 0029 | -0.004 | 0.038 | .0.025 | 0.000 | -0.022 | 0464 | 0.313 | 0402
Lpb 561 | -0.07 | 0.023 | 0002 | 0.03¢ | .0.032 | o.011 .0.023 | 0.438 | 0305 | 0.388
—_pc o.; «0.07 | 0.027 | 0.085 | 0.02¢ | .0.023 [ 0.032 { .03 | o338 | 0213 | 0272

pe | 128 | .0.06 | 0.019 | -0.043 | 0.014 | -0.032 | .0.023 | -0.032 | 0.349 | 0.231 | ©.264

pc | 215 | .0.06 | 0.010 | -0.041 | 0.011 | .0.03¢ | .0.013 | .0.027 | 0333 | 0208 | 0.263

pc | 301 | -0.06 | ©.00% | -0.032 | 0008 | -0.029 | -0.004 | .0.010 | 0.310 | 0.204 | 0.257

pc | 3.88 | 0,02 | ocoT | .0.027 | o0.01t | .0.018 | .0.0!0 0.010 | 0291 | 0.200 | 0.2¢3

pc | 454 | 0.00 | 0.000 | .0.002 | 0009 | .0.012 | o.002 0000 | 0279 | 0398 | 0.233

pe ] s61 | -00t | ocos | oo | ooos | 0006 | 0003 | 0013 | 0262 | 0190 | 0222 |

pd | 0.42 | -0.23 | 0.265 | 0.03% | ©€.102 { .0.136 | 0.001 -0.097 ns 0.328 o..'mo—

pd | 1.28 ] .0.23 | 032 | .0.026 | 0.081 | .0.133 | oc.022 | -0.069 | 0492 | 0302 | 0.385

pd | 215 | -0.23 | 0.076 | -0.036 | 0.047 | .0.017 | 0009 | -0.071 | 0471 | 0.202 | 0.352

pd | 3.0t | .0.22 | c.051 | -0.046 | 0.017 | .0.20¢ | Q.2 «0.057 | 0.450 | 0.285 | 0.341

pd | 3.88 | 020 | 0.005 | -0.064 | 0.009 | -0.088 | .0.011 | -0.028 | 0.426 | 0.200 | 0.248

pd 4.7¢ | -0.14 | -0.033 | -0.043 | 0,005 | .0.051 | .0.003 -0.044 | 0.412 | 0302 | 0.322

pd | €1 | 010 | -0.028 | -0.081 | 0.007 | -0031 | .0.014 | -0.024 | 0383 | 0.314 | 0.312

pe | 042 | -033 | 0342 | .0.004 | 0.080 | .0.097 --o.ozo -0.072 | 0.212 | 0.184 | O.190

pe | 228 | 0.25 | 0148 | 0.010 | 0.081 | .0.108 | 0.023 | -0.072 ] 0.208 | 0.1¢3 | 0.187

pe | 215 § +0.34 | 0122 | 0.000 | 0082 (| -0.091 | 0.022 | -0.038 | 0204 | 0137 | 0.182

pe | 301 | -0.08 | 0078 | -0.013 | 0.032 | .0.07¢ | oO.0c8 | .0.008 | o197 | 0130 | earr

pe | 388 | 011 | c083 | -0.042 | 0020 | .0.050 | .0.007 | .0.011 | 0.202 | G.149 | 0178

pe | 474 | -0.31 | 0.045 | .0.038 | -0.006 | -0.047 | 0003 | -0.032 | 0.300 | 0,352 ] 0171

pe | %61 § -0.07 | 0.018 § -0.035 | 0.028 | -0.013 | o0.006 | -0.013 | 0.i84 | o.160 | o.289

Table A.18: Strongly curved section; n=0, z=0, R.=2 m.



