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PREFACE

The progress on the research carried out under NASA Grant NsG 3012 is

reported briefly here. The period covered is for six monthg ending December 31,

1977.

B. Lakshwinarayana
Principal Investigator
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1. STATEMENT OF THE PROBLEM

Both the fluid dynamic properties of a compressor rotor, governing efficiency,
and the acoustical properties, governing the radiated noise, are dependent upon
the character of the wake behind the rotor. There is a mixing of the wake and
the free stream and a consequential dissipation of energy, known as mixing loss.
The operational rotors generate the radial component of velocity as well as the
tangential and axial components and operate in a centrifupal force field. Hence,

a three-dimensional treatment is needed.

The objective of this research is to develop an analytical model for the
expressed purpose of learning how rotor flow and blade parameters and turbulence
properties such as energy, wvelocity correlations, and length scale affect the
rotor wake charadteristics and its diffusion properties. The model will mecessarily
include three-dimensional attributes. The approach is to employ, as information
for the model, experimental measurements and instantaneous velocities; and
turbulence properties at various stations downstream from a rotor. A triaxial
probe and a rotating conventional probe, which is mounted on a traverse gear
operated by two step motors, will be used for these measurements. The experimental
program would include the measurement of mean velocities, turbulemnce quantities
across the wake at various radial locations and downstream stations. The ultimate
objective is to provide a rotor wake model, based on theoretical analysis and
experimental measurements, which the acousticians could use in predicting the
discrete as well as broadband noise generated in a fan rotor. This investigation
will be useful to turbomachinery aerodynamists in evaluating the aerodynamic

losses, efficiency and optimum spacing between a rotor and stator in turbomachinery.



2. THEORETICAL INVESTIGATION

The materisl presented here is a continuation of the analysis described

in reference® [1].

2.1 Analysis Based on k-g Model

2.1.1 Modification of turblence dissipation equation to include the effects of
rotation and streamline curvature

To describe the turbulence decay, second order dissipation tensor®¥ g, 13 =

v(Builaxk)(auj/Bxk) should be modeled. For simplicity of calculation and modeling,

the scalar representation of dissipation is usually employed in representing the
turbulent flow field. Scalar dissipation equation cam be derived through the

contraction of dissipation temsor € = g£,.. In stationary generalized coordinate

ii’
system, the tramnsport equation for e can be written as follows for high turbulent

Reynolds number flows by retaining only higher order terms [2,3]

3g i = _ vik ] vik i i 1 isk k v L ds1
aet e, = VU LG k&,k) + 0 6]+ w e ) ¢ oD
T
afatik J yik ¢ sk 1 v Je1 k
v(s u’kui,j 4+ s u,iuk’, + Siku u,j + SHAS u,J]
IT
2 njgﬁi mk[s, 5 + ] - (su )
ik,n" Lim,j Rm,n 1k,J i
ITT iv
A i I (1
] ik " TikTm’

V

Term I of the above equation is lower order for flows with straight streamline
but is larger for flows with streamline curvature and hence it is retained.

Jn a rotating frame, additional terms dues to centrifugal and Coriolis forces
enter into the momentum, dissipation equations. The additional term which appear

in the right hand side of Eq. 1 is as follows [5]

*Numbers in square brackets denote the references listed at the end of this report.
#%A 1ist of notations is given in Appenidx II.
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The 93 component in Cartesian frame turns out as follows
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5%, Ox, | 0%, Ox, | 0%, 0%, | 0%, 9%,
and becomes identically zero for isotropic flow. The effects of rotation comes
through the anisotropy of turbulence. In the process of turbulence modeling, if
local isotropy of turbulence structure is assumed, the effects of rotation can be

neglected. But, in the rotor wake, the turbulence is not isotropic. As proposed

by Rotta, the deviation from isotropy can be written as [6]

. --§ks.. (4)

and the effects of rotation can be represented through the following term

1% 1 P
¢y ox ~ Fogy0e0 )

where ¢y is universal constant. If we introduce Rossby number (U/LQ) in Eq. 5

it can be also represented as follows

.
k —
1€ ;k - %ﬁlj)(€2/k)(Rossby number) 1 (6

G
The modeling of other terms in dissipation equation in rotating coordinate system
can be successfully carried out much the same way as in statiomary coordinate

system. If we adopt the wmodeling of Eq. 1 by the Imperial College group [7,8],

the dissipation equation in rotating coordinate system can be shown to be as

follows
geu,u, 93U, 2 , PE&QEIS
De _ _ ik M4 £ 3  Jk— 3¢ RIGNAL EIJ.TY‘
Dt | CE1 T Kk e T Cep G csa—xézukuﬂ, 9%, %‘F POOR Qu

.1 2
ik 1 £ -1
- clé—ii— -3 Sij)éi;)(Rossby number) (7N
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The effects of streamline curvature in the flow are included implicitly in the-
momentum conservation equation. If the turbulence modeling is performed with
sufficient lower order texms, the effects of streamline curvature can be included
in the modeled equation. 3But for the simplicity of calculation, the turbulence
modeling usually includes only higher order terms. Therefore further consideratioms
of the effects of streamline curvature is necessary. In the modeling process,
the turbulence energy equation is treated exactly with the exception of the diffusion
term. The turbulence dissipation equation is thus the logical place to include
the model for the effects of strezmline curvature.

Bradshaw [4] has deduced that it is necessary to multiply the secondary
strain associated with streamline curvature by a factor of ten for the accounting
of the observed behavior with an "effective viscosity" transport model. In the
process of modeling of turbulence dissipation equation, the lower order generation
term has been retained for the same reason. In our modeling the effects of
streamline curvature are included in the generation term of turbulence of dissipation
equation through Richardson number defined as follows,

ave/r 9

3y )1 (8)

?.ve coSso 3

o T 5 2,2
e R AL =R

Hence the final turbulence dissipation equation which include both the rotation

and streamline curvature effects is given by

gu, 3u 2 1 2

De %% °Y4 £ 5 k —— 3¢ 9k 1 €
===~ (I1+C.R) i —+ ¢ —{—uwu —) +ec; (=~ 5.0

Dt e 'tk ox %,k e Bx e Uy, 8%, 12k T 3% Y%
x (Rossby number) (9}

where Ceys Ce» ng, ce, and ¢, are universal constants.

2.1.2 Turbulence closure

The Reynolds stress term which appear in the time mean turbulent momentum
equation should be rationally related to mean strain or another differential

equation for Reynolds stresses should be introduced to get closure of the governing



equations. TFor the present study, k-¢ model which was firgt proposed by Harlow
and Nakayama [9] is applied and further developed for the effects of rotation and
streamline curvature. In k-e¢ model, the Reynolds strasses are calculated via the

effective eddy viscosity concept and can be written as follows:

-

ol au, )

o = _...__.l.. ._-1 - k"
Uiy "t(axj + 3%, 3045 (10)

The second term in the right hand side makes the average nomal compoments of
Reynolds stresses zero and turbulence pressure is included in the static pressure

Effective eddy viscosity v_ is determined by the local wvalue of k & g,

t

2
K
v = e (11)

o 13
where c, is an empirical constant. The above equation implies that the k-¢
model characterizes the local state of turbulence with two parameters k and e.
€ is defined as follows with the assumption of homogeneity of turbulence structure.

€ (12)

For the closure, two differential equations for the distribution of k and £ are

necessary. The semi—empirical transport equation of k is as follows

Dk _ 3 't 8k _ ORIGINAL PAGE IS

OF POOR QUALITY (13)

Where G is the production of turbulence energy and Gk is empirical constant.
In Section 2.1.1, the transport equation of & has been developed for the

effects of rotation and streamline curvature.

2.1.3 The numerical analysis of turbulent rotor wakes in compressors

The rotor wakes in a 'compressor are turbulent and develops in the presence
of large curvature and constraints due to hub and tip walls as well as adjoining
wakes. Rotating coordinate system should be used for the analysis of rotor

wakes because the flow can be considered steady in this system. The above



mentioned three-dimensionality as well as complexity associated with the geometry
and the coordinate system make the analysis of rotor wakes very difficult. A
scheme for numerical analysis and subsequent turbulence closure is described
below.

The equations governing three-dimensional turbulent flow are elliptic and
large computer storage and calculation is generally needed for the solutiomn. The
time dependent method is theoretically complete, but if we consider the present
computer techmnology, the method is not a practical choice. The concept of
parabolic-elliptic Navier—-Stokes equation has been successfully applied to some
simple three dimensional flows. The partially parabolic and partially elliptic
nature of equations renders the possibility of marching in dowmstream, which
means the problem can be handled much like two-dimensional flow. The above
concept can be applied to the flow probléms which have one dominant flow direction.
Jets and wakes flows have one dominant flow direction and can be successfully
solved with the concept of paraboliec elliptic Navier-Stokes equation. The
numerical scheme of rotor wakes with the concept of parabolic elliptic Navier—
Stokes equation are described in Appendix IT. Alternating direction implicit
method is applied to remove the restrictions om the mesh size in marching direction
without losing convergence of solution. The alternating-direction implicit method
applied in this study is the outgrowth of the method of Peaceman and Rachford
[10].

Like cascade problems, the periodic boundary condition arises in the rotor
wake problem. It is necessary to-solve only one wake region extending from the
mid passage of one blade to the mid passage of other blade because of the
periodicity in the flow. Thas periodic boundary condition is successfully
treated in alternating direction implicit method in y-implicit step (Appendix IL].
It is desirable to adopt the simplest coordinate system in which the momentum
and energy equations are expressed. As mentiomned earlier the special coordinate

system should be rotating with rotor blade.



The choice of special frame of the reference depends on the shape of the
boundary surface and the convenience of calculation. But for the present study,
the marching direction of parabolic elliptic equation should be one coordinate
direction. The boundary surfaces of present problem are composed of two concentric
cylindrical surfaces (if we assume constant annulus area for the compressor) and
two planar periodic boundary surfaces. One apparent choice is eylindrical polar
coordinate system, but it can not he adopted because marching direction does not
coincide with one of the coordinate axis. WNo simple orthogonal coordinate system
can provide a simple representation of the boundary surfaces (which means boundary
surfaces coincide with the coordinate surface, for example, X = eonstant)., In
view of this, the best choice is Cartesian because it does not include any terms
arising from the curvature of the surfaces of reference. The overall description

is included in Appendix II in detail.

ORIGINAL PAGE IS
OF POOR QUALITY

2.2 Modified Momentum Integral Technique

This analysis# i1s a continuation and slight modification to that given in
Reference 11.

In Reference 12, the static pressure was assumed to be constant across the
rotor wake. From measurements taken in the wake of heavily and lightly loaded
rotors a static pressure variation was found to exist across the rotor wake.

These results indicate that the assumption of constant static pressure across
the rotor wake is not valid. The following analysis modifies that given in
Reference 11 to include static pressure variatiom.

Also included in this analysis are the effects of turbulence, blade loading,

and viscosity on the rotor wake. Each of these effects are important in controlling

the characteristics of the rotor wake.

*Even though Equations 14 through 43 given in this report are a slightly modified
version of the analysis presented in Reference 11, the entire analysis is
repeated for completeness. The analysis subsequent to Equation 43 is new.



The equations of motion in cylindrical coordinates are given below for

and z, respectively (see Figure 1 for the coordinate system)

2 2 2 ——
v 30 3 U _ 13 au' u' v 3(u'v’)
T P U TV T (V + Qr) par 3 r 1t + 3 30
s{u'w')
oz
VOV GV LBV W g L 16D ZGWD A
rag T UGy T Wt 200 pT 36 T 36 T or
3(v'w')
Jz
VOW ., LW, 0V _ 18 _ 3w _ s@w) _ (aw) _ 13Gw)
r 30 or 3z p 3z 3z or r T 30
and continuity,
oV W , 30U, U _
rae + ar * r 0

2.2.1 Assumptions and simplification of the equations of motion

r,

(14)

(15)

(16)

a7

The flow is assumed to be steady in the relative frame of reference and to

be turbulent with negligable laminar stresses.
To integrate Equations 14-17 across the wake,

made.

the following assumptions are

1. The velocities v, and W, are large compared to the velocity defects u

and w. The wake edge radial velocity, Uo’ is zero (no radial flows exist outside
the wake). In equation form this assumption is,

U= u(8,2z) (U, =0 (18)

V= Vo(r) - v(9,2) (VO >> v) (19)

W = Wo(r) - w{8,z2) (W0 >> W) (20)

2. The static pressure varies as,

= p(r,8,2)



3. Similarity exists in a rotor wake.

Substituting Equations 18-20 into Equations 14-17 gives,

v 2 2
_o 3u Bu _ 1 2 _ 1. - = _L13p 3w u
T 36 + W v r(Vb + or) r( 2vVo 2vQr) e T -
3u'v')  d(u'w')
LY 5z (21)
Yo o av, o Mo 1 13D 20’y 3G
r 36 3r o 3z T p rad T 08 T
d(v'w')
i (22)
Clodw Mo a1 a@h sGWD WD 13D g
r 9 dr o 3z g 9z 3z or T T
_Lldv _dw  u g (24)

2.2.2 Momentum integral equations

Integration of imertia terxms are given in Reference 12, The integration of

the pressure gradient, normal intengity and shear stress terms are given in this

section.

The static pressure terms in Equations 21-23 are integrated across the wake

in the following manner. For Equation 22,

018p 40t _
s reda r(pe Pc)

The integration of the pressure term in Equation 21 is,

90 5p 3-'[5— BSC 390
of ar ¥ Tar P TP
It is known that,
r(ec - 80) = §
Differentiating the above expression, ORIGINAL PAGE 18

s  OF POOR QUALITY

3
_8?(rec - reo) = oy

(25)

(26)

(27)

(28)
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rdb raf
o _2_28 ™%
ar r  Br T 5T (29)
Using Equation 29, Equation 26 becomes,
8 - — 38
03P 44 . 3P ) e _ (8 _ 28
BJ; b de or + (pc pe) ar Pe(IZ rar) (30)
Integrating the static pressure term in Equation 23 across the wake.
] — p_ 98 a8
093P 49 o8P, c ¢ _0O
ei 9z de 3z + 3z e dz (3D
where
30 Vv - v
¢ _ 1V, _1.0 c
3z T We T TW —w ) (32)
0 c
and
35 . 8 (0 _
z Bz(rec IBO) (33)
¥ 2% 1 )
9z 2z T 3%
Substituting Equations 32 and 34 into Equation 31
9 — p vV -v V. - v
°©8p g, =232, c0 ey pilee ey 138
o Tt T o) T RESG T ! (35)
c o c o c

Integration across the wake of the turbulence intensity terms in Equations 21-

23 is given as,

2 2 2
§ 1, 3u~ u v'
ré (- T e r)dn (36)
§ 1 B(V'z)
I A T (37)
r
2
§ 1, ow'
- Ban (38)

Integration of any quantiy q across the wake is given as (Reference 12),

8

ef ° %% de = —q (39
c

Cc
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o 8 36 36
IOm;;—”'—)—de=i £ % q(z,0)d8 + q - q_ —— (40)

3] dz 8 c 3z 0 9Jz
[ C

If gsimilarity in the rotor wake exists

q = qc(Z)q(n) (41)

Using Equation 41, Equation 40 may be written as,

0
Q
of 0 2a(z:0) 46

c

d{(q &) q V. ~v
c 1 c, 0 c
Trdz & amdn G0 (42)

From Equation 40, it is also known that,

8 éq
5° qdd =
c

c

. —= 1* a(man 43)

The shear stress terms in Equatiom 21 are integrated across the wake as
follows. First, it is known that
% 3w % atuvh)
L de = S ———2de =0 (44)

o r38 0 r3b
c c

since correlations are zero outside the wake as well as at the centerline of the
wake. The remaining shear stress term in Equation 21 is evaluated using the eddy

viscosity concept.

T ., AW
u'y' = uT(az + T (45)

Neglecting radial gradients gives,

ORIGIN
== ., Qu 0 AGE IS
vl = upGy) ¥ POOR QUALITY] “o
Hence, it is konown that,
d eo —_—— 3 e0 ou
— Togt = - —— ——
Epe BI (u'w')ds br 57 BI Y ds (47
c ¢
Using Equation 40 and Equation 47,
) 8 a6
e O AT de = -y 2 & ;O _c
ei’ el yde Br 3z ldz e.:; udb + w 32(:-] (48)
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ry u V - vc1
2 ! v v u Vv w.u
H d T d C m occm
- Aoy - T2 + 1 (50)
T ¢ d22 m r dz WO W2
Q
Weglecting second order terms, Equation 50 becomes,
9 U 2 v, d(u)
—f ° 2T = - L seu) + 7 1 (51)
ec 2z dz dz

H is defined in Equation 58. TUsing a similar procedure the shear stress term

in the tangential momentum equation can be proved to be,
2
) u v d(v)
0 377y = _ L d 0 c
J —-az(v w')de = [G ————Z(GVC) + — P
c dz o

] ] (52)

G is defined in Equatiom 538. The radial gradients of shear stress are assumed to
be negligible.

