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ABSTRACT

A mathematical model of a nonsimilar laminar or turbulent boundary layer
flow including entropy layer and transverse curvature effects is presented, and’
a method of solution is given. In the present analysis, a turbulent model is
described which employs a mixing length model for eddy viscosity in the wall
region with consideration of injection-pr suction effecés.' The wake region
eddy viscosity is taken to be proportional to the free stream velocity and local
velocity defect thickness and includes ;ﬁ intermitency factor. Transverse.curvature
effects are also incorporated into the present analysis. A modification of the
Levy-Lees transformation is used to transform the equations of motion to the (£,n)
coordinate plane, where the conservation equations are integrated across boundary
layer strips. Derivatives in the normal direction are related to one anocther by
Taylor series truncated to reflect a guadratic or cubic'approxiﬁation, and stream-
wise derivatives are expressed in finite difference form. The rgsultant set of
equations is solved by general Newton-~Raphson iteragion,
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SYMBOLS

parameter used in the solution of the mixing length equation (defined by
Equation (124)) ' ‘

parameter used in the solution of the mixing length equation (defined by
Equation (125))

constant introduced in the oy constraint (Equation (35))

product of density and viscosity normalized by their reference values

(defined by Equation (43))
specific heat of the gas mixture

coefficients defined in finite-difference representation of streamwise
derivatives (defined in Equations (110) and (111) for two- and three-
point difference relations,<respectivelyf

stream function (defined by Eqﬁation (36))

inviscid stream function (defined by equation (64))
static enthalpy of the gas

static enthalpy of the gas at the wall

enthalpy of gas which enters boundary layer

inviscid flow total enthalpy (relative to zeroth streamline reference total

enthalpy)

inviscid flow static enthalpy difference commensurate with S; (eguation
(75))

total enthalpy

mixing length (defined by Equation (]5))'

dimensionless mixing length (defined by Equation (47))

parameter uged in mixing length formulation (defined by Egquation (121))

molecular weight of the gas mixture

number of nodal points across the boundary layer selected for the purpose

of the numerical solution procedure

dummy variable representing f' or HT
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SYMBOLS (continued)

P pressure; also a parameter used in the mixing length formulation (defined
by Equation (118)) o :

Pr frozen Prandtl number of the gas mixture (defined by Equation (60))

Pry turbulent Prandtl number (defined by Equation (45))

pTr local shock total pressure ratio

Pé total pressure as measured by a pitot probe

q, diffusional heat flux per unit area away from the surface
heat conduction per unit area into the surface material

9¢ond

a, one-dimensional radiant heat flux (toward the surface), that is, the net
rate per unit area at which radiant energy is transferred across a plane
in the boundary layer parallel to the surface

x local radius in the boundary layer in a meridian plane for an axisymmetric
shape

r, local radius of hody in a meridian plane for an axisymmetric shape

R universal gas constant

. )
Re Reynolds nunmber; subscripted with the length scale if other than s

Reff effective nose radius for Newtonian flow

s distance along body from stagnation point or leading edge

s entropy (relative to zeroth streamline reference eﬁiropy)

Si inviscid flow entropy (relative to zeroth streamliné reference enéropy)
t parametexr defined to simplify problems with transverse curvature; see

Equation (42)

T static temperature
u velocity component parallel to body surface N
u shear velocity, defined in Equation (54)
v velocity component normal to body surface
XPy, e truncated series obtained in Taylor series expansion of

‘r f'p dn (defined by Equation (115))

i-1
Y distance from surface into the boundary layer, measured normal to the surface
y+ dimensionless y-coordinate defined by Equation (24))
y; constant in the mixing length differential equatién (see Equation (20))

vii




Streamwise pressure-gradient parameter (defined by Eguation (44))

.corrections for fi’ fi, «+.+, during Newton-Raphson iteration

' hat is dropped from £ throughout most of the report.

‘-\ -k .
SYMBOLS {continued)

Cartesian vertical coordinate (see Figure 1)
flux normalizing parameter (defined by Equation (S58))

normalizing parameter used in definition'of 7 {see Equation {(34)) defined
implicitly by use of a constraint such as Equation (35)

y-dimension normalizing parameter (defined by Equation (46))

logarithmic distance between two streamwise positions denoted by the
subscripts £ and 2-1 (defined by Equation (112))

displacement thickness (defined by Equation 27))

effective displacement thickness (defined by Equation {134))

incompressible or velocity displacement thickness (defined by Equation (28))
distance between two boundary layer nodal points (defined by Equation (103}))

transformed coordinate in a direction normal to the surface (defined by
Equation (38)). Note: the hat is dropped from fi throughout most of the report.

intermittency reference value of n(ﬁhere intermittency effects vanish)
angle between a surface normal and a normal to the body centerline
thermal conductiQity

shear viscogity

kinematic viscosity

transformed streamwise coordinate (defined by Equation (38)). Note: the

density

total mass flux per unit area into the boundary layer
turbulent eddy conductivity (defined by Equafion~(7))
turbulent eddy viscosity (defined by Equation (2))

dimensiénless eddy viscosity (defined by Equation (49))

Stefan-Boltzmann constant

intermittency factor (defined by Equation (31))

local shear stress
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SYMBOLS (continued)

Subscripts

edge, e pertains to boundary-layer edge.

i ) inviscid flow, also index 6n normal coordinate

9 pertains to L streamwise position

m pertains to mth iteration during the Newton-Raphson iteration proceés
n pertains to the nth nodal points, corresponding to the outer edge of:

the boundary layer solution .

sp pertains to the stagnation point

T stagnation condition

w pertains to wall

1 reference condition, usually taken as zero streamline from inviscid

solution (synonymous with boundary-layer edge in the absence of an
entropy layer)

o freestream
Superscripts
K equal to unity for axisymmetric bodies and zero for two-dimensional
bedies '
* signifies that quantity is normalized by a*(e.g., = 3, /o%)

represents partial differentiation with respect to n or i (usually fi
unless otherwise noted). Represents turbulent fluctuation in Section 1I.

: represents differentiation with respect to f
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SECTION I 1

INTRODUCTION

A computational procedure is described which is suitable for obtaining ;
accurate numerical solutions of the nonsimilar laminar and/or turbulent boundary
layer with radiation absorption and emission, second order transverse curvature
effects, and a variety of houndary edge conditions including intimate coupling with
the inviscid flow energy and entropy gradients. A Fortran IV computer program

has been developed in accordance with this analysis with the exception that
radiation absorption and emission within the boundary layer is not permitted in

the version of the program reported here. This computer program, designated

BLIMP, for Boundary Layer Integral Matrix Procedure, is described in the liter-"

ature. The analysis and computer program described herein are extensions of the

previously developed BLIMP program for treating laminar and turbulent boundary
layer flows with eguilibrium and nonequilibrium chemical reactions described in
references 1-2. The full development of the turbulent boundary layer transverse

curvature model which has been incorporated is also described in the literature.

The computational procedure was developed while attempting to take advantage
of the most attractive features of other boundary-layer procedures. In light of
the general application of the procedure (including chemistry), certain specif@c
requirements were appropriate. In particular, minimization of the number of "nodal
points" required to obtain a solution was judgeé to be of prime importance as a
consequence of the relatively large times associated with state calculations for
a general chemical environment and, in the streamwise direction, because of the
desire to couple the boundary layer procedure to a transient internal conduction
or ablation solution.

For a given accuracy, the number of necessary "nodal points" in the surface
normal direction is controlled primarily by the nature of the functions which
relate the dependent variables (and their derivatives) t6 the independent variable.
Thus the continuous functions typically used in integral relations approaches
require fewer "nodal points" than the functions with discontinuous first derivatives
implied by most finite difference'approximations. In order to permit relativei§
flexible profiles, sets of connected quadratics and cubics were selected to ’
represent enthalpy, velocity, and elemental concentrations. The first derivatives
{and second derivatives with cubics) of these functions were made continuous at:
the connecting points. The advantages of such a "spline fit" are considered, ’
for example, in reference 3.




If the general integral relations approach is followed, weighting functions
must be selected. 1In the method presented, step weighting functions similar to
those used by Pallone (reference 4) are used. That is, the conservaticn equations
are integrated between nodal points (over strips) with a unity weighting function.

In the past when relatively large spacing in the streamwise direction has
been desired, iterative procedures have generally been used to assure accuracy
and stability. Some of these procedures have treated the solution in a manner
resembling that used for a similar solution but with the addition of finite
difference representations for the nonsimilar terms, a procedure which eliminates
the necessity of special starting techniques. Using this basic approach, the
specific treatment adopted in the current study follows most closely the matrix
procedure used by Leigh (reference 5) wherein the iteration is a consequence of
the solution of a set of linear and nonlinear algebraic relations. The general
Newton-Raphson technique was used in the present procedure to solve these simul-
taneous equations. This technique results in linearized coupling between all
relations required to characterize the boundary layer, and thus assures a more
general, rapid and stable jterative convergenée. _

This document is one of a series of reports describing the analysis and
solution procedure associated with the BLIMP program. The addition of an
inviscid entropy and energy gradient capability and reduction to a homogeneous
method provide the impetus for this report, therefore the entropy and energy
layer topics will receive a disproportionate share of discussion. Much of the
rest of the analysis and solution procedure is the same as is reported in the
literature; the reader is referred to references 1-2 for more complete

discussions.

This report concentrates on the fluid mechanical aspects of the problem
and describes the basic numerical solutions procedure. The procedures employed
for calculating the equilibrium state of a homogeneous gas are traditional and
since they are conveﬁiently treated as subroutines to the basic boundary layer
computational procedure are not described here., Radiation absorption and emission
enters directly into the conservation equations only as a net radiation flux term
in the energy equation. The calculation of this term can be conveniently accom-
plished by a subroutine and is likewise not treated in this report.

Section II includes the entire mathematical modeling of the boundary layer
flow including discussions of the general conservation equations, turbulent flow
considerations, transverse curvature effects, coordinate transformations, and
boundary conditions including the entropy/energy layer considerations. Section III
outlines the integral matrix method for solving the simultaneous differential
equations including the integral strip relations, the mixing length solution pro-
cedure, and the Newton-Raphson iteration technique. Section IV presents some of
the resylts obtained with the program. Section V contains'the summary, conclusions,
and recommendations for further study.




SECTION II

MATHEMATICAL MODEL OF THE BOUNDARY LAYER

1. GENERAL CONSERVATION EQUATIONS

In the present analysis, the usual turbulent flow technique of breaking
the velocity, and enthalpy fields into mean and fluctuating components, time
averaging, and making appropriate order of magnitude approximations is used.
Taking the results of these manipulationé as a point of departure, the streamwise
momentum egquation becomes:

ou 9u _ 1 o K Jul _ 3P
pu 3= + pv 3y = ;E5§[ pro(v + €y gy] LT (1)

 where s and y are the streamwise and normal coordinates, respectively, u and v
are tﬁe velority components in the 3 and y (directiona, respectively, r is the
radius fixrom the body centerline to the pnint-of interest in a meridian plane
for an axisymmetric shape, k is zero for a flat plate and unity for a body of
revolution, p is the density, v is the viscosity, and P is the local static
pressure. The eddy viscosity ¢

is defined in terms of the Reynolds' stresses
of turbulent flow by :

M

lﬁ!%ﬁﬂl (2)
3y

The transverse direction momentum equation reduces to zero when longitudinal
curvature effects are ignored. Since transverse curvature is included in the
present analysis, r must be treated.  as a function of y whereas in the typical
boundary layer analysis, r is set equal to X the surface radius. The rela-
tionship between r, r_, and y is

r(s,y) = ro(s) + y cos 6 (3)

Figure 1 helps orient the reader to the nomenclature being used.

In equation (1) and in the energy conservation equation to follow, turbulent

transport terms are expressed in Boussinesq form, that is, in terms of an eddy
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viscosity and eddy conductivity. Hence all terms are time-averaged quantities and
no need exists for usiné a superscript bar. In the order-of-magnitude arguments,
terms of the following types have been eliminated: 1) triple corfelations,

2) derivatives of turbulent correlations parallel to the wall, and 3) correlations
involving turbulent components of molecular transport mechanisms.

The global continuity equation is:

. v K
dpurxr Jpvr -
3s * 3y =0 (4)

and the energy equation for the homogeneous boundary layer is

ol o ﬁ 2
T T _1 3 K oy du?/2 o« = , 3T
pu e + pv §§— = ;E ?? [pr (cM + V) 35——— + r {x + chCp)5§} {S)
where Ho is the total.enthalpy (static plus kinetic)
s uz 1]
Hp =h + 5— (6)

h is the static enthalrny, T is the temverature, Eﬁ is the specific heat of the
gaseous mixture, and } is the thermal conductivity. The turbulént enthalpy
transport coefficient is defined by

- (ovyn’
pEH“?ﬁ%W—‘ (7)

Diffusive energy flux through the boundary layer is given by

u
ol
_ 2) = 9T .
d, = {D(EM + V)ay + (A + pe v (8)

HCp! 3y

S

such that the energy equation can be expressed as

T -1 9 <
PUgg ¥ PV ~ K 9y (r qa) (9)

Egquations (1), (4), and {9) comprise the boundary layer Eonservation
equations. The equations are parabolic in nature, therefore requiring speci-
[ fications of the dependent variables, their derivatives, (or a finear combination
| thereof) along the wall (y = 0); at the edge of the boundary layer; and at the
 initial body station. Typical sets of boundary conditions will be discussed
. later in this report. Also necessary in the mathematicai formulation of the
problem is the specification of the équation of state and a description of the
eddy viscosity and conductivity. The turbulent flow model is reviewed in the

next subsection.




2. TURBULENT FLOW CONSIDERATIONS

In the conservation'equationé'devéloped above, the concepts of eddy viscosity,
and eddy conductivity were used to express the correlations of fluctuating velocity,
and enthalpy fields in terms of mean field quantities. This is only one of
several possible techniques“of closing the set of equations (assuming satisfactory
expressions for the eddy parameters are available), and it does not provide any
information regarding the evolution of the turbulent correlations as the flow
progresses downstream, Admittedly, it would be more desirable to describe the
turbulent fluctuations in a more complete manner such as with an entrainment
relation or a turbulent kinetic energy relation (reference 6). However, these
techniques are still in early stages of development even for incompressible single
component flows, therefore a more proven approach was selected. The Boussinesq
description of turbulent boundary layers has proved to be very useful, (particularly
for complex reacting flows such as are dealt with in the general method) and
is used exclusively in the analysis presented here.

There is a wide amount of latitude possible even within the eddy viscosity
framework of turbulence, particularly in applying classical incompressible models
to compressible flows. The following two subsections describe how the turbulence
model described in references 2 and 7 was applied to the compressible flow
problem. |

a. Wall Region

Following the work of Clausér (reference 8) the boundary layer is
divided into a law of the wall region and a wake region. The relatively thin
wall region of the turbulent boundary layer is characterized by very steep
gradients in the turbulent fransport and mean field properties. Turbulent stress
varies from zero at the wall to near its maximum value at the outer edge of the
wall region. There is a vast amount of empirical evidence that these turbulent
stresses and also the mean flow field properties can be described entirely in
terms of the wall state, wall fluxes, thermodynamic and transport properties of
the fluid, and the normal coordinate y. Sincé the streamwise coordinate does not
enter the solution for this region, the problem becomes a one-dimensional initial
value problem. Eliminating s derivatives from the continuity equation and.neg-
lecting variations in r due to the thinness of the layer results in

d(pv) _ ' '

d-—P—y =0 . (10)
or

pvV = pwvw {11)




where the subscript w refers to the wall value. Thus the wall injection rate,
pwvw’ which méy be a function of é, detexrmines the transverse mass flux through

the entire wall region. Using-the same technique for the momentum equation and
substituting equation (11)

PGV = Py + EM) 3= - T _ (12)
where the wall shear, Tt is also typically a function of s. For flows over an
impermeable wall with constant properties, this equation reduces to

du

p(v + eM) ay =T, +(13)

or

T= T, _ (14)

indicating that shear can be considered constant in the wall rcecgion. For flows
ith injection, it is seen that shear varies with the mass injection rate and
local velocity, that is,

T = Tw + pwku (15)

his one~-dimensional description of the shear in the wall region is useful in
formulating a mixing length model for eddy viscosity as described in the following
aragraphs. It should be made clear however, that only the wall region turbulent
hear stress is assumed to behave in a one-dimensional fashion. In the solution
rocedure, the complete two—dimensionél egquations of motion are solved over the
ntire boundary layer. ‘

A complete investigation of the validity of the mixing length postulate
for flows with injection has been reported in refefepce 9. The analysis used in
this investigation is an extension of that work; therefore, the reader should -
refer to reference 9 for more details. ‘

Because of the current lack of understanding of turbulent mechanisms,
‘theoretical” predictions of the variation of turbulence near the wall must rely
bn empirical input into relations based on some phenomenalogical dependence.