] | S I EC)!
T 0.42 | 2008 | 3208 _;!8 ~1.17s 3.248 -1.202 -0.230 1.087 -0.22 0.974 0.;-. 0.738
pa 1.28 3.01% 3339 | 214 -0.9€3 1.251 «0.223 +0,025% 1.022 =0.052 0.932 0.563 0.697
pa 2138 2.99¢ 3.308 3.167 0,045 1227 ~0.978 ~0.088 1.7°04 +0,132 0.87% 0.352 0.679
pa 3.01 3.02% | 3280 | 3.133 | -1.000 1273 +1.040 -0.178 1.020 «0.167 0.813 | 0.532 | %.6358
Pa 3.88 3.005 | d.208 21T +1.063 1,205 ~1.098 -0.262 1.003 -0.229 0.™ 0.310 0.602
P 4.74 | 3012 | 207 | 3191 | 1008 1.26% =1.040 | .0.2e7 1.023 ~0.201 0.769 | 0.304 | 0.6382
pa 3.8 2.976 | 2288 | J.128 -X.OL | 1.263 -1.081 +0.304 0.982 -0.332 0.73 | 0.490 | 0.838
pb 042 | 2,973 | 2185 3.081 -l.'.‘rr 149 -1.236 ~0.048 1.028 =0.054 0.504 | 0.278 | G408
pb 1.28 | 2.080 | 3.300 | 3.13s | .0.0% 1.3 -0.97¢ «0.122 0.992 -0.10% 0,378 | 0.330 | C444
pb 218 | 2987 | 2204 | 2178 | -0.802 1218 ~Q.937 -0,127 0.063 +0.134 Q.35 | G.381 0.422
pb 201 2,990 | 3.28% | J.187 | 0911 1.222 =0.943 ~0.128 0.990 -0.128 0.508 | 0.334 | c.4anl
pb 3.88 J.036 3.269 3.139 -0,972 1.2587 -0.288 ~0.264 1.108 «0.251 0.472 0.317 0,413
pb 4“5 014 | 3290 A1 -0.923 1.230 -0.950 =0.130 1.042 =0.148 0.484 0.313 0.401
pb 3.61 3.033 | 3234 | 381 | 097 1.7 -0.997 -0.13¢ 0.989 -0.157 0.438 | 0.30% 0.358_
pe 0.42 | 3.111 | 3328 | 2088 | .1.042 1.461 «1.377 | -0.387 1.078 -0.280 0338 | 0.213 | Q.272
pe 1.28 2,983 3245 | 2082 ~0.889 1.234° -0.936 0.216 0.983 0,332 0.349 0.211 0.204
pc 215 | 3.019 | 3.3%1 | 3048 | 071 1.172 -0,733 0.281 1.024 0.253 0.333 | 0.208 | 0283
pe 3.01 | 3013 | 2.32¢ | 3.043 | -0.820 1.132 -0.688 0.161 1.067 0.149 0.310 | 0.204 | 0,257
pe 3.88 | 3J.01¢ | 3237 | 2011 | .0.588 . ~0.803 -0.24% 1.157 =0.212 0.201 0.200 | 0.2¢3
pe 4.94 | 2010 | 3,203 | 3.073 | 0538 1.101 -0.379 0.022 0.964 0.011 0.279 | 0.198 | 0.233
e | 3.61 3.008 | 3219 | 3.000 | .0.642 1.131 ~0.888 +0.069 0.941 =0.005 D.ﬂ:‘_ﬁw o.m_
T 0.42 | 2.029 | 3134 | Jase | -1.a78 1.240 -1.198 -0.012 1.003 0.004 0.19:'0—.323 0.390—
pd 1.28 | 2.908 | 3.269 | 3.109 | -0.798 1.164 -0.822 | -0.303 0.9 ~0.203 0.492 | 0.302 | 0.385
pd 2.1% 2,883 3.399 | J.120 «0.405 1.040 -0.395 +0.2892 0.930 -0.321 0.472 0.292 0.352
pd 3.01 { 2.907 | 2.305 | 3.100 | -0.0%5 1.008 «0.087 =0.313% 1.010 «0.323 0.450 | 0.205 | 0.341
pd 3.88 | 2,908 | 3253 | o048 0.230 1.026 0.34¢ ~0.564 1.130 -0.300 0.426 | 0.200 | 0.348
pd .74 2.832 | 3.167 | d.092 0.302 1.049 0.495 -0.391 1.033 «0.379 0.412 | 0.302 | 0.328
i 5.81 247 | 2082 3.01 0.384 1.072 0.584 _-0.2?7 0.996 =-0.283 0.383 | 0314 | €312
r? 0.42 | 2.858 | 2.928 2.9: «1.145% 1.282 -1.!73_0..085 0.939 0.075 0.212 | 0.184 | 0.199
pe 1.28 2,809 ) 2041 | 3.001 | .0.901 1147 -0.903 -0.262 0.948 -0.303 0.208 | 0.165 | 0.187
pe 213 | 2.785 [ 2.970 | 3.0m2 | -0.647 1.062 -0.864 -0.318 0.969 -0.332 0.204 | 0.157 | 0.182
pe 3.03 2730 | 3.102 | 3.067 | -0.329 0.991 047 | -0.320 0.993 -0.395 0.197 § 0.150 | 0.177
pe 3,38 | 2.781 | 3.176 | 3.087 | -0.01¢ 0.973 =0.007 -0.400 3.072 +0.441 0.192 | 0.240 | 0.178
pe 4.74 2.785 | 3178 | 3.082 0.402 1.01% 0.403 -0.344 1.018 -0.408 0.190 | 0152 | 0T
pe 561 | 2.792 | 3160 | 3338 0.545 1.041 0.338 -0.393 1.035 -0.442 0.184 | 0.160 | 0.169