Using Equations 39, 42, and 43, the remaining terms in Equations 21-24 are
integrated across the wake (Reference 12). The radial, tangential, and axial

momentum equations are now written as,

2
H o d(umé) ) (V0 + Qr)°e8s . ZGG(VO + Qr)vcs )
T dz r2W2 W r2
[»] o
— 30 SP a2
__lees o1 P Peos _ds, .88 A 3y
p 8t _2 WZ S ar (Pc Pe) * {62 ( 2 rdr) T T WZ £ [ ar
WO p o Op 4]
2 ' 2 Su 2 V du
u' T d m
-— —-——]dn - -—[H -'-—-(5 ) + — (53)
0 dz W dz
Su H 4dV v 2
] 0 o s d _ 1 s 1, av’
Swelba * 78 - T 0 =-S5 8@, - P+ - [T Tagddn
o W of Wor
Su 2 V_ dv
T d o) c
- —=[¢ v ) +=——— (54)
Wor dzz c Wo dz
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W O s A0S 1 B L, g0 fe ds
dr Wr r dz 2 3z  pr c e’ 3 2 d=z
Wop W W
o) 0
48 1. 8w 2
+ 5= ST lan (55)
Wr?©° .
!
and continuity becomes
Svc ) §§_d(6wc) . SaumH . chVO o (569
T T dz r2 rwo

where W Voo and u are nondimensional and from Reference 12,

_rl v__
G = g g(n)dn , v_(2) = g(n) (57)
- L _u
H = £ h{n)dn , () hn) (58)
1
F = é’ f(n)dn , W (@) = £{n) (59)

2.2.3 A relationship for pressure in Equations 53-55

The static pressures P and p are now replaced by known quantities and the four
unknowns Vor U Voo and §. This is done by using the n momentum equatiom (5, n
being the streamwise and principal normal directions respectively ~ Figure 1) of

Reference 13,

3u 2
Ur ?S? *+ Un-EEIE + U EI—JE-+ 20U cosB - “E§_+ UEUH coszs =
on S 98 r Rc
. FICU—
= - 2B G ¢ (@ cosa SR + L w4 D) (60)
where
p%* = F —~% pﬂzr2 (61)

Non—-dimensionalizing Equation 60 with &8 and US0 and neglecting shear stress terms

results in the following equation,
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U, (U, /Ts) . D §(U_ /U ) L 8 (U, /Us) . 26 ()T, cos B L r'n cos’8
T, 8G/8) ' Ty, 6@/ ' Tg 8G/O) w2 x Uz (=/8)
2,2 2,2
) EESQ _ 1 gpx 1 B(U;/Uso) (62)
R /8 p 3(n/8) 2 3(n/8)
C USD

An order of magnitude analysis is performed on Equation 62 using the following

assumptions where g << L,

a S U,/Ug v e
s § U /Us_ v 1
V2 1172
§/r v g ul /USo N g
QriUg ~ 1 R A S
o c
U’S/Us0 ol 8/S ~ e

in the near wake region where the pressure gradient im the rotor wake is formed.
The radius of curvature, R, (Figure 1) is choosen to be of the order of blade
spacing on the basis of the measured wake center locations shown in Figures 2
and 3.

The order of magnitude analysis gives,

U, B(Un/Ugo)

Us, 8(r/8) Ve (63
U 3(U_/Us.)
n n o 2
T, 3@/e " © 6
AGE B
U a(U_/Ug ) ™AL ® |
3 n o 03«16 UALIEY
ATV N g oF POOR Q (65)
26(Qr)U£ cos B
5 N og (66)
Usor
U_U
rn c052 g a EZ (67)

Ugo(rlé)
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2,2
Usy 68)
RC/G
2,2
By Usg) 69)
3(n/8)

Retaining terms that are of order ¢ in Equatiomn 62 gives

2,2 12
U 3(U_/Us,) 2(er)U_cos B U_/Ug 1 3p% 1 8(ul /Uﬁo)
g s 7 TTR. T Tom 1z 7T am (703
50 Ug r e P TUs
o 0
The first term in Equation 70 can be written as,
Ug 3(U,/Us,) T, 3(U,/U) (U, /Us 1)
USO o8 USO 9s
Since,
Un/Ué0 = tan o
where ¢ is the deviation from the TE outlet flow angle, Equation 71 becomes,
U, AU, /Us) A 2 e US]
Ug 9s U 98 g,
= -——55 [——I;Us sec2 0‘3% + tan o -———-—--—a (USQZSO)
Sg YSgp
v U a(u_/Ug )
-2l ,,8_ & %0 (72)
Ug RC Uso as
o
where
3¢ _ 1
s R
c
and

2 A,
sec o =1
tan ¢ v o

with o small. Substituting Equation 72 and Equation 61 into Equation 70,
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12, 2
) U 3(U_/Ug ) . 2(9r)U, cos 8 _ 19® 1 9 (u, /Uso) (73)
USO as Ug - p an Ug Jn
o o

The integration across the rotor wake in the n direction (mormal to strea:mai;‘.e)
would result in a change in axial location between the wake center and the wake
edge. In order that the integration across the wake is performed at ome axial
location, Equation 73 is transformed from the s, n, ¥ system to r, 9, z.

Expressing the streamwise velocity as

v = v 4w
and
ORIGINAL PAGE 5
dz _ rdé . OF POOR QUALITY|
a;—cosB, "‘1—3"-31118
Equation 73 becomes,
v2 + w2 1/2 3 ¥ +WL1/2  sin g 8 2+ wei/z,  2(@r)U.cos B
a(—z———m-z—) [cos Ba—z'(—z—é*) Ll "3—5( 5 2) 1+ 7 7 =
Vv +W VvV + W V' + W V + W
) 0 o o o 0 0 o
2 u'
P ~P u! n
l cos B e C 9, 1t 3 —0
= - = - cos B —=(——) - sin 8 —( 2 (74)
R w02 52 05,

Expressing radial, tangential, and axial velocities in terms of velocity defects

u, v, and w respectively, Equation (74) can be written as,

_ L ar cos B[ feo(av2 + ¥ av)de + J’.eo({:‘»w2 W Bw)de] _ 1 o sing[ J.eo(av2 +
2 V2 4+ W2 Sc 3z o 3z BC 3z 03z 2 V2 + W2 ec 98
o . [e] o] Q
v 60 3 2 Iw 2(@r)r eo
+ V. <9de + 5+ y 59801 +cos B S Cude =
0 30 &} 2 o 3 2 20
c V. 4+ W c
0 o
2 2
1 8 u'l
1 cos B, ol 5.,% 093, n
= - (P_.~P)-cos B f =—(=do - sin B ./ =——()de (75)
Vz + W2 ) e c ec T 3o Ug 8 oz Ug
o o o o

Using the integration technique given in Equations 39-43, Equation 75 becomes,
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2
W d(v28) d(v,8) , V- v, dGe) dw_6)
T2 ol dz Gl + vo dz G+ (vc * Vovr_‘) (WO - Wc) + dz Fl + WO dz d
V - W2 v
2 0 c o 2, o 2
+ (WC + WCWO)(W e 3] +'Ef tan B[vC + WD v, + v + Wc]
(wi > vi) 90 o 12 wi + vﬁ 8, & u'2
+ 2W_(9r)6y H + ———— —-( )de + i) —(——-—)de
o} hui} T 8 2 8
c Us, c Us
R
= - p(PE Pc) (76)
where,
A2 _ v
G = é g (n)dn , gn) = v @) (77
1 .2 W
-_— -— 8
Fl .g £ (Tl)dn s f(n) Wc(z) (7 )
Non-dimensionalizing Equation 76 using velocity Wo gives,
~
1 d(viS) v, d(v, 8) A v, - v, d(wi'd) (W §)F
- i-u[ dz Gl +'ﬁm dz G+ (vc +'ﬁf'vc)(w - W )+ dz Fl +dz
0 0 I
2 Vo ~ Ve 1 A 2
+(Wc+t¢c)(fr—:—)]+§atan B[v +W—v + W +w]
0 c )
(o) v2 8, 3 ul 12 v2 8 u'?
+ 2l u6H+(l+——)f )de+(l+—)f ( Z-)de
Yo W U2 we O, 922
o c 5o o So
= (P - P) (79)
2 e c

Wop -
Note, Vs W and u_ are now normalized by W, in Equatiomn 79.

2.2.4 Solution of the momentum integral equation

Equation 79 represents the wvariation of static pressure in the rotor
wake as being controlled by Corriolis force, centrifugal force, and normal gradients

of turbulence intensity. From the measured curvature of the rotor wake velocity
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centerline shown in Figures 2 and 3, the radius of curvature is assumed negligible.
This is in accordance with far wake assumptions previously made In this analysis.

Thus, the streamline angle {(a) at a given radius is small and Equation 79 becomes,

2§ (ar)u A vi 9, & ur'L2 vi o, u;lz ®_ -
e DS e Bde + L+ S O )de = - —S - (80)
o WO c Uso Wo c Uso Wop

Substition of Equation 80 into Equations 53, 54, and 55 gives a set of four
equations (continuity and r, 6, and z momentum) which are employed in solving for
the unknowns &, W Vs and W, All intensity terms are substituted into the final
equations using known quantities from the experimental phase of this investigation.

A fourth order Runge-Kutta program is to be used to solve the four ordimary

differential equations given above. Present research efferts include working towards

completion of this programming.
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3. EXPERIMENTAL DATA

3.1 Experimental Data From the AFRF Facility

Rotor wake data has been taken with the twelve bladed un—cambered rotor
described in Reference 13 and with the recently built nine bladed cambered rotor
installed. Stationary data was taken with a three sensor hot wire for both the
nine bladed and tweleve bladed rotors so that mean velocity, turbulence intensity,
and turbulent stress characteristics of the‘rotor wake could be determined.
Rotating data using a three sensor hot wire probe was taken with the twelve bladed

rotor installed so that the desired rotor wake characteristics listed above would

be known.

3.1.1 Retating probe é:gperimental program

As described in Reference 1, the objective of this experimental program is
to measure the rotor wakes in the relative or rotating frame of reference. Table 1
lists the measurement statioms and the operating conditioms used to determine the
effect of blade loading (varying incidence and radial position) and to give the
decay characteristies of the rotor wake. In Reference 1 the results from a
preliminary data reduction were given. A finalized data reduction has been completed
which included the wariation of E0 due to temperature changes, wire aging, and
other changes in the measuring system which affected the calibration characteristics
of the hot wire. The results from the final data reduction at r/rt = 0.720, i =
10°, and x/¢ = 0.021 and 0.042 are presented here. Data at other locationms will
be presented in the final report.

Static pressure variations in the rotor wake were measured for the twelve
bladed rotor. The probe used was a special type which is insensitive to changes
in the flow direction (Reference 1l). A preliminary data reduction of the static

pressure data has been completed and some data is presented here.
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Table 1

Experimental Variables for Rotating Hot Wire and
Static Pressure Measurements

Incidence 0°, 10°
Radius (r/rt) 0.720 and 0.860
Axial distance from trailing edge 1/8", 1/4™, 1/2", 1", and 1 5/8"

Axial distance x/e¢ (non~dimensionalized 0.021, 0.042, 0.083, 0.167, and
w.r.-t. the local chord) 0.271
The output from the experimental program included the wariation of three
mean velocities, three r.m.s. values of fluctuating velocities, three correlations,
and static pressures across the rotor wake at each wake location. In additionm,
a spectrum analyzer was utilized to derive the spectrum of fluctuating velocities
from each wire.
This set of data provides properties of about sixteen wakes, each were defined

by 20 to 30 points.

3.1.1.1 Interpretation of the results from three~sensor hot-wire final data reduction

Typical results for r/rt = 0.72 are discussed below. This data is graphed
in Figure 4 through 24. The abscissa shows the tangential distance in degrees.

Spacing of the blade passage width is 30°.

(a) Streamvise component of the mean velocity, US
Variation of US/USQ downstream of the rotor wake, Figures 4 and 5, indicates
the decay characteristics of the rotor wake. The velocity'defect at the wake
centerline (USC)d/USO is about 0.45 at x/c = 0.021 and decays to 0.56 at x/c = 0.042.
The total velecity defect(Qd)c/Qoat the centerline of the wake is plotted
with respect to distance from the blade trailing edge in the streamwise direction

in Figure 6 and is compared with other data from this experimental program. Also

presented is other Penn State data, data due to Ufer [14], Hamson [15], isolated
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airfoil data from Preston and Sweeting [16], and flat plate wake data from
Chevra§ and Kovasznay [17]. In the near wake region decay of the rotor wake is
geen to be faster than the isolated airfoil. 1In the far wake region the rotor,
isolated airfoil, and flat plate wakes have all decayed to the same level.
Figures 4 and 5 also illustrate the asymmetry of the rotor wake. This
indicates that the blade suction surface boundary layer is thicker than the
pressure surface boundary layer. The asymmetry of the rotor wake is not evident

at large x/c locations indicating rapid spreading of the wake and mixing with

the free stream.

(b) Normal component of mean velocity, UN

Variation of normal velocity at both x/c = 0.021 and x/c¢ = 0.042 indicate
a deflection of the flow towards the pressure surface in the wake, Figures 7 and
8. The deflection is seen to decay from x/c = 0.021 to x/c = 0.042. This decay

results from flow in the wake turning to match that in the free stream.

(¢) Radial component of mean velocity, UR

The behavior of the radial velecity in the wake is shown in Figures 9 amnd 10.
The radial velocity at the wake centerline is relatively large at x/c = 0.021,
and decays by 50 percent by x/c = 0.042. Decay of the radial velocity is much

slower downstream of x/c = 0.042,

(d) Turbulent intensity, FWS, FWN, FWR

Variation of FWS, FWN, and FWR across the rotor wake at x/c = 0.021 and
x/e = 0.042 as shown in Figures 11 and 12, Figures 13 and 14, and Figures 15 and
16, respectively. Intensity in the r direction is seen to be larger than the
intensities in both the s and n directions. TFigures 15 and 16 show the decay of
FWR at the wake centerline by 507 over that measured in the free stream. Decay

at the wake centerline is slight between x/c = 0.021 and x/c = 0.047 for both
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FWS and FWN. At xfe = 0.167,FWS, FWN, and FWR have all decaved to close to that
In the free stream.
This fanal data reduction indicates large gradients of,

3 (FWR) 3 (FWR)
oz ’ 38

with much slower decays of FWS and FWN in the near wake. To correctly predict
the flow in this region, the terms containing large gradients of FWR must be

retained.

(e) Turbulent stress, B(4), B(5), and B(6)

Stresses in the s, n, r directions are shown in Figures 17 and 18, Figures
19 and 20, and Figures 21 and 22, respectiwvely. Turbulent stress B(4) is seen
to be negative on pressure surface side of the wake centerline, positive on the
suction surface side, and zero at the wake centerline. Decay of B(4) from x/c =
0.021 to x/e = 0.042 is large. Beyond x/c = 0.042 decay of turbulent stress B(4)
is much slower. Turbulent stress B(5) is small compared to the levels measured
for B(4) and B(6). Turbulent stress B(6) is 0.015 at x/c = 0.021 and decays at
.05 of the peak seen on the pressure surface side in the rotor wake at x/c = 0.042.

Decay is much slower downstream of x/c = 0.042.

(£) Resultant stress, RESSTR

Variation of resultant stress across the rotor wake is ghown in Figures 23
and 24 for x/c = 0.021 and x/c = 0.042. Resultant stress is highest on the
pressure surface side of the wake centerline. This peak decays from a resultant
stress level of 0.017 at x/c = 0.021 to a level of 0.005 at x/c = 0.042. At x/c =
0.271, RESSTR has decayed to close to its free stream walue.

3.1.1.2 Interpretation of the results from static pressure preliminary data
reduction

Variation of static pressure across the rotor wake is shown in Figure 25

through 27 at r/rt = 0.721 for xz/c = 0.021, 0.083, and 0.271L. Local static
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pressure in the wake is non~dimensionalized with wake edge static pressure, P, on

the pressure surface side of the wake. Large gradients of P/Pe is ‘clearly seen
at all axial locations. This indicates that when theoretically predicting the

rotor wake that terms such as,

aB 9P
38 * o=z

must be retained. However, the variation in static pressure shown in Figure 25
through 27 is mot clearly understood. At a larger radial position (r/ry = 0.860),
the static pressure variation shown in Figure 28 was measured at x/c = 0.021.
Comparison of Figures 25 and 28 does not show a similar variation of P/P_ across
the wake as would be expected. For this reazson, the results shown here are only
preliminary as the data reduction procedure used in calculating P is presently
being checked. Therefore, the only reliable conclusion that can be drawn from

this preliminary data reduction is that gradients of static pressure do exit in

the rotor wake,

3.1.2 Stationary probe experimental program

Using a three-sensor hot wire probe, stationary data was recorded using the
technique described in Reference 13. Measurement locations and the operating
conditions used in the measurement of the wake of a.l2 bladed uncambered rotor as
described in Referemcel. With a 9 bladed cambered rotor installed, stationary data was
taken at three operation conditions in both the near and far wake regions. Axial
distance was varied from x/c = 0.042 to about 1.2 chords downstream at ten radial
positions from hub to tip (r/rt = 465, .488, .512, .535, .628, .721, .814, .916,
.940, and .963). This data will indicate the effect of end wall flows and the
hub wall boundary layer on the rotor wake. To determine the centrifugal force
effect on the rotor wake, idata was recorded at’ design conditicons with two rotoxr
RPM's (RPM = 1753 and 1010). To indicate the effect of loading, the data was also

taken at an additional off-design condition at each measurement location.
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The nine bladed data described here and the previously taken twelve bladed
data will be reduced when the data processing computer programming has been

completed

3.2 Experimemtal Program at the Axial Flow Compressor Facilaty

Rotor wake measurements to be carried out at the axial flow compressor facility
consist of both the rotating and the statiomary hot wire measurements along with
a static/stagnation pressure survey across the wake. The purpose of this
investigation is to study the following:

1. Wake development and decay as it travels downstream.

2. WNature of wake along the radial direction.

3. .Nature of wake in the hub and annulus wall boundary layers.

4, Effect of blade loading on the wake.

5. Effect of IGV wakes on the rotor wake.

6. FEffect of inlet distortions on the wake.

7. Comparison of measurements in stationary and rotating frame of reference.

For the pressure survey a special type of gtatic/stagnation probe is being
fabricated. It is designed to be insensitive to direction changes.

Presently, the rotating hot wire measurements are being carried out. Using
the traverse gear, which was modifjied to suit the present requirements, the three
sensor hot wire is being traversed across the wake. A sketeh of the modified
tranverse gear is shown in Figure 29. The output which is in the form of three
D.C. voltages, three r.m.s. voltages and three correlating voltages are being
processed. Some preliminary results of the rotor wake, measured at radius =
9.448" (R/Rt = ,45) and 1.75 inches axial distance downstream of the trailing
edge (corresponds to 0.3 times chord length) at the design operating condition
{9 = 0.54) are shown im Figures 30 and 31. The width of the passage is 18°. The
streamvise velocity US, shown in Figure 30, shows a rather slower decay of the

wake in this configuration of heavily loaded rotor. The radial velocities, shown
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in Figure 31, are also higher than those reported in previous cases,

turbulence intensities (not shown here) are also found to be high.