'he generality of the ultimate goals of this analysis and the desire to approxi-~
nate the physical situation dictated certain prerequisites for the turbulent

transport relations. These were:

a) The relaticns must indicate a continuous variation of the turbulent

transport properties from the wall to the fully turbulent region.




b) The relations must be generally applicable to mass, momentum, and
energy transport.

c) The relations must be applicable to compressibié or incompressible
flows with real gas properties. '

d) The relations should be suitable for transpired and untranspired
boundary layers without any, or a minimum, modification of for@,

Two basic variations of the eddy viscosity hypothesis have been proposed
in the past. The first type predicts the variation of turbulent viscosity from
the wall to the fully turbulent region. Reichardt, Rannie, and Deisslex, in’
references 10-12, have proposed sucﬁ variations. The second type of hypothesis
involves a variation of mixing length from the wall into the fully turbulenp
portion of the boundary layer. Rotta, von Kérmédn, and van Driest (references 13-15)

have adopted this procedure. Data indicate that surface mass addition strongly
affects the eddy viscosity profile, and it was found that the first type of
hypothesis could not be simply modified to predict this variation. On the other
hand, success of the mixing length theory in predicting profiles in the fully
turbulent portion of the boundary layer with surface mass addition has been noted,
for example, in references 16 and 17. It has generally been concluded that the
slope of the linear relation between mixing length and distance from the wall is |
insensitive to surface mass addition. As a consequence of this apparent generality i
of the mixing length approach, it was adopted for the present studies. |

The basic mixing length postulate can be expressed as

(pv) Tu’ = pp? (g—;—) = pey g—;— (16)

where the mixing length, %, is a combination of various correlations, but retains
some relationship to the scale of turbulence. Prandtl proposed that this length
will, in its simplest form, be related to the distance from a wall, at least in
the region of development of turbulence. His proposition that

'gé = constant, K (17)

has been tested under a véxiety of conditions and found to be quite adequate in
the fully turbulent portion of the wall region.

As the wall is approached however, this simple relation is no longer appro-
priate, and, in fact, it can be shown theoretically that




fim £

=0
y»o
az (18)
tim =— _
y+o dy =0

This is a consequence of the Reichardt-Elrod criterion (see reference %2). Thus,
two criteria are specified, namely Prandtl's hypothesis which is appropriate in
the fully turbulent portion of the wall region and the Reichardt-Elrod wall
criterion as expressed by equation (18). ‘

Several means of expressing a relation covering the full range of y and
including these limiting criteria have been used by other investigators. It is
advantageous in considering extensions of mixing length theory to establish some
physical logic for the selected relation. Unfortunately, the understanding of
transition from the laminar to the turbulent portions of the layer has not reached
a state permitting any guantitative specification. Therefore, the selected model
can be based only on qualitative understanding of the process, dimensional
considerations, and the above limiting criteria. These criteria are satisfied
for incompressible flows by a simple implicit relation of the form

dg
ay « (Ky - %) (19)

which imblies thaé therate of increase of the mixing length is proportional to
the difference between the value postulated by Prandtl (Ky) ané its actual value.
This rate of increase is assumed to be augmented by the local shear and retarded
by the local viscosity. Using these parameters to nondimensionalize the above
relation yields

ag

dy = (Ky -

n (75 (20)

YoV

where y; is the constant of proportionality. The coefficients K and y; were
shown in reference 9 to be invariant for a wide variety of flow conditions at
values of 0.44 and 11.83, respectively.

For compressible flows, the physical arguments must be changed somewhat.
Rather than describing the scale of a turbulent eddy, it seems appropriate to
describe the mass of the eddy with respect to the mass within the boundary layer.
Thus, by analogy to equation (19), the rate of increase of the mass of an eddy
will be taken to be proportional to the difference between the mass available
between the wall and the point of interest (times an appropriate constant) and

the mass of the eddy:




dpl Y

1
P xjo' pdy - pt (21)
Nondimensionalizing as above,
1 dp? _ Y /170
5P - (xj pdy - o9~> e : (22)
‘o ) Y, H

The constants K and y; are left at their incompressible values of 0.44 and 11.83
for the time being. The integral-differential character of this mixing length
equation indicates a difficult solution procedure in the physical coordinate
plane. However, in the (n,£{) coordinates introduced by the Levy-Lees transforma-
tion, the mixing length equation simplifies somewhat. This will be discussed
further in Section II-3.

For the special case of constant properties and zero injection (constant
shear) , equation (22} can be integrated to yield

: +
R = §2 y+ - y; l -exp{- 1: (23)
T Y,
where
TW
u_c = -p—-
(24)
+ T
Yy = v

It can be seen that the Reichardt-Elrod criteria is satisfied at the wall. For
large y, Rotta’'s (reference 13) expression

_ Rv +_ ot '
2-§ v’ -yy) : o)

is obtained. This special case result for constant property zero injection flows
is not used in the general analysis technique presented here.

b. Wake Region

- The wake region of a turbulent boundary layer is so named because the
flow in this region tends to have a wake-like character. 1In particular, in
the outer 80 to 90 percent of the boundary layer the local turbulent eddies
dominate the mixing processes within the flow, and the viscous effects

10




become second order. Gradients in the wake region are Lypically much smaller than
those of the wall region. Since the pressure gradient and streamwise derivative
terms are important in the wake region, the two-dimensional character of the
turbulence must be considered in its entirety, as opposed to the approximations

of the wall regicn. :

A fortunate feature of the wake portion of the boundary layer is that eddy
viscosity is nearly constant across this region, at least for equilibrium*
incompressible flows. 1In particular, Clauser (reference 8) was able to relate
the eddy viscosity to edge velocity and a length scale ¢*

€ = 0.018 uld* (26)

for a great quantity of experimental data taken in equilibrium flows.

The gquantity ¢* in this relation is the displacement thickness

oy

6% = 1 - —91-) dy (27)
f ( P1%

(o}

in which the densities cancel out for incompressible flows. For compressible flows,
this length scale is inappropriate since under some conditions §* can be negative.
Rather a velocity defect thickness

5; fm ( g )d (28)
. = - — y
Y Y1
is used such that the eddy viscosity in the wake portion of the flow is given by

€, = 0.018 u

*
M 16i (29)

A satisfactory technique for choosing the ¢, expression at any particular body

M
station is to use the wall region expression

g:{;zd_u

until €, exceeds the wake value, equation (2%9), at which point €, is held constant

M M
at the wake value for the remainder of the boundary layer thickness.

*Equilibrium as used here refers to a particular pressure gradient, (<{*/ty) (dP/dx),
'which results in self-similar velocity profiles (reference 8).
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The foregoing turbulence calculation procedure must be modified slightly
when entropy and energy gradients ifi the inviscid flow are included. Since the
velocity gradient 3u/3y does not vanish for such situations, strong shear forces
can erroneously remain in the momentum equation (for example near the boundary
layer edge where in reality there should be little or no shear forces present).
To correct this situation, the concept of turbulent intermittance is- introduced
in a very simple way such that the value of g, from equations (29) and (30)
is medified. A simple factor, oy is defined which linearly depends on the
transformed normal coordinate. n to be defined iater.

Q
il
[
.
[~
-
>3
A
3
»

0 en - (31)

and €m is multiplied. by o4 before it is introduced to the conservation equations.
The value of n* appearing in equation (31) is arbitrarily chosen as ﬁe to be
defined prior to equation (35).

¢. Boundary Layer Transition

As can be seen from the form of the conservation egquation, both the
molecular and turbulent transport terms are considered simultaneously. This
is necessary since an accurate description of the'turbulent boundary layer re-
guires that the time-averaged fluctuation terms disappear near the wall. Another
reason for the inclusion of these terms is the description of laminar or
transitional flows. From the form of equation (29), it can be seen that for
very small 6; the turbulent stresses will be small cémpared to the laminar ones.
Without any constraints on the equations as stated above, kinematic and eddy
viscosities are equal at a velocity dispiacement thickness Reynolds number of 56:

€ 0.018 u,6*
_ M _ 11
1= == (32)

1

Re = 56
i

This Reynolds number is much lower than typical transition values, therefore

€y is artificially set to zero until some other criterion is satigfied. A
Reynolds number on momentum thickness, Reg., is currently used to trigger transi-
tion. (Alternatly the streamwise station at which transition is desired to

occur can be specified). Once the pre-spacified ;ransition value for Re6 is
exceeded, turbulent transport properties are immediately brought into the soclution.
Since the method provides for a nonsimilar solution, the influence of the upstream

12




laninar profile is felt for some distance downstream, thus simulating a transi-
tional region

3. COORDINATE TRANSFORMATIONS

The equations of motion for a boundary layer flow can be solved in the
physical (s,y) plane by numerous techniques, however, it is generally advantageous
to transform the problem to another coordinate system. The transformed coordinates
of fer the advantages of nondimensionalizing the solution, confining the solution
to a narrower region, minimizing changes in the dependent variables, simplifying
boundary conditions and occasionally result in the,deleﬁion of streamwise
derivative terms. This latter possibility occurs only under ve;& restrictive
sets of boundary conditions. The coordinate transformation in the present
analysis 1s a variation of the Levy-Lees transformation and is derived in

the literature. The standard Levy—Lees_;;ansformation takes the form

S
- 2K
£ = f PruUH T, s
° (33)
rou y
q = 2 1 o dy
vZE )

The first alteration of this transformation is actually a mathematical convenience
for carrying out the numerical solution. Introducing a stretching parameter ay
in the normal coordinate, a new coordinate system is defined by

T=¢
‘ (34)

ﬁ':aﬂ
H

The parameter ay is taken as a function of % only and is determined implicitly
during the solution. Its purpose is to stretch the n coordinate such that the
boundary layer remains of constant thickness in the n coordinates.

Since a new variable aH(E) is introduced an addigional~re1ation is required.
This is conveniently supplied by constraining some arbitrary point near the
boundary-layer edge, ﬁc. to hdve a specified streamwise velocity, ¢, near (but
somethinc less than) the edge value:

f'l = cf! '_ (35)
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where f is the transformed stream function defined as

N n :

£ - £ =f“—-dn= Y an (36)
c ul aHJQ u1

and the prime denotes differentiation with respect to n so that

' = u_
f* = a 3 (37)

Examples of the utility of the stretching parameter a, are contained in reference
2.

The second change in the Levy-Lees transformation has to do with the
transverse curvature effect. For very thin axisymmetric bodies, it is possible
to have boundary layer thicknesses on the order of the body radius r,. In this
instance, it is necessary to treat r as a function of y, thexeby including its
variation through the boundary layer. The coordinate transformations become

~ s
- 2K
£ —/ plululro ds

o
{38)
u Y
fi = ———%== pr*ay
ay ZE Jg

Utilization of the above coordinats Eransformation relations results in
a new set of governing equations in the (£,n) coordinate plane which will be
given below. The hat(”) notation will be dropped for the remainder of the text
for simplicity, however { and n are giveh by equation (38). Primes will refer
to derivatives with respect to n except when noted otherwise.

The global continuity equation is automatically satisfied by the definition
of a transformed stream function f£(£,n), shown in équation (36), and redefined
here in the final coordinate system:

u
f - f = ay — dn (39)
w u
[
£ oV, -
£, = - f LA » 7 40)
Y28 Jy Pu1M T,

The other governing equations will be discussed separately.
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Streamwise Momentum Equation

£
tC(l + ;ﬂ) ] 01
1 ] 2 - ' 2
£ff + aH \ £ + B QH E—— f )
3 In a
= ' .___...af' - 2 H H 3f
2(f 3 &n ¢ £ e "~ f'3 Tn £ (41)

In this equation, utilizing the technique of reference 18, the transverse curva-
ture effect is included entirely in the coordinate transformation and in the
definition of t:

2 2a,v2E coso 4
tf(;_—) =1+ ~:‘H—r~2——— / %dn (42)
o 170 (o)

1

where 0 is the angle between the surface normal and a plane normal to the body
centerling (see Figure 1). Other definitions of interest are:

- _fPu
c =z (43)
Piy
- 3 &n u,
B =2 n (44)

_ For solutions without consideration of transverse curvature, t is set to 1.0
throughout the boundary layer. A rigorous development of the coordinate trans-
formation with transverse curvature is'given in the literature.

|
|
|
|
Turbulent Model Equations
The turbulent fluctuations are related to the mean field through the eddy
models described in equations (2) and (7). Eddy viscosity is described by a
wall law and wake law, while eddy conductivity is related to eddy viscosity by

the turbulent Prandtl number:

Hm
»~

|
, 1
Pr, = E; " (45)
Defining '
¢ = L2 (46)
MU%o
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=
i
1~
-

e o
Pu, 6
Rey, = —— (48)
p
1
~ pze
€n = 50 (49)
The wall region eddy viscosity relation becomes
- O(Reé) -~
€y = ——— L2f (wall region) {50)
P1%
~ [4) 2
€,, = 0.018{>— ] Re, (wake region) (51)
M , Py 61
where
g £\ "1
6{ = Say 1 - =)==4dn {52)
(e oy o

Transverse curvature is not considered in determining the wake region length
scale 6;. The governing equation for m.x°ny length, which must be solved for
the entire boundary layer (although it 1is used only in the wall region), is

- a.p,8/1/p ~
LR i i (xaﬂn-z ) (53)

dn +
Y M

Since mixing length is used only in the wall region, it is valid to use the one-~
dimensional expression for shear stress, equation (15). 1In transformed
coordinates, this becomes

u? p C b o,V
- 1[_‘1 W +———W"f']' (54)

Energy Equation

(- 2 Hy af
fH,]':, + [t("q; + q;)]' = 2\f m—g— - HT m—g—) (55)

where q; is the normalized diffusive energy flux away from the surface including
turbulent fluxes and q; is the qormalized radiant energy flux toward the surface:
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a
»*
1]

q,/0* (56)
qp = q /a* (57)

The flux normalizing parameter u* is defined by

¥
pPqu, U, T H
S b U SN (58)
2F J '

Diffusive Fluxes

The normalized diffusive energy flux is given by

C £ c
_C |f'f" 2 P ons| o ME'E" p '
q; = oy el ST o . Y1t e T (59)
oy H ay t
where Pr is the Prandtl number -based on the meén specific heat
C v
Pr = —g— (60)

When certain groupings of parameters are constant so that the flow simi-
larity assumption is valid the terms on the right-hand side of the conservation
equations (equations (41) and (55)) vanish, in which case the conservation equa-
tions become ordinary differential equations. It should be emphasized that the
equations as presented herein are equivalent to the corresponding boundary-
layer equations presented in Section 2.1. That is, no similarity assumptions have
been made in their development. ’

4. BOUNDARY CONDITIONS INCLUDING ENTROPY LAYER EFFECTS

The usual set of boundary conditions for the boundary layer flow problem
consists of the specification of initial profiles for the dependent variables
f' and Hp plus additional specifications of these quantities along the wall
and at the edge of the boundary layer, and the specification of fw along the wall.
However, since the analytical techniques presentéd here are used to compute’
boundary layer properties for flows over ablating or transpirea surfaces, these
boundary conditions have been greatly generalized. Some of the numerous options

resulting from this generalization are discussed below.

The boundary layer edge conditions typically are found from an isentropic
expansion from known elemental gas composition and stagnation conditions. Thus,
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given a set of stagnation conditions and a description of local static pressure

along the surface of interest, thermodynamic techniques may be used to establish
the entropy of the gaseous mixture which, when Eombined with the specified pres-
sures, can be used to establish the"complete equilibrium edge gas state at each

body station. Edge boundary conditions then consist of ’

' a. .u
f edge = .ﬁ_géﬂs
1 (61)
H = H
Tedge Tedge actual

where the subscript "edge" refers to conditions specified at nedge’ chosen to

be outside the boundary layer (see Section II-3). An additional constraint at

the conventicnal boundary layer edge (which is necessary only when cubics are used)
is the requirement of-zero slopg, i.e.,

fedge =0

H'
Tedge

(62)

it
o

I3

It is possible to specify edge entropy as well as pressure. Thermodynamic
techniques are then used to establish the complete edge gas state for a non-
isentropic expansion around the body of interest.