Table A.19: Strongly curved section; n=0, 2=0, R.=2 m.
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{mm) | (mm} | (mm) | {(mm) | (mm) | {mm)

pa |0z | 34 | 112 | 108 | se 27 2
pa |12 | oars | om | s | sa 26 | a1 |
pa (23] s | o4 | 1em | sz 2.6 31
po |30 | 273 | 100 | 138 | so 28 21
pa | 388 | 208 | 108 | 1o | 22 a7 3.3
pa | ara | 203 | 13 | 134 | s 2.0 2.3
po_| st | 308 | 14 | w0 | 54 23 a8

o6 |04z | 265 | &3 | 114 83 2.8 33
pb | 126 | 224 | o | 100 | sa 2.7 3a
pb | 218 | 208 | 70 | 112 5.2 2.8 5.2
v |30 | 200 | 72 | ne | sa 2.6 3.1
pb | 388 | 203 | ®s | 122 | sa 21 3.3
pb | 47 | 208 | 82 132 | sz 2.8 3.4

| o |61 | 224 | 83 | 140 | 32 2.9 3.5
pc |04z | 27 | 87 | 108 | es 28 4.9
pc | 128 | 208 | 72 9.8 .. 3.3 3.8
pe | 218 | 12 | 66 | 112 | 63 3.2 ar
pe 301 | 188 | &7 | 104 5.9 31 3.7
pe | 388 | 208 | 7. 1.1 5.7 a1 2.2
pc |ava ) 201 | 80 | 102 | =7 32 a8

L_pc_ sé1 | 198 | a0 10.% 5.8 a3 aT
pd boaz | era | 244 | 283 | 94 “r 5.5
pd | 128 | 372 | 183 | 264 | 23 14 5.3
pd | 215 | s | 161 | 259 | 90 4.2 5.2
pd | 301 | 356 | 161 | 258 | s .2 5.0
pe | 388 | 728 | 207 | 241 83 42 5.0
pd | are | ona | 3n6 | 280 | ea 1.6 P

| pa | se1 | ses | 420 | 257 | 70 4.9 50|

[pe [onz | 508 | 281 | 269 | 100 | es 71 |
pe | 128 | a67 | 234 | 282 | 102 | ea €8
pe | 215 | 458 | 200 | 254 | 200 | ss 6.8
pe | 301 | a2 | 177 | 202 | 205 | s 5.8
pe | 388} ate | 173 | 256 | 100 | 7 7.1
pe |47 | 430 | 186 | 250 | 104 | 82 7.0
po [ 381 | 485 | 22 ) 240 | 103 | 64 6.0