The

25
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4, SYNTHESTS AND CORRELATION OF ROTOR WAKE DATA

4.1 Similarity rule in the rotor wake

There is sufficient experimental evidence about similarity of mean velocity
profiles in successive sections of wake flows in the downstream direction. The
free-turbulent—£flow regions are relatively narrow, with a main-flow velocity
much greater than the transverse component. The spacial changes in the main-
flow direction are much smaller than the corresponding changes in the transverse
direction. Furthermore, the turbulence flow pattern moving downgtream is strongly
dependent on its history. These facts make similarity probable in wake flows.

The similarity rule is examined for rotor weke flows. The data due to Raj and
Lakghminarayana {[13] and Schmidt and Okiishi [18] as well as those present in

Section 3 are examined.

4.1.1 Data of Raj and Lakshminarayana [13]

The maximum mean velocity difference is used as a velocity scale to make all
the velocities non—dimensional. The so-called "half-value" distance which is the
distance from the axis of symmetry to the location where the mean velocity defect
is half the maximum value, 1s used as a length scale.

Similarity in axial wvelocity profile was discussed in Reference 12 and will
not be repeated here.

Due to imbalance between centrifugal force and static pressure in the radial
direction, the radial velocity component is formed. In the blade boundary layer,
the radial velocity profile is determined by the above mentioned imbalance of
forces acting on the fluid particle. The experimental data of rotor wake shows
that there are two dominant radial velocity scales. One is dominant in the center
region and the other is dominant in the outer region of the wake. Figure 32
shows general profile of radial velocity and notations used. In the center
region (0 < |y| < Iipl or |LS|) the velocity is non-dimensionalized with (Aup ) or

P
(Aurm)s. In the outer region the velocity is non-dimensionalized by (Aur)P or
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tAup)s. The length Lp or LS is used for non-dimensionalizing length scale.
Figure 33 and Figure 34 show typical radial wvelocity dastribution with the above
mentioned wvelocity and length scales. In the center region, the profile is
nearly linear. In the outer region, the velocity is wvery small, and hence the

large scatter in the data.

4.1.2 Data of Schmidt and Okiishi [18]

The velocity profiles with the same corresponding velocity and length scales
are shown in Figure 35 and Figure 36 for the Iowa State data. Better agreement
with theoretical distribution in axial wvelocity component is shown. Good agreement
with theoretical Gaussian distribution is also shown for the absolute tangential
velocity profile plotted in Figure 37.

With regard to the radial velocity component, plotted in Figure 38, the
new velocity and length scale defined earlier are used successfully. The bell-
shaped velocity profile curves are found in axial and tangential veloeity components.
But for radial velocity components, different length and velocity scales are

necesgsary and the velocity profile is nearly linear near the center region.

4.1.3 Rotating probe data from the AFRF facility

The data reported in Section 3 of this report is plotted in Figures 39 through
50 in a non—-dimensional form using the characteristic length scale (Lp and Ls)
and velocity (Wc, u, and um) discussed earlier. These results are from a twelwve
bladed rotor operating at 0° and 10° incidence and taken with a rotating triaxial

probe.

The axial velocity profile, shown plotted in Figure 39 and 40, seem to follow

- 2
the Gauss' fumnction (e 0.693n 3.

The tangential velocity defect, shown in
Figure 41 and 42, show the same trend. Even the radial velocity seem to follow
this tremd (Figure 43). The nature of thse radial velocity prafiles are different

from those reported earlier (Figures 33, 34, and 38). Further work with regard

to the existance of similarity in radial velocity is presently underway.
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The radial, axial and tangential component of turbulence intensity profiles
at various incidence, radial and axial locations are shown in Figures 44 through

49, The intensities are plotted as

E— 2
2 o
e n_ or q
— — s
2 w P
u c
c
The intensities are normalized with respect to the extrapolated peak intensity
N

near the center and the corresponding value in the free stream is substacted from

the local value. All the data seem to follow the Gauss' function

4.2 Fourier Decomposition of the Rotor Wake

The rotor wake can be conveniently represented in terms of a Fourier Series.

The velocity at a position (r, 8, 2) can be represented as:

o«
u, (r,8,z) = A + X [A (r,z)cos 0 . (r,z)sin Eﬁ] (81)
D o n=l""m ) n B
N L L
where
u u -u
Uy = normalized velocity defect = LA max- "
g1 Ymax min
L
GL = distance between wake centerline and the location where the
uy = % {wake width) T
Uy = maximum velocity in the wake
Wosn = centerline velocity in the wake

u = velocity at any point
In the present study, the wake data from the axial flow research fan reported
in Reference 13 is analyzed by Fourier decomposition. The method is based on the
recursive technique of Ralston [19]. In the analysis, the velocity defect was
normalized by the wake centerline defect and all the angles by the angle at the
half wave width in Equation 81. A, rTepresents half the average of the wake velocity

in the given interval.
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Now

where eﬁ = Neumann's factor (= 1 for n = 0; = 2 for n>0)

2r interval of integration (in the analysis only the wake portion is

considared).
2%
S
ch

average over the interval

Similariy An and Bn are calculated. As the coefficients represent the normalized
velocity defect, it should stay constant if similarity exists. Figures 50 to 56
shows the coefficients plotted against distance from the trailing edge normalized
by the blade chord. It is obvious that there is considerable scatter in the
coefficients indicating the scatter in the data. Figure 56 shows the scatter

of the coefficients for the first four harmonics, which were found to be the
dominant cnes. The values of Bn, the amplitude of the sine component of the
series was found to be extremely small indicating the axisymmetric nature of the
wake, where all the distances were normalized by the respective length scale and
the local velocity defect by the centerline defects. The Fourier series matches
quite well with the data points, when only the first four harmonics were considered.
Figures 57 and 39 shows how closely the two curves match. The correlation

coefficient for the entire wake was found to be around 0.9988.
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APPENDIX I
Nomenclature

r.m.s. turbulent stress in the streamwise, normal, and
radial directions respectively (normalized by local resultant
dynamic head)
Chord length
Lift coefficient
Universal constants
See Equations 57-59
See Equations 77 and 78
r.m.s5. turbulent Intensity in the streamwise, normal, and
radial directions, respectively (normalized w.r.t. the local
resultant velocity)

Metric tensor

Incidence

Kinetie turbulent energy E%(ui + ug + ug)]
Passage-mean mass flow rate

Wake width at half depth on the pressure and suction side
respectively

Static pressure
Wake center static pressure
Wake edge static pressure

Mean static pressure at y,r plane (in momentum integral
analysis this is wake average pressure)

Fluctuating component of static pressure
Correction part of static pressure

Reduced pressure

Total relative mean velocity

Defect in total relative mean velocity

Total resultant strass /QB(&)]z + [B(S)}2 + [3(6)]2)

Local radius of curvature of streamwise flow in wake.
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r,0,z = Rotating cylindrical coordinate system (radial, tangential,
and axial directions, respectively, z = 0 is trailing edge,
Figure 1)
S = Blade spacing
S,T,T = Streamwise, normal, and radial directions, respectively
(Figure 1)
1 Bui Buj
' = i i Py S —
813 Strain rate fluctuations [2(33j + 5%, 1
u,V,w, = Relative radial, tangential, and axial mean velocities,

respectively (Figure 1)

Us, UN, UR = Relative streamwise, normal, and radial mean velocities,
respectively

uso = Relative streamwise mean velocity in free stream

Us’ Un’ Ui = Relative streamwise normal and radial mean velocities,

raspectively (Figure 1)
U, = Component of mean velocity

U, V,wW = Defect in radial, relative tangentail and axial wvelocities,
respectively, in the wake

u, = Components of turbulent velocity

i
uj’k,Vj’k,Wj,k = Value of u, v, and w at node coordinate (j,k)
u = Maximum radial velocity away from the centerline normalized
by WO
v, v, w! = Turbulence velocities in the radial, tangential, and axial

directiong, respectively (Figure 1)

u'vi,u'w',v'w! = Turbulence wvelocity correlation
¥

uk, v, w* = Intermediate value of u, v, p during finite different
calculation

u ,u&,u; = Turbulent velocities in the streamwise, normal and radial
directions, respectively (Figure 1)

VO,WO = Relative tangential and axial velocity, respectively, outside
of the wake

Ve = Streamline velocity in the definition of Richardson number

V.Y, = Defect in tangential (relative) and axial velocity,

respectively, at the wake centerline normalized by Wb

X = Axial distance



Ax, Ay, Az
Q

o

Subscript
o,e

C

2D
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Mesh size in x, y and r direction, respectively
Angular veloecity of the rotor

Angle between streamwise and blade stagger directions
(Figure 1)

Angle between axial and streamwise directions (Figure 1)
Semi wake thickness [r(ec - eo)]

Kronecker-delta

Turbulence dissipation

Dissipation tensor

Alternating tensor

Angular coordinate of the wake centerline and wake edge,
respectively

Wake transverse distances normalized by L and Lp, respectively

Blade stagger

Turbulent eddy viscosity
Kineric viscosity

Effective kinetic viscosity
Density

Mass averaged flow coefficient (based on blade tip speed)

Values outside the wake
Values at the wake centerline
Wake averaged walues

Tip

Two dimensional cascade
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APPENDIX TT

Numerical Analysis

A.1 Basic Equations

Some of the notations and technique used are illustrated in Figure 60.

Other notations are defined in Appendix I.

Continuity
W, Wy
8x ~ 3y 3z ORIGINAL PAGE I8
or
Momentum equation in rotating coordinate system. POOR QUALITY
x direction (Figure 60)
30 &u 3y : =_13p _ (3 42 3 Sov, 8 T
Uax+vay+war+2£2w$1n8— S ax eeellt * oy U + - ulw'}
v direction {(Equation 60)
v 3y 3V 1 3p 3 5 .2 3 ——
= —_ 2 = — o 1 L + — T —_
U % + v = + W - QW cosB o 3y {ax u'v 3y v+ or viw'}
tr direction (Figure 60)
aw aW oW , 2 1 3p 3 3 9 2
anw gw aw 0 _ _ - = U L e R SR S 9 t
U3X+V8y+war+2VcosB 20U sin B — S ox Gou'w +3va oW :

where X is streamline direction and r is radial direction and y is binormal

direction. The coordinate frame is chosen as Cartesian at each marching step.

A.2 Equations for the Numerical Analysis, TIncluding Turbulence Closure

The parabolic-ellaiptic Navier-Stokes equations at each marching step with x
as the streamline direction are given below. Lower order terms in the
equations of motion (Section Al above) are dropped resulting in the following
equations.

X direction:

U U EXi) . 1 3p d 3
_.__+ —_— —_— = - = YE . T T - 1 T
U % v 5y + W ST + 2Qw sinpg . {ay u'v! + ar ¢V }
¥ direction:
ov oY v 1 3p 5 .2, 3
Pl __.__+ = _ = e = 2E L T . 1 1
1] Pw + v 3y W T 28 cosR o 3y {ay vt o+ sy VW 1



constant.

i’k Ax

r direction

oW oW aW

T+ V—+ W —+4 20v cosB-20U sinf — R =

ax oy ar
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Here a turbulence model for the Reynolds stresses is introduced.

S S R i
ulul ut65§;-+

i3

Then the momentum equation becomes

X momentum

3 3 au

ax oy ar
v momentum

5V , AV, o 8V
U8x+v3y+war

T momentum

aW aW

2+ vy w2y 20w sing = -

- 20W sinf =

2
Ty & w2 4 20v cosB - 20U sing - xR = -

ax ay 3T

2_ 18 _ (8 Ty @ 02
= T {BY viw' + T
3y, )
oz, 3045
1
2
1 3p 82U BZV 82U oW
P RAA aa aarvers 2 * amr
p o% 3y ¥ 31
2 2 2
1 9p 3V 23k, 3V, 3w
-=—=tv {2 — -5 =+ —5 +—}
p Ay t Byz 3 ay ar2 aray
1 3p 32W - 2 8k
~ =t 4 v {___. - = =
p or t - 3 or
2 2
+ 3 Vv ) 1;}
ordy 3y

A.3 Marching to New x Station with Alternating Directions Tmplicit Method

The periodic boundary condition is impcosed on boundary surfaces where y =

is y—direction implicit,

A.3.1 r dmplicit step

Therefore, the first step is r-direction implicit and the second step

A.3.1.1 Equation for new streamwise velocity components at the new station

S T Uik ey Uspioe ~

U, .,
Ik Ly

Ukl

i’k 24y

Yyog-1

i’k

2Ug5 + Usipop

2Ar

+ 20W,

37k sing -

2uy ot Uiy

p oxX

— U, ., -

(Ay)2

Yik-1 T
* )
(&)
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1
* Tty Vi T Vi1t el T Vil T V4o10ked)
b (W W - -W )}
GARAT Y 317kt i-1%k~1 J4+1°k~-1 j-1°k+1

This equation can be rearranged as

+ Bu,

Auj,.k_i_l J,k -+ Cuj’k—-l =D

This system of linear equations with boundary condition can be solved easily with

standard ADL scheme. See Figure 60 for the definition of U, V, W and u, v, w.

A.3.1.2 Egquations for first approximation for v,w in the new x station

With the upper stationvalue of static pressure, v and w are calculated. The

finite difference form of v momentum equation 1is as follows:

V. = v-, V. 3 - V. 2 V., - V.,
i’k - 1’k 31’k ~ Y4-1’k kAl T Uikl
Usop in * Viop iy + Weay She 26M 5, cosB
1 P3+1’k Pj—l’k V1‘+3.’k B zvj’k + vj~1’k
= - = o + vt{Z.O 2
P Y (&y)
3 hy (Ar)2
+ —L-(w + W -V - W )}
hayAy 3L kL T 3=kl T ViR k-l 0 417kl

This equation can be rearranged as follows

' T ' = Nt
A Vj’k—l + B vj’k + C Vj’k+l D
Similarly, the equation for w radial velocity at new station can be written and
rearranged as follows:

AN g T By F Clrggyy = D ORIGINAL PAGE I3

A.3.1.3 Correction for u,v,w

Static pressure variation is assumed in the streamwigse direction for the

parabolic nature of governing equations. Generally, the continuity equation is
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not satisfied with the assumed static pressure variation. The static pressure
is re-estimated so that the velocity components satisfy the continuity equation.
The standard Possion equation is solved for the cross section at given stage.
The peculiar point in correcting process is that the mass conservation should be
considered between periodic boumdary surfaces.

The finite difference form of correction part of static pressure is as follows

2 2 1 1
P%,, ={1/¢ + ) H ®! ., P! .5.) + ——=(P! +P‘., )
'k 2 2 27 9-1"k — "3+17k 2M 7k+L k-1
: p(ay")  o(ar)”  p(ayp)” d 3 p (Ax)
- %, - Uk %X — W%
R0 S 1 S 1 T 2 10 S S =
Ax Ay Ax
and ?’k = Pj % + PEI.-,k
The equations for correction of wveloeity components are as follows
= _ 11 "
Vik =7 5wy e T B
11
* = - %
Y o pr i T
" _ _ L1.9P
u%,, = -
i’k p K J *k
and .
1t
= - ZTu.,, AyA
( ) > u,,q AyAT
Pk

where m is the flow rate between periodic boundary surfaces.

A.3.2 y-implicit step

The similar equations to those in 3.1 can he easily developed for y-implicit
step. At this step of calculation, the periodic boundary condition is applied and
this step is much like correction step, whereas the r—-implicit step is much like

predict step.
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A.4 Calculation of k and ¢ for Subsequent Step

The effective kinetic eddy viscosity is calculated from the equation

\):C_}E{i
t u e

Therefore, at each step k and ¢ should be caleculated from the transport equations

of k and e.