With the existence of energy or entropy'gradients in the inviscid flow
field, the establishment of the "edge" condition becomes arbitrary. The method
described below couples the viscid and inviscid solutions through the stream
function such that the edge condition "floats" aepending upoh the value of the
stream function calculated at the edge n value. In this method the arbitrary
reference condition (denoted by the subscript 1 in the preceeding equations) is
assigned to the wall stream line of the inviscid flow field (see Figure 1l). 1In the
boundary layer the corresponding stream ling is represented by the zero stream func-
tion so that by assigning the same stream function value to the wall inviscid stream
line the two flow fields can be coupled, since the changes in the inviscid flow
field entropy and energy can be uniquely related to stream function. Thus, the
relative inviscid flow field entropy, Si' and total enthalpy HTi are defined by
the functions:

si = Si(f)

and {63)

Hp; = Hpy (B)
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where f is the inviscid flow stream function which is given by:

~ y *
f = pur dy (64)
'{I(f=0)

and where the reference (zeroth stream function) of entropy and enthalpy are:

si(O) =0
(65)
HTifO) =0
Similarly the "edge" coupling can be shown .in the functional form
S, =8 = s.(E )
ledge edge 1 ' “edge
- (66)
H,.. = H = H.. (f )
Tledge Tedge Ti'“edge

The exact functional form of Equations (66) are of course problem dependent --
depending on shock shape, strength, etc. in the inviscid fiow field. The
relationship between f and f is obtained from the definition of the boundary layer
stream function, £, given by equation (39).and the derivative of equation (38):

u

dn = —— pray (67)
aHVZE
From the definition of a* (Equation 58)
o* = puyu /(22 (68)
Equation (67) can be cast in the form:
a*pr¥a
dn = =22 S (69)
P1¥1% o

u v
with § = E% and recalling that oy is a function of s alone, then (39) becomes:

F 4 1 7 £
£ = f bur__ gy —E f ourkdy = L (70)
y(£=0) P1%1%0 P1¥1%e°  y(£=0) P1%1%0 '
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1

Thus f and f are related Ly the proportionality constant u plr §(=/2%).
function forms can now be written (with the notation e for edge)

The
< -~
(£) = Si(olulr §f ) = Si(fe)
-~ - - (71)
HT (£) = HT (pl 156 Kst ) = HT.(fe)
e i
The derivatives of these functions with respect to f are then given by (with t
now denoting differentiation with respect to f)
dS1 ) dSi af s . & ]
af af dfe i Y1P1%
dllT_L .
dfe

{72)

The edge velocity relative to the reference velocity, Uy, is given by the change
in energy expressed in the form

(73)
£ u 2y, - h )1/2
—Eﬁ =-—6.= l+..—.L—._.s_
a e uy
H

where h

The relationships between h

is the change in static enthalpy commensurate with the change in entropy.
writing the energy equation as

. velocity and Lotal enthalpies can be displayed by

ul - ul =2, - h ) - 2(HT1- h;)
= 2(Hy - Hy = h, + hy) (74)
e 1
= 2(HTi - hs)
so that it is seen that the change in static enthalpy is defined by
| h, =h_ - h, (75)
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For a given solution iteration, the va;ué of hs can be obtained from the current
value of he and Se by a Taylor's series ‘expansion around he (at constant pressure):

_ _ sh _ 1 9%n _ 2
h, =h, - hy + 5§-p(si 8y) + 3 o (s se) + ...

p (76)
h, - h, + T(S; - Sl (1 + (s; - Se)/ZCp) + ..

=3
1

The reference static enthalpy, hl’ is known from tbe reference expansion of

the zeroth streamline. In the current version of the method only the terms

in the expansion shown explicitly in equation (76) are used. The derivative
of edge velocity in the normal direction due to entropy and energy gradient

effects is given by

u 3(u_/u.)
_ e _ e’ "1
P T (77)

ct

which (by the use of equation (73)) can be cast in the form:

2(H,,.-h_) (H,.- h )\ df
oo _ 13 Ti s _. 9 T3 8 e
uu 751’1 2 ¥ 2 aﬂ
u e u
1 1l
(78)
or: C 3 (HTif h,)
e T %4 IF
€ e ui

Because hS = h (S ) and S = 8, (f), it follows that h h (f) and also that

hs h (p1 U r éf ) Thus by use of equation (72) for HTf and by analogy to
i
(72) for h;, ué ls given by:
.i-
~, _ £ _ ler G(H - hS ) .
Ye T a T u (79)
H 1

In summary, when the inviscid flow field contains entropy and enthalpy
gradients these effects may be conveniently treated within the present boundary
layer method by appropriate modification of the "edge" boundary conditions.

In particular equations (61) become

fedge = a,l (80)
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as given by Equation (73) and

H,, = H + H (80)
ledge T X

.If it is desirable to prescribe gradients of these variables, cubic equatiohs
should be used at the edge and Equations (62) become

L

edge = "H e (81)

as given by Dguation (79) and the enthalpy graéient by

" _ LU _ aHTi af °fe
edge a1 Y Bfe an
(82)
H} = H i-tl' u, i«
Tedge Ty 17170 e H

The energy and centropy gradient effects are implimented in the computer
coding of the boundary layer equations apart from the matrix inversion solution
through a table look up procedure. 1In effect, changes in entropy from the

reference, Si’ and like changes in enthalpy, H,, , are input for discrete values

T

of inviscid stream function, f. Local values of Si and H_ and local derivatives

- . . T
Si and HTi for a given boundary layer edge stream functién value, fe' are obtained

from the tabular data by an overlapped cubic curve fitting procedure.

Initial profi}es of f' and H, are difficult to establish for the gen-

cral problem, thercforce calculationg are often started with reasonable assumed
prcfiles far upstream of the region of interest so that effects of erroneous
assumptions will die out. Another possibility for initially laminar problems is
to assume a similar solution as a starting profile. This assumption reduces the
equations to ordinary differential equations at the starting point, which may be
solved simultaneously for a set of profiles unique to the assumed edge and wall
state. The similar solution is exact at a body stagnation point, therefore this

approach is particularly valuable for blunt body problems.

The wall boundary conditions allow the widest selection of specifications.
The simplest combination is the straightforward assignment of velocity, enthalpy,
and stream function at the wall:

’ - i
fw 0 no slip
f, = £,08) specified p v ) (83)
HTw = h,(£) specified enthalpy of gas

at the wall

Wall temperature may be used to find wall enthalpy in the above formulation.
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5. STAGNATION PCOINT CONSIDERATIONS

Equations (58), (44}, and (40) for a*, B, and f,+ respectively, are
indeterminant at the stagnation point of .a blunt body. Special forms for these

equations valid at the stagnation point are shown in reference 1 to be given by

aul 1/2
* = 1 t———
asp “\1*"1 &s //Bsp (84)
£ = ~(p v /a* (85)
wsp ( Wwow )sp
where the New;onian flow
Bsp = 1/(k + 1) (86)
and
du
1 - 1/2
a‘s—-l = (ZP/O)SP/Reff (87)
sp

with Reff an effective nose radius taking into account the shock shape. Alterna-
tively, Ssp and (dul/ds)sp can be computed from curve fits of the invisciad
pressure distribution. The itransverse curvature parameter t also regquires

scme special treatment at a stagnation point. The @roublesome term is cos e/ro
which is evaluated at a stagnation point by

) } iQ 1/2
(=) -ls d_“'—_(l ) (88)

o ’ sp ds?

In addition, to improve the accuracy of numerical integration procedures
in the nose region, £ and fw can be computed by the following relations

52|<+2 a r 2K .
N P O (.<1+ v J p1u1(‘é)<‘g'> Jd(s %) (89)
(o]
~-1/2 sK+l r \
< S P 3 T B
[o]

which take advantage of the fact that ul/s and rn/s vary more nearly linearly
in the stagnation region than do uy and r_ . These equations are also discussed

more thorouaghly in reference 1.
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Stagnation point problems are encountered for entropy and energy layef
Problems as well. In this case fé apd f; are also indeterminent since ul_ini
the denominator of Equations (73) and (79) is zero at the stagnation point.

It will be seen that the formulation for avoiding these indeterminate forms are

more complicated -~ for instance, axisymmetric and 2-dimensional shapes requiring
seperate treatment -- than is the case for «*, £ and fw‘ In the following
development, the factor 2(Hy - hs)/ui in Equation (73) will be operated on for

illustrative purposes. Applying L'Hospitals rule to this term and performing
the indicated differentiation as before yields

Z(HTjr hs) ~ 2d(HTi~ hs)/ds _ d(HTi- hs)/dfe-dfe/ds
2 - 2 u,du, /ds
uy s»g duy/ds 5+0 I §
(91)
r + K

2(HTi— hsl ) (HTi - hs)d(pluerSfe)/ds

ui ul dul/ds

s+0

For plane blunt bodies Uy s, r: = 1.0 and the derivatives of the remaining
terms are zero at the stagnation point (symetry), thus

K
dlpyu r 8f ) - duy
ds H1%"e ds
. . (92)
u . - i - . B
Thus: 2(HTi hs) _ (HTi hs’plsfe
ul B Y1
1 s+0 ’
which is still indeterminate. However, a repeated differentiation yields:
2(H , - h )
Ti s _ ittt 2
" = (“Ti hg )(pldfe) (93)
1 s-+0
and thus ~ iy " 2 1/2 .
fesp = a}{ue = ay (]_ + (HTi - hS ‘)(QIGfe) ) (2-d] (94)
2 similar differentiation for u_ ' yields
ap
- . Fro_ 1 2
ue' - (HTi hs )(plé) feaH
s+0
and thus . e ’ 45)
noo_ v - [ -
fesp = £ (060, *(Hy he') [2-d]
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For axisymmetric bodies both u, and r, vary with s so that

1
d(p.u,r &% ) du dr
ds Lo e - Dléfe(ro dsl * Y dso) (96)
Now in the vicinity of the stagnation point r s and dhl/ds*ul/s, so that
ot
2y - Ryl (Hy; - 7)) py8f (ry duy g + uy)
2 u, du,/ds
uy a0 1 1
= (H,| -h) p 6 du
Ti 5 1 efs I .1 (97)
dul/ds uy ds
2(H, ~ 8} 2(m,, 7 - nh) o ef
i ‘s‘} 3 T4 s’ F1%e
] - du./ds
vy ls~0 L
Therefore / 2(HTI - h:)pléfp\f/z
£ = aq,|1 + z = faxisym] (98)
e H s
sp \ dul/d.: /
Similarly for ﬁé .
T _ oty 4 K K Y o_oF
- - aleéﬂﬂTi hs)dro/ds + rod(HTi hs/ﬁsﬂ 99
Yo - du, /ds (9)
|s+0 1
which, neglecting the second term with second order derivatives, becomes
f t
., - 4nfyl (HTi - hs) (100)
els40 dul/ds
and flnally L ¥
aéolé (HTi - h))
fesp ST 7as [axisym] (101)

4
L}

In the computer program, the second derivatives in these equations are approxi-
mated by simple two point differences of the cubic curve fit derivatives.
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SECTION III

INTEGRAL MATRIX SOLUTION PROCEDURE

The solution of the transformed boundary layer eguations presented in
Section Il uses an integral matrix method which has been developed specifically
for the solution of the nonsimilar, coupled, chemically reacting boundary layer.

A complete presentation of the integral matrix procedure was included in reference
1, where solution of laminar flow problems was discussed. In the pfesent effort
this technique has remained essentially unchanged, however new variables and
equations have been added to describe the turbulent aspects of the flow and to
include transverse curvature and the entropy and energy layer effects. The
present discussion will therefore review only the highlights of the method, and
the reader may refer to reference 1 for more details.

In the integral matrix prccedure, the primary dependent variables and
their derivatives with respect to 1 are related by Taylor series expansions
such that these dependent variables are represented by connected quadratics
or cubics (either option 1s available). That is, f' and H, are expanded in
Taylor series form and the series are truncated to reflect the proper poly-
nomial representation. A nodal network is defined through the boundary layer
and the Taylor series expansions are assumed valid between each set of nodes,
with an additional requirement of continuous first and second derivatives (a
spline fit). Primarily for convenience, the conservation equations are integrated
across each "strip" (between nodal points) using a unity weighting function.
The linear Taylor series expansions together with linear boundary conditions
form a very sparse matrix which has to be inverted only once for a given pro-
plem. The nonlinear boundary layer equations and nonlinear boundary conditions
are then linearized, the errors being driven to zero using Newton-Raphson
iteration.

In Section III-1 the Taylor series expansionsAare presented, the inte-
grated form of the momentum equation is discussed, and techniques for evaluating
integral terms are demonstrated. In Section III-2 the special techniques applied
to the mixing length differential equation are discussed, and in Section III-3
the actual simultaneous equation solution procedure is summarizeéd. ‘

1. INTEGRAL STRIP EQUATIONS WITiH SPLINED INTERPOLATION FUNCTIONS

Considex the boundary layer in the region of a given streamwise station
s as being divided into N-1 strips connecting N nodal points. These nodal
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points are designated by ny where 1 = 1 at the wall and N at the edge of the
boundary layer. Consider a function p{n) which with all its derivatives is

continuous in the neighborhood of the point no=m;. Then, for any value of n in
this neighborhcod, p{n) may be expressed in a Taylor series expansion as

—— 14 11 (Gn) 2 (én) 3 " (Gn) “ LA 2N 1
Pi41 = Py ¥ PyON + pj H— 4+ pitt g+ Py S5y (102
whgre
Sno=mni4 "N (103)

Conventional finite difference schemes, in effect, typically truncate the Taylor

series after the first term and use the resulting expression to relate p' to p,

etc., that is ’
Pi+17Pj

Pi = ~%n — (104)

Round-off error is then of ordexr (d&n)? and many nodes must be chosen to bring
this value down to acceptable limits. One can achieve a reduction in the number
of nodes for a given accuracy by employing a quadratic or cubic relation re-
presenting the function p over the interval of interest. This can be achieved
by truncating the Taylor series after the third or fourth term. The cubic
approximatiocn will be used for the remainder of this discussion. The p; can
Since the

be considered to be any of the fi' fi, f;,f:", H H' , or H'

Ti' Ty T’

highest derivatives of the dependent variables which appear in the boundary
layer equations are f{‘ and Hyp, it is reasonable to truncate the series at the
i

next higher derivative and to consider that derivative as being constant be-

tween ng and N4y that is,
Freue _f_j':.;,i—fi”
i i+l - n
TR (105)
H%" _ i+l i
i ti+l &n

Thus, rather than using finite difference approximations similar to Equation (104)
which are substituted directly into the governing differential equations, a set
of linear relations between the dependent variables and their derivatives is
obtained and is solved simu;taneously with the governing differential equations.

These linear relations are of the form
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- f, + £, + f! + £

i+l i i i 2 i 8 i+l 24
ot o LON) " (6n) “_
Pipp ¥ Py v By v P) T3Pyt =0 (107)
1 113 ‘6—r]_ (1] .G_rl -
" Pjy PP Py 5Py 30 (108)

where in equations (107) and (108) the p; can represent fi, or HTi‘
Notice that f' has been taken to be a cubic over each strip, rather than
the stream function, £, since it was desired to represent velocity (u = ulf'/aH)
with the cubic. Equations (106) through (108) above, when written for each
adjacent pair of nodes, give 5{(N - 1) simultaneous algebraic equations for the
7N + 1 unknowns, fn,.fé, f;, f;', Oy HTn' H%n, H¥n at each streamwise station.'
Additional relations must come from the governing differential equations and the
boundary conditions. It is important to note that the f, f£f', etc., are treated
as individual variables related by algebraic equations. It is also important
to note that the coefficients in Bquations (106) through (108) are functions of
¢n  only; therefore, this portion of the resulting matrix need be inverted only

once for a given problem.