Table A.20: Strongly curved section; n=0, z=0, R.=2 m.
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L (8 | (B) | (D) el
_n.:_ n42 ::‘.‘_ 1Q.002 0.12s -0.104 0.48] —0.'.‘“ 0.301 0.14a ¢ OOH_ 1620361
na 1.2 1.92 D.Qa &.211 ~0.27 0478 0.219 0.303 V. too -0 024 HILLLA LR
na 2.1 322 1027} 0.230 -0.24% 0.483 0.22 0.294 0.16¢ -0 0% 2561214
na 3.01 4.82 10.40a 0.234 =0.357 0.430 Q.221 0.249 0.184 -0 022 3. 448072
na 3.88 $.41 10.652 0.388 ~0.332 0.472 0.233% 0.303 0.164 ~0.030 4323287
na 4.7 11 11. 47 0.753 -0,380 0.477 0.243 0.280 0.183 { -0.031 5.971360
na S.Gl__ﬂ.ﬂ 11.7¢4 0.892 ﬂ“ 0.48¢ 0.25% ﬂ ¢.186 «0.031 T.284706
nb 0.12—_;.53 2.786 0.063 E:D 0.470 0.214 rl& 0.148 0.032 0.682149
nb 1.2 ) | D.606% 0.069 0,213 0402 0.22¢ 0.311 0.181 -0.0¢¢ 0.778693
ab 2.1% 2.5¢ 2.930 0.040 =0.204 0.464 0.232 0.304 0.1¢e +0.074 0.504446
nb 3.0 4.01 9.738 ~0.103 | .0.211 0.426 | 0.227 | 0277 | 0.16> | .0.080 1.303002
nb 3.08 S8 2.763 ~0.084 ~0.188 0.495 Q9,220 | 0.2 0,158 =0.114 1.89212¢
nb 4.7 €.32 10.030 0.04% -0.160 0.522 0.233 | 0.248 0.174 -0.108 2.817016
nb Sf‘l— TAT _QL'G 0.001_':_-0;15! 0.497 0.'.‘38=26 0.162='L.138 3.465823
ne 0.42 0.3 9.017 0.052 ~0.u03 0.448 o.ns 0.334 0.130 «0.008 0.184891
nc 1.8 1.03 9.608 0.022 «0.279 0,432 0.239 0.329 0.1%2 0.025 0.202486
nc .18 .71 9.930 -0.001 | -0.302 | 0.420 | 0.25¢ | 0.326 | o.184 0,020 0.248620
nc .01 2.41 2974 =0.054 -0.28% 0.418 0.234 0.230 0.185 0.033 0.299073
14 3.88 J.10 10.031 ~0.043 -0.283 0.412 0.238 | 0.332 0.18¢ 0.02% .388093
a¢ .74 .72 10.673 0.205 =0,275 €.430 0.273 0.288 0.208 0.018 0.53077T1
ne 3.61 4.48 | 10.200 0.20 -0.260__&133 0.278 | 0.289 | 0.203 0.00% __D.Sﬂdm
nd 0.42 0.19—-—:0.036 0.006 =0.143 | 0.487 | 0.227 | 0.287 | 0.163 | -0.008 | 0.380143
ad 1.28 | 0.39 2,691 0.072 <0206 | 0433 | 0.252 | 0.295 | 0.190 | .c.043 | c.8313ss
nd 2.15 | 099 { 10,130 0.082 ~0.253 | 0.42¢ 0.288 | 0.288 | 0.210 (| -0.047 | 0.721438
nd 3,01 1.39 | 10.052 0.001 <0232 | 0.413 | 0.208 | 0.287 | 0.229 | .0.03¢ | o0.818318
nd .88 | 1.79 | 10.172 0.079 =0.237 | 0.393 | 0.313 | 0.293 | o228 | -0.052 | o.pe7sia
ad 4.74 2.18 | 10.711 0.320 ~0.205 | 0.401 0338 | 0.260 | 0.253 | -0.044 1.18308¢
nd 3.61 2.38 Wiﬂ 0.373 _;0.354 0.385 | 0.355 ﬂ 0.230 | -0.047 1.268211
ne 0.(‘-'—'_0.10 2.37% -0.029—-_0.136 0.3? 0.289 m 0.162 0.024 0.100480
ne 128 | 031 9.151 0.018 ~0.212 { 0.349 | 0.319 | 0.332 | o.188 | .0.0%8 | 0.10T112
o i3 | 0.53 2.601 0.013 =0.262 | 0.324 | 0.333 | 0.321 | 0.202 | .0.049 | o.119282
oe 3.01 Q.74 2.504 -0.088 | -0.275 | 0.300 | 0.387 | 0.324 | o208 | -0.043 0.13127)
ne 3.8 | o003 2.339 =0.020 { -0.208 | 0.200 | 0.388 | 0325 | 0.219 | .0.040 0.150447
ne 474 1.16 | 10.103 0.160 =0.231 0.280 | 0.412 { 0.308 | 0.234 | -0.081 0.172003
ne .61 1.37 | 10.161 0.160 -0.387 | 0.272 | 0.420 | 0.208 { 0.238 | .0.042 | 0.19337¢