The finite difference forms of these transport equations is straightforward.
The equations can be rearranged like

Ak

57ke1 + Ck

ikl D

+ Bkj’k

A.5 Further Correction for Calculation

The above sections briefly explain the numerical scheme to be used for the
caleculation of rotor wake. The turbulence model includes the effects of rotation
and streamline curvature. The static pressure distribution will be stored and
calculated three dimensionally. The result of calculation will be compared
closely with experimental data. The possibility of correction on turbulence model

as well as on numerical scheme will be studied.
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Figure 1: Coordinate system and notations used



Figure 2 :

Curvature of Rotor Wake at r/rt = 0.860, 1

C
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10° from Rotating Triaxial Probe Data.
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Fig. 34 Radial velocity(Ref. 13)

= B
e E e

S e e

== o ITITTLIT T

i = ; T E o @
\ - e et a— -
M- — —— CANRR Yoo U Y — b e
a.._.& - T —— — llwnilu.ﬁ.sllh” - m —_ ey ~F
[ mening U it — —_—

L
f
6.0

e : s =
8. 9=32 == : : : =

H.. 497 =3 ST =y s ! : 3 == - .
© e . o npomp et difcbuuin peine gt puming fmoonton : e T T T e -
B R R R Tt e e i ! — o e e S
w 0n- H—- W-- O — — — <
= - nm_ Pt el e oo m eyt el
- _ —_ o : ool
3 o A... 0 pf T EoiLTTRmn I oo P ; e e k
S omn LT E e S sy miim ST
— — - == R e e i M ¥
- Ty o= el pllieter ey Jagioe Ty —
it Slieel TITrTTrTESTIs LT T T _ i
[ ————— o = iy ———— " ( T 'y
— i - — —— - — ———— ——— i e e 3 I ——
T I IIIToT oIl LI oI omems T Tt e T =

NI

[
= P
l

fre ot

ORIGINAY, PAGR ’
IS
OF POOR QUALITY



LLe 3 QST eh JAR PR TR o O

I et LT LT T T T I DI I LT L T ~.C [ it e B b../
e U — - L L T T T T T T L T e e m e A T I T T o
CITILITL LT Il TOTImImTTIoIoU vommmTmiei.oamoTenoL TTLo T OTTTOTonrL. . TTTrmITT Z o2z T AR~
o _ mrau— - - - - —— Veaa —————— —_ P—— —_ — - - - PRSI —
- - - R i e e em e e erd wm e mm ey S .
STml el e TELSLIITTCLLINS TUUITmOTIL TTR JUTTRLLTTT LN T LD TR T o =
i v i Pl T P T T TS ™k
= e b e e et R ool i i et epor el
Tt e ool ulort el LI T LTT LI, DITTLLS LI T LI I ©
= e e —— mrn e e A A a2 e o -———— - o IR A——— iy fmimyap St et S »
I L T D I L TL T LR I SISt oL IS ST LTI Lo
e ST TRTTRS SIS UTTTIETIITE TLI T, YT TUDTE T IS ot LiThooT LI T T T M
e e s oa —— am 2 e - j— el e e mage e b eaeen = [ LA U iy =
. e 2T I BT ! T i_!ln“ ——— o P T e et el A
—— . aa e = e - —en e — ke mm ke m e e e o ————— S —_—— =i
D S el ety L e L T DI DT T IO S T A e LT T
R sy e ronens T o ot Tt e oyl o o o S - =~ b et e s rany ewan T
) S T e T T, T T T I T e I T TR T T e DR LTRSS
N giviytnivalissmmngl Slouiiooiibuns htiedt ottt vagllunent faminggfein oo rembvt i, oy —————
o Sl Samateeiolly Ml et ST T Tl el wents felie e ottt m pedlubtemses pbestoredioust
Sl ot SO g S e e e - i e e e S T Ty T T Ly T T LTI T D [a]
.2 TTII b e T T IIIT D ITITIITLITTTT L Lt L s o T T s T L T T <
[ ——— T e S v e s e a f e mhm T S - —— e Sl TS D i L I o
Pt I et e I el Sl —== IO TV LTI LIDEI T T I T DL I.Illinh
ST TV TEDITRIICTL rmTrhsn s, I g NS iiepatpenalpa gl vhusmteng Wi ufpsiomygtpaoiiin) S
LS— areeasa 4o r ¥ O e A Iy I SR [ | Rt S il i) el |
e e r——— 1t e . - [ AR N Y S M — b e meeemmend el T JE S h—
aes STLDIIIITT ICLUTITITIE, DT L I I I IIUPLI I BT TTTTIIT I TIIOL ITT Il T Tomimoeemiorbmoor S
T S L RIS T e gyl Dol mim el dalde e ipeukee i Tl cpnt i s ity
| J VUSRS B R UL (M a ) J— -
e et i Lo oy s ot o ol Pt ey i ppadupietfenaiaspadudpusond Ssatbanstndi
pesdiosbutnsizmpy Sueningiyepuras Sooptaliifuvais WIS S LT T L T T e w e e T TS T T T
[t il T ps Mool Sovnfvapal ot s gepondivoingininudtpringtoi N whuiob - abiilss A - Rneiiars ooy Mgt Siiegiepniodvoigeipe) Mgty
L e o] v m— v peamunn — e el L i S mlia ;.i“ [ f — s\‘
oy oo il sttt I puepntlin il wesoad epitunbug il Seutegotibiit tivualivalit eVl Tl Tt e e rovengll Seeeley il
o m——pm e “. - potininny gt e T LT - e w TR T TITSETT _—d O
P el e B Pt spregrat sl pane
colilees S
NI o e <
T =gl Ry :

T T P e
| PP —— |-|ll|[”-l,l II||||| P
— = &
e Ml s B pox
e e e W
; - a
T [yniameshmed Sessll kel R
L PR S’
= : = o= o
s M g et bt w2l o
i 13
it e st I s
e it —
el = o]
——— el e — |i|..l..wl|.|6 . v
.|." T v e =]
: g s
E T - -m
== | 3
= = = n
e S S )
K = .
f— — = w_u
e g £
o :
[t tesiatici | =~ e
— —— e [y Spnsasstmisnng ity
TmTT T8 T
e R At el ol
- ||! o= - oy T v— . po————

: . CE e e
P e Y ) T e PR Mctuts i e bVl g Sovpos! e ey o

- [yl - et ynliofumbag Sduteinibot apttnstpnirat Sotuntad P s e

4.0

H
3
|
[
H
b)
I'T
il
b
i
i
o

i
[
!
|

i — " - - L i _ — e bt |
- —— - - - - - PR L3 x i
- - —— - T
J P

- [ NS S I e
T

1
emrry—ri]

P =
~ d L
- Al : r

}

1+
(]

iyt

T
.
vi |“|!a
'

== v i

i
{hert 8

6.0

- - ey anialls gt Rt el e
—T o ) - el el e s el erment ity
- . T ametopeve eyt sttt St ekl
- —_——F = - - == ————————l
- —— ———— - ———— . - e e — — - i o -
; T T i — T LI R i Bt 1 ; SITLITITT.D) 9
= . wumama L2 E— - pT— gy Mt
i et M liore D oL b = o - - Taeon
— o o _mammme L ¥ —= = . -~
= o @ b ° i S M ; i -
= - I B TN I T TSI T T ITOIIT T LT : = ToT hU
= e Tl T e s ,r.ll : : i : P
AT T L LImItL I TINIIIILL mmmm oo o e s t ! s ;

ORIGINAL PAGE IS i
OF POOR QUALITY

o s R oy


http:veLocity(Ref.18

HONI OL S3YVYNOS 0T -

MNOILD3S SsodD - gy9 ON @ 3aviin

73

I R T~ T T T T e T TIY ra
' 3 7 (o = ii T T Ty T (A A 1 o A O, 2 T
14 30 R R Tov T Tt [N} H Ty ) 1 IER] RN} T T ] T - — L Tr T
T T b ) r (o R 1} I A (i) T RS T LI L
sty L] [ T 1 T 1 ] T L] Ltia i LR . 1 i
Kl . 1 Il 1 I 1 LEEY L k] 1
3 T TTT Iy T 12 T 3 1 3 (3 W) T T T 1 e} 1
i it T REER A 1 T n o i T Ty 1T T T, g T
T 3 ) 3 R D R iy W T 3 ra T K T m Tt iy T
T ) T T T DT 1 T + 1Tt 1 T T T T T H T
H I P ot 1 1A T 1 N L e by 1 I 1] 11 L - i H L
T . T T T 3 " W T T T L3 E Y 1 1 T o o i
r3 1 ) Eama ST T T : T F 3 L3 T i3 IR
Ty T Y a3 () [ T 1 1T [N NI T T T T T 2] T AP ]
L3 T L LT L3 H I3 T i I 1]
] L aipd 191 LR Il [l 1 L L} L1 LI}
Cm T AN Ty iy T T T ) ) 3 (1 L N}
T T 1 T TErY IERE RN ! T I N ) T 7 W% KA IR} LR g i Tl
Tt T T L LN RN T T 1 C T T i Y Y L2
T T + T s ) t =3 - ot 3
i L i fi L LI
T T T T T i 1 T : Tr T T
1] L 1) =% k] 1 T T3 [ ) L 1L [l
T L ) T 1 1 1 It [} -
RAAK] T T ) T 1 T t T T
T T T 1 T T T 1 T T )
T TET 1 i T T T 1 o T T 1
ms L3 L T T T s | t T T
(R AN T t T T T n T T I 1
T T L2 T 3 L]
NN W] ;2 T T ]
1330 ) L kW [T M RS T 1
1T £ T LA W Ll
(NN Ty T L '} Ll
T TY T I T
L LR T T n L3 3
1 T 1 (R ] I H T Ty [ 13 H
TT I T1 L 13 3 2 e K
EE AN T v o T il i 3 T T
11 1
11 v H I
T a t I 1N R 1
1 T n T 1 ) b
T T 1T T 1
1 T i T
1 1 T
¥ } 3
I i T LI
1 T T ¥ Tt
T 3 i~
T t T T T 4
T TITT . T Lo
T 1
1 i) T +
I ERESE
T ! ! I T r}
I
T I L T n.lL ) 1
1 I3 [} T e
T 1 i
T T
1 T T RN 5 T =6 oy Yt
1 T T o T 3 T L Ny
1 1 2 L] L z
1 - i " o il
I [ 1
I i 15 1 T 3 n
1 T 1 b B ok e .
1 L 11 I Ti- 11
.)l..u-!
¥ : wdal]
T i, n o QNS
H ! 4 ATH
- T
T 1 - G
- T T 3 Sjedird
"~ t ~ =
)
w.. 4 1= let - L
. i Il e xx
T 3 fagecna
=i [~ g
20 s e relas
o A E = S T
= E L
Lt T = = T ]
e K T i gl
£ = T
- = : 3 (g S
2 r == 3 5 Wi
= T 3 - .
+ Py, 19 ) 4 e T ) fa R A T & Sl
1] __k, Ta L) L1 Ty a7 T : Ll ! - HH
T (M ? T ry T
e g 1 .“%i i s 1T g} e._.
T T 1.7 1 1 o, } 3 1 T — e i (L
1 T pharm: L R o 1 T T s -
i - T T T ry T e nd
T [ | L a T i 1 iy T T ] T L, Lol il
L T T gl |
< F3asE Sy
I ) 1 3 T 5 T
I ¥ 1 = mlu._r% ; T T i -
I ¥ ot -
1 + Tt Lels i } : T rr
T i
T 3 oy e T i T £ T
v 5 T T i + T i b
{iann, i = MR t Feed M
1 ! Il
* amana T ALY b
T T g Jpeen
T T T = L [y
1 T PPy
tm o : po e
1 — 1
ol 1 x T T (al) gt
Ll t = 1
t : i _r‘mﬂ i [ b = 5]
L9 R P Is P —
g ! b ot | e
i L
o 7T 1 +y T } 1
T T il T T ¥ T
bl i 1 L T T b
= T T T T T T IR T Tt
S ._nl T 11 T T X T __. it A ol
] T T 1 | ) T Al
. T ¥ L
oo g " 7 L 7 oo LT =7
A " T 1 3 T 1 T " INEEE! P
T+ T L 3 E T i Fl
.s!aa...ul_..i Lz 1T M A 2 | T T T rindie|
T T T T T 13 T 3 oD
. L r T T i b
T 1T t I T T i
= T T 7 T T T i 1 LR ) s S
e M 3 1 ¥ L] I} 1 i T 1
Ml ey 1 ] r) T 1 1 I 1] ¥ 1 L.} I
[ T * I T r ¥ T : L
T T P T
I ¥ 1 T T I (RN} T T T T =F Ty e
. 1 T RN Tt T 3 13 T 3 T il 5 T
1 1 1 11 L) L] 1 ER N 1
N T T 14 3 T T ¥
bes ba - Il 1 1 L
i 1 & ) K] T T T I i T T T
- 1) 1 Ty 1 11 T 1 1 L) T £
it i3 T T 1 R MR 3
T T T 1 13
R T i I
i T 1 3
L) 17 1 I L}
T [ 1] 11
- T
- T 1 T 1 [
i T 1 : ) T L
{ T T ) T 1
T T 1 3 T T 3
t T T T 3
- ro— I 3 T T 3 T
gt 3T T £ [ 1 L} I Il i I Ll T (3 I ¥ M) T ]|
T T T 3 T T I W] T T ¥ T LY ¥ 2Bl M) T T
ry T e 0 1 s 1 T T T s T raC MK T
J r T o T T et n T T U T T
¥ ) " T : 1 1 T i " T
[ 1. [ [ 1 3
= L] _“ 3 el 13 T [l L ". L] ] 1 —
I T T T T T T Ty T T iy
T gt T T T T
- Ll e T LI H T T T e T H 1
) sy I T T 23 T T LI T oy
L) 1 I T [ 3 ) 3 L R T A NER AR
Ty L T T L T i it T T ) 3
: T 7 1 (o RN} 1 L3} 3 T
et ol T TT -] T T :
T L | 3 1 o ) T T () 1T T 2 ] T T T IT
[ S T e SR M i T T L) ey T T ¥ T R )
oot T et w5y UL NI I N T T T (0t i A R NN t Ty (R A
1T T a0 I ¥ T T T '3 i o 2 1 T 3 ra
T rEr— ¥ T ra I
(mmm) L3y " { 3 T T 3 T T raal —
ot T T ;3 L e N M I B T i T u\.Z\.\\\WHHnn!
it L3 L3 L3 1 LI T 3 I 11
= [ RN EN] IEEN] i T 1 T T Tt T I .c/f]
It T L T h I el LR T T w3 T Tt T -z
iC T Ty 3 T (O A R T (ol ) IR A 3 T
M IR AW r ¥ T T s T i i o s gl T
L [} LN L] 14 Il ] i T [l 1 LI il I} 1 ir
- T T ¥ Ay 1t 13 3
T T 2 ) T TE T TT Tt T 1 3
I 1 L3 T 3 T T LB RN T L 3 oy 17 Fa— T
T 3 T T T T LN A N RN N RN N NS | T T rimint i it t 3 EE|
i i T T 1 MR [ I X T Tt L
0 tR1 T T T [l T 13 T I v 1) 3 1 T Ll I L) Ly 1
: (N3] 1 F T 1 i ¥ T ¥ T FI I LS T Tt T+ it
T T T 1 T a RN T (s it T T T T
T T T T Cins 1 ) T T T e I N R R N
(- T T n 3 - T T LR 8 raE IER T T N 0 O 2 0
t n 1T T T 3 (i} T + 1 T T e 3 ra) T £ T

ORIGINAL PAGE I3
OF POOR QUALITY



40 % PHH

Q
Q]

50 % PHH

60 % FHH

%@

13

— =4 — — Gaussian distribution

10.0

PRI

FER) T2
76
oo = o mm s oo - T T e e i - Ao - - - - = " e ”|I .
[ . TS roEmeT T > T
—_—— — e -~ — — e e - B et v T —_
- - Rl - - |
o |lk..MIi=_ :...||1.| e ...W\:ll!ii[!lr f e - = .Ma -l - e ’ .i.....:in..!.]_l
- lzl . . ~ _ (In . - - -1
[ U A U 0 R _ — e  mir e e !
. - o
T motmE o om o e memest ST st T T T T Tt T
R SO - e e e e B, - . e
. . e e . . - oot
. : ! =
e e — e e m e wma— et . - - . - - P - -
. : . ! —
o
P o Uy
- - . a
- =
S
- N -t — T =)
. - E=
oo s - - - e - - hn)
S - e e e 25
PR . . - L R - -Mw_
e o -t T e T s s e -
= — SrmL VT - W‘.:a”! n. !-J.ll - - T e e - - —”-——u
C e Tl e - o - S : 2
- ) j=]
- - qQ
r g
. o - =
3 o
- 11 o+l
H
. H -~ g
H PR
—— — b 1
M (=]
T I = - m
' =
.. w - -
e ! e
I — o
b
.- E m/ - [
] <
- - - - Lowf o
YL
. - - . S / g .
. . »
- — . e . .= - -
- - +
I e sl 7 ST
e e e e e e e T e T e~ L NO T
B A TS %o -
.. ...; J el A ." —
=T . o
- . . . ) co



