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Continuous development of Gas Turbines to realise higher work
output has necessitated the design of turbine blades having large turning
angles.

- Improvements to existing calculation methods have been carried
out to better describe the potential flow near the leading and trailing
edges of a blade originally designed by R.K Malhotra at McMaster
University. An incompressible turbulent boundary layer program has
been extended to calculate compressible flows, taking intoe account the
adverse and favourable pressure gradients, and it has been used to
describe the flow in the region near to the blade surface.

A test facility of the intermittent blow-down type was
constructed and instrumented to test two-dimensional blade cascades.
Some of the blades were instrumented to measure the surface pressure
distribution. The performance of the blades has been analysed both
theoretically and experimentally over a range of. angles of attack and

pressure ratios. The effect of stagger angle was also investigated to



show its effect on performance. The experimental results were compared
to those obtained theoretically, and the agreement substantiates the
main thrust of the thesis, which was to develop a rational design

technique.
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SYMBOLS

Av Turbulent Mixing Coefficient (Eqn 24)

b Blade Axial Chord

b! , Wake Width

c ' Speed of Sound

c' Constant c_/C_ T

» ol "'pTw

CLZ Zweifel Life Coefficient

Cp _ Specific Heat at Constant Pressure

C! Pressure surface Curvature (inverse

p of Radius) ‘

c! , Suction surface Curvature (dimverse

s .

of Radius)

E Non-dimensional Eddy Viscosity (Eqn 26}

h12 Shape Factor

k Thermal Conductivity

1 Distance measured along mean centre
line in Wake

1m : Mixing length

ﬁ Mass Flow

M Mach number

M Line Parallel to x~-direction in
Finite Difference Grid

n Distance along a Quasi-Orthogonal
measured from the suction surface

n Length of Quasi—Orfhogonal
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Pressure
Non-~dimensional pressure
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Turbulent Prandtl Number

Radius of Curvature

Critical Reynolds Number

Reynolds Number based on Momentum
Thickness

Pitch

Temperature

Free Stream Turbulence % R.M.S.
Velocity, X—diredtion

Non-dimensional Velocity in x-
direction (Eqn 26)

Velocity, y-direction

Non-diemnsional y-direction velocity
(Egn 26)

Coordinate measured along Wall

Non-Dimensional coordinate measured
along Wall (Egn 26)

Coordinate measured normal to Blade
Cascade 9

S 2 du
Pressure Gradient Parameter = — —
Y dax
Coordinate measured normal to Wall

Non~dimensional Coordinate measured
normal to Wall (Egn 26)

Van Driest damping factor (Egn 39)
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Greek Symbols

Subscripts

m

mid

Xi

Coordinate measured parallel to
Blade Cascade

Coordinate measured parallel to
Blade Trailing Edge

Angle of Attack

Boundary Layer Thickﬁess

Boundary Layer Displacement Thickness
Boundary Layer Momentum Thickness
Eddy Viscosity

Eddy Conductivity

Angular Deviation

Dimensionless Temperature
Dynamic Viscosity

Kinematic Viscosity

Density

Shear stress

Stagger Angle

Angular Deviation (Tunnel Test

Section)
Ratio of the Specific Heats

Grid line in x-direction
Mid Channel
Grid Line in y-direction

Pressure Surface



Superscript

Static

Suction surface
Atmosphere
Turbulent |
Wall

Free Stream

Stagnation

Time Averaged Quantity

Fluctuating Quantity

Coefficients in the Finite
Difference Momentum Equations

Coefficients in the Finite
Difference Energy Equations



CHAPTER 1.0 : INTRODUCTION

Turbine design has traditionally been a semi-empirical process
using large amounts of experimentally derived information such as
profile loss coefficients to develop families or series of related
blade shapes with similar performance. Typically a 1ift coefficient
such as that defined by Zweifel is used to determine optimum blade
spacing (1,2). With the widespread use of high speed computers it

>has become possible to better analyse the flow in detail over a
cascade of airfoils, and finite element computation schemes are
available which solve the two-dimensional equations of motion,
momentum and energy in the transonic regime. Naturally attention has
turned to analysis of the flow near the surface of the blades which
gave rise to simple design methods in which the blade shape was
corrected to allow for boundary layer displacement thickness.