The conservation equations (41) and (55) contain streamwise derivative
or "nonsimilar" terms. In the present solution technique, two or three point
finite difference formulas are considered sufficient to express these deriva-

tives, since gradients in this direction are not severe. BAs in reference 1
S0 ) a (e a(), . +d) (109)
d (&n 5)2 o A 1 -1 2 -2 .

where ( )2—1 refers to the previous streamwise station,

2 2 .
d, = d, = - , d, =0 {110)
0 WBp’ 1T B 2
for two-point difference and
2f0-1 F 2By 2lg-2
dg = 2 S T i
gBe-y 28022 282-1 1-1%2-2
{111)
81 ‘
d, = 2
2 glg2 g-1Bpe2
for three-point difference where typically

*The mixing length is not included in this variables count since ' mixing length
{as well as Ep in the wake region) is treated as a state property.
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The three-point difference relation is generally used unless a similar solution
is desired (in which case do =d, = dz = 0) or unless the point in guestion is-
the first point after either (1) a similar solution or (2) a discontinuity
(e.g., where the body changes shape abruptly, or where mass injection is suddenly
terminated) . -

The next step in the treatment of the conservation equations is their
integration across the boundary layer "strips". The primary reason for this
integration is to simplify the n-derivative terms in the energy and species
conservation equations, since it is not convenient to express the complex q;
and jE terms in derivative form. The solution can actually proceed very nicely
without integrating acrcss strips (see reference 7) without any noticeable change
in speed, accuracy, or stability for simplified problems such as incompressible,
nonreacting flows. The weighting function for integration between nodes in this
integral method is unity. In the terminology of the general method of integral
relations, where integrals are carried from 0 to = in n (reference 19), a square
wave weighting function is used which 1s unity across the strip in question and
zero elsewhere. The equations are then integrated N-1 times with the square wave
applied to each strip in succession. Using the momentum equation as an example,
the integration from i-1 to i results in

H

1 t(Cc + £) iop i
" M o 2 1 - [
Jf £E£7dn + [ ———p— o + SaHd/- 5 dn 57 £'24dn
i-1 i-1 i-1 i-1

i i
- [ [ - 2
_Jf E(doE + ayfg )+ dyF; 5 )dn J[ £ [doln oy
i-1 i-1
i
+dy (I o)y g ¥ d, (tn aH)g_z}dn -d/' £7(aF + @y, 4 + dyf,_p)dn (113)
i-1

The Taylor series approximations introduced earlier can also be used to express
1

the integral terms above. As demonstrated in reference 1, the term_{_l'f'p dn

becomes

i .
] — ] . [N ] L) 10
£' p dan = £ XP, + £1' XP, + fi'' XPy + f XP
i-1

2 4
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where

= - 1 @_ n _(__§__":s_!_ " (dn) z
XPp = o0 (p Pi 2" Py 7§ *Pi1 73
P & 2 2
- - iy én o 11(6n) " (6n)
Xp, = - (&) ( 7 " Py 3Py 139 tPi-1 35
p. , . (115)
- 3 _;1_ - ] L(dn) " 11(511) " 5(67])
XPy = 8n)\—g -~ P{ =135 * P{ “q30  * Pi-1 o7
P; 2
= f_ X _ [ i’l [0 ) [0 {én)
XP, = (8n) (24 P; 50 *+ Py 3 Z"‘ Pi-1 252 )

This technique iz used to rewrite each of the integral terms in equation (113)
above of the formj' 1 E'p dn. The remaining integral term in the momentum
equation f (pl/p)dnls evaluated by approximating the functions as cubics over
the strip and integrating directly. This yields ’

i ' .
P p p PP PP, 2
1 1, P Yen (P1Pi _ P1Pi-1)(sn) .
[ Ean- ( + ->_Z +( S (116)

1 J.

However, before discussing how the set of algebraic equations is solved,
Section III-2 describes how the mixing length differential equation is solved.
2. SOLUTION OrF THE MIXING LENGTH EQUATION

The mixing length equation is a first order linear differential equation
whose solution can be written directly in general terms. The differential
equation is

ai _ u18Y7P

o= AL (kan -0) (117)
] Y;U H
Defining oyP6VT /o
P(n) = ——————— (118)
+
YoM '
results in
ar ~ '
L= (Ragn - LP (119)
The solution to this equation is np an®
J[n (o) an'
e
7=k n - (e} (120)
%y f "p an
o]
e
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The remaining problem is to evaluate the integral terms. Defining

f
’ P an"
ine o dn'
L(n) = A (121)
.g P dn'
e
vielas
g = Kay (n - L) (122)
A complete description of the technique used to evaluate L(n) is available
in the literature. In essence, P(n) is assumed to vary linearly over the
interval ni—l to Ny and the integrals are expressed in a more tractable
form. The final expression is
%) - (552)
L, = BL, ;| +A ;Dw(-—-z- - BD \—3 (123)
where
; ZAni /2
A = 1—-)——:—?—— (124)
i i- .
_AI]J:Pi'Pi-l:I
B=e 2 4 (125)
bn; = P PP (126)
p () =e ! ’2f( ) et¥iay (127)
w °

The Dawson Integral, Dw( ), can be evaluated from tables (reference 20) or by
a series method. A series evaluation method is used in the present analysis.
Thus, combining equations (122) and (123), an explicit recursion formula for
mixing length at each node is obtained. This mixing length is a function of
local shear, viscosity, and density through the variation of P(n), and is re-~
evaluated at ea;h node on each iteration during the course of a solution.
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3. NEWTON~-RAPHSON ITERATION FOR A SOLUTION

A complete description of thé:Newton—Raphson iteration procedure as
applied to the laminar equations of motion was given in reference 1. Since
the procedure is basically unchanged vith the addition of turbulent flow,
transverse curvature, entropy and energy layer equations, it will be reviewed
only briefly here.

To illustrate the Newton-Raphson method, consider two simultaneocus non-
linear algebraic equations

F(x,y) =0 G(x,y) =0 ’ (128)
the solution for which is given by x = X, y = y. Define X and Y as the values

of x and y for the m“h iteration. The desired solution f£f(®,§) can be expressed
in a Taylor series expansion

o _ aF(xm,ym)
0 = Fx,y) = Flx_,y ) + (x - xm)g;(————
IF({x_,y )
v ’ — |
+ (y - }m) ay + . ) .
(129)
o _ 3G(x_,y.)
0 = G(x,y) = G(xm,ym) + (x - Xm) §§~J1*Jl-
aG(x_,y_ )
- m’¥m
+(v-ym)————-—-—--ay + ..

The Newton-Raphson method consists of replacing (x,y) by (xm+l'ym+1) on the right-

hand side of these expressions and neglecting nonlinear terms in Xl = ¥p and
Yoel = Ym© This yields the set of simultaneous equations
OF (x%_,y ) F(x_,y )
m’'‘m mm’
8%n 3% + Ay oY - F(xm'ym) )
(130)
aG(X ,y ) aG(x r‘] )
. m’*m m’Im’
b gt Mmooy = 7 Gy

L
(o8




or in matrix form

< _ - =
aF(x_,y. ) oF (x_,¥ )W 1 .
m’'Ym m'fm - , 131)
ax 3y Axm F(xm ym) (
3G(x_,y ) 3G(x_,y )}
m’Im m’fm -
T -ﬁ-il——-—_- Aym G(meym)
L JL - ' - d
wvhere
A % Xpey T X 8y = Yy T Y (132)

The Axm and Aym are the corrections to be added to X and Ym' respectively, to
yvield the values of the dependent variables for the m + 1th iteration. Here
Fi{x_,y ) and G(xm,ym) are the values of the original functions F(x,y) and G(x,y)
evaluated for x = X, and y = Y- BAs the corrections approach zero, the P(xm,ym)
and G(xm,ym) approach zero. Hence, it is appropriate to look upon these as
errors associated with the original equation (128). It is apparent that this
procedure can be extended to an arbitrary number of functions and a correspending
number of primary variables.

For the purpose of the present analysis, it has been found most convenient
to consider the primary variables as fi’ fi, f{, fif', HTi’ H%i, H%i and ay -
This amounts to N + 1 unknowns where N is the number of nodes to be considered
in the boundary layer. Recounting the number of equations, we have

Eqn. Numbers No. of Eguations

Taylor series expansions (108) -~ (108) S(N - 1)
Boundary layer equations (L13) and eguiva- 2(N - 1)

lent energy equa-

tions
Boundary conditions (61), (62), (83) 7

or equivalent
a, definition (35) 1

Total N + 1

Other secondary variables such as r, p, T, etc. are expressed in terms of those
listed above. The corrections in these secondary variables are therefore found
in terms of the corrections to the primary variables.

The use of the Newton-Raphson technique for the current set of equations

requires the evaluation of the partial derivatives of each equation with respect
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to each variable. The partial derivatives cf the Taylor series equations and
linear boundary cenditions are exactly the same as in reference 1. Again, the
reader 1s directed to reference 1 for the full exposition of these lengthy

and tedious equations which will not be repeated here.

Tne technigue of relating corrections on secondary variables such as C,
g, T, PR, etc., to corrections in primary variables was fully explained in ref-
erence 1. The same techniques are used for the new corrections At and AEM {(and

Aue for energy and entropy layers).

Once the correction coefficients (partial derivatives with respect to each
primary variable) for each equation at each nodal point are found, they are
arranged in matrix form for further manipulation. The order of the primary
variables and the order of the eguations is of some importance in the matrix
formulation. 1t is most convenient to divide the variables into "linear" (symbol

L} and "nonlinear" (symbol NL) sets, namely

AL !BL ] [AVL : EL
S o B D (R R (133)
ANL ! BNL] | AVNL ENL

where the linear equations are the Taylor series equations and some of the bound-
ary conditions. The purpose of the partitioning is to allow operations on sec-
tions of the coefficient matrix which result in significant simplification of the
overall inversion. 1In particular, since the coefficients of the linear equations
are all constant or functions of the fixed nodal spacing, this portion of- the
matrix (the AL porticn) can be diagonalized once and for all in any given prob-
lem. In essence, the corrections on the linear variables AVL are always ex-
pressed in terms of the nonlinear variable corrections AVNL. The choice of
linear and nonlinear labels for the variables is somewhat arbitrary, but care
must be taken that the AL matrix not be singular. It has been found convenient
to arrange the variables into the linear and nonlinear groups as follows:
AVLF(AEZ, Af3,..., Afn, AfY, Afg,... Afﬁ, Afi“, Afé",... Af;")x and AVLH(AHTg'
Aﬂ%z, AH% reen AH% ' AH% . AH;(,... AH% ). The nonlinear variables are then
arranged in the foTlowing crder: AVNLF(RQ S SRS AEY, AE),... Afé): and
AH

Hl
The order of the linear equations in the

AVI\'L}I (AHTW, AHT ’ AHT2 yooo Tn—l) .
present matrix procedire is:
No. of -
Equations Description of Equations
3N-2 Linear boundary conditions and
Taylor series for £, £', £, f"
2N Linear boundary conditions and
Taylor series for HT’ %, H%
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The nonlinear equations are seguenced as follows:

No. of
, Equations - Description of Equations
4 Nonlinear boundary conditions
and Oy constraint
N - 1 Momentum equation for each pair
of nodes
N Energy equation for each pair of

nodes plus wall enthalpy equation

Special logic has been written for the matrix inversion, taking advantage
of the regular sparseness of the matrix. Once the corrections for the linear
and nonlinear variables are found, these corrections are added to the variables
to form the new guesses. The magnitude of the errors for each equation are
checked and the procedure advances to the next iteration if the absolute values
of the errors exceed prescribed upper limits. If the errors are acceptable,
iteration is completed for the current streamwise position (. Typically, three
to six ljterations are reguired to reach a satisfactory solution. ’

4. SOME RESULTS FOR BOUNDARY LAYERS WITH INVISCID ENTROPY GRADIENT

A total of five sample problems are presented here to demonstrate the use
of the boundary layer theory and computational methods on problems with entropy
gradients in the inviscid flow Eield adijacent to surfaces of interest. A
limited cowparison of the theoretical results with experimental data obtained in
the Ames 3.5 ft. hypersonic wind tunnel is also presented. The problems are
presented in order of increasing entropy layer effect. The free stream Mach
number for all problems is 10.5 and air is the working fluid.

1t is pertinent to point out here that 'a number of conventional boundary
layer parameters traditionally calculated (and which are found in the results
presented here) lose their physical meanino in flows with entropy gradients.
For example, momentum thickness and displacement thickness (as traditionally
defined) have no physical significance for flows with entropy and energy layer
effects. A modified definition of disblacement thickness which does have tae
usual physical definition is presented in the results to follow. This effective

displacement thickness,éé, is given by:

£
* 1 af
§° =y - = ’ —— (134)
e e ro o piui

where the inviscid variation of p and u as a function of stream function, £, is

included in the integration.
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Reynolds number and the transfer cocfficients are based on the reference
streamline property values. This choice is arbitrary and one of convenience since
free stream values (or some other arbitrary reference) could be used equally as
well. : !

Only the results from a few selected 6utput stations are presented hege.
The total number of stations for which calculations were performed ranged fr@m
8 for the sharp bodies to about 20 for the blunt bodies. The stations selected
for presentation here correspond to the instrumentation- stations employed in the
Ames hypersonic facility testing (references 22 and 23).

a. Flat Plate with Sharp Leading Edge ~ Laminar Flow

A schematic of the physical situation is shown in Figure 2. This
figure shows a flat plate with a sharp leading edge (attached.shock wave) at
at a 3° compression angle, the shock having a slightly curved shape because of
boundary layer effects. 1In this and subsequent problems, the theoretical invis-
cid flow field data were obtained from computer solutions generated at Ames
prior to the conduct of this study. The boundary layer displacement corrections
made in these inviscid solutions were approximate and do not reflect the-boundary
layer properties calculated in this study as iterations of this kind were not
per formed between the inviscid and BLIMP solutions. The inviscid computer code

used' at Ames which produced the data used in this study is based on the method
of Lomax (reference 21), and the method of Soremson (reference 24) .

In the computer output which follows special attention is drawn to the
shock-entropy table in the first part of the output and the entropy and total
pressure profile data supplied at each solution station.

Perusal of the output for the eight solution stations shows little effect
of entropy layer. The velocity overshoot above the reference velocity is only
1/2 of 1% at the last station considered. Part of the reason for the low magni-
tude of the entropy layer effect is due to the assumed shape of the entropy
versus stream function curve (or alternately the shock shape). In the vicinity
of the £ = 0 streamline the entropy curve (or shock pressure ratio) is quife
flat as shown in Figure 3, just as for a blunt nosed configuration. This is
tantamount to the presumption of an infinitesimal shock standoff distance.

Such a shape was required to satisfy compatibility with the inviscid solution.
In any case, a finite amount of fluid must be entrained by the boundary layer
before entropy effects occur. ’

Figure 4 presents a comparison of the laminar boundary layer profile
with experimental data taken from reference 22 at about the midway point down

the plate. The good agreement between the experiment and theory must be viewed

.
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Q Data - Reference 22 (FpP-23)

Predicted from boundary-layer and
method-of-characteristics solutioq_

0.b 9
LHz|.% 7.
0.9 ‘ o
(0]
0.4
\/) N,
©

0%

~Figure 4. Comparison of Measured and Predicted Pitot
Pressure at Probe Station a; Laminar Boundary
Layer
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as verification of the small entropy gradients in the experimental flow field.

Problem 1. Sample Output

Stations
a. s = 1.345 £t.
b. s = 2.18 ft.
c. s = 2.945 f¢t.

Reference Stagnation Conditions

Ppy = 12.5 atm.

Hp, = 331.3 Btu/lb

Ty, = 1851°R

Sy, = - 0.4896 Btu/lb-°R

b. A Flat Plate with Sharp Leading Edge - Turbulent Flow

The physical situation is that of the first problem with the exception
of an increase in free stredam total pressure from 12.5 to 35.13 atmospheres.
Transition from laminar to turbulent flow occurs approximately at x/L of 0.5
(s ® 2 ft.). About a factor of 2 increase in velocity overshoot (above refer-

ence) can be noted at the last station compared to case 1.

Figure 5 presents a comparison of the experimental and theoretical tur-
bulent profiles near the end of the plate. The agreement displayed is surprisingly
good considering the nature of the turbulent model employed and the fact that the
empirical constants employed were obtained from operating regimes far removed
from those of this example.

Problem 2. Sample Output

Stations
a. s = 1.345 ft.
b. s = 2,18 ft.
c. s = 2.945 ft.

Reference Stagnation Conditions

Py, = 35.13 atm.

Hyy = 354.3 Btu/lb

Tpp = 1937°R

§;7 = - 0.5483 Btu/lb-°R
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C)Experimental Mach
Number - Ref. 22 Fig. 17b

(FP-19)
—— Theoretical Mach
Number - S = 2.18 Ft

llo "~ Ye = .52 in- o
. theoretical assumed for
M = 9.0 best fit
€theoretical P

M
Me

Figure 5. Comparison of Experimental and Predicted Mach
Number Profiles; Turbulent Flow

41




’ 6000011
! §0070°8
80+951°9
goetlles
g0eGn0°S
80eg9l S
g0ecEC"S
80ev6%2°S
goeCl9°s
g0eg0L*S
90+152°S
g0eg2a°S

133571}
63%4 1702
NOBLI3INI

00.pg@°1
00esci°t
10-699°¢L
10-€06°%
10~866°2
10-028°1
10-920°1
20-621°9

000°0

HIBNNN
HOVH

20e765°1
200249°2
20+608°%
20+196°9
20°991°2
20¢248°9
2021%°9
20+19n0°9
20+88L°S
20+R09°G
20+016°5
20+02£°S

ty 930

dwW3l

10=-gceec?
GNOJD

andang o1dwes -. 1 watqoid . .