HDN! OL S3YVNDS 02 - NOILDIS SSOMD - €V ON @JNQ(.E...W

o T ity I I 3 3 LI 15 I 11 I L8 W I T T Ty
s (L I A T T B L 1= T 5 i T 3 T £ ORI R S K
(Rais T T 7 ¥ I T I T A ) 1 T ) I L
T T tai 3 ) I 11 ) 13 T [N 3 T + T T ol b3 T
IR R LM 3 T Tt T TT = T T
7 ¥ T T T 1 1 1 T T 1 R
1 1 T T T3 R AW N] T T 0 1 i) IT T Y
T T _:“ T I Tiee T T ri 5] L 1 ] 1 T T H I} L
i ) NI O T KK TR N X T T 1 1 T+ 3 Tt
.__- T [ ] T T T 7T T T 1 T T P Bfr i
Tt mn t : t n N s ﬂfw
7 T MM N T N N1 T T T i T i t T T i s
T T T v (il 1 T T i 1 T T e i L
I Yol 13 1 Kl Tl L) 1 n [ r Pl T
L3 1 T T T T T I T T T
2 L LN M 1 1 T : 1 T T T 1 1
[} LI H T 1 L k! i i 1 1 1 Iy L
T 7 [ W ) o T (M| T T T ik el e}
I3 (A3 N i 1 I A B T 3 L4 ]
1 1 it T T i )
Il i 1 I 1 10 ' AN EER] [3 H T
L1 T INER] T ] 3 T T T T [ i T ) T IR L&) 1 T
LN ) IRE] Loy (RN KRN F0 o T n T N A T + T T
L1 : ] 1 IRENA L3 L ¥ T T ram ¥ L i
T T T Lt T T I T T
Y ) T T T W
0 Tt i T T
i T L3 ra) i n
1T ) (3 I (AN 1
T 1 T 1
T ) T
T 1
¥ 1 T
3
1 ) T
) T [N} 1T
T T ¥ 3 T (R ]
1 I T I i L3 1 o T
Lt LI LI T 1
1
i fer 1] 1
I I} i
1 E
7
' 3
T X
1 Tt
T T 7
LA L) ¥ Ca W
3 ) 1 T £ Iy
T 1 T T LS W S )
n vl
. T ot
;3 T
T ™ (W
L1 i
1 T i 1
T 1 T :d
T T o
et T T T T iy G T T
n 1 ) T T Tt KNI ~
] T T 3 T M i TTIE T
I T i T T T T T
" 1 13 . — ) T T L.
i i 3
T 1 T | o T i1
1 1 T 1 r 0 [
" T - H
1T LIS ¥ T T T
) 0 T T +
T L] L] T T T T : — LI}
(g L o ) e #) 1
] i ' LI
1 L T Lym k2
T =% T it AN RN
T 1 (M| T 3
T H T { 1 [ T Ll
T U = n T T
T , T T
' Y ¥ o T R
= = =3 Jle 1 ]
Tiv . e
- - =
3 ...n T T
3 r = +
e T oy =y 1
. = _ 2 T rrid
= e YWY = b v
L - T T =TT ] 1 = —
F Iy + 1 L) ' [N ) 2 T [ h
1 puiaty 1 e Ty
i b . e B W B AL s o e
LI L ] 1 -y Tl 3 i 13
T T LN T a3 [N T e et o L&)
3 N I et =3 1 7 T T
i eb ; 1 ,." 1 ry m..ﬂ_ﬂ T ! ] 1 Loyw (R B & K
3 T T T FERg (w3 T ) L § Ty
i R K 1 wm T 4l
1 : Iy t T t L4 = M W |
" P R W R IR RS m S T I T o 1
R, T G ¥ 1 T Aa § =4
n I Tt o Tt T 1 T Lt B
X} T 0 Lk . o T 1 1 gl i i
T 1 [ T — L] 1 1 L | Il [t -
3 31T T T T X i fraats it ._FJJI
IEx] I r3 I Ty i i = s = tv Ty T I ( sy b
1 Il L§ .
T T HH T i< = ; Iy R
r it IR T furnay
L 1 LM el
. 3 + 2 31, W
1 ] - gt
it ; l
= 1 1 C.:..urLﬁl
— - T 1 " _.ﬂ)ﬂ_ 1
= ) T r P gk g
T e T T T 1 157
T = T T 1 T ¥
. == * : " ¢ Tl - . -
[l 1 [ 1 X [l 1 [} tem L } LWy )
T i A 1 3 T T 1 T i 3 ol 1 Bf)=frr=sy
) L] I ! e | T T x Z [N et L 11
T 1 EA o S 3 T t Tt T
3 I 1 T T T 1 I 1 (ot A SO
T [N AN 1 T £ 2 g
P 1 T XN R A T T T I
= s v A T ) T (WE ] T
L3 I 1 L2 ¥ 1
PR 1 T [N N IXEI 1 r T T 1 [l [l i
Hr T T 3 T FR i T 17 T T LR iy §
N ] T £ I T T com) T t T T T
T =Y T T t T T T T T
naa gl T t 3 30 N i TLT T T 3 t e —]
L. T 3 1 s RN T T =
u - 1 Lam LW 1 T3 (N AW R T i i T W T 1 Chia)
I R W S N I 1 XN R N X LI S T T 1 T % I T 13—
T i : 1 MLEN Nk i 13 T I -] 1 T ) T 1 1 " T (N -t
i 3 0 : T T t T
M n ¥} T n T T LS X A
{1 - T ELm 1 1 1 T T T | ) 1 T o 1
- Tt T T X} T T T T 17 T [}
Ca | Y T I 1 T T I 1 LI I A M AN [NEREE]
F— = : T T T T T 1 o
[ [N X 5 [l ] 1} I i
A ) Ty T £y o - n i T T 1 ¥ T
N FRNNANE] ras oy T 1 1 (| T T i
13 [ T T I 1 e iy I T ¥ T 3 [ O3
L} (R R 3 T T T T T i T
T T T T T T ) 13 T T 1
THTr ] ) - T IR} T 1
T a2 L} IR £ T I Ty )
T I TTTlT T r} S ) fs T
T T [N B T + n
i T rt -y T :
L A T T T ]
1 tai LI} |} i 1 ' L 1
(i3 (8 i ) ! (0 T
T Linid 1 L1 L1
e T T iy T 3 x
143 N it T 1 T L T i T 1 r T r’
i3 T T (Y T T I T T ) T T (KN R L (mnt ) il 2 e
k] i [} i ny 1.1 1 14 1 1 1 t) { £} I T 3 1 i
3 1] LRI 1 T T I T K]
T T i - 1 T T L3 13
1 T ) e LI S oy = T T 1 I ] T T
=3 Emeil) [ g~ ) 0 1 T E3 T
T3 S i A4 B T o) 7 T T T 3 T
1 L Il PN - LI 1 1 L3 1]
2 T o i ._m.r__ y=od 1 T T i =] ™
i ) T i .
- T 3 T 1 3T 13 1 T T r T i) T ¥
LI LIS 3 L i 1 Il 1 1 [l Il 1T
(R T i T 3
T —t 1 T i 1 1
it 1 T T T o) T 17 1 T T T 1 T 1y T 1T T 1T T T r (i
T T 3 I T Tyt T (S M T it : 1 'y
T LR ) 1 Ja rmanm e ) T T IR T (AN T Tt LI M S e B =
t ) o} T T 1 T (R} ¥ -
- L T T e ] = 3
3 T T L3 T ¥ 3 ¥ i) 3 i ) T
LRI e l] I NN} Il IR [} I Il T () [} Tt L1k T fl 1] ]
T T ¥ T T3t T 1 i 1 1 T IR 1 T (o 3 1 oy
[ R I T T L T T T T 1 1 Tt
rs 1 3 T TT T T I T L1 T 1 L] T LA
L3 13 1 A [l T Il 1. ] 1 it L1 K27 3 i ¥ L] ]
RN R N T T T T T o T 1 T T £
T 1 1 T 1} 1 ELY EN) 117 T Il 1 LN L) [ LR} i ) LI
13 I by L 1 1 A 1 [N i1 [l L ) L) ] L]
(R S L ey i T T T T e T
T a3 C N T W ] i PR T W I M £ Tt 1 | 1 T
i T LI (I Y T T 2 7 0 [ R NS R R
TiT T L) T LA - [l L3 T [] T4 |
T T ER RN ] 3 n X3 AN} T t T T T
T T 1 7T TR A I Y TR A T T S 0 1 ) T T t
T 1T LN W i i (N K] Tt T T R RN ) T IREMEN] LA
[ERNEI L] T 1t by 1l 1 (| [ 3 b VR 20 N N} T T I Lk ) L} t T ) i (i ] L3N] )
(RN W KRR | Ty LI a5 I K ) 5 L L T M
1 - . 1 1 LI T L] 3 kI ) 1 T T i L B 1 Ei L) L) ) L i = ] T 1

ORIGINAL PAGE IS
OF POOR QUALITY



Figure 39: Ayip \JgLociTY SiMiLag Ty ProwiLpE -Yommive Reoke  DATH

T Y DY D T R T i T TIT T e T T
L] Lis FR SRR L 3 Pl ¥ T ' L T
o T n X I3 T T Lin T INEE
TIT risl A T | yw) T i T 3 it T 1
3 1T L T y Y I fi3 3 ¥ LI
L T T 1 P30 S A T T X1 I s e
PR) Tt T Tt TT t T T R T T T T Ty r
tum) ERRE 1 T LI S T T ST I I I T R - 1 A I e
Et o T T it 7 U A Y I PO TY WS B T L i I M S
T =3 t ;! T T ) 1 T T it L 3 Tt I TT kil M
T " 1 1) L) ™t T ) T it 1 KIS i3
T T Tt T T 7 1 T 1 TTT 1T * [N I I T | RERY I3
T T T T T ul T ™ i T 3 T =it T T T
T T TTT T H T T s T LI ) T T T T 3 H
L . i T T 1 T ¥ T 13 1
1 LI T I ) T 1 L H 3 T T i 1
T + ) H 3 L33 I N T ()
iy iIT ] 1% SRS L] 13 T It 1} T I IR T [ T L LI e A i
+ 11T T 1T T T 1 T Lol 4 Tt
t R
- ¥
3 T T T L34 ) T E4
T T T i T 2 \ T Tl T -
T T e 1 1 T 1 1 T T TETT R Tt 3
.* | [ TT T T 1T t T I
T [ - Jm -~ < L3 1 1 . T L) L b
T L T Cof Y] 1 T i T T LA =3 Ty L S
1 S T T T T T Tt 1 (RN R ] AN AN N
T i — T T T LIS 1 T i L A
=1 i n m L T T
3 T 11 I s M T - - -
i bd P ¥ i
= T T Ty — $ e i T armm T
™ _.wrp!_ . LX) T ) T T T T T 11T T n i I
+ T I T Tt T T i
1 1 L 5 Ty Ty s T 1 L8 S F3 T T H ol T
L4 1 Y 3 : T T T T L i
T 12 i AR TAT Eits oyt T T T ) ¥ T
Ca = = Lo 4 1 T L RS
P Y N i Fod T oy 1 T T T T
TR & S i Y ry T LI
i LA S S | 0o By =y T ry t TTElT IR T L
T Tl IR mmnul 1 EL T 3 ) T T
T . IR = L1 0 N ¥ T 3 T+ - Tt
L) ..4&#!»."__ LI Jr L Y it I TTHET Tt T L
¥ r3 LT T O 1 e T T
— 3 1 1 Gl 1 ) T 3
T T T RN~ I R T T T tt
LN B P 3 T L SR Ak ) T R tax)
T L o o < ™ T R i T R
rar h ¥ {a— LS
e 1 i 2 ol ] =W k) TS IT T T
T - T4 Ty T ) Ty T
3 (2 = W=, ] z 1= IR 00 ey S 1
Tt L i BT 1 T t T
T T T T T T T T
T t+ T T ) T N RS T T
T L) L3 S I e HC T (2] 2t T (i
T 1 Tt N 3 e L L YTy L B R NN N
i - e H T t T i s T
I i oy il I I i i | Sl s 1
T ALK () FIL S N Tt Tt TT 111 1 T RN
L~ T s T N NN LR Lo r— LI R SR i o
1T I i 2 8 ALY n (N3 ) LICAE L sy P T3 A S IO B (1
H 3 % 4 2 Tt (o L TiT
T T rays T b T u Ty R
1 LAy R o 7 1 o) 3 T
7 T H? I . T T T (i 1 £ I S
T R R LIS = SR L T I iy T
T L R ] T 1 At Y 113 ]
n il M o S + T
T TT1 T T 1 1 ¥ L3 1
3 s H i L TIT, T H ) T ] e i
LI ] L) LI 1 L T L) [ L3
Cmary T+ T T T s ti
1 13 o A 1 rae )
Y 1 L 1 T T L3
7 b2 s (ENER; t + 4 n =
(! L
1T t _ T - + “ i
T 3 T T = el
2l X 1 4 1] L1 1 R: [N
) 13 £ 13 r%) T T T ] 2 L
1 T T T T ) 13 T . T T
T TT 1 T T T T T 1T
yIr IS . T P f T
I EEEX) 7 LI Y R t W 3 7} 7 IR N T X
1 T ) LM Bl IS o I 1 i L33
S L | T 1 P e gy’ 1 Tt T I t T
I et L A kl L1
T n r ” n ™ T 1T
S T + ﬁ”ﬂﬂxf o it I W W ry
h T L T LS I TEY Il 11
L3030 N i 3 t3 e T M 2 I3 PN N S 33 S i T T
1 L] il L2 H X H 3 - it | + x
T L Ty RN Y . n i . Tl s
] (T R LI i " T W 3 LIS 3 AN NI L) 1 )
7Y I A T L i 4 L
T t T T O 3 L [N} - 8 S0 IR A7 I
i T
r— ) n T rom L
13 L BT o) bt ot I Lt t ey il ot [ L} 1 1 iy E i 3 T r T it I | H TN N
T T h I R W N L2 3 T ) ISR S a3 T LI N W3 T
T 1 ) £ W I RN NN Tt T 1 T F AT LA 1.3 ks kel WO WL I SO
e LI A T s T T 3 T T 7 L3 LI Y Ly L3 T i 2 o X
3 ) 1 i — L Tt T I L, T S T
it I T : 2 b X 1 : | e, I L3 L
¥ [ R T ¢ ST 2 T 1 T T P LAY e T h
L2k T (s AR T 1 1T Lo 1 TTT T t2
T ey T Fiaw n T
il Ty s Ly | n oy 1 ER S I A W) TE Y
LI T ] 1 LA L I B xmll_m‘ i m 1 i ! 3 ¥ I I + "w_._
T £ WA LI T L T 1 T4 T T 7
L Ll — L H Jodena {F 3 ] LI R} 1T T1T T Fari [N} 1 Lt 1
L] il 1 i T 1 | 1 Y Ry 1 T 1 LI Sl
7 7 1 1 L3 1 e T Tt LN T
s I T T T o 1 r N T 1T 1 T T
T ) T TERE 3 W Toit TV 1 1R] TR ] T T3 3% NI S A4
T H T T T B T T NN R o oy} ¥ 1T T M T SR ANER
1 T t 1 L3 T 1 T T T A T =+ rots
i 1 1 I 1 I LI P i3 1] Ll i 1
IEEEE NN RN 1 (AW N I M ) AR R T (VS S A O S L O
T 1 3 T 1 NN ERET AN i mel LR IR RN TR Ia T T T T
T 1 T I T I 2 e L3 Y IER] T [N A X R
r T ras T + T LA S = | R RN T i 1
L8 1 ] T T 1 T | ¥ b T T T T
T 3 b ra T 1 I R IEDRE RN TR 1 T 7 : T T Lary
1 z 3 1 L H LI Ly 1 ] LA Ly e CHN RN Lt n T 3
T T 3 T L L4 M T L N R B A NN N T ¥ oo 1 rad it L4 e
T T L2 T et L it LM ) T h _u.m_n”. gy K3 T 7 I
(i : n _ rm n L i =y 3 T
ritas T T T I N IREENEX] WS KRR LI T 1 T T 7 (1 0 3
T 1T b 1 i T 3 s T i 3 I P | B L M 5 WY R B T
- bah I 1 I 3 L3 I I L T T CRY ol 53 2 )i e 3 SN
1 h 3 iy L] T v e Y A NI %3
L T T v L T T /ﬁl\.._ T 13
LI i =) Tl I r3 T T n LI A " £ WA Mol I B RN EELE CXIR] T
(] i 7 1 IR BT iy W1 £ U TR O M L N iy i M oy ) R
T 1 T ¥ = AT ey T EW M Ty (W MR W hoy E3N S R A A e 11
> t 1 =) L T T T T C b} 3 T
¥ —r n r3 Y ey L AR T H T } T il 4 § B e sl W W]
. IR N [ 1 it [ IRE M) I LN R EEA i I ] i IR 1 T g ¥ 1 | Bk i § 3 [
1 T 3at T i 1 TT 7 it it I} i 1 it
T3 T L LI L 1 1 | ry T ) 1 L RN | it T 13 I
1F I T L 1 Il i T 1 . ) 1 I 5
T L 3 i N I W I T ) 3 | 1T
i I L] 133 ru Ll 12 1] i - Ly LI 11T H L3 F L] e L ¥
T I i 1 A1 I RS AR 8 T T 1 I} T T I L T YT
1 1 1 [ : 1 T ——t LIAR ) 1 ] L] LAy 1 1 Fy § L L L) Lt M )
T T T timi 3 3 T LA T T e
T T 1 1 T T T T T T i r fa T I T
T h T T T £l T ¥ ILERE] 13 1 IR £ [ IS S T 3 [N X] I (ALK RAN
[l il L LI s 1 1 L3 1T i S I ] 3 I Ad s 1
Y T L1 3 2 T m3 £ 1 T T T N ¥ 1T )
LI Y Tt T I TorY T T L) T z it )
A 1 T 3 T i1 Tt T h et 1Y
|58 S I 3 W £ L3 I Sk I CENER) 1 T T T e r 1T oS L e
T T T ) I AN) T Liy 2 T T L] I ¥ 1
(xS T I . T WA T ;3 T 1 I
T T t T + T
T T T T T I IR
T 11 i IEEEWR] L L3 1 1] I 1 Irs- [ 2]
T % it 0 IR s 3 R RS T ENN ] ik} 1
IBEE R L) I ) I T 1 z L 2 T LIwes3
n 1357 T s TT T (1 ' 3 T
T T I 2 T 11T I TTT 1 T 1] T
I L} 3 T —— i i 1T T LY FR [ i Sy, L3 M INEERE K L]
ki 1 1 1] 1 T L3 T T T T RN 1 L
[ 3wk o T T T 3 1 T T Il k3 3
T T v T I T 3 T > T
i T Y h 3 :
T s T R IR 1 1 LR I L2k i it | LI S S5 (L] it SR
| I T I 1 ) L] I LI T L - | 1
| R " ¥ KRN 1 T T T T sk LI L3 N3 i )
T 1 + T 3 T 1 T e
TT o T ot
L1 3 1 I I T
- T 1 T T T I T Fam'
1 T T L I i |
3
e I L
T T i rwn T f R Shi 1 ¥ i
| T T I T 1 T i n : 3 T
£ T 7 T ) T | T L
1 T t T T 13 T .
T : T T
T T 7 T T 3 13
1 I L L
I i 1 5 [ 1] Il 1 1 - 1
1 T
£30 S R T 7 i i £
f T T 1 [ 1 L
I 1 w T r T
N i T i
3 1 T T
1 3
1 i L
| T T
T T 3 2
" ¥