More recently certain authors, particularly Le Foll (3), have
suggested that the correct way to derive the most efficient general
airfoil shape is to design an optimum boundary layer and thus derive
a potential flow solution to satisfy the upstream and downstream
constraints, together with the prescribed surface velocity distribution.
This idea has generally met some resistance from industry becausé such
blades have extremely long thin trailing edges and are thus difficult
to manufacture and prone to excessive vibration in service, despite

attempts to keep the lst natural frequency well away from forcing



frequencies at design operating conditions.

The aim of the present work is to establish a rational design
method based on computation schemes developed by the author, and to
test the predicted aerodynamic performance of the blades in a cascade
wind tunnel. A design method similar to that described in Reference 4
is used (Fig. 1). The modular approach enables the updating of the
various computational blocks as improvements are made. The work to
date has been two~dimensional in nature and.it is thought that the
methods developed are applicable to actual turbine design since the
highly loaded high pressure turbines in modern designé have very
short blades in relation to hub diameter with only small amounts of
blade twist. However the three—dimensional effects due to secondary
flows induced by the rotational force field, and the effect of hub and
tip end-wall boundary layers deserve further study.

The potential flow solutions are generated by a simple stream-
line curvature method which calculates velocities and pressures at
various design points in the flow passage. This is a development of
methods dating back to the late 1950's (5), but a nﬁmBer of important
improvements have been made which are detailed in Chapter 2.0. This
method has the advantage of being extremely cheap and quick in operation,
at the expense of a slight loss of accuracy under transonic conditions.
The blade design method using this calculation is also described inv
Chapter 2,.0. One of the chief features of interest with this type of
blade is the fact that the blade system is choked,that is we have a

sonic condition at the narrowest part of the blade passage. The exact
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shape and position of the sonic line affect performance to a considerable
degree.

In Chapter 3.0 the boundary layer flow is analysed from a
theoretical viewpoint. A compressible flow, turbulent boundary layer
computation scheme has been developed to describe the flow over a
curved surface; with or without heat transfer; A transition point is
calculated within the program taking into account free streamturbulence,
momentum thickness and pressure gradient. To this point no allowance
has been made for the effects of surface curvature (other than pressure
gradient) or surface roughness. The aim is to calculate displacement
thickness to allow improvement of the potential flow solution,
particularly in the throat region.

To test the blades so designed an intermittent blow~down cascade
wind tunnel was developed using the basic desigﬁ of the A.V. Roe Gas
Turbine Group at Orenda Engines Ltd. This wind tunnel had been used
previously to test compressor blades., The original tunnel was modified
extensively to a blow-down design enabling the surface pressure dist-
ribution and upstream and downstream flow to be measured over a range of
pressure ratios up to 3:1 at varying angles of attack. To reduce
capital and running costs an intermittent facility was built enabling
some fifteen seconds of running time at a pressure ratio of 2:1. The
upstream pressure is controlled by a feedback control loop. This cascade
wind tunnel is described in Chapter 4.0.

The instrumentation and testing performed are described in

later chapters, with the emphasis being place on obtaining sufficient



experimental results so that our theoretical model of the flow through

the cascade could be verified.



CHAPTER 2.0  TWO-DIMENSIONAL DESIGN AND POTENTIAL FLOW SOLUTION

The type of blade designs of interest to this work have very
high surface curvatures with total turning angles of the order of 1300
and Zweifel 1ift coefficients of the order of 0.8 to 1.2, A typical
blade shape is shown with the surface pressure distribution that
results in Fig. 2. Notable features of the pressure distribution
curve are the rapid expansion and recompression near the leading edge
followed by a further expansion and compression on the suction surface.
The pressure surface is typified by a large portion of the surface
at nearly constant pressure followed by an expansion towards the
trailing edge. |