000°0 T(0¢008°2 10=000°L 100002 ©S0~-Ci2°% 10-fLe°2 10-Q21°9 GO0-622°1 S0-L9R°6 £0-C0L°8
000°0 100004°2 10-000°2 10-000°7 90-9SE°% 10-2L0°7 10-610°9 GO-1G2°1 GO0-%96S°6 C(O0-%85°S
000°0 1(0+008°2 10-000°% 10-000%7 00-602°9 [0-00»"2 [N=997°9 4gN=-CI2°1 »0-500°1 C€O0-€95°C
000°0 100006°2 10-000°% 10-000°L 90-~rifi*h 10=124°2 10-962°9 g0-091°T 90-220°1 ¢€O0-0L£!°2
000°0 104004°2 10-000°7 10-000°f 90-2%g°f 10~#(4°2 (0=L16°0 GO-oll°1 o0-8Cl°? (O-gC°V
000°0 1[00006°2 10-000°f 1[0=000°z ON=921°FC 10-600°2 [0-60¢*9 G0-280°1 o0-89!1°1 »0-R22°¢
000°0 10¢006°2 100002 1[0~000°L OG0~0%9°C T10-6U+*2 T10=175°9 SO0-650°F 90=922°T S0-6%6°F
000°0 10¢00A°2 10-000°2 10-000°% 00~56G*C T0=F09°2 10-£09°0 G§O0-(%0°1 00=-L£62°1 40-A%€°2
000°0 10¢006°2 10-000°z 10-000°L O0-425°*€ 10-105"2 1N~-£96°9 ¢60=-R20°1 +o0-082°1 000°0
YIRKHNN 4 24 2357 (4 87/048) o} 13 23S/87 (13 NI/7AY (¥¥)
YNKRaHOHY/ 1H913A 10IKHIS H3A8WNN  N1A) ONDD 1934 S HNWeNOHY/ nw ONY TR WONd
SdIe0SONY  HVINI3ON 03I JI100W . TLONVNI IYWYIHL 21413345 NHeOHY  *ALISOISIA *ALISN3C 3JONVLISIO
T0eL52°6~ [0+180°2 000°0 20+F1C°C SO0~9%6°C= wNal9G = 00¢100°1 00+419°2 00¢295°C 20~-190°2
10¢191°9= [0e06H°2~ T001AG°E 20¢G12°C 20-9A0°2 10=-Q00°1 10-G0G°A 00+962°1 00e¢622°2 20-020°2
1040851~ 20+98C° 1= 20+682°T 20¢€99°2 70~R/€°S T0=9%0°C 1I0-4h1°2 10-296°9 00¢09G°1 20-919°1
106262°C 204%60°1= 20+4910°2 2042961 20-£RG°R 10-20~'G 10-6R2°G 10-RLE€°2 [(0-Ll6°R (C0-€02°6
10+902°% T10+%6R°2 20¢Cla*T 10+A00°g 20-0G%*6 10-!00°Q 10-£22°C 20-0CS°*g 10~06€°C €0-985°§
10+819°C 10020€°6 20e20s°l 10+Gageg 20-9%9°s 10=1t1*°0 10-2¢1*2 20-29L°C 10=29G8°F (O0=-F95°¢C
10e02g°2 20¢161°1 70e46c°] 10+011°f 20-917°6 10-0%0°0 T0=-ptg*l 20-9G5%°V 10-622°7 ¢€O0-0C€1°2
T0eLLn®Tl 20e%22°1 20¢SR0"1 [0el0t°1 20=-1%4°6 10-1596°S °20-229°) (€0-202°c 10-8€€°*1 ¢O0-€C2"!
00+EQG*A 20¢€£G2°Y 20+819°l 00en0g9eg 20-1G7°6 10-9i8°S 20-999°% C0-n9R°1 20-G20°fR #H0-RI2°{
00ewnE*n 200€92°1 20¢CC*T 00¢929°s» 20-951°A T10-0¢n*S 20-825°7 »0-9€[°S 20-8G%°% #»0-64%6°C
00¢960°2 2042927 20161 00+4g¥°2 20-RSL°6 10-061°6 20-grG*1 40-080°2 20-549°2 #0-A%E°2
00+0LC° T~ 200892°1 20eL1c*L 0002¢C° 1~ 20=-292°6 10-C%L°*S 000N 000°0 000°0 000°0
(§/N1AY  18/0n18) (RI/NIA) (R /N18)  (DS14/RT) 141
AdIVHINT O A4V (MN/Nz) TR HOWd
211v1S dd9 dn «HIN3 W10 NV3INS dd.3 d3 3 vi3 *3IINVISEQ
NOTLYRANINT IVQON
GO+ELR*Y #0-992°A 20-908°1 Z20=-203°1 90~-/90"6
(*439) t4) un 14 (34)
, 1004 134 ¥OAWYY  *3IDVI4SI0G  ¥visII0 vi3KL
HIoWNN  *SQINNIINL L008 SSSINDITHLCSSINMITMY
SO IONATIN  AgTUHINT 341123443 *IVV4SIQ  wWNIN3WOW
000°0 %0=-211°9 #»0-R18°9
HOeBNaMOHY 2/ 40eM8Ne HOHY
(4] NO Q3SYT) $ 44302 ¢ 44300
SHALINVHYD AINTROIR SNVHL {VIN SNVML WOKW
c (114, A¢] 20~294°6
(14 0S JI3s/87) {14 os/87
NILDIFNY WYINS®
. S3IXNT4 SSYN Mvm
Q00°0 10-€C2°2 10-€C?*2 CO0-2R1°t €O0-00C°Y C€O0e¢jUG*H FO-IFL*T 000006°*1 GO-S0C°T O0ec({"(
(14 0S J35/n18) H313INVHYD (33571 4) 2ee(23S/
avy3Iy HINI 101 YWNOISNJIAIO0 ONIZ1vwW AL12073A WiV (14) )]
S3IXNTL LVIAN =HON XNT4 vi3e E kD AINNCSIYS dVRCH 1x vHdly
€0-€°1 [l 90=1"?- &1 CO~*1 00GO*TENIG" <ly°l 28L° €
10-6°2~ 0l %0=4°Fa o] »0=-"9 0000"1L"iS° Gli°l R2G* 2
, 10=6°%= 0l %0-g*l= 51 FO=*2 6&ALH* L91S° ol1°T1 c92° 1
ADH3NI WNENINOW NOHMI Aodd HdWY IWlL  Sil
*S03 NOIIVANISNOD NI SHOMNNI*YWR  NIT°YYW  driv( SINAVA QILvH3LL

90150181 0L MAY 62 ¢~ = -~ 13341006%€C1° NOTSNIWIU ISTAWYINLS = = = SANDDIS 10e00OOI(° ELDPY

42




(penutiuoo) 3nding atdwes - T wdTqoad

[}
'

0NegIn*l FO-PLA°C [N=290°F [0=G26°n= 20=~9CC*T1 20-190°2

00¢21%°f €0-659°1 20~G91°*F (0-619°C= €0=215°9 20-020°2

00+209°1 H0-GHR®°Q €O0-EAL°C 10-911°2- C0-28G°F 20-919°1

00+26€°T 60~£90*2 »0-1P9¢2 10-9.2°1~ £0-S12°T €0-€O0L°6

. 00+16€°T GO0-2LN°6 GO=-GG0°A [N=-212°t~ %0-£9C°*% C€0-%6S°'S

00e€CRE*T GO-%UD*0 GO-60N*G 10-C2F° T~ 920=226°T €0=-F9G°C

UDeGRETT CO=P6L*H S0=26L°*h 10-2un° e S0-0wb°} (CO-0C1°2

00eQ6€°1 GO-0tF*» CN=JFC*h 1[0=QP9°1~ G0~4C9°? ([O0=FE2°1

00+2AC°l GN-myl*s Ghenolen T0=RZL*T~ 90-G26°4 %0-R22°L

00+R6€°1 GO-6Kh0°» GN=ph0°® (N=gO0R° 1~ 90-0E6°Z %"0-696°C

00-¢6E°1 QO-0rQ°* CH=UPRN*H [N-QuR°[- 90«£GO0°*T &©Q-r9L°2

00+660°1 CO-AY0*'» Ch-phqan*+ [0-016°T- oo~ noo°*0

{4 S/0L8) (valdw) (14
ANT 1A S NOTLIONN4  1Ivm WOUJ
YERVO ({0l id  NMTLa/zfA  AdnMiNS WYIMLS IINvASIQ

00+€59°¢ GO0*0 1000A°7 10=-000° 10=000°2 9N=p’n*l lh=sec*s Qnenpnel _S0-wYL’s  %0-609°» 20-1%%°2

00es22°8 000°0 10+00A°2 [0-000°2 10=-000°%) OGN=0n/*2 12-04c°> (f=1Gl1e® O=C19°Q ®0-4In*2 20~020°2
ONeNfn°f gnnen  10e00p*> In-0NNN*y {0=-000", ufwpe 2oy  Tyaanr, = sid=lnnte  tQanntl  J0eqglvyci —




.

00+251°Y
16=-h2L°L
10-1¢6°n
10-910°¢
10-5€8°1
10-0£0°1
20-412°9
000°0

HIAWNN

HOVH
60e811°T 20e¢16€°1
BOCE6°L 20169242
B0*0%0°9 20e€92°»
RO*n66°0 204496°9
RO+#26°9 202919}
R0°0C0°S 204948°9
80+502°c 20¢5i%°9
g0¢29€°S 20e490°0
A0*8L9°S 204042°S
80¢906°G 20¢609°G
AC*E19°S 20¢G15°g
R0+689°S 2040.£°S.
(33s/1) ¥ 930)

o3u4 110D

NOM1D313 dnly
10-6€L°1

ONODD

(penut3juod) 3nding srdwues - T waTqoad
000%0 . 10+004°2 10-000°2 10-000°7 0QO0=9GF°*H TO0=/t%°2 (0-190°9 GCO0-162°1 GSO0=-w9€°A €O0=012°2' oo '
000°0 10+¢006°2 10-000°¢ 10-000°2 90-1{TP*n 1D=-0t%*2 10~1G1°9 GO-CI2°1 SO0-£09°+ ECN=~N09°H
000°0 10e006°2 10-000°2 10-000°, aQn-Gc10°% V10=2c%*y 10-0R02°9 GO-191°1 ®0-050°1 €N=052°2 .
000°0 10400A°2 10=000°2 10-000°2 Gh-nbvucf [0=-%19°2 1(0=10n°G GO=4l1'T #»0~011°Y1 €0-266°!1
000°0 10+004°2 10-000°%; 10-000°2 0Q0-622°F T10=AU%°*2 10-069°9 &0~2R0°1 %0-6G1°1 &N=-0(C°s '
000°0 100062 10-00n°2 10=-000°7 90=-099°¢C T10~CU®*? 1P=QGC*g GO0=-4G0°T #0-961°1 &0-60°S
000°0 104008°2 10-000°¢ 10-0N0°) OQ0-9ASSE, T0=oUn*2 T0=166°9 GO0=2a0°1 90-112°1 - 90-1(0°¢C
000°0 104006°2 10-000°2 10-000°7 9N-22S°F 10-1U%*2 10~-899°Q S0-R20°1 %0-062°! 000°0
YAHRNN (d 13 D35/ (y Ai/ngqy J 14 335787 (13 nO/8N) 113
YNKeyOMH/  LHOTIA 10IHMAS  NIAWPN NLR) (OMOD 1V3N SHNW e HORY /S Ny oMM TIvA WOMNd
Sd3e0SOHN  BYINIIOK OIITITQAOW UOANY D WhbIHL 21413348 AWoOHN  *AITSOISTIA *ALISNIO  30NVISIO
10+1¢5°6~ 10+RER"T 0000 20e€IF°F FO=CRF*1 ¢FO0-RKL°Q 00eCO0°T NO0e1EQ°Z 000RG*E 20-RI1°C
1001€C°9= 10¢010°L= 10+SHn"C 20¢212°C 20-9E4°1 20-Ab6°A 10-R2G°6 00¢60E°1l 00eRE2°2 20-965°2
1001465 1~ 2042861~ 202.2°1 20e%19°2 20-0f1°% 10=nt0°f 10=-921°*R 10-610°¢ 00¢995°1 20-280°2
100/2)°€ 20+601°1~ 20+210°? 2040/G°1 20-29°9 10-Cke°Cc  fhenlf*s 10-009°Z 10-154°9 20-252°%
10e6C2°% 10672722 20+216°1 106269°a 20-ASE°2 10-2V1°0 10-042°C 20-819°'a 10-02C°*Ss €0-~012°; .
10e220°C T0e122% 200262°1 10+6/€°6¢ 20-cl15°2 10-071°9 1I0=hynle?2 20-662°C 10~0RG°C €N=00G°y
10engce? 20e2%1°1 20+R66°1 10+a421°C P0=276°2 10-1%0°9 [0-gog*l 20-02%°1 10-8€2°*27 (€N-052°2
10e5g0°]  200722°1 20¢p09*l 10e09)°T 2N<fAG*L 10-F9n°c 20-nyfey (0-6cg°c 10-CoC*T €£0-266°1 - ,
00+0622°A 204282°1 20412%°1 00¢€99°A 20-200°¢L 10-P¥R°c 20-14G°» (0-288°1 20-950°% ©0-0CL°p
00422€°% 20¢R92°% 20¢54C°1 00+859°% 20-609°%; 10-2LR°G 20-C¢6*7 ®0-0a1°S 20=Gi%*» 90-260°G
00eoll*2 2042221 20¢€6C*l 009122 20-R09°; T(0-7Up*c 2076l «0-1R0°2 20-5@9°7 "»0-1C0°C
00eGLrot~ 200%22°1 20eRIr*1 00+026°T~ 20=-119°¢ [0-G9s°G 0000 [ Ad] 0000 0000
(83/n1R)  (B8W/nN)8)  (B8I/n18) (A 1/nLR) (nS) 478N L 4)
AdvuiNg LYY PR Y {Hn/n=) TIvA KOWd
511v1S dd9 d9  =HIN3 IVINL NYIMS dg 3 d4 3 vl3 *3INVLISIO " g
A NOTLIVHNO4NT IYOON -
Q0eqLl"y EO-cgliet 20-21€°2 20-00€°? €O-1S1°1
(*338) (N t13) (14} (14
1nNs H3d vaRmel  *32v7g51LQ ¥vis130 wi3IM}
HIBWNN  6SCINNDTHE AQOb SSSINMITHISSSINYITHA
SO IONAIH  adTumlINT JATLI3443 *QVI4STIO  WNININOW
000°Q »0-822°G *0=-»i€°S
H)a N HOMHY 2/ 4NeHNe HOHY
- (=) NO G3ISYN) * 44300 $4430)
- SHIL INVNVA ONIXOTR SNYM] LV SNYNL WOW
- 0ng°*n 20-119°4
{13 ns I3I</a7) {14 05787
QA3LIICNI MV IHS
SYNTY SSym Mvm
000°0 T0~ACL°*1 10=KE/*T1 CO-¢RF°T FO-AMS*] FOeRUGn  FR=GK9*T (0Ne000°T S0-2GS0°2 O00eall°l
{13 08 J3s/n1R) ¥31INVAVA (Y3571 9) 2as(2357-
QYNIY  HINI 10t TWNOISNSJII0 ONIZI vk INRELRET) Wiy t 81
S3ynT4 1vIN -HON YN4 vi3@ *4IN IMNES IN avioM 1¥ vHd Y
nf-c*f 1l oreges P <c0-*2 0C00°V15525° All°( 990°1 »
. 20~k°7 1l «n=g%) 2 wyest QOUNTTILCSC  ATICY 2E2° €
10=2°f= 01 FO=G[= &l FU=*?2 0000°18¢1G° RIT*] 926° <
T0=0°F« 0l t0eQ®F= &l FUa°f AALL® GG Qll°*l Gg2° {
. AapINT WNIMIKOW  MOMN3 Pddd  HdV IWEL ST
*SOY NOLIVAMASNDD NT SHOMMI*YWR  HIT*YYR  dhVQ S3INTIVA 031vy3il

or:50¢

Al 01 Ndv A2 *~ = =

L133310+00R17°

MOTSNIWTU ANtarwiIngc

~ = = SONCD3AS 10e00901° WL




00+Gn6°L
00e04€°S
00+005°¢C
00-668°1

000°0
000°0
000°0
000°0

(ponut3juon) 3ndinp ardues - T wa[qoad

10e004°2
10+004°2
1000A°2
10400A°2

10-00n°2
10-000*7
10-000°}
10-00n°;

10-000°4
10=-090°%;
10=-0CN0°*y
10-000°;

00ertn*]
00+210"
002091
0Ne2AC*T
Q0einr 1
00eERE"T
g0sCrE L
QQsonrEet
00«76
00+RAE"T
00eebE" L
00ereE°T

VWY

CUER TS|
LT RS e
Gh=ntJof
cnlst\-l

fO0-wnReg
FO=-mLu" 1
wil=-RtK*Q
oN=-2%02
CO=P R*H
c)-Cwa*q
Ch-Iua*y
G0-0tZ*y
GO=-Q90°*»
co=tuncn
co=Frper
C0-2tn"¢