CITADEL- NO 643 - CROSS SECTION - 20 SQUARES TO INCH



B

¥ : I T
It 1S T T 11 I ) DR I A | T i 1 T T T
! T ITTTiT T T £ R IR AR | T TiT T R 1
=l T 1 I Tt [ I | T i T T LI 4
1] NS k] L3 il T T 1)
o L3 T T r Lo A
= INBRSEELEE) + T T EEEmE T T i T T ; Tty et
T t i : : (N E XN W] T
Lt o T LIS K LR B SR N N R R i A A 13 Tt y - T T
H LR . T T P - T 1
FRLit I3 1 T T T H
T T T (RS LN S IRE A 3 L85 Wy T T T T T 7
T I} P ) 11T T IR R ) L1 i) I : 1] IERE 3 -
Tr 1 NN H | I H T T T T 3 i 1 T I T T H 1 Ll
Ty 1 7 T
n 1 T T T T T T
T T T ot T T
T (] T ¥ 3 L3 W T T (I T T
1 (LK 1 1 1 1 t T R i \ 73
T T ol D 1
L M o LRy i -
L 1 T 7 T 3 T T - I
pw: " 3 Lo T ' T et 3
+ LV . I TR S TTs 1T T LI ) T T T
T I Nk T o WKL LU 11 1 T T T T T ‘
T 13 T R T T-TtT i IEAEARY T [ T 13
3 LI Lol h ! T LIRS T T T it T T o ) T L)
Tt T B, Y A ) T ey T Tt i T L 1 (SN R 1
it T t s T t L LA 8 e 3 T T
T IR I, T T T T T
1 it T T et T
Lottt H (1 . el ) T IR Tl LI} 1T : IEE KRS TT it T i LI
' i i + TSR M Lt 3 t 1 S TTT it rimi
= H T it Ly 3 L T T I
o 1 AT MY ¢ T M i poi T+ ;
A L3 [t — T, T " 3 2 T i 1 T T T
7 0 X N1 LA Y Tt H Had 1) 1] FE ] 13 i T L I 1T LI 1 1
T T ok T Ty T T ...mm T T Tt | REEEN T TT i T T IRRE]
LI T W 1 ..-ﬂm.“ | B T T T T T T T T r
—T t ik x T—HeT
IO T
1] = e m 1 (N Tt F B T T 7o 7 T L T L 7 1 H
~ P (T A T B o W | M Y £ i) T L i T 1) n It T R A L W R
L 2 WY N AN - LI (W L R T I Wl Tl T TR O A T i LI 2 S o
a T+ T fo ot + T T T
J T s T T Tty T T +t T T T
I N 8 0 T B T i A ek { T It T 1 T C3— T LR
P LT 1 11 L ST [RE] T Lyt | T T L] Ly ) [ L] T L SN W I
T IR 1 =] T T P T Y A + T T T T T T LS I T T
13 T Lk P =y T T R L T T ERES
LAt} L LI I3 it Iy T T H 1 I | A
LR} I I LW AN AR T T 1 L 3 T T
) 1 I * T It T T T T T T 1 T T
LA H T 3 baiot, - T T 11 1 T T T T 11 T Il | ) * L1
T n T ¥ AT T i s 1T - 3 T T rahma D
I T - LN W ah T Tt T s T 1 EI T i 3
L L L) 1 ol L AT T i 1T T P -y
x: e L reEESC BN, SRR T T T 3 TTT T T AT
13 L3 e fom WA - [ N e T 1 ] 1 1 1.4 2 T el by M
L I i N AP i v 1 . i L3 L x =y
I s ¥ 1 1 I P ST n i LI T 1 L ] L.l } F
T £ AR WY 3 AR F T A I T 1 | DA K] 3 T L oy g N
T 3 T 1 LJ Wi £ L T T RS T r T 3 LR ™ ke o i fih)
H T i SRR FARO & M SR Lol R T Pt ) 13 to—— it = w— T
T LR B L W B T i 3 T 1 w3 pourn g TT T 9]
AT N T T D T T L S Y  S—— ry T At T 3 n
SN L ML T T T LI 0 Bl 1t I NER] L9 TS L i = | 296 e o8 S O I T T T o
T T T L S 0 TS O A W] [ O RN T T 1 L T 3 I ¥
T 1 n 1 v T 1T 1 = T T 3 TR ot I e O B M I3 T T X}
[N R AT T T 11 T I T T T L Bl IR ¥ L] LI ]
i i LI A L1 b —i i + L
L2 | L I KX sl w T ¥ S O I 0 0 iy O L M A L AT
Y T Lt M3 T 1 2 M ) T NEEEEN] i A Rt S e UL i o O W Ty Tt
i T I8 4 I I IR i (R RN 0 AR 1R ™0 s SR i Y W ? (MR T T &
T ra L% I L3 T i ¥ T T T
T H THT 1 T =T T T LI N3
L Tt T T 1] % 1 T ¥ L W TR D T
T A R A R N L ) T T AR NN BN BN {Cammal I ol T LY ) L L
T (AR RN WA N ) L i ) i Tt > 1= ) LSCR B AN W “
s T . 2 t 3 1 T rx e + s I
] i = o LR 1 b Fr
T I h Tt iy % T T L 0 1 i I SN =
IENRAAEE] 3 1 i | V= il INA] a3 [ Col B3 T T TP T ) 1) LI 1 = . P AL S
LI i i T rat 13 = fr; 13 bt UD I T R K3 T rka N N3 LN TN R T
¥ ENAN W] T I T A" 1 it T Ty 3 LA by 3 L R R B
I T T i ¥r = — LS ) 1 P 0
[ Ehtat 3T [} [ T i =y i 1 1E LNy B3 £l L T T [ICY
T 3 7 S L X 1 L0 T X T T T AN ¥ T T I T
T TR 3 FRE RN S KRR RN S YL I LA T i1 L 7 3 T 93 Tt L3S 2T T
T T T i e .3 T — T - T I T rmy Y ) c
T C— 1 T T, T LI 3 T s i
1 T T [} T T I3 1 IR T 1
1 T T A RN T 1 T =T T T T T T I
’ I I = T bl oy 3 T T E EEE AN RN N 13
T 1 A o T b T L = W
e 1 i tatal) LA L e, 0 O O 2 S 1 L RN s T b A T
s N} [N A ; T iii] LIS P L (0 3 A T I I T i < T 1 it T
3 LI WAL it (NN RN U T s -y 1 L} Lo T T T3
T 3 T 1T T+ : T T 1 3
T -+ +
1.1 1 Fille ™ 4 13 3 I Y il iy 1 i
L T T Ty oy L GV N A L T S IFRALE Sl e By T T TIit 1T T C O Y AR Sl I AL T
- 7 L2 i LW i e W G RS T i ) - Prpes s w3 1 T
ravarsin T ST T LEr T r s v Tt T L B4 PR T 1
1 1 . T o [} 14 T T I o
rar: T L T 1 Ly T T niil X LS F
3T 3 IS £ S o I PO B 28 20 A i i T 1= T Tt R ) [ £ I E— Iy
(] AT T lE RN ....U.IL.. ] | T 1 L 32 Y ey r it T L LIRS H T 1N} | I T Fe)
i = Tt N il T T C I ] LA it N Y T * T T ¥ 13 3
yEu T —— ) re Sl t t 17 T . + T+ ~
T 1 3 = s, n T s n N Tt h 3 i
: a7 i 7 T (2 g T T 1T L4 T 1 L0 P [0 T . H 3 T mm
T EX MR 2 W T e ;) T AR R IEXN ) o W ) A I A0 R HL I 4 i il
T I z 11 ry IEENNRRN tu X BN [N ) 77y, (MR T T iy 1 e i | AN ) H T L i
T z T} L3 T i i T HI R . T n &3 T Lini
13 IWWE i) -~ 3 W] 1T i 3 ; v T Lak s
T T T n 1 1T : St ot Lo 2 O 2 ra  —rary T TTEmT T T T u_l
L5} T T I r3 1 (& T Va | B AR i1 rats T rx3 T "y | T
R ERENAE Wk T T 1 1 e Sany (i T £ 2 car 3 T * L 1 T-
+ 4 - + . T 7 t + 3 T+ t T
T — T [ -y -y T H 1 i 1 —
3 LN T S MM o LTI N S T T T t - t Sl 3
T T TTry LS I : T T o ki) T L} H i I L
i T TITTT B (a3 T LA T IR L i T T 3 -
T LN A5 T TN L0 0 A S s it T 3 A 1 ity 3T = -z
R ] B 3 T T rany T 1 = 1 L M) carm} it
L p 3 T T 3 ( T I s T 17 i 1T o 3 T i
T T 1 T carm LI T A ) LW 3 T
T 3t =1 T s T T i Tt I LTI Ty —
i1 LN S L% T L) T LI S0 s 0y 9.4 T HE 3
bl &k bhalw 4 1 T Tt : 1 T T T T TEo T ' — M
s 3 I i T T (7 T H 1 T T I S o v} %7 W] T Tl E3
3 3 T L3 L1 1} TTT T i T MW e i1 a4 iy 1
T T ? () I B LW T T et ik _—
T L] 3 ) 1 X L3 L 1 P S
+ T T T I T i L -7 1§ Tt 3 Y TT L 7 T s
G S ML S o YIS SCH N I T AR N T " I Ty T 3 a3 AR M £ WP
1 (I BN I 2 3 T NN NN 1 T 3 1M Y 0 1 3 Y T 7 T I Tt %
L2 TIT Li e ) P31 L} ratarh ) 1 i Tores (I I I I - R ISEN AN b N T T
3 + t T—+ +
r rarm; T Tt I rs n i rwt =} - T
Y i 1 By RS var LN R (A R E R T (DR IR & T | M T B W T T E % N S T
LEMEL Y I VR R R EuR W] M R R ToLEEET I A S IR T T e Lk Lk (s L1
T 1 1 : T L2 il (N ) 143 1 T L ( 1 IS EERNN KN it
+ T T t T T T1 3 '3 + + T T 1 T t SN
11 L i I L Il 1 L1 i 1 my I i
T T T 1 s L R 3T LT T3 | i n T T (8]
I3 LSk Ky I T 1 (MR SENER Y-S TN [ A NS O | batalt M Maiali i ity IR N1 ] T
1 AN ek L 1 [ AL 12 0 T S COE I i i T L I EEE KN F sy O
1 T by i Pl ) LI N R 2 IR R Tl T T T T 11 T T
i L 3 L i i LY i LN LA A LI -
rasus Tt T 7 Y T + 3 i iz L3 T T 3T v
LI Tl 1 1T L n T T ¥ L3 (i I T T ua_
VRN 3 "l i i TY IR T =i 1T 1 RS KA A 1) L
IR i 1 LI} T T I 17T n . ERMER AR L
L T 11 i i il TITT b} T ] i 4 TET L 1T T IRE1 —
T YK . 1 1 T 1 : 12 T Tt ot £t 1
3 1 L =3 T T T i 7 I N I T T 1 M Py
T T ¥ g iy i o T L Tt ) T Tt
+ T 1 + + =T 2 T
r n T Tt T T T Lt 1 -~
T H FIN N T T NN LM | [ IR C a2 M)
T I T z ) T T T 1 " <
L s : 1 T Fs T " 1 T 1 I rat; T —_—
T 1 T Y 3 1
HES O | L 1 [ 1ol Ll [ i I L] TR I (L] L U.n
LA T L T T I T a3 T T I e IR NN I 17
=t 3 T e IR ol T A
i T 1 T T T 2 T T a1 3
T 2 T t T T F
T T T T T I T T
MR S i | o T TR | TR i) RN R T F . n (] T ) e
¥ 17 i I U I ) 3 e H (a3 (220 O i ) HO N A 3 1
L 3 i T ra3 Py 3 R T w3 1 1 [ i <
1 (] L] 1
: 7 —— : : =
Lo ¥ L3 3 P A T 1 L Y T Tt ii: T
et 1 T 3 T4 ¥ s Cop | 1 ) N A ]
1 1 1 L3 L S T - T £ i i I t LSy * [J]
+ % + +
- n - ) T T 1 1 t u.n..
J i L basw 1
i T T Thitl 3 '3 T 3 T hov!
¥ T tan 1 ; T ki o T T z I I I of
1 i + | - £2 T T {
un T " T i How) i . =
" T 3 g3
T T T t T =
t T T T T L ey 7
[l 3 ¥ L] I
H 1 1
H n 1 T T
1 T ran T n N
I [ il L1
: x T
T3 T 1 : =i T T z T 1
+ T i et y— - ++ T T T i
1 T T T ¥
£ L3 i
T s T :

CITADELRG NO E«3 - CROSS SECTION - 20 SQUARES TO INCH OwMQ.HZ.g wb.mm Hm
OF POOR QUALITY



= TIAVLID

- Er¥3 O%

S SS0Y3

R 2/1/78

HONI OL S3HvNOS 02 - NOILD

- -4 1 -1 3~ o -1-4 Bt} (141 =t §-1 ted -1 = ~4 -4 -] -pi-1 B | B -4 1-4 | -+ =14 -+14-1 11 -+
i H T E T L SR FEPEE | RN e L GHH IR R R A HE
na m [ 1.1 [l M T [ [ FL11.0E L 11 1} 13 I [ 1] [ 1 U111 1 1.1.1.1
L P EH T | HEH e T R LR H L A e T R B PR PR T R H
DB O A T R H TR H T EEL B LA e T FEEE R T TH e PO ERR
T E cH i H H LT | L1 LR A ok TR L T 11
I T 1 EERIRURRCIAARRELE AR AT R R L e ER HIEE fangeieaydfadpaails HEEH HEHHH i 3
1 CEPHS TR P T e " T H fnanl pnyynfun Lizyn jgstlf,f R B L85 Wy AN WenaEa
[ T HIHHH HEHH] HEH A | A £ ng 3 1o IAdpanRisulay EERNSRERIRES
il 1] L EH g FEH A T FEEH TR e ) e R MU BN AT e i b B e e e T
1+ vililp 1+ -1 ¥ +1+1 - 12590 Y FH 3 F.‘ 1 =t H H SEEE i Fti Pl ] Tk » 3 SRR
i L a L T R ALEEH TH NS MR T gAPREREEygugdyyyn 4 LT S EHA T PP L
Hil o AXuguin o L AL LA [ 4314 H L A THE L
ks i SRR R A ERTELR T HHTH LR EH T T P S T T A T TR TR
r AE R A R H EE e e E R E T R L e NS H R R R A3 A B
LR LT ek PR gl T L T T snusuddndunipi§ns ~E:.) 1% | LU af TR THTHT
1 T R B TE LU T HE S A | LA R ; Exfabangiltas TG T E
1 e | T H afipanpley T T TREICARe e A NRALEY TR TH T
athistdiadyRe Eaadazsethiy HRRm L T HHH T (%) tH H HH AR T e e { L
RAEEgRARR I ['] aEE T T LT 1] 1111 171 T ™17 T LR 1T 117 11T L
i FHH I R o I B H T FFEAR R B EHE R R R TR I ETTH RUSAERRIREEEOENY
LTV H T TR P R B R R e PR EPA L P PR [ P CEE FEEEE T P e A (T L L e e R e R
i TH T A N R TH R R ER A T R s A T T T d CTH G LT HHEEHER HIHH HHH
DL O EH R RS sl JU2F ARdeRy Azl R P R T H BT T RIS TIHaH L e
i NENRNENNNENERSN A 1 R BRI T3] (. EEAN 3 1] I SERERNYN LI & ER T
FHHEH A H T LR FUELTH LR TR B LR :_‘c}‘i HHHH | R AT H FH C T LR R HTT R A
Hr ¥ H . 1H-H T T R R b HAE " =fis
i ludes AL U W E A ER A R EEL PN LR R R TR H L 1 At
i S R PR T 3R E F FHT R U L e Er R e e H e T R T R G T A T T AT F AR TR T
L L LHHEH : T S o A EH AR L R T S HHHEHH
HEEE B TE H T H R N e TR he HHE H [ H T TEIR T
i LU P ajajagiaiagyRaney :*,— R FE A 1 e PR B A TR R | e L A
i FHIHHE HF LR ER T HH S ET - {3 U R E B T B R T R T
e Hg=di=asaitii T AR O B Een \'df e e b B L T H L :
T T TR TOTET TR R R H BESRRSNRERCINCEEE] IRYRASRERY FIN T T T H B T P R T T
HHHTH THAT L CH T e T J L QiEpLEass o e H R ¢ T T e e ErH  E B i
L |+ - -1 -1 1 N 1| -1 1. -4 1 1 - - -3 ] 44 -1 - o - -4 14
| A H L g L P e TN A L TR R R
M - .1 1 {4 43| + |+ ARNE Rl B NN ANEN - HH ~ferte] -3 -1 nas -5 110 ] - -f-3 -t H 1 H- -
Y HE E T R T afe Eugnanaghanpunlpnndafdi]aas HHH HT ‘”x.g-) EE L AT A S e H EEE A R B
1717 o ] My N T EANG N pERn . TGS TR T THTHIAEH o N W
i LT R HATTTEE ¢ 0 HEHAE H B T H A R L LS '3'%:':‘ e e T O T AR E AT H T
H ST HHHHH e EEEER H B | i H EFA HH T i
HE EEHH HFHEE E TR TR hek LR ARREEETH R B R AT HH
LETTT L L L LT M A RunampEn SRR AEERE nnpiln 8 i 0 ] Il Arigam Eafnigh
i A FHE RyFyiaayann HEHT xaEadn AN I A X
THHTT IR ] B e D B HH HL e TR H LR ] O T L EFELT .
TR T T e e iR H mERyRYNEN R
i U EH e R A e R R TR | F AT
H T - 4
T THT e R EhERRRlEESEaRANEARTRE R F R E e e R R myalisq T
ST HHH R TR 5 A HHE FH e AR R B
A T A BT O e e T T B TR R T BT A H
H1EH L A e o o R RS L H R H T I 411
H4TH 1 5 e HiT ELT e T 1 !
I TR T T R E R b AT A H i B ET R o EE e A e B TR HHH S H LT '

Figure 41: TANGENRTIAL U{-ELCX_,\T‘( S\H\LAV_\TQ pQOFlLE — 'ROT?\TIHG- ‘)QOEE: DATL



Rr. 2/u/78

t

Rogs DAt

TANGERTIAL VEWCITY SiMitariTy PeoriLe - Romnoe P

.
»