Table A.21: Strongly curved section; n=0, z=0, R, =2 m.
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na 0.42 | «0.07 -O‘ORT -0 032 <0.024 -0.022 =0.02% -0 08 o883 | 0.3 0.7a7
na 1.28 | -0.10 | -0.0M4 0.03¢ 0047 =0.03% 0.024 -0.043 0.930 G643 | 0.757
na 2.1% | <032 | 0024 0.006 -0.040 «0.024 0.024 «0.051 1.112 | 0.758 0867
na 3.01 =0.14 «0.030 0.013 -0.046 «0,034 Q.034 «0.063 1300 | Q.73 | 0.998
na 3.68 | 013 | .0.08% 0.027 «0.050 «0.04% 0.020 «0.004 1.461 1.008 1.171
na 4.7 +0,1¢ | -0.087 0.062 0,067 =0.057 0.034 «0.112 1.688 1.204 1.204
na 581 «0.23 | -0.:37 0.043 ! -0.120 -0,008 0.05) 0,104 1.834 1.37:_ 1437
nb ::2_- «0.04 | -0.00% | -0.049 -0.023% -0.018 -0.019 -0.007 0.367 0.353— 0.464
nb 1.28 | -0.00 | «0.030 0.072 ~0.042 -0.032 0.047 -0.038 0.401 0.430 | 9,492
nb 215 | =017 | -0.080 0.078 <8073 -0.08% 0.038 -0.034 0.679 | C.482 0.530
1 nb .01 -0.14 | -0.083 0.100 =0.031 -0.080 0.0%1 «Q.082 0.828 0.380 | 0.619
nb 3.88 | «0.19 | -0.072 0.142 «0.039 ~0.070 0.112 0,099 0.9¢8 0.643 | 0.734
nb 4.74 | 0.132 | -0.039 0.133 «0.043 =0.0L2 0.061 =0.050 1.212 | 0.809 | 0.832
nb 381 -0.06 0.012 _0.099 0.008 «0.002 0.037 =0.000 1212 2.90% | 0.961
ac 0.42 | -0.01 Q.007 —-D.Dﬂi ~0.000 +0.0C. «0.027 ~0.084 0.288 0.201 0. 249
ne 128 | -0.01 =0.013 0.033 «0.006 -0.008 0.01¢ -0.018 0298 | 0.220 | 0.258
nc 2.15 | -0.00 0,003 0.029 -0.007 ~0.001 2.020 0.004 0.322 0.250 0.28)
n¢ .01 -0.02 | -0.003 0.082 =0.011 0,008 0,023 «0.014 0.333 0.278 | 0.4
nc 3.88 0.00 0.010 0.038 0.003 0.014 0.081 0.4001 0.401 0316 0.359
ne 474 0.01 0.011 0.1 0.003 0.018 0.052 =0.02¢8 0.493 0.338 - | 0.308
_n_c_ 5.61 0.00 0.02¢8 0,138 0.006 0.020 0.082 -D.Mb__ 0.34% | 0.440 | C.448
nd 0.42 | 007 | -0.04¢ | .0.012 -0.028 =0.036 =0.013 -O.D'.'i_l 0.53% | 0263 0.411
nd 1.28 | -0.12 -0.071 0.010 ~0.049 +0.04% 0.014 =0.042 0.335 | 0.2%9 0.432
nd 2.13 | -0.07 | -0.022 0.000 -0.021 -0.019 0.03¢ 0,078 0.333 | 0.436 | 0.453
nd 201 | -0.1% | -0.103 o.0n -0.077 -0.074 0.014 «0.088 0.3482 0.494 0,485
rd .88 | 022 | .0.123 0.032 -0,122 -0.007 0.050 -0.117 0.617 | 0,531 0,533
nd 4.74 | -0.25 | -C.183 v.042 «0.151 -0.131 0.024 -0.137 0.68% | 0.633 | 0.555
__nd__ _l =036 | «0.233 0.062 _.o.m -0.202 0.059 «0.194 0.698 | 0.671 0.574
l ae 0.42 0.27 0.119 0.069 0.184 0.128 0.007 0.023 ¢.191 0.173 0.188
ne 1.28 .37 0.16% -0.037 0.190 0.163 ~0.044 0.013 0.193 0.183 } 0.189
B¢ 2.1% 0.2¢8 0.170 -0.032 0.199 0.169 -0.010 0.019 0.19¢ | 0.2068 | 0.196
ne 3.01 0.20 0.127 -0.033 0.14% 0.126 -0.008 0.02¢ 0.201 0.219 | 0.208
ne 3.8¢ 0.16 0.105 =0.004 0133 0.108 -0.023 0.020 0.208 0.241 0.2
ne 474 C.14 0.007 +0,038 0.104 0.004 -0.021 0.004 0.220 0.367 | 0.201
I ne .61 0.05 0.048 -0.018 0.03¢ 0.039 0.003 0.004 0.223 | ©.283 | 0.240