Hi11d
TLITEINY

In-trs°p
1Neung e
Thevay o2
LMETR A

Ihappyeg
20-96¢ ¢
fFO=-1Co°¢
"=(Qa°*y
Ch-11h8
Ch=-qupeg
Ch=juqgesy
-G0=CFeP "y
QN=6ap s
Sh=fnges
aN-fhe"€
S0-216°F

™Y 1d/ g

fhenzg
[feesp0p
[Dawlis ty
1haglisqg

a-140°c-
10=-02°C=
10-ay1°2-
101 02% 1~
1o-cpl*1-
10-20F" 1~
10=mg5" 1=
10=-409"1-
19-21}° 1=
10-8RL° |~
10=n?6° 1=
10=-gak*{=
(% €000
S
batin N3

50=-%01"%
G- mC*q
L EIVFE AN
Sh=wd* |

20=£90°T  2n-ull g
L3=-Cqr*a 20-966°2
C0-236°%  20~250°2
ENe6C9*T  2p=-2g2°1
n0=-62C°G £0-012°¢
®N=4T9*7 [O=r3a*ey
SO-1fn*s CO=N5 ¢
50-CLE°F €0=266"1
S0-£02°1  90-0CC"6
GU=nly°F w0-160°S
90-SEE°l  %0=-1£0°C
gon°0-~ c00°0
NIV (1)
NOILIONNE UM WOa 4
wV3d41S ANYLSIQ
20=G2r*n  20-pl1°f
"N=0Fn=? P0--ng*2
nl=htn*l 20~ 20°2
G0=0FQ°6  70~-.42°1

45




60+1£1°1
80e¢188°¢
8040L6°S
80+216°
goezc8°%
ROeL46°Y
g0e011°s
|0+592°S
RO09C°S
80+2199°S
80+C15°S
f0+88S°S
(23s/1)
03¥d 1702
NO¥L3373

00¢916°1
00e251°1
10-262°¢L
10=-126°%
10=190°€C
10-058°1
10-6€0°1
20~692°9

0000

YIANNN
HIVH

20+11€°1
204912°2
20+60L°%
2006969
20e491°2
20¢158°9
20et2n°9
20+0%0°9
20+€6L°S
201196
204915°8
20e01€°s

(¥ 930}

LLES

10=Fgo°*t

ONDID

000°0"
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0

UNWe YOHN/
Sd3e0SO0HN

10ec12%6-
JOsiCyr9-
t0e0Cp 1~
10¢829°¢€
10012
10s0nnee
W0esere2
T0s%4net
00+562°8
00silnen
00+2¢1°2
00e026°1-
tevnir)
AdIvHING
J11v1S

0000

(penuT3IUOD)
{00082 10-000°¢
10000A°2  10-000°L
10+006°2 10-000°¢
104606°2 10-0C0°2
100006°2 10-000°2
10+008°2 10-000°¢
10+004°2 10-000°2
100006°2 10-000°1
10¢006°2 10-000°

HIRWNN
1HOT3m 101IRWHIS

NYINII0N O3] 41O0W

10¢c0n°t 000°0
10+£9.°9= (JenR2°f
20+469€° 1= 202€5P°1

2046211~ 20e010°2
10¢1(9°> 20226°1
10e€€P7°8 20957 °1
20egnl1°l 200209°1
2040€2°1 20eTe9°!
20e1Q2°1 20+i2%°*1
20+122°1 20e0y1:€°1
2046121 20en5£°l
20e112°1 20ef1r°1
(A /N1A) (AV/N)8)
dd9 a9
10=-FBn°1 T0=CRa*Y

({4 0S 23s5/n1R)

avy3y

HINT 101 YNOISN 44D

S3AxNT4 LV3IAN

2136001 02 MdV K2 - - -

3nd3ng oydwes - T walqoad
10-000°2 90-pS2°% '0=-7E»*2 10=111°Q 4G0-G22°! G0-9@9°8 20-Ale°}
10=000°L QN=GgGF°s 10=ft&*2 10«160°0 G0=2G2°Y G&f<61°6 (€0~-126°9
10-000°L 9N=412°0 10=-0L®*2 10=6F1°9 &O0=-412°1 &0=229°4 (0-9Cv°S
10-000°; 90-Rl10°% 10-2¢%°2 1[0-892°9 &O0-191°1l %0-£20°7 €0-4%2°'C
10-000°2 90-6%3°C 10-s16*? 10-6RE€°9 GO~-QIT°l o0-080°t CO-166°1
10-000°¢ 90=22({°C 10-6Y%°2 10-A{%°9 GO0-£A0"T o&0-3€1°1 €0=-201°¢
10=000°1 GN=199°'F 10~GUb°2 10-955°Q G0=-090°1 "0=G21°T #0-n20°9
10-000° 90=GAS°E 10-9Unh°2 (0~0PZ°Q &GN=~290°1 HO-CATI°T »0-19G°C
10=-000°2 090=225°€C 110~109u%2 10~L£9°9 G0~-020°1 «0-922°1 000°0
(% 14 235/ (¥ AV/N1P) ) 14 235787 (13 nI/7A) (JEL
HIARMNN  NLAY ONND | 4V3M SNNh e IOHY/ nn OHY TV WONd
TLOANYEA™  WhgIH) D1 41034S NWeOHY  *ALISOISTA *3516NIC 3IINVLSIO
20eCTE"C #N=F0F°*9 FO-0YQ*F N0e¢c0D*T 00+RG9°2 O00enl9°C 20-€¥9°C
20eF22°F 20-rwC°l 20-9iG°A 1D=295°6 00+niL°1 00+rS2°2 20-190°C
20+6R9°2 20-916°€C 10-064°2 10-gT2°f 10-911°¢ GO0eff6°1 20-1G8%°2
20+905°1 20-2RQ°6 10-€in°g T[N-acgeg 10-6€%°2 10-010°s 20-n¢%°1
10+6F2°R 20-622°9 10-gUI°9 10-1Q2°¢ 20-6%1"¢ 10-900°S ¢£0-125°9
[0e020°q 20=4lh*q 10=-0-1'9 [(0=2Q(*? 20~9G8°C [(0=-n0Q°C (€O0=QC%°§
10¢GCT°E 20-595°Q 10-120°Q (0«2€€°l 20-Cen°l 10=-£62°?2 (0=-4%2°C
107927 20-%R0°*9 10-Cth°Gg 20-6C6°) €0-%¢€°S 10-2cf°t coO-~1g0°1
00et%2°h 2N=18n*q 10-969°Cc 2N=0CL°*» €O0-116°1 20~-a0I°® £0-201°1
00e701%n 2025609 ({1e27%Q°q 20-GlGQ*7 &0~149°G 20-505°» &0-020°9
007922 20=(6%°0 10-71R°C 20-094*7 o0=271°2 20-Cf(*2 90=-185°C
00¢04F*1= 20=-6An°Q [0-+Y)°*G 0nge0 000°0 0NG0 000°90
(RV/NIR)  (BS) 7P 14
LI Rl v ten/nz) AR HWOMS
“HINI WI0L  uVING ddJd dd Kl vi3 $3INVLISIO
NOLLvwd04NT VAON
cOentl*» ghaqpgel 20-C0L°2 20-619°7 €O-Inf°l
(*434) (id) t1d) (i ud
1004 ¥3d vaaNe  *39%1aeS10 Y8730 \ A% LT}
MILKAN S INNI THY AQOH PSEANNITHICSSINNITHE
SOIONASY  AdIVMIND 321103347 *IJ0dSTQ  WNINIWOW
[ ] ThepCat™ . nl=({5"Y
Hienanlily 2/ 3%e8Ne0HY
(43 NO Q13SvE) ¢ 34302 ¢ 34300
SHILAINTRTA ONIMOIR SNTRL- PVAU SNENL WOW
0000 20-A69°G
(14 0§ 22</87) 114 0S/78M)
: 13133rNT NV 3IHS
N €3YN14 SCyw 1um
£0=-9P1°] FN=GNG*| FOenlQ*y Er=pca*t (0e0N0°T &N=F€¢°*? 00sQ21°1
MIALIHYNVE [MEEYIR]) Jee 235/
Q aNI71IvH AJEIDTIAN (niv) (14} an
=HOM ¥NYVY viie k-] ANNGS Ireg dVIUH v VHd IV
20=n°F 1[I Gh=2°c 2 wi=-°1 Q0UNI"GIGQ* 0Ol1°T w62° €
10-0°1 11 £0=-€*1= o] FO=22 (CUO°I%G¢c" Q21°1 1€6° 2
10afief |1 FR=y*Pa ¢ fNaen  gEnes 0GgQs 2211 PQ2° 1
AQEIAINMG WNRLNTIWOKW HOHR3A rPody gy INELl S
CNRT NNTIYAAICIND BT SHOPHEIOY Y ST YR gliv( €309h n31vE3Lg
133410 e 0GP " MOTSMI T TSR INGC = = o GOANONIS toenphc]e kRS

46




00+661°R
00+929°S
00+A5S°F

000°0
0000
000°0

(pepnTouod) 3ndinQ ardwes -

1000n°7
1000082
T0e00K°2

10-000°¢
10-000°2
10-000°2

10-000°¢
10-000°¢
10-000°¢

PIET SR A |
00214y
00e€00°t
Vpe2hE° T
00e6E"T
00+€hE"T
00eGAL"T
0negeEC"1
00+26E°1
00ePAE"T
00enng Y
00e6mE" 1

VHAVO

Q0-¢0g"1
90-0/1°7
Ghegg e r

1 watqoxd:
»
E0=€h0°n- 10=1+G*w
FO=1u9°1  20=LnG°F
®Q=1Lp*9 €0=-Ll€°C
&Q)=RL0°7 90-QRQ9°*2
Qp~1tg*e Gh-laqep
cQ-2ip*s qh-tirec
€0-219*% GO=119°%
CQ=~nt1°% &O-pGl*n
G0=9tkr*C  QN=-grieT
Co-1rs°f SP=T1fA°F
co-?la*L Ch=2T4°C
SO~TUA®E <n-106°C
aNTd
(1011 1A 4NTQdsiA
1Nt {f*2 0DQe2rgeY
In=g%r¢2 l0-ngpen
10=yF*Z  1n=n2st0

t0-c61°6~
1o-s6%°C~
{y-an(*?2~
16-862° 1~
10-cnl "1~
10-£62° 1~
[0-08%°1~
“10-665° 1~
10-h69° 1~
10-9L4° 1~
10-9Ta"1-
19-188° 1~
ty 2/niRY
S
AdMHIN3

Q0-Cea"f
90-0n}%°9
CUELY L

20-598°
€C-€CL%4
€0~-6G62°¢
€E0-00Q° "
90-FA%*9
nN=16K°7
vo~-gott
S50=-£96°F
S0=€1n°1t
Q0=-Gof -
QU=-195°1
000°0-
(vniov)
MOTAONNS
wY34]S

n0=L70°%
yh=fon’
20=10%"1

20-F%9°L "

20=/%0"€
20-15%°¢
20=-#L%°1
€0=-1256°8
€3=37%°S
Ch=rn2°C
€o~-188°1
€0-231°¢
20-020°¢
50=-185"¢€
noCo
aud

AIvme n0d4
IdMvisiQ

Z0-f99°g
20=4n0"¢
26-1862°2

47




PR

60e221°€C
60+220°¢€
609G %2
A0eS208°1
80971
&0e00C* 1
60eucC 1
606LF°1
60e22%°1
60e0Gye ]
60eRLS°1
601597
602161
tn3as/sn)
o3us 10D
NO¥1D3ITI

00e291°1%
10=-FA8°/
10-5€0°c
10-0R0°F
10=nR"Y
10-FG0" 1
20-25€°9

a00°n

HIRWNN
HIVH

2he192°y
20ennC
20e1gL?
20+00Q°%y
20+R12)
20eQgney
20+0fF1°2
7041790
20+622°9
201000
2heqonReg
20+0n;°¢
20+0QG°¢c

(¥ 9301

LUK

10-kRGF

aNndn

000°0
000°0
000°0
0o0°0
0r0°0
0o0n°0
000°0
ono“o

HNWeMOHN/
Sd3eDSNHN

10.2rR°6-
f0+6€9° A~
T0eH00n° 9~
vu.mo:._-
(R T AL ]
[0egLA "
1006110
10en00°€
10+9g0°2
toetar 1
00+921°6¢
00¢g869°9
0Nengp*2
aw/nisy
AdIvH M3
211vys

000°0.

10+00£°7
10e008°2
10+004°7
1N+00R°2
10en04"2
10e006°7
10e00n°2
100048°2

L L]

HYNIITON Q31 47100W

L RLY-3 Ra-T
10egRG* Y
{0eoN*g=
200407 [
2004027 1=
1021%°%7
10+4/R5°8
20ep21°1
20+n97°1
20¢082°1
20hen0f* Y
20+21r°1
200011
(RI/N)9)

dd9

10=-aRa*f

{14 0S JIS/NLF)

QvNIN

S3IYNTI LYW

LA LR RN BNV

Indano etdues - z watqoad

20-629°2 (0-69G°¢€
90=w9ce? gO0-212°2
90-81L°7 CO=-QSC°1
90-168°7 #0-~vn9°y
40-220°F %0=2865"¢
®0-C21°C »0-105°2
40=821°F 90=-169°1
20=-a52°C 600°0
(13 no/78Yy N
oHy 1A Woud
A SALISNIG  3IINVISIO

00euSL°G 20-254°1
00+€g9°f 20-205°1
00+20€°2 20=Q92°1
00«119°1 20-€20°'1%
10-902°« €O0-161°9
10=-626°5 €0-S95°C
10-gR9*€C fo0~-222°2
10-20¢€°2 ¢€0=-95¢°1
10-18€°1 »0=-998°,
20-902°R #0=-265"
20~-C09*% HN=)05°2
20<29.°*7 80-Ten*l
000°0 000°0
(14
- YIYR HWONS
vi3 $3DNVISIO
NOLLYWENINTE TIVAON

20-920°*1 %0-1(2°%

i 11 4)
¥V1$130 L EL]
SSSINWITHLICSSINNIINL

AcTUMIND 3AT133443 "IV GSIQ  WNINIHOW

10-000°2 10-0P0°2 QD-DA®®s 10=Fwen*2 10-190%@ g0-282°1
10-000°2 10-000°2 90=-6CE*» 10-9L%*2 10-1G1°0 G0-z62°1
10-000+) 10-000°) Q0=-2FT*s (P-72H°2 10=€R2°9 GO=261"1
10~00n°*) 10-000°2 QN-k56*C T0-AlH32 (N=ROK*O GO-Col°l
10-000°7 10-000°, QQG=%28°C 10-Fl6*Z (0-005"% G0-601"1
10-000°2 10-000°7 Q0~CFL°Ff 10~-AU%2 10-496°0 GO-GRO'T
10=-00n¢2 10=-G30°*! 90-9RG*f 10-g0n°2 10-909°*9 g0-2720°1
10-000°2 10=-000°2 90-219°C 10=-%i®*2 10=999°Q GO-~2G0°1
43IRWNN A8 13 0357 (W 801K ] t4 23s/81
101wHIS ¥3AWNM  NERY (ONND LY I SNPHaHNHY/ Nk
MLONVHY IWRYIRE O14123dS NHeOKH *A11S0JS)
000°n Z0eFnS°C %0=-8CG*s 0=/t O00+E00°T 00+.19"%
10+60T1°1= 20¢78G°C €0-£89°G= 20-Q92°1~ (0eN10°T 00e2¢s°2
10scancg 20e9uh°f 20-972°C 20-098°Q 10-956°c 0N0+5€°1
206692°1 200008°2 20-411°% 10-AHQ*Z (0=-122°R 10-2€€°2
20e€071°2 20e9€/)°1 T0-ro»°*1 10-i{n*g 10=QNn*g (0-015°2
2022102 10enst*6 T0-94G°1 10-990°'0 10-962°*F 20-400°4
202t 10+9727°9 10=-029°1 1¢~IH0'0 TN=g11°2 20=-494°C
20+629°1 10110 10=099°1 10-64r*G I0=Qure] 20~-69¢G°1
20+866°1T  10e£2£°2 10=-rn0°l 10-Qya*s 20-(Re*L CO-NQaeu’g
20+9an*] [0e2an°l 1N=-9%g*] (h-plp°g 20-96.°6 ¢O-CQR°L
20enfn*l 00enieu*h  10-%%9°l 10-0G2°c 20-829°2 oi«gf0°*9
20e416°T 00¢h08°9 10-G99°1 10-Rl)°g 20=276°1 40-py(°*2
20+q)F*1 00¢nGh*2 10-8%9°]1 10-AYQ*q 000°0 000°0
(A/7n18)  {(RPI/018)  (RSL /8N
. 94 AdIVH (HN/N=)
a0 “MEiNT IWLOL HY3IWNS ddd dd 3
G0+9L2*Y H0=-fwges 20-011"1
Rk (14 (14}
JULERE R YORWYY  * 374510
»IHWNN S SQINUTTIH] AO0H
SOTIONAIN
goo°n
(H) 1O QIcyn)
SHILIWYND 4 ON]MEIR
anpen
X t13 NS I3I</AM)
031330NY
SJ¥N14 SSyw
10-~¢u0*F  €0-GQA*? #0=G2)°C fNheulyen CN-y0Gca (GNe000°*1
¥313IRveavd 133%/1 4)
HINT 101 WNNTSN 410 ONT7TT0w AR RET [T TR 2] N
-30ON YN 4 v138 * 134 INNSETHA AVNOM
E0=A*> 1t QO0-2°) 7 00-*2 Q0LO*

wor 2

l
be = o f3dagnencefye <

10-7°71= 01l F=p*1~ € GO~y 0n00O*
fUu=-S*fa N fRudf= €] ~

PR E R
CLR 4 BN PYAM IO bt

CE e

WMWK H
SEOMMITYYR M)