Tigure 42

T I T T T 13 T T
1 1 T L3 ’ T T 1 1
T 1 T T Tt I LI i o r 1 1] T
T 1 A R I N R T T T T T i (R T i
T T RN 7 L3 — 1 T T r o= "
3t 1 :i 1 1 i i [} 1 1 T ¥ T falri I
Y T 3 W T Tt T T T 7T
T T + LT T 1 1 Iy T L] —
1T T T T T T L T 11 T T T T I [ 1 T
3 LS ) - ) T==Ti% TTT 7
Tt ' Tt T ™t O I RS RE] =1 * 1 Tt
T T T Tt 1 Tt T S50 N I U L L T t T T T
I W R T 3 T T T T 1 "] Tt
3 . ] L2 T ] i T T T 1T T IR RI
1 T T T T T T T =
T T ML T Tt T ¥ 3 T T T T
[ T T T T T
1 T T 1 1 3 T T = T
T T T t T 3 + 2 ¥ i |
T - T
1 L2 C™
i PO Wb, * TT 3 t T 1 H ﬂm...r:h ¥
i ; rn 9 i1 ) i * T T b -+
1T 3 ot T 2 Ty T 1 T U 3
1 1 Iy T T T 1T T T
T R SRR T s T T T o T T
T = S wrum 3 T O S T LR L T *
Ty T N3 T T L R TS T
il L1 [ELEY, ] Il L T T T [l 1 H | T
T 1 h i T T Lo
1 I 7 T L4 18] T t
1 L4 ¥ 1 R 5K T T Ty T LR
T T L ot rm 0 il T
T ¥ I S Lu] 1 T T T T T
il - LI g 1 1T
S > | ML nulnd B I TR 1 o by T
Y ] 4 T T 1 1 T 1 LR} Tt
) n Tt T (i ) = 3 0 ) T T K]
] LI | T L T 3 T
1 T L 1 T T
i b 1 Fy L L N i
T3 T e I + T i T "
T 3 et o T T T I
3 T 3 I T T 1 T T
- -l b3 3 n )3 ; L 1 1L
T L i S UM I R M ) T o | R T L b s
L) I} Ty T i 1 Il L.y 1 L SN Ll - 1 L
T L T | T3 T Y 3 T T e T
LS 1 LI Il 1 I [l ¥ T 1 T L]
T T t 1 rw = T T H
L LI i3 b | T T : 1 T 1 T
ol IEARUR] L] LAl iy ) T ey T ] (W I 138 8 w3
T T T = Tt 3 T i n T T 1 o
CRMELR | s (3 T 1 L T T T I T
Iy T > 1 Tyt L | LI 2 Y T | I i £ W L z
1 IR L ) T T T T | b 2 T n ISR L T 0
I 1 Lary 7 ) SIS 7 L} LN O T b W LI 1 T Tt 12
n T 13 iyt £ T 1 L Sl B I | Tt e (NN NN 3TE b
I T Tt TR M T T3 T T . T T r it T ras
+ T + T T e T T y? Tt
i Litivy [ 1 F ECE I Lo s CHDAE G2 Y i 1Y 12 1 ra 1 i
1 1 1 -2 N L3 [ i I LA MR] FIiT T R M [N} al T 7 k2 Il
) ¥ et AT T 7 T L T3 1T L3 L3 i L .
L3 1 ¥ LM T L X ] ri T T Laa 1 ¥ N}
L0 A - T 1t (W T T 1] T L] 2 S L
1 A Y IR = M KRR I Ty T ¥ T LI Sl e T
L350 B DAL I S I ¥ e I W) T L T 11 IKE] ¥
3 iy T 1 T T i 3 77 [ ok | TR
T L T LR 3 n 1 T ™ LN ERT. T L el X T it
T T ] 13 T T ] T P ki
s 3 T ¥ Eorsn 0 ) 7 I T -t 1 i Im r
2 WM = oL s ) 1y NS L NrE i 1 Lot T T X
I T T T n T T L 1 i 3
In T T ¥ T | L Im3 . 3 It T ) T -
T RS 1T 1 1 $ T T e
Tt = " 7 ) T T 1 W] i3
T ) 1 I 1] Tl T T -~ i 1 = 1 g LX)
k. 7 I 1 I} LS 1 fad T 1 L L [4 L 11
Tt TH 3 T = yu £ ) TETiT T ) 3
Triv=tt T T T T T
1 Tt t Ty T 3 H 7
LR Lt} 1N [ M| I T 13 Imm T L | T ER TN [l LS
HRA I H i T T e X1 o K] T 3 T IRE R
11 1] 11 L 1. T 3. - - ol T 1 1 1 L) SrTt H
3 I 1o H ] 1 | L -, s T T L] I3 * T IT
I } T 1 3 T i e i) s LI e S R H e 1
NS L N i B SR NI S LS P M L0 I o 0 LIS T | A L ]
H LN N ) 1+ 31 L2 Y (r T 4 1) e 1 LIy T i . : . L] b - |
38 M W 7 T t T11S T Tt T T T 1
+ t it T el el ca T T
T t3 - § 3 o) tarwrw T ANV M T T i ¥
s 3 1 T4 L e [ L Tty KRR LI LI h 1K} T
T X! I T P B O T LN ) 1 N R N I T i
[ 1 11 L] L%} T{w T (N NEN] 1 i i E H 1 1 ] LN 1 [1
1 L WA I 3 I T T Lnt
1T T 7 s T T L RS T i S W I T T 1
KW Tt LR Ry Tt (AR RN W] 7T U (M) LI Y O A O M4 0 S0 I SO Tt 3
T 3 pral ) S 3 RN i £ L PN L LY Rl 3 i s "
CE R L L ] T 1 CHw ] L N W i L) L — T ¥ a3
13 &) T
LNt 1 L L Il 1 Fan I I F AT EE]
L T e -, G0 Y T (R T XN AN N R I i I 0 OO I A€ T T N L 2
T ST Y 1 | el S 8 N O O 20 T T b
i - L iy I T I T T Ty 1)
1 T %3 Ty I 1 T ] Tt 1 T It Tt
3 T 7 T s 1 I L3 IANEE KNI T ) T , T
1 3N AL N TV L i T TR T 1 IARE RN LI L | o W] T LI it} DT
T 3 ST AL R o A T g W O 3 T bl 3 ra Tt T G T I T
T i T 1 Es L. i ") T 1 TIT 1 T it vy i
T T 53 T el L3 ¥ T ] Ly VBN -
- v bl B e LT N} Pl i 3 T 3 T R i | 13 n
[N 28 L K WL tai ) ) F A Y o] - 3 A O I Tr T FitS T T | ) 1 1 I
IR |} 2 ) AN X T3 - AN P S T 1 L 1 T T
T (] T | LR R T L - o T 1 1 LI T
H 1 L] - Ll g9 e | I J L 1 I L
T T TGS Al s A H | R T Tt ¥ : T Al AT
1 1 2] 13 11 i1 1 T b 13 I L] T1 i Al L3 3 LY |
T T T i T 1 T il T 1 T T AT 7 T 1T
rat | iy R 1 L L M N T TN W
1 Tty Y + T T T + T + T
3 T 13 T T Y i T ; L )
T L T ey S ks 1 3L T T 3 T F) LI Mk T
£ T T Ty T ¥ T T * 3 PR A IERRE| T
T T ( F ) 3 i 3 FIT T
1 T L T TT T
3 1 T 7 + R e 1 ¥ T T rrw? it 1 Ll
T 153 (N RN A K 3 T T T i - ETIT T
N I : [ IEE LI} - T 1 1 1 T P | 3 il 3
1 n 2 T T 1 3 " T it
= L] t 1 T3
" N ) T 2 T
T T N v T 0T LI A LI R Tt
| M T ST SR ) 0 T M RN L (O | T
T 1 T T I o Y TR Y ii
Ll ] 1 [} L) T L1
RN LI i I T I A S T h I T T
F ] [NEEERERE XL ] 1 T L Il 13 LI 11 1k P B N IR
Tt I 3 T 1 IR ENEES DU Y P 0 UK R
L T L3 T§s LS 3 [N A S L 3 LN a2 (e (2
L 3 re
H I 3 1 Ll e i il
LI Sl P3O Tt T Ty IR T I T R IR A R
12 3 T T T L3 M LTI I LN ) FI) T
ru} T Ak v 3 3 T I St T n £ L] i ] T
i T T T T it I
I 't EN3 n 1 e | 1 L1 [ Sl R
r3 (wi i LR RN A L R ! T RN WIS [ PR N I ¥
I 3 Ci N I A EX] T 1 T 1 N ERRE SN L0 K7 S
1 I T LI P AN 1 ra 1 (R i
L3 - I L -1 i T L} oL Lt
k] ra— T I T t 1 T
it 1 T L 3 B AR AR T ) IEREN] (NN NN SR S f T
11 I Bt i - 1 N} 11 3 i1 I | I 1 1 L1 L1
1 1 LT 8 [ L] '] 1 : i it T [ 1
T {2 L T 1 T H 3 3 Gt 51 M ot L3%) K1
T I r TITT L T 3 T T i 1 T
1 L3 N R R K R e it i W A N T L
Lot 1 [ VI 5 (0 R [ s W S N KR L300 O O M 1
T LA i 20 T ¥ 1) P B i
+ T T Ty
r X S ot T T n 2 H n T
LR M2 MR K LN I 3 28 AT N WA IR N M) IERRS i n T T
I3 A S TIrT T ran I ] ry T T¥ N R t () I
3 rui I i T T ) n n T
L ) n 1
1 T rw) 1T 1 1 by = + v T T
T Lira IENT LN Ll I F I 1 Ly ) P (XA
T b I I T ! T L1 m) T L3 P L i
‘ T T { 1 1T I3 e t TS n
T t ) T i +
H Ty 3 i h
T IR B S ) L T ) IR TSR ' T4 T I
(R T HER & S i T U 13 [0S I T T M s I
ot T T T T T L L) 3 1
T T T
. T I H H
T T T = 7 T 63 1 0 1
T T T 3 T T 3 e T
T T1 1 it
-
n . =
3 T K| T T 3T L T iy S 1
1 (] T Ed L i 13 IR] 1) ] 1 R i
v 3 1 CIM i I T
7 T L kN ' >
3
1 e T 1 Tt T | T 3
T 1 1 LY 13 1 L n 1 K 1 1
ki T T rasiey 3 i 1 7 1 1
L1 Y T T
n ) T Y 1 T
(s 1 T T T - ¥
) T i T T ¥ 1 F T
(3 L T i1 Il 1] i
+
1 T
1 T I ] i1 )3 1 T 1 T T
T T n 13 T T T i 1
+ 4 . +

CITADEL- NG 643 - CROSS SECTION - 20 SQUARES TO INCH O.WHQ.Eka Hubﬂ.mu Hm



zlsl7e

5.

Camal VELoomy StMiLhuiTy  Prorine

Tigure 43

tLA TTT T " LMD S T T T T
: Tt T T FN I t3 T I | ML Skt T LI M IR R DS
T 3 T 7T 1 Tt FERN 1 T H [ T ¥ T
T T R R T T T LR I 3 I3 Tii 3
T T LI I L TITT T T TT Tty 14 1 TT T T n t T 1T 3
T+ T 7 SRR R — T + L S LT N T 1 I IR D] T 1 T E
1l T 1 IR Ny R T 1 Ll H Ly Il 1t L3 L3 1 dai — T L e .
o ) 1 T T T ] s . T detr T T fn
T H Tt i L1 Ml iy 1 IR it i T LIS I N R SN I
T T T T T T ™1 T Tt t = T 1 T T 1 5T I T *
13 [ L0 8 TR Tt I | " T LU S =t : T T T T
T Iy Tt T T T+ T T 13 13 TT T T $ 1 1T I ' 1 T T T 1 [ T 1
T T 3 TT T 1 T TIT T T T T T T T T I
! IR i L LI . 1 ¥ L] L1l 13 1] 1 T T L3 Il LI )
T I TITT 11T T CI 8. O T B T T i1 3¢ s Ao
LI D I S T T 1 17 T T Fiel ) L u LR KR T T T Tilt
s T u X i ) T ¥ F R R M ' NN ATt I S S 3 Ty tal -
T T 71T T 1 ;1 Tt T T n T T 1 <l iy
T T T T 1T T T T 1T T T T L
H — T T T
1 Tt ¥ T
= T I : T T 1 T L0 A A ;. . )
Y LA 1 i
T i T ) [ LI N
b 13 T r T * T T 5}
- T T [ARE] T T T
T + T + T Tt 4T T
T T T tor T 3 T
IR} T 1T T T T 1 T
= 1 T T s
C M N LA 1 L LY 1 RN § ik L
A 3 T Y R L A 3 T
4 ywi T i — = T
¥ 11T T n T £} LY i IEEXI
— =T - = ) = it T
R R AL T 1T T T gy W) i
L] iy "y L] L T
1 FEd ¥ T - T
ol h Tl T
TT =t T T T
i i
Tt T T L F0A LI I R APRLA I Bt
it N E N el ¥
1 13 1] LN} v I I ] RN EE]
T T 3 3 T 1 3 1 :
i T 11 11 1 LI 1 1
I T iy 1 T L T 13 Il
T "R T N Tt T
t L S T T 3
1 T + T i LA R L B
1 s T + T T T T T Tt T
1 1T [ ] T ¥ T L] T T ] T
T T T r T 7 T [N} I
T T 1t M . + T T T
L1 L 2 LK 3 e el 1 Il
13 L] dan | I Fal) 1] LIS 1 L4 13 T 1 | 3
1 T 7 INREN S 8 T X T et =it
13 Ty 1S NRENY WK1 LI} L] L]
i n i — L rl A . i) [] 1] 1
A z N T ¥ 1T T ) =2 1 T
it [ 11 13 + h i L Fan TP TR i
I [l IENENERNE ARNERS=NEE ERE] it 2] C A T bl L3 Ty
1 LT 1 3 -atiturn m RN, K3 i T
NI iy Lt LEME K N2 | S0 N 3 o - Lk 1l 1]
"3 It .20 0570 0 0 M T S ET Ll z ¥ T
T T AN H T Lk
LB tat i T it TT T T T
i3t 1.l i N X 1t Pl P I 1 1
L} 1 it IR T L3 o e
t T 1 P a2 St it T T
. 8N g et 3 T I rermera:
T ¥ T T T T I TEy IR R
T [ = el T T T LI S KN
T 1 ™ W)
[ | 3 L]
LMY P 1
H
2
7 >
H 1
T T
T
1
T
T T
o
L)
+ T
. i
-
3
—+
T
X
Tt
T
y
T ra
i
. _,_ ot
L 3 1
Tt Tt
it T
T+t
T
T
1
t
i
T T
I R
T
it s
r 3
i,
L &
£ W T3 +
T T umﬁar.
' T +
=T o
T Ty ud
i
L3 H
T T
I
2 T
T T
S
T
r
.
PR R
1Y
SR
t
1
r
H
1O A
Al
T
T
T
11 T
3
FI
Hr
1 T
LI Hil ]
ra
P 3 1
1T T
] i
T I
T
It 1
T L]
T+ I
T | MR
13 | DT
T
Tt 3
i Y
o 1 T . = . T TR T
3 kJ (2P 1 P
T I c i T
3 i L) 1 b3
1 I P T L 1 11 i
1 1} FE ] L3} + L) 13 [l LI IR ]
k3 ) T i i1 I a3
Il L LW L1 [l 3 L
I - Fi 1 L] H
i 3 L Il L i L
y L b 3 . 1 LT : 1l Ll 3 1y H V]
k| 1 1 LN T
T 1 T 7 14 I M L]
T T S T
T n T 1 r [l I
T H i 1 Tt 1 T I} " L3
i T T o I
[ i - 1 LI 1
T t T
CITADELE NO 6432 - CROSS SECTION - 20 SQUARES TO INGH —_



B.R.