Table A.22: Strongly curved section; n=0, z=0, R.=2 m.
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nb 0.42 | 2.999

3.158 | d.0°7 1.378

1447 1373

0.237

na 0.42 2.037 3.328 J3.133 1. 20n 1 40] 1378 0.053 1119 0 031 G.and 0.504 07T
na 128 3.024 3.163 A 182 1437 1.%11 1.462 <027 .13 «0.263 0.950 0043 QTaT
na 218 2.997 3.108 2.198 1433 1404 1440 onr 1.120 -0.203 1.112 0.758 0.8e7
na 3.01 2,904 3.100 .16 1.41} Ldnl 1.428 ~0.223 1.08¢ «0.224 1.300 L 0.998
na l.08 2.887 3.074 J.1s6 I.Jan 1.449 1.2%¢ -0.230 1.2¢1 ~0.240 14861 1.008 1171
LY 4.4 .79 2.958 3.1 1.430 147 1473 -0.239 1.082 =Q.264 1.688 1.204 1.294
na 3.61 2,744 2913 3.099 1.412 1.4 l.418 -0.28° 1.099 -0.272 LA%4 13" 1437

1.078 0.218 0.587 | o33 0.464

nb 1.28 | 2.019 | 3333 3072 1.463 1.508 1.438 ~0.548 1131 ~0.51¢ 0.801 0.420 0.492
ab 213 | 2028 | 3328 101 1.48% 1.519 1.480 ~0.622 1.189 +0.80% 0,673 | 0.481 0.330
nb .01 2045 | 2,135 [ 3.128 1.420 1.4%0 .44 -0.395 1.083 -0.638 0.828 | 0.560 0.619
nb 3.88 | 2943 | 3123 3.081 1350 1.439 1.332 «0.833 1.232 -0.900 0.9¢8 | 0.643 0.734
nbd T4 L7768 | 3.023 | 30353 147 142 t.381 -0.72r 1.049 ~0.829 1.212 | 0.809 | 0.a32

a¢ 0.42 3.003

nb 3.61 2.710

2.001 2.962 1.246
3.100 3.045 1.409

1381 1.283
1.461

1.412 -0.06¢

-1.007 1.238 ~0.971 1.313 0.903 | 0.9e;
1.093 ~0.048 0.288 | 0.701 C.249

ne 1.38 2.962 | 2068 | 3068 1.347 1.526¢8 1.573 0.15% 1.039 0.161 0.236 | 0.220 0.258
nc 213 | 2903 | 2039 d.087 1.63¢6 1.624 1.848 0.227 1.0u9 0.19¢ 0.322 | 0.250 0.203
ne 3.0 2.98¢ | 3.089 | 3083 1.644 1641 1.67¢ o287 1.135 0.232 0.333 | 0.27¢ | o0.314
ne .88 2.970 | 3.082 | 3.09¢ 1.64% 1.638 1.673 0.188 1.082 0.134 0.401 0.316 | 0.339
ne 4.74 3.000 | 2.043 | 3088 1.733 1.7 1.7ea 0112 0.977 Q.113 0.492 | 0.382 | o.ags

s | ser | 2000 |

297N 3.064

1.638 1.432 1.660

0.024

1.012 0039 ! 0.549 | 0.440 | c.a4s
3.032 | s088 | 1.6 1.390 13¢5 | .0.018 0.991 0034 | 0533 | 0.36s | 0.411

oe 0.42 | 3.22¢ | 3101 2.87s

1.763 1703

1.778 -0.418
1.5%7 0.158

nd 1.28 | 2.750 | 2.914 J.088 1.300 1.499 1.310 -0.328 1.08: ~0.343 0.51% | 0.299 0.432

nd 213 | 2762 | 2.8 3.111 1.387 1,578 1.617 -0.402 1111 =0.374 0.553 | 0.438 0.42%

nd 3.01 2.87. 2.802 | 3.004 1.396 1.383 1.438 -0.284 1.072 ~0.300 0.8 | 0.404 0.485

nd 3.8 | 2708 | 2.743 2.132 1.484 1.8420 1.679 -0.433 1.170 ~0.43) 0.617 | 0.551 0.523

od 4.74 2870 | 2,730 | 3118 1.7T48 1.685 1.772 «0.330 1.0)8 ~0.383 0.68% | 0.633 0.555
_nd__J_S._E_ 2.763 2.738 | 3.106