Vet -

Umel  KAHSS
Ode3

€0=L01°T fFO0=-021°1

HIsHf e dOHE 2/ 470 HM1e 5OHY
* 344300 ¢ 44300

ShYML LVIH-SNYNL ROW

10-c%9° 1
tid 0s/79M
MY ING
TIVM
§0-6s¢°C 00¢1G1°1
Z2entdiS/
)
¥ vHdly
169QG*  IG1°*1 F({n* €
V6966 1611 &29° r4
nNe9y " 51 «lf” {
Meict 4 Het Yy ELE ¥ T

T xuw  gnvl SINIVA 03 vaIll

- - LU {0en

i Irja

48




00e245%8
00-1a("0
00+20G°c
LLEY S A4 5
N0eQnpY

000°0
0or*0
0o00°*0
000°n
000°0

(peonutjuod) 3ndinQ =a21dwes

10«00k p
10e00A°P
10eqNs*2
10+N0K°2
1000,

10=-000°;
[0-000*y
10-%00°~y
10~0u0°y
10-000y

10=-00y*y
n-¢0g°,
to-n00°y
10-000"y
1n=ngp0ey

LIRS A |
00ealn®l
0n+210°Y
OneZltne]
Onelngel
0Nep6at "1
CoeimE"T
NperkEel
Q0eCAL "1
LTS |
0ne2haf*Y
0neprgel
00eshL 1

LTI

an-212°1
GO~ 2t 01
QA2
GNagGP g
ELETVE g )

- 7 waTqoxd. .-
Chenegsny 10-2€8°6
FQ=CLO°*» 10-0%9°*y
FC=9MQ*1 2n=01s°C
S0-CHE®Q FO-FQG°C
5h-02p*l  H0=16O°P
G0=-GHY R  CN-FI6*R
G-kt GG CN-AFG*C
Q0=-2iF*+ cCh=p)r*»
GO=KCE°E CO=t25°(
CO=122°€ &n-1y7°7
G0=50L°C Gh=n0y°E
SO-N69°E -GN-0¢Q°f
LO=-NE9*C Ch=0E9°*f

INl1d

(inylidite

10-R1C*?
tn~ndg 2
Thenngen
ALY
1o-ut ne>

INTid/1d

nnetz0°1
ONeg&nel
10=-20¢g @
Ih-tr4°Q
tn-421°9

10-6L6°5~
10~0€£6° Q-
10-9L1° 9%~
10-0ng°?~
10-658° 1~
0-222°1~
10~-688° 1~
10-1G0° 7~
1n-0ue-2-
o=-gog*2-
10-08€° 2~
10-909%7-
10-G4%°2~
(N AI/7NLEY
.S
AdNHING

90-0%8°¢C
Yo-110°»
Q0-fH"°0
CREL TR
c0~-RG2°ti

49

20-£84°C 20~192°1
C0-9%2*2 20~10S8°1
20-G11°1 20-652°1
€0~-€20°9 20-F20°1
€0~290°? .€0=-161°9
%0-00%°7 €0-G65°¢C
70-662°C E0=212°2
50-002°7 €0-9GC°t
S0-205° % o0=wnQ°}
S0=219°1 #»0-76S°'n
GO-21Gh"H H0=~)0G6°2
GU-1RL*T  ®»0-16%"1
000° 0~ 0000
(IvNiavl 11 4)
NOTLOINNY  VIYA KON
We3H1LS IONVISIO

€0-REm'T  20-29L°1
£0-pnr*l  20-205°1
"0-2%G°q 20-092°1}
hG=nj L0 20-£20°1
»0-216*2 €0=-tel 9




(penutjuoo) 3ndinp ardwes - z waiqgoad

woeGf 7l Q0=2%1 2 0-°w DOUQ°TY205° 2G1°Y efs’ ¢

Uh-pel- 01 £0-0°7= G G0-*w CH00°19105° 2S1*Y se9° ¢

[0=f*2= Ol FR-F*Ce 1 0= 564%° 1/95° ?si- ctc® !

Aon WO LN N0 4dd3  HdY 341l St
eGAT NOTIWAHISHNAD AT SpOE#eYYW  HITTavd  dhv0 S3INWA N31vyE3il

Gni€GIIT 01 MV 12 = = = 1324LOS00RIZS  AOTSHIMTE ICTRRNAALSE = = = SONOIAS ro-oo0ntr At




(PanuT3uUOD) 3ndang aTdwes - 7 warqoxag

NOP1I3713 LLEV J11VIS dd® a0 =HINT 1IN MY IMS ddd [ E) vi3 ¢3OINVLSIO
! N NOTLYHENINT IvQON

S0+DF2*( €0=LAF*T 20-€E9°1 20-C2f°T C€O~-1€0"1
(*434) 14 uN (¥ )] t14) .

1N04 ¥4 YOPWYY  *3WWN4SI0 BvisSIIC v1i3HL '
MIVWNN  SSEINSITHL LOOE SSOINNDITHLSSSINNILING
SOTONAIYN  AdTIVHING JAT1D3443 *IVIdSIQ  WNLINIWON

000*0 C0=99L*? €0-GlC°C
X . HIedNaNO0KY 2/ $DedNayOHY
4 NO d3syR) ¢ 44300 ¢ 44302
. SHILIMYHYY ONTSDTR SNYHL LVIH SNUM]L WOW
000°0 10-c56°0
(14 1S D3s/R7) (14 05/
c : 031337N] MY IHS
SIVNY SSyN TIVA
10~-921°4 000°0 10-9%2)°h 10=921°h (£O0=GPF*2 »0-101*G FNs02 %% FO0=-G26%h 00+000°1 60-000°C 00+186°1
(13 nS 23IS/nie) HILINgNY A URELYIW)) 2ee(d3S/
aNoJ0 QUHINY  HINT 102 TYNOISNJATQ ONIZTIVW . ALTI073A {WLY) (¥ ¥y A7)
SIXNL fYIAN -d0N ¥R 3 vi3K * 33 AINNGG INA AVNOM Iy YHdIV

f0-2%9= 11 S0=6"f ST 20=-°1 0000°[10R1*2 (186°1 Q9411 o€
€0-h*6= 21 o0=1*? <1 p0=-*1 000LO-TIORT"2 186°1 SOT°IY &2
. £0-€°C- 21 »0-C*¢ 1 20-°% O000°110RT*2 16A*T 0%2°01 82
' €Oo-f*R= 21 »0-7°7 1 10~*T O0UONC{INATI*2 t86°*1 JiC°00 12
c R 20-t°1= 21 £€0~8°1 G{ £0~*T 0000°110R1*2 184" 510°01 92
20-3%n~ 21 £0=-2°% &1 JO~*1 0000°11D8[°*2 (86°! 1S6°¢ 52
10=2%1= 201 20-0°T7 &1 J0-~°¢ OUUDO0°1I0RTI*2 186°1 082°6 52
[@=a*1- 21 20-%"2 &1 f0=~°8 (O000°110RT"2 18&°1 R24°g €2
020 6 20-0°Q <o QO0~°f 0000°166L1°2 0861 935°¢g 22
10401 9 [0=G°T [ #i=+1 QUUOIlALI"2 2L6°1 n02°8 12
20+0°1= & 10=0°R 1 »0-°% 0000°1S891°2 A96°T 2np*y 02
20017~ 6 00451 €1 »0-°G &HREG® 9K00°2 AOR*T &7%°L 6t
20e2%¢ 21 00e1°2? ) 50=~*g GQCE€* w9981 221°1 21i°L gl
2006%n P 00ef*? &1 #0~"9 Aw%2* yOCL*T %041 An[°G Lt
2000%9 21 00+nr Gl #»0~e» (202 0465°1 w6n*] €PF*Q 91
20ep%1 21 0042°%6 ol 40-~v6 O161* ygCo 1 26F°1 120°9 51
20e0°g 21 00+9°n €1 H0=~ef (r60° 1EH2°1 QA2 KGH°S L2
. FOeNnel 21 GNe2°c gl 40~2 1510 gell*1 052°1 ;¢2°S ct
£0e1*1 71 00¢9°G G HO~1 0290 00G66° Q02°1 fE&°% 21

F0e2*1 21 00e¢psc G1 GO~*R 9REO 1IoR*  &R1°1 026°w u
£0e¢2°1 Pl ODep*a Y CO=-*n KOGN® 0Cp;v FLYI*] €02°% ot

51

s £0+f*1 21 00en*a i GO=~*2 1430 wWEwu* ?G{°{ Awgeg [

i €0 T 21 DDeQ*g <) CO=*1 oGl0* {624 S¥T°1 prweg f ,
fhem®Y 21 N0e¢9°*0 G Q0=*0 /00 WAKG® HG1*] alleg L '
€oen*l 21 00¢2°F &1 Q0~°C D500 IFNG* FhHI*] nGp*2 9 !
€051 21 00«2*0 g QU-*1 (100 1626 251°1 deL°2 s
f0em*1 21 0Cez°*Q <Y [0~°9 O0100° {145° 251°1 «20°2 ” B
€EDem*Y 21 DO0es'@ € 10-~°2 G0O00°* 2AGG® PSi°1 299°] €
EUen*l 21 00eg*q g1 RO~*F 2000° [@9G° PGL*T 00C°1 2

AONING WO PN IWNN HOMMY Meid 4 Hd Y Iell Sit
SN NOTIvAR3SNQOD NT SHOMMTI* YR NIT*yUW  dhvy SINPA CJivalll

AN EMADY HOTIATING iy AZANTIINT 36 TN IWANARHNT CMATIISMUA L 1214V NOLENTIAS HYMIWYT HO1Yd




60eG12°¢
ADPERL2
[JALT.Y-AF4
60*n20°2
hROeE2L
hlenleel
60*6AN1
aNe0Pne]
a0s1nget
ANscnge]
LIAXF I ]
SRS LAR
hheghne |
123821
(LR LI B e (40

00eELH°R
00+46G5 4
0040h8°6
00¢910°¢
00+90L°f
00+G60°r
00°199+2
00485142
0001901
000011
10-00Q+9
10~2€0°n

0ooe-n

¥IRWNN
RIVN

207911
20+709°¢
20e¢59€°?
20+0%0°f
20etnlen
20¢EAnSH
2Neragec
2Nelel q
20+k21%0
2Den0sica
20+729°%0
20*kpP %0
2NeNCEe

4 030

(panutT3uod) andano a1dwes - 7 weIqoagd

000°0
10e522%g
10¢099°g
[0eglneg
10enp°t
T10e521°1
00+9g5°¢g
00+062%2
lo-1rR*y
10-gnt*2Z
20-T1¢e¢
€0-%8F°s

0000

NNWeHOKM/
SdIeDSNMM

20-900°%1~
10«090* 4=
104992~
105206~
laeQupc2-
10+0n0° 1=
O0engaez
10e2pP°1
l1oegnl®y
10e2¢5°¢
10elprcy
10e240°2
0Qencpsp
(29/n)0)
AdIVHINT

106006°2
10+006°2
1000p6°2
1Ne00n*2
T000h°2
1000A°2
10004°2
10«00n2
10+004°2
10+00h°?
1060042
10+006°2
100062

1H93p

10-000°2
10-000°2
{0=-000"¢
10-000°2
[0-000°2
10=-000°y
10=-000°*,
10-000°;
10-000°7
10-000*
10-000°%
16-000°}
10=-0un=~}
HIRWNN
101WHIS

NYTINIION QI 4100k

N=-167°12

00esC9* I~
00:+59n°h~
thelece -
fhegig 2~
102941~
FARS LA RS B
FOEY Y -ad
PALEATi P Ad T
FdsQua* |-
P0efan*R~
2hec2n%4

coegrot)

(/0 )9}

0000
Q0efgCet
[Qe1772*Y
10+610°¢
{Negnare
10emp0*y
Fhezoney
sNegaacy
Phelorsr
EA R S-TR
20efa~q
KD.I\—..
Phejgcts
{(&1/014)

10-000°2
10-000°¢
10-000°2
10-000"2
16~000°*¢
10-000°*¢
10=-000*;
10-000*2
1n=-000"¢
10=-000°}
1n=000°;
10-000°¢
i0-000°7

HIGWNN
I1ANYHA

20+€%G°f
2heuGey
20enlr’E
20eg21°¢C
2R 109°2
20¢1Rl*?
eNem0e]
¢houGced
ehesntel
10eggG"y
1Gegcao~
[ ARR WA
LOemimty
(R0
ne LN

00e02%°Y
00eRIb*1
00enlney
QGellngel
00eg0H Y
00+100°1
[LEY VI RA
00+9hC° T
00+FnhE"T
0Qe26C° L
00+96E°1
00+5hE"T
00<«hbE"T

LLLLD]

90-202°¢
90~-105°1
90-R5A°T
90-aht*?
G0-C5a°2
CLETT Il o
90-609°¢€
Qa~40A"¢C
LTS AL

9N=1f2°n *

CLETN A K
90-166°¢C
ON=219°¢C
4 ¢4 23S/
nLa) aNod
TVANIMY

S0-9F9°q
1n-cure
10-616"0
10-0HH*Q
19=19G
10-/26°9
fo=g12°c¢C
LB R 1
1n~qeasy
10-gGkey
| TR WA E)
theGueron
T0=Chnrn
(re 4/umy

€0~199°»
FO=oF2°¢f
FO=9%s°1
go=-tegt
“0=ht2°4
LU AT
®0=-64G°C
40=~4/€°2
LA L AR {
Qo~rlgey
CO=RLIR°"Y
CO~260°y
SG~Qngeg

IN[Ld
(1041d) 1

10-91¢°?
10-62¢°2
10-0%€2
10=bip*2
t0~-p152
10-£80°2
t0=~nw0ne2
to=g1n°2
10-adn2
LR SR A4
10~9¢6°2
th=nine?
1h=n0n*2
(# RI/n1E
1V In
31412348

®0-cUG°!
f0-ancey
20=Rlce?
P0-cyyec
0=yt
10=~101Q*
To=10Ce°?
LLETN B4
nosns 0ot
Ohregps gy
Age1aicy
ANspiLge?
fOsawl*p

20-80%°6 20-#60°C
20-449°S  20-£25°2
20-662°C  20~156°1
20-060°2 20-895°1
Z0~22p°%  20-3v0°1
E0=-GR1°S (C0-216°9
£0~926°2 €0~GLB°Y
£0=-€20°1 go~opl’t
v0-186°6 €£0-126°1
40=30€%2 €0-n21°1
S0=-n22°L %0-696°S
S0~6RS°2 $0-AGH*E
0000~ 000°0
(wnlov)y (13
NOILINNG TR WOu4
WY3IHIS  IONVLSIO
ED=i%G*1 20~460°C
CO=121°1 20-¢25°2
¥0=-909°1 20-156°t
%20=01e°S  20=R9S"1
40-1g2°%  20-/70"\
»0-8hG°C €0=216"0
%0-202°C £0-GLB8°%
70~£06°7 €O0-oll°C
70=079°2 C0-126"°1
40-809°2 €0-w21°1
G0=nlL°? %0-£96°S
90-168°2 #0=pGH°€
"0-LCP°¢ n00"0
Ly nI/se t14)
oMY TivA WOM4