e/n/7a

1 1 1 L3y t l i 2N 1 I
LI T ! T T 1 T
L Tt (3 T T 3 e 1
1 3 L EA 1 T 1 ) I 1
T FRE 1 h ) T T +
T T S 3 T T 1T ) I EEE =t L —
1 PN L2 T 5 R Wi ML T T AL EME N T
2 O LI 1 1 [ T LA AL L LI L [N R SN t L
T L L LI S T 1 T L 4 ey Y —1T13 T
T + T 1 T
T T %)
T (BN AN TR T LI W 10 L DR EEE] T I
1 I Y ERE Ty Tt E T T R T T > Ty
T LML I M 2w 3 LI LSS O e T T T T T T T
e ) T t + +
T T [ H i T 3
LI 1 b 4l T EX| 111
LR T T 1 17 T rieps %3 P EET P 1 i
______ (A i e T T s I A N T
i 1 T +
:
¥ 7 1 T T T
T T 1+ T
n} [ER ERCE] RERRE] 3 T+
- L T t =
I "
T T 3 ¥ t
) T T
T T I (A
) t Tt L} t
TT IR TLT IR T ,
T T Tt T T T
=+ T
.y 1 I I 1
LY ad 3 L)
I T ru] 7 T " 1
t T it O P O TN 2 M 1 Tt 7
— T T T T TT +
178" 1 t 3 a3
T 3} ++
— " il i ; LAY I A e
iy 3 ] T 5
LA I ek J&. T 1] i | L T
T T > Hl | 1 T I L] 1
= Tt 1T 53 T
L L 3 T
7 rm 3 K] T P T
Tyt h IR RSN i I
s ] LS
% I T + Tt T
T
L. 1 1] 3 i1l
Coo 3 3 300 5 1 L
TIT NN M A T T
Tt ‘ rars T T
- LI L] H
N — =
) i1 T ik T T
T T i | S B T 51
3 d 1T T T + T
L rd T T :
LT T ) ? [0 900 0 S S U ey Y
L T i T bl ) Tt i 1o T
1 Lik TH 1 THT n b 2y T T it S A L L3
I L I 1) Aty 3 T T t s I A
- i [ o3 P ot i 1 1 I ks 18 LN 2 LB 1 11 i
;3 il 1 k- = L 3 1 L A Tl T H L E T LI
T H TT T ”ﬁ'.l T ™ I T 1 1 T LR A1 1T 1 il
T 3 T > >y T T T i ot 3 1 Lo Y LI T L
[ LT3 o g T T ) T K} T 1= Tt
o T H WA} IR NS A 1 T I T T T 1
T A B L 1 [ e = B S 1 ) I e T T L | L T ) ey 3
T T 1 Tt N KN R 7 T t : LTy 5 I i Y FS KN |
it T 1L T T i 1 T ¥ £2k3 T rEx £ 3 el T IERE SRS NN
ot n T T T - T T o T T T t et T T
r [N} L a3 1 Il IERN1 1 = i s 3 ! y T ¥
L2 M L W R AW A R W] T T 3 ¥ Ty LT Tt ; I FWR)
I L A R B3 TEETT T T 3 s Tt T LraLm tt i L
13 IRE ] d T H i 1 [ T 1 1 — f s 1Tt vl 1 1 ) [N i 1 I )
+ T L s s T + -t N S I 8 3
1 r L s L i ry T 1 t L3
Il 2] 1 VL) ] 13 TIP3 TT (R rl (W ERN] - i
T T AW T IRX AN T Tl ) T n T
L3 L N I I LT Ty LI T Ty r T T
IR RS ) T T T Tt i T n t
i 1 T :
Ins LI L X T i T it £ 7 103
3 1 3 IR (3 1 IR} 12
3 RN RN N ) T T ro 1T (AR} T 3 RSN SN N
1 1 T 7T 1 L - T T
I 1T r— t T Tt T T T
(R N R I T T L 3 (21 T Tt ClT
1 T ¥ 1 T s T i Tty Ty
n o) e IR R LR T L3 | INEN] I
IR KR! L4 LN R P y— T M T A NEEE] T
LI il 7 T Ll s r 34 s 2. LAY 17
L Ly b 3 [ L 0 T T I I ) W L35 L R IO R | 1T
Sy 1T LM M T {31 o S I T ET raridin3 (RN NN
it 1 T T T1 N Tt . SRR ) 1T 3 T 3
T h I it T T ++ T 7 T T T
b + T % s S
T i i i it 2 O LI S T I YR O N A )
o 0 A e 5 T o e A T T IR} H i 90 0 T (RE R
SR W] AN N 1Y) L 1 T U L) it i 1
! F3 i ” T * 1 T z
3 L3 n 1 S 7T LR ] L} T H L i i
I T T Ty NN RN RN] A MY S UL I A el " T T T RS 1 T
i Y Y L I Tt 1 [ ] b i P (T UL I LK I W L3
[ T = M) S5 23 T L A L T 1 L3 P2t}
WY T T ol T m T T T L) 1
[a LR T 4 g I S T i e PR M T T
Cy— 3 T -4 S i D |3 ] T 7 1Y + 1 T+ 1t
I T 1 CriiTs U ik | S 2 LN R LI S A (AR N} ¥ +T T -
L3 1T T T | W i | I G I r RN R B
1 s mrm o Tt s + -t i T
T 13 h n T ) s 1 L 1
- i T rm Tt K 1 12 t
IEr ) T T L] T L ot I )
) I} s 3 : R KR I I ol i Ty P T
- T T 11 t T K 1 3 T :a 1 = T T
T ) L b : T i
T Il = El| i 7 ) Fa) | a | i
eyt o T T 3 T n it
[N} L] hid ey e | fie, LR S 1 RN 1 T 1) P a2
* * + -t R | r T 13 T T ry 1403
Tt 1 Lk X T T 1 C 3 N T I S
I I ) T 4] 48 I oy 70,0 O B s ] it i L TS LI Y
T rarm - 3 -t ¢ | Tt ) 5 P 2 IR R LI N
£ A R L 2 | N ] I ekl 2 I N St ¥ i rm.a i — T
T 2 ¥ 1ot [BERE KIS N A 0 2 e 3 1 T
_HM_. "_' I e . + J. —_ el Py 1 T .y.‘
I3 ) T il 3 S SR N E N RN N
L L3 it i e 3 T Ty (I 0 e R
C it T T 3 LW Y L NN e J g e "y -y A1
3 T - v T T 1 T ) p el Y T L T )
I3 [ R ik s 3 T Y I I’ t
3 T (ma T T T 8 EX AT 5 T r it i EXE | A 1
T I ] 1 IENNN Ty F1 I IWr=y iry LT |
T T 1 T = T T T\ e LW RN R LS R T I}
T " 3 L it
I s rm— T r 3 b TS I i S NI W
b L T T 1 T 181 riwri o T T Ty T
1T T T I T T i 1 T 1 3 e | R
T COUI R T L) T 1 T i T En AP MM I A T I R
H Il 'y H T L = 1N 1 1 T -
H A ] I iy H I L) L
et | L 3 I} 1 [} k] H .- i 11 [ L 1 I
3 el ¥ [ A K2 1 1 T L SN A B I LRI R A 3
T Ty T - '3 i i 3 it L — 38 S O
T t T T = s + M N RN LN B
: T T 1 L3 I T
¥ KX T T 1] T FE
T Y i I i A 13 RS RN
T 3 At T T W T IR K] AN NN RN )
LR L3 b S L T T Tr T 1) L W]
1 T ) T ril st I3 [
Tt T 1 il L s 1 s rans L)
TTT T 3 ) 1 Tt T i e L1
I T T I} T ] Tt I T T T T
+ + T + T B AL T 3 T
( o 13 i T T T
A P ) 3 3 T T T 1 LI L
T Ca ) ) 1T t r3 T TS VR L R KN T T i
TT 1 Lol o T T 7T I IS Tt INE K La— A T n
¥ T Tt s T s 1
+ T T N 0 Eeg ot e 3 TT Y T T
1 Il SRR Il i LA R O AL A —_ I 1 1 H 11 L5 5 L i T
T I} T LI T T LS SO I Lt
) T t (N " L3 T ) T3
Ly . 1 Il * i1
tal o I 1] ) Tt LN | I Iy A I L }
[ 1 bl 30 Ir I T ) LI ] 1 ] ry | 2] TIT N RR]
r3 T ricy L1 i T L avaaral e ) s 3 T LI B 2 VRN ML K e
1 L o R ¥ it [ = T 3 T T T
t i T 1 rd W 3 1
T 3 N T T i T 1 v
1 I IR T T T 1 T ra iy t3 ¥
L T Ty o T L3 c3 T i Tt Tt o — oy 3 it
1t — 1 L% [RE] LI T 3 3 T T i1 i i £ ] t| L T
$ andet + t
T T I St I L T X} b b
T T T 1 1 L] ¥ 3
i A2 P 0 n ik T T - 3
() I 1 1 1 L2820 | T e T
T 1 T 3 T T F ti
T T T ! 2 T
T T T T RER T o T T
T LIS T B T 1 0 s 3 L 1 T T T I
L ¥ i T T T h n T y s
T Tt h ¥ T
1 T 1 1 - L L] L — [l
T L n T 1 = I .
13 1 11 L i T
T L ) 1 o " T H T ; T
¥ 3 H T v T 1 T = 1 T
it T TT Cxs T IR ! s
o 1 M L
3 [} 11 ! T
t T T 2 X

CITADELS MO

643 - CROSS

SECTION - 20 SQUARES 7O INCH

ORICINAL PAGE I
OF POOR QUALITH

- RoTamie. ProBe O

Figure 44: RADIAL TRTENSITY SUAILARITY TRORILES



BRr. 2/ufr»e

- 13
1 [l 1= [ 1 13 ry n T 13 1 L]
TR H 1 L ] T T 0 It A T T 7 T T T
IR i 1] E3 B L [ H P ] ] 1 1 LI T L3 Ty LR 14 1
t 1 ey 3 T =t Tt 4 T + PR T T s M T
T T T S — T T T 1 3 rs
L T | 3 1 T T T I 1T T .1 Hit R 3 e ]
L] TirY 1 1] T 'l | T + T . Tttt PR ALY
ERAN IR T T £ HE LB v Tt T T LIME k3 I T T
R T T " T 5+ T T 1T T LR S IS A I ) T
— T T Tt T T T H r’ Pas I MRN8 A
L3} LI L] k1 i 1 T IR LA St ) T il [ 11 [N REEE] T T
i Iy 1} N I 4 3 M T T L I3 : L I H A
L 13 Ty T 1T i T T R L Y TT RS KRN % 1
T LI T il i — L T N 13 1] LI LI
L T 3 T $ T T T Tt T 3
b i i 4 [} Il L L1 LI - Il 12 -
T T T T 7 T 3 T T T E [N RN T 1 T I T Y { -
VI L N I T T * T Tt T T T cirt e T
T = e A
¥ r rrwry o . T L T 2 T
T TT T TToET LRI o b K N
T T n ™ T T T I LN
T T L 3 T + T T 3 T 7 T il r T T
|0 L S B L T 3 Tt U L R LI Y T ¥ 3 UL 1T L
ro—— T TEIRF & LRY] T T 1 T Tt T
| SRR RN R 1 ) LY 1 T L3 N T - T
1 1) 1 Ll ry N T 1 3 T i [ 1 T 11 T
T LK W =T T 5 T L i § T T T H RSN : L}
1 1 L o T 115 —_ SO T T Lot
T T + " Tt 13 it
1 Tt T T 3 n L [ iy [ T
[N B il 3 T Ty L 1
T s T L4 3 T T
t ) SR L | t LR RN It T T T T L3
A ' T ¥ M| i I A )
——ar " T 3 '3 L L
T Ml B 8 BT Tt 53 v
T T iy R A 3 i
IS %, 5 ™ 2 35 W I - hﬂﬁ H T 3
| Iy b n Il L [y I Y
b T N LN ey 3 =3 t 1 T I 03
[ B S, W 19 T O X iy = . u T 1 T T
it gt W W O S . T ¥4 1 Ty T t : 3
i riui cald N RN, rm AT Ly T T 1 T 183 T
s LK H__nm_ IV LI I T 1 Tt I
T LI S T T ) Yol S " T ) I T T L 3
i LIELF; ol i S 'y [R5 M O Sl T '3 3 T L2k x|
1 I et B B 0 ) (R Ly HI I LA s 1 3 LN A 1
Ea ) 1 T LI LI S M 2 3 T T 2% W T
T K o 2 ¥ i e T b ™3
I e i 1 1 T T I D i 1 1
L L . T Ty 1 T T T
| IR ol I Sy N N N I Tt IR AR AR T
- LIl I &% B3 LN P ] 3 3 b T [} Il » i L [N 1
ry==3 T A 1 * ) T ™ raa A + o
s T T o Sy 1 I LI I bl 2 T i Tt
| ) EEA LI S 4 i1 T T P T IR M Tl
ra N ol M S TS T . T T T T 1 . T
LA A - ] T T ta L L Ix AN
¥ Loy T Tt T 2~ T
L] el . L. 9 Y El 1 I LN | I ol o B iy el T
T I Tt 7 T : T T ¥ L = L T
5 LI rx) 7 i 2 i FE TR N N LI 1 k2 A . 3
> NIV T N RO M AN T T 3 rm T T bl ot B
et =T | I IR 2 7 1 g T B AR T
i bt it ) P T LI T T T 1% n
¥l T ) ot T T T Ty Tt ¥ 1 L1 T
(o N | T T = INEEEEE LY 74 LI
LY} LI e W] 1 i LR IR A T 1 N1 [EERERE] I
2 L A AL 1 n T i T L} e n T
.| T 1 T 3 T T i T3 T F38 SPUS W W
FRN1 RS H T e L 3 T 2 e | E o B 3
I LT » T 1 T Tt LI S S Bk 30 - TE
L T T T 3 ! T I ST = L ;) AR} T
T T ¥ 1 T T . 111 O L R L L4
Tt 1 3 T T | = e net T T T
¥ T 1 3 I iy L A T T ERE S A
1 T U T 1 1= T i 30 ) I T T
— i | L A —_ N I 1
T i T 12 TTT 1 S maran
(W T kbt ok 13 L2 i1 T T
1 i 1 I 1 LR [
v L I ML x| L T - T T a3 T
T T r s I T 1 T T
e T 1} (I
¥ i I I 1) 1
4 1 T 1T
T T 1 . ) o -
V&1 H
T L] T
T 10 S 35 O T
T n T
) L
¥ T
r
N3
)
3 T
T 3 T
L ER R WY
30 R i 3
T S L A
Ty LOEUMRL I L T L3 L]
R ar— 1 Tt T
3 T T T 3 Bl B &
H 1 I
CH W W N ) {2 LT |
i 3 L T =
e 3 T
TR 2 ity 1
1 1
I I LI—Y T T T
- T n u T
L i T T T
T T I
(R T ¥ 1N RS
(N} i R RS 3
T L I NI 5
I H Il - I -
Tt t T 1 ™
1 T TT ey
1 T 3 TTT
i t TTT -
F S I3 T 1
L84 e T T T Lin 33
1 LI
T L - IR i i
ey L A 3
L3 1
T r} z T
3 3 1
T t 13 A
X Lk i T T T
S T S T1 IR e
[] T i P [ ] 1l
M A . 1 Pl 1 i
I3 T LI | L2
- < =
HL RN > ik N L 1t F
IS R F AN T L A s
) 1 e IR AR 7
L3 1 iy Ll 3
I3y " " T LT LI T
(23 ) i Tt T3
TRMEN) s H
N T 7 11 L1 T
T 1 3 LI 5 ¢ T Ml
. 8 I T 1 T
Lt ) m T
1 n i T I 3
T e 3 T I =
T LI B0 I WO I T
T e s t
) il T T
£ i3 1N 1 H | - L3N]
T T 5 3 U
T | S} Tt 13 (I A
T T 1 :
i 1 M
I3 T 3 11—
T —TfT T arm
: Triy T
Ht C—
T i s T 7 L i
-l 1 U
I3 1 G T
Tk i3 T 1 P —
T o I
L T o T Lk it o
T L O i
+ » T
T i ¥ T i
T i n n
1 ot ! 1
T ol i
T LW ey
+ t
T n —t T
1 T n T T T T T 1 ™ o) T
T T T 1 F T ¥ I T n
T 1 T n T ¥ T | ] T T
T ¥ T U ] i T I T |
L LI L . L}
I3 T A M — TR L T T
T RS % N 1 T 1 T 7T 1 ¥ T T
WY v 153 T Y o= T 1 T %
L3 13 . I i T Fay 1 L
T I ¥ T T Y T i
T n T T T T T T I
" Y T 1 1 n
| L3 T ( L L3
rmi 1 1 1
- N T ¥ T T T T
T T T 1 T L L3 L T T
1 i 1 ) LY
T T T T
T Il 1 L

CITADZLS NO 643 - CROSS SECTION - 20 SQUARES TO INCH

- Rotanue Proks DA™

RaptaL TTENSTY  SIMARTY ProFies

Figure 45



i T T Tt 3
T il I S S LA 3 T T 3 () L s Ty
[ X A I LT i L o i I T 3 [ s s | IS i 1 iy NN I
T Pl N R 3 1 i 1 13 + 3 T T I t 1 T b T T S Y S
T T T 1T T T 23 s T T
L T T i L N ) 3 rurs m T
7T T T T T T ) T T 7 AR T T+ ™ T i I ot
T iy 1 T 1 T o1 T T 1T T 1 [ I T T
Tt 1 T T T T T 1T 3 T T L 11 N T i T Ty T T Hih
T | 13 1 1} T T i LN T 3L} T T L L] -
T T 1 T 1 T L} b M A T i
T [l LI T L T [ T 1 3T i L] 11T [ | R i 1
T [} T I3 n T T T T T 13 M
181 T T T LI 1 T i I T 1 T Tt ) T T 1
t B i e + T T  ——
4 L 2 7 33 ot t T L3 ¥ I I T . A (RN ATEN) T T 4T
L3 1 rRus T T3 T T T T T T R N O Bl T—— T TTT | T L] T T3
LR L T T 1} 1 14 1} L ki Tt L e L3 i
T T s | T 7 Tt T T T T IS i
TT 7 T il 3 o T Ty I B I LA A ENN B ool 1
(RN ENE) 1T I T L R I 190 S0 W KA L2 } N I S L T L
T i LN ) [X1 LR S L i Lo I e O N N WL R Tt A B APIEMR I A O N
+H+ i+ T - T 1T T 1 Tt i
1] X, Y H i 1 L n T i =T
U } ¥ T L + et + 1 +13T T
T T ==t r— =t s
EIE] Ll I 1t i b T T L] IR E] 11 L3 ] LI} e b
1 T T L T T LI T hans :
1 ;Y T T |} L3 LR T i
+ - * t i T T
L} 1 + I | H T Eirin T 1 3.1 FI
H L 1 11 1 L] 1 iy [ (] RN ENN] [
L I BB 1 F AR T i T I it T
n 4 1 LI B T T | rx oy
T Lot 1M1 11 [ rie i T T M A I | N SO IR
Ead T T T Tt T T AR I T T T L] T it T 1
i e i1 ] T T ) 13
A y— t t
T T T T T
(X1 T 1 e (EREE] pA—T e T
a3 I T T3 TSy 13 Lo IR
1 T =t PN U I O A i 3 -
[l i =TT 13 T £ T
T ¥ 1 n T
3 T ‘ I L (S (NI A T
—ry H 3 I B 7 X 1l ] Il S 5 TR P I
o I S N 1 1 L e T ]
T T T T T s
s = i : 1T T T 1 + t
I s Tt Tt T b Tt
I L3 T AN I Tt TTT
T 3 E ] L) T e
F— T T
I [ 4 LI ) 1 H 1
T i 1 T b O W T
i s em Tt 1 Tt 1T LI L K
L Tt L E T
T itr T t
of 1
- I LR L i W U 3
1 17 135 I ) L3 I
R-. [WRANE] T L IXAEW] TP
T XN T T L} )
121 T T T 1 8w " T
! T CN N L taraie 1 Ly
1 T3 T T Tt T -
[ENMNN IR ) TR N B A el e i ) T
XY i 3 T T T
H I 3 rars i i 1 FEALI
T T s o L I A
T EX X T =g ey
rx Tt T = -
3 L IS ) =it )
s 1 3 h T
1 ) 4 T T ]
v a3 T Tt T £ 4 5) i
T 1 I = T T et
- - T T T T L3
$ai 1] L1
FaL (TN AL LI L ] 1 e R R
LIME N i i I L] bl INR N
T i T 1 T I L)
7 T s ) T I
T rits : L CILS L 13
T L T 0 T 3 it
H Il it T kY T rtT 1 3T T
L} 3 LR B L] T () IEE KRS 7
T i I I W KX K1
T T T I T iy T 1 s
) | T T Ht )
L 17 L) Il Ll L1 [l T T
t i 1 A T
a T + T Ti-F
I 3 1 T L it o
W I3 T I I S W D (R} T L
1 I3 ) T T OO O O T 2L 8 i
iy W R 0 T 3 I E ] 2t 3 it
3 T + T
L i
L1 1 4 -1 n 3
LI i 1 i I R L
L1 L | 1 i s 1.1 1 al i
Lot T i T I PR
r— N 1 T T
1 I 1 T 3
Ca | n TT T 1
S ] Enball ] 7 [l i o) L1 L3
T 7 T =3 -t ¥
[ L 1 11 i LI Ll IANEEY
] L3 LN 1 1 T 1.1 L 1Ll il
T ¥ 1 R T I
AR RN R . WA B 8 I S L
T b 