1.119 ~0.42% 0.698 | 0.6™) 0.37¢
1.038 0.1358 0.121 0.171 0.188

ne 1.28 | 3057 | 2,980 2.972 1.691 1.847 1.648 «0.318 1.090 «0.430 0.193 | 0.185 | o0.189
ne 2.13 | 3.060 | 2.970 2.9:5 1.783 1.70¢ 1.747 =0.457 1124 -0,422 C.198 | 0.208 | 0.12¢
oe 3.001 | 2.008 | 2,877 2.964 1.707 1.861 1.72s8 «0.422 1.108 =0.373 0.203 | 0.710 | t.208
ne 388 | 2783 | 2726 1.980 1.71¢ 1.852 1.720 -0.318 1.167 -0.452 0.208 | 0.241 | o021
e 474 | 2.84¢ | 2.178 2.930 1.858 1.779 1.872 +0.522 1.135 +0.48% 0.220 | 0.287 | o211
ne .61 32.738 | 2,726 | 2.907 1.772 1.710 1.821 =0.442 1.11¢ -0.411 0.229 | 0.288 | o0.240

Table A.23; Strongly curved section; n=0, 2:=0, R,=2 m.
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case t Luu Lww L Ay e Aw
{mm) | {mm) | {mm) | (mm) | (mm) | {mm)}
na 0.42 .7 . 18.7 17.7 5.5 2.9 2.4
aa 1.28 55.6 2.7 18.5 3.6 3.0 3.4
LTS 2,15 39.3 30.8 20.7 38 A1 3.3
na 301 [ a4 | 368 | 22 5T a1 3.6
na J.88 Xt 4.3 .8 .9 3.3 3.8
na 4.74 5.8 36.1 26.1 6.1 3.6 a9
na 381 103.1 83.2 WA 8.3 3.9 4.1
nb 0.42 3. 11.1 12.7 3.7 J.1 3.4
nb 1.28 b I -4 15.2 13.e 3.7 3.1 3.5
nb 2.1% 44.6 0.2 15.4 58 3.3 3.0
nb 3.01 5.2 249 7.3 6.1 3.2 3.6
nb J.88 62.2 e 20.4 6.2 33 3.7
nb 4.7 80.2 3.2 2.7 6.8 3.4 3.7
nb 561 B335 431 4.9 .0 3.@_ 3.8
ne 0.42 2535 10.2 10.3% .0 ‘.U— €3
ne 1.28 2.8 13.3 11.2 6.9 4.1 4.3
»e 2.1% 0.8 17.0 12.2 [ %] 4.3 4.4
ne 3.01 .0 19.3 13.0 6.7 4.2 4.4
nc .88 35.8 2.6 14.% 8.7 4.2 [ .
. nc 4.74 43.4 8.0 15.0 Tl 4.4 4.2
L_Ilc 561 4.7 A4 10.3-_ 6.2 4.3 4.2
nd 0.42 .9 .G ?9.3— 2.5 30 3.6
nd 1.28 0.1 455 n.g 9.5 %3 56
nd 2.13 104.9 60.2 34.9 2.6 6.1 28
nd 3.01 111.3 0.8 as.7 9.5 el %9
nd 3.88 119.3 8C.8 1%.1 2.4 L) €3
ad 4.74 136.9 107.9 42.4 10.2 1 6.3
ad -_.'.l.GI 134.7 109, 3%.¢ 2.8 .o €.2
ne ’_0.(2 .2 43.1 3.3 10.2 6.8 .5
ne 120 ¢2.0 41.% 31.0 10.6 b .y
ne 2.1% 518 5.2 32.8 18.9 8.C 8.1
he 3.02 3.4 57.4 M8 10.9 8.9 8.5
ne J.88 88.9 T4 3.9 1.2 %.¢ 2.2
ne 4.74 27 9.1 4.1 1241 11.2 2.1
ne 5.¢1 9.6 B4.4 4.2 12.1 118 9.3

Table A.24: Strongly curved section; n=f), z=0, R.=2 m.
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