SALISQISTA *X41SNI0 3DNVISIO

10-~5£9°) 10-FQl°9~
10-99G*2 10-{lo*G~
20-100°9 10=11%°w-
20-9a0¢2 10-614"F-
Co-€cc*y  10-iQl°C~
EN-pRG*T (0=29L°?~
s0=9un1en  1D-26%°2-
#0-629°C 10-4622°2~
»0-£2G6°7T (0~C20°2-
€0-€2R°L 10-994°1-
Sh-fR*®  10-£90°2~
GN=2R0°% T0-LR1°*2~
Q0e=Qnq*E (0-rg"*2~
(1 a/nsgy
S
ANTSet/i8  AAOMANI
0Negs0*T OD-TESEL
106066 90-61G°%
In=152*8 90-588°G
1hegi0*aq G0-5P6°Q
10-1PP*2 90-269°8
IN=-GRA*G  QD=-RALE
10-tlaa*g 60-180"1
th-craeqg g0-2€1°1
10-0097*9 GO-pR1"1
10-912°9 &0-Al2"1
10-Fape0  GO-981°T
10-R&fF*9  g0-Cnl*]
Th-gcase  60-250°1
3. 14 23y//
CNNW e NOHN/ nr
Nie MY
0NeQ0LO°T 000€50°6
10-9ppk  00+€9%°S
10-insth  000921°C
10-gAlen Q0102
T0-4ch*]  10-%ER°s
N=951;1 10=0m6"Y
Thenpenrg  [0=-6[R"2
Ihagegeec 10-60F°1
IN=22r*n 20-qCL°G
10-206005  20-p12°2
[RESEV RS S ST F A
{Rescnet CO-1ha%"2
unoen 000" 0
(M0 70z

00+ (06°4
G0eOnf*Q
00e€96°F
00emy %2
00esRG" Y
10=-115°w
{0-0u¢5°q
10-¢on"¢
10=-g28°?
10-42»*t
d0-92¢6"¢
2h=8G 1w

606°0

20=A60°C
20~¢25°2
?0-156"1
20-198°t
20=;00"1
€0-216"9
CO~ciR®Yy
EN~wt1°C
£n-126°1
£0-%21°1
%0-~n96°S
LLEY S A
000°0
(14
Ae* WOV

€2




(ponuT3UO0D)
NDeQg9Gel 10-gap®Q NeN0s*? [0-0C0°*/
1IN~Ga6°A 10=-GOn*] 1040082 10-600°¢
10-R0F*Q  20-cpu*?2 10+00a°*2 (0=-000°
nooen 000°0 10+00s°2 10-000°*}
2 IAWNN
HIAWNN UNKNadQMH/ PHO e LUlaKIS
HYvH SdeNSNHA  AYINDHI0NW 3T 4T100KW
ANeQa2eC  ZOenr(°T 204210°1~ 10-0n1°f 0ngneo
40eF2L%2 20¢NnG9°T  10¢QOa*R= OOerwZ* = NO+FIF*D
600 1€°2 20+762°2 10+Efn*L~ N0+20G* 1~ 0Nen?1y
hOeP260%2 2042102 10+112°9- 00egQl0 = 10210
QOORORT 200Gl F  100396°C= 0NeSF"h= [0eR4K*2
RO (SO 2Def1Gem  [QefRI*7~ [Nadngs [~ [GeClO"H
ANeRCGLT  20+000°C 00¢21G9°%~ (Ne70N*q= (0en;G*9
fNe2a8* ] P0ecGl°c 00+5WR*L 20°AFJ°1~ 2Cemipe]
RO LF"T 200Ga0n°q  10+(GG*2 20+PHG*G 20¢G0n°*2
AQeQ2C°T 20eGaR®e INeCHLF FOOTIG 1= 2Ne)In"h
6Ne22C°1 204190°7 10+C06°C f0egra*2~ 20e15Q°g
ANeGEE L 200200°9 10+870°C 20¢n0f n= 20¢G6K*Q
ANeQANST  20+08G6°C DNeyp*2 £0+1FD*2 20eGRA*G
(23571 (4 930} (87/n198) (R W/nH)  (RI/NEA)
03r4 102 AdvH 3
NONEDITT AW} I11vis Lk a0
00e820°1 000°0 OD0+h0°T 00ea20°1
(13 0S 23IS/NLRY
ONNDO auyIn HINT 101 WNOISN 44T

S3I¥YNIS Ly )

BSICGILT N} mav O - -

andang a7dwes - g walqoag

10-000°; yi=nfg*n IN=Ftn*? [0-Af1°Q CO-1F2°1 %90-2GG*? E{O0-ang®|
IN-000%;  ©0=-(0F°% 10-Fe*d  If-yqleu QO-€2°1 %0=-4F5*2 ®0-4%Q°6
10=000°7 y0~3nl*» JN<ln*2 1N-CQ2°Q GO=GHLI"T "0=49Q°*? 40-A"9°G
10-000°7 Q0-219°F 10-+U%*7 1N-669°0 ch=-260°1 90-412°F n00°0
(¢ 14 D7 s 2/D1R) p] 134 235/87 (L3 N3/ 1
AWON QLAY asQ) L9 3n MR e AOMN/ nn OH* Nve wGad
MNNYNY WREIN] JT 410348 AieOHM  *ALISOISTIA *A1ISNIQ  IDHeISTQ
CNerHGeF GO~/ )N°7 GQU-RTP*R DO TT0°T 10+A€2°T LUsEFF*Y 20-wG9°ey
CCet1G°C  10=Fui*l FU~AYC°Q 10=Gor*A D0+RGG"L (0emfgeR 20-0ng°g
C0ear*f  lu=072°F 20-2kn*l 10<P2na*t (0¢CEn*n D0enfg*C 2N=-p=R°2
20+%ATE  1N=GT2°n ZD-RUA*2 TN-1G2°A O00+126°7 O00eugl*F 20-722°2
20e25Q°2 T0-GC0°C 20~-IHT*Q  10=-9¢S"0 U0e2692°1 0CewL1*? 20-1f5°1
2OeGaG 2 10=-6¢1°C 20-240%% 1I0~rp*) 10-906°L U00®2°V 20-0CO°1}
ZheRIF*2  IN=491°G [0-1/G6°1 1N=guf*l 10-66Q°4 [0-n{G*P C(CO=-FeL°¢
200202 10-611°S 10-060°C 10=p6c°Q [0-00%°2 10-9CC*S (O0-cf6°n
20emF9°l  10-G01°*G 10-AC9°G [0-19G°C {0-4x0"1 10=-002°F (0-8.0°¢C
C0eAT*L IP-P01°Q NA«KEC*T 10-CP2°% -720-906°% 10-026"1 CO-anR°Y
10eQGP°2  10-901°G NieQi2e7 10-2%)°2 201420 10-290°1 wh-any'g
T01GE*n  10=n]*g NPeQuge? (0-6PG°T (O0-CHE°S <20-10m°9 #0-nwy°g
0NeuGh®2  10-¢01°G npesly’y 0000 0RO 0000 noo°*o
A/ (NS I/A) . (14)
e AdTIH (tHn/n=) Iva Wond
“MINF V10l NV INS ddd d4 4 vy $3INYISIO
NOTLYWHN N TWOON
Q0eQ22"1 £0-294K°1 20-960"2 ¢0=-016"1 fO0-0GH*]
(* 339} (1 4) t13) 14 (14}
1003 34, YORWYY  *3wdSIn Mv15730 vi3My
HIrWNN SSSINNITHL AQOB CSSAMNNITHESSSTINNITIHY
SOINNAIN  JdIVHINT FAT125443 *IVW4STI0 KNINInCH
000°0 E0=1L0°F CO0~Rf%°C
H)aMHeH0ME 27 3 e nMNaBOHY
(4 10 Q3isve) ¢ 44300 * 44300
: SHILAWYHYY OINIROTR SNVML 1UIN SNENL WOoM
000°0 ) 10=-A01°g
(43 nS J3sygM) (14 0s/78%)
aA3173rNg N¥3HS
S3¥NY4 SSYKW EiL]
FO0=-9hL°T #0=%22°» (F0eQlL*y €D=L65*6 00¢000°T GO=2%7°} 00+299°2
83 INVev A (13571 4) dee{]3S/
Q NIZT VR ALII073A (riv) (14} am
~MON XNT4 V13RA ° 43y AINNS S INd dVN0A 1Y vHd Iy
€0~1"f= 7?7 GSO~1°R~ 6 J0=-°G QO00D°IEARIN*2 199°2 £5G°2 L
10-2°1= 27 FO0-1"1= 6 [0=-°9 00UQ°12A19°2 194u*2 2&1°2 9
00et¢? & 20-/*1 ) €0-°1 0000°12019°2 199°2 ngg°| S
WNeeer & 10=2°? G 20-°2 YOUO*LIF19°7 S99°2 RIn"y L]
20e2°2 21 1D0-9%a G »0-*1 GpKSK® 9fwGe2 JEg*2 cQl"] €
€hel®s 21 y0ec"T &1 40=~°1 Gf0G* 3209°*2 16C°2 afys* 2
Phewec 21 COel*? &1 CN-tn  TQUE*® 20RZ°2 NHI*Z A&L* 1
AC~3IND WNENINY MOHNT Hdd 4 Hd\v 3Nty Sit
*CNI NOTIYAMISHAD M1 SMOMMY YW NYI*YWR  dWve( SINVA Qagvr3L]

TEERI DT T T IS TR O T L PP

= = SONODJIS 10e0CONT"

Wil

53




Q0¢2L0°4
00e26€°L
00+3g80°0
00en2°G
0Ceqcc*~
00«0.iS°¢
DLEAL A RA
Q0egCq*>
000112

000°0
10+626°9
~O'mNﬂ.N
10+19a°%
10+512°2
10+186°1
10+0g0°Y
00+6Lh°h
00s968°1

104006°2
10+00h°2
10+004°*2
{0«00A°2
[0+005°2
10+006°2
1040062
10+006°2
10+006°2

(*ouos) 3rdino eydwes - 7 wa1goxd

10-000°,
10-00n°L
10=-000°2
10=-000°2
10-000°2
[0-000°2
10-000°¢
10-000°,
10-000°2

10-000*2
10-600°2
10-000°4
10-0002
10-000°2
10-000°2
10-000°¢
10-000°2
10-000°L

00+02%°1
00+LTH 1
00+01ne1
00+2TH°
00+.0%°Y
000y
00«10%°1
00<«m6E"T
Q0enbET
00e26C°1
00+2AC° 1
OnegbE"L
00+66€°1

YHINYO

9C-q81*{
90-RFG° 1
50-926°1
30-g22*2
90-2€L°2
90-111°¢
90~-29¢° ¢
90~-60%°¢C
90=1%0°y

€0-19L°Y
€0-490°C
£0~010°2
£0-gun°1
20~551°6
LT R AL
#0~G%6°h
%0~026°¢
H0=~-n92°*2
%0~22€°1
60-2£9°9
S0~TE€L*"
S0-€29°¢C

3NIld
(10L1d) id

10~qlg*2
10-92¢*2
10=~-6t€°2
10~a%g*?
10~Ryg*2
10-~cug*?
10=~c4c€2
10~p0n°2
10~F2n*2

10-6€1°9
10-922°2
20=609°9
20=1G60°2
£0-00@Q*
€n=LLI°F
fh=CNzeT
H0=-020°8
%0-82C*C
70=CGneY
G0-LER*G
LWE G WAL ]
§0-¢29°¢€

ANT1d/1d

00ec0T{
10=2AL%6
10-2€8°R
10=-222°8
10=-€£s*2
10=011¢
10-1ca+qg
10-8L6*9
10=-1¢%°9

10-202°9~
10+-0¢C g~
10-R.G*h-
10-960° 0=
10-119 ¢~
1N=p6°2=
[0-262°2-
10-,6€°2~
166012~
16-526" 1~
10-406°1=-
10-420°2=
16-%gn*2=
(8 PI/NLAY
S
AdOHLING

S0~0gG*¢
90-g929°*%
90-£9L°%s
90-529°9
50-5.0n
90-a{ "6
830~-1R8°¢6
60-920°1
S0-69T7T°¢

10-269°1 20-859°¢
€0-801*6 20-09.°C
20-SLE°G  20-A%B°2
20-91s°¢ 20-2.2°2
20~56.°1 20-1CG*1
£0-G15°A 20-0(C0"1
.£0=56C°cC f0-C¢C*L
€0-4%68*2 €0-4C86°9
€0=-S1E*t co-pLO°C
20=-116°S €O0-GHR*1
20-96L°Y %»0-6%8°6
S0-05%°9  90=-A"G°g
0000~ 300-0
W av 14
NOILIJNNG Tvm KWOU4
WY3H1S  3INvISIO
£0-69G°*T 20-R5G°y
€0-9L0°Y 20-~09g°¢C
n0=w4L°L 20-A%H°2
90-6vE*9  P0-PLy2
60=~GHl*n  20-1€5°T
®0=-9G6°F 20-0£0°1Y
90-€25°F  CO-FHE°L
%0-€01*C C€O0-GL6°"
90=-e5)*2_ CO-RLO°C

-84~




c. A Curved Plate with Blunt Leading Edge - Laminar Flow

A schematic of the physical sityation for this sample problem is shown
in Figure 6. The principal difference is the fact that the blunt leading edge
causes a strong detached shock to form and the curvature of the shock introduces
large entropy gradients into the flow behind the shock wave. Figure 7 shows the
total pressure ratio across the shock as a function of the vertical coordinate.
Comparison with FPiqure 3 shows the significant increase in total pressure loss
and the flat region at y = 0 which is characteristic of detached bow shocks.

Note also that the boundary layer must achieve a significant height before strong
entropy gradients are encountered because of this flat region.

Probleﬁ 3. Sample Output

Stations
a. s = 0.95 ft.
b. s = 1.086 ft.
c. s = 2.21 ft.
d. . s = 3.273 ft.

Reference Stagnation Conditions

Ppy = 0.2818 atm.

) = 365.1 Btu/lb

Ty = 1977°R

S, = - 0.2122 Btu/1b-°R

d. A Curved Plate with a Blunt Leading Edge - Turbulent Flow

This sample problem is the same as the foregoing in all respects with
the exception that turbulence is introduced by the use of the generators shown
in the Figure 6 schematic (in the computer code, the transition station was
specified).

The inclusion of turbulence again causes the influence of the entropy -
gradient to be greater than for the laminar case. '
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Problem 4. Sample Output

a.
b.
c.
d.

Reference

Stations

0.95 ft.
1.086 ft.
2.21 ft.
= 3.273 ft.

S

S

S

Stagnation Conditions

3 oo} o
I I i

w
i

0.2818 atm.
341.8 Btu/lb
1890°R

- 0.2242 Btu/1b-°R

e. A Curved Plate with a Relatively Sharp Edge (Detached Shock)

In this problem, the configuration is different than in problems 3

and 4 because of a factor of 3 reduction in nose radius. This causes the shock

curvature and hence entropy gradient to be closer to the body than in the pre-

vious cases. As would be expected,

nounced.

then, entropy layer effects are more pro-

r~

Figure 8 presents a demonstration of the coupling between the viscous and

inviscid flow fields. Velocity and

a function of the normal coordinate.

velocity and density as well as the

density of both flow fields are presented as
Note that both the absolute values of
gradients of these quantities are matched at

the boundary layer "edge" (i.e., the outermost boundary layer solution station).

Problem

d.

Reference

5. Sample Output

Stations

s = 0.945 ft.
s = 1.07 ft.
s = 2.19 f¢t.
s = 3.26 ft.

Stagnation Conditions

Pry =

Hpy =

Tpp =

s

i

il

0.2818 atm.
365.1 Btu/lb
1977°R

- 0.2122 Btu/lb-°R
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SECTION 1V

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK

The BLIMP boundary layer code has been successfully extended to include
turbulent flows with energy and entropy gradients and flows with transverse
curvature. The basic analytical technique offers the advantages of completely
general multicomponent chemistry, preservation of nonsimilar terms in the equa-

tions of motion, and'intimate coupling to the surface material behavior.

There are sevéral areas where the code and the analytical model which it
includes can be improved or extended. One of these is in the general area of
modeling turbulence in the equations of motion. The model that is currently used
is perhaps the best available for general hypersonic flows with arbitrary injec-
tion; however, an extensive investigation into the generality of the model in all
flow situations is called for. Experimental data comparisons at high Mach numbers

and possible model changes to match these data would be most valuable.

A change in the program which would make it more accurate and convenient

to use on some problems involves the o, coordinate stretching parameter. On very

long bodies, the bouﬁdary layer thickngss varies over two or three orders of
magnitude. The a, parameter. forces the boundary layer thickness to remain constant
in tne solution plane, thereby eliminating the need.for a large number of nodes
which are unused ne2ar the stagnation péint or leading edge. For turbulent flows,
the laminar sublayer grows at a much slower rate than the total boundary layer.

As the normal coordinate is stretched in the sclution plane, the nodes nearest

the wall eventually can be pulled outside the sublayer altogether, resulting in
poor convergence of the numerical technique and inaccurate solutions. A different
stretching technique scaled to the sublayer as well as the boundary layer edge

must be invented to avoid this problem.
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