There exists a number of computationvschemes used for design
in this area but many of them break down when applied to very high
surface curvatures. Traditionally methods such as that of Martensen 66)
or Stanitz (7) have been applied to blade profile design. That of ‘
Martensen is difficult to apply to modern designs since it is essentially
an incompressible method. Stanitz's method is mathematically
laborious since it involves the relaxation solution of a potemtial
function along the blade surface. W;th the widespread use of large
scale computers, a number of finite difference and finite element
solutions to the equations of motion, momentum and energy have been
developed. Good examples are those used by McDonald (8) and Davis and

Millar (9).
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These methods in general have the advantage that the flow is
described extremely accurately throughout the blade passage. However,
to obtain this accuracy a large number of nodal points, or elements,
of the order of 1000, is needed, thus increasing the difficulty and
leﬁgth of time needed for data preparation. A further disadvéntage is
the need for relatively large computer core size for storage of the
arrays of elements in the calculation. In addition McDonald's solution
requires a rough solution to the flow field as a starting point. The
advantages of these methods include the ability to handle additional
mass flows, such as cooling air, and heat transfer to and from the
blade.

However there still exists a need for a direct and easy-to-use
method of obfaining surface pressure andvvélocity distributions for
such blade designs. 1In this chapter an extension of the streamline
curvature method as described by Rumar (10), Malhotra (11) and Johnsen
(5) is developed. The existing methods were subject to the foilowing
major criticisms: |

(a) As turning angle increased the portion of the blade

covered by the method decreased. (Regioﬁ §_Fig;3)

(b) As the blade nears choke the basic assumptions inherent

in the method break down.

These problems are dealt with in section 2.3 and 2.4 of this
chapter.

The present work takes as its starting point tﬁe blade design

method described by Malhotra (11) as detailed in section 2.1.0.



Assumed Inlet
Stregmline

REGION B

Defined as

/ Stagger Angle
\Geometric

Throat

Total Turning Angle=d, + &,

Figure 3 Region of Interest in the Blade Passage



10

The reasoning behind the derivation of the blade shape is explained
and the calculation of the flow over the characteristic flat back of

the blade by conventional methods is described in section 2.5.

2.1.0 Derivation of the Blade Shape

The chief requirement of Fhe design process was to achieve a
given total turning angle at different pressure ratios without
unfavourable development of, or separation of the boundary layer. We
have deliberately fixed the lift coefficient desired to say a value
of 1.0 and thus for a given inlet and outlet angle, usually specified
by considerations for the turbomachine as a whdle, we have a fixed
blade pitch or spacing as determined by the Zweifel criterion:

C, = ZETcosz apl(tan ay- tana,) ' 1)

The problem thus reduces to specifying the variation of surface
curvature, particularly on the suction surface, to eliminate wherever
possible adverse pressure gradients. We are not absolutely tied to
the Zweifel criterion for blade spacing but it is one design rule
which has been tried and tested with success (1, 10, 11, 12). It is
obvious from the pressure distribution diagram (Fig. 2) that
velocities in the trailing edge region are high, reaching sonic speeds
for reasonable blade pressure ratios of say greater than the choking

pressure ratio of approximately 1.9:1. Thus very small changes in
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surface curvature can give rise to rapid and large changes in surface

pressure and velocity near the surface. These changes are not

necessarily smooth and continuous as in wholly subsonic flow (8).

A good starting point for such a blade design is thus the

"flat-back” type of blade in which the region of the blade suction

surface downstream of the throat is flat, thus effectively eliminating

adverse pressure gradients in a region where the boundary layer is

thickest and most prone to separation. Thus the blade design cam be

carried out using the following steps:

(a)

(b)

*

Given the outlet angle and a flat-back blade design the
throat dimension is effectively fixed by the blade spacing.
It is assumed that typical trailing edge radii are known

from considerations of manufacturing and service life.

(See Fig. 4)

=
It is known from empirical data (10)that the nose radius

will effectively supply up to about 152 of the total
turning angle. Thus the remaining amount of turning is
supplied by the region of‘the suction surface between
the tangent to the nose radius and the throat. From
simple geometrical considerations (Fig. 5) it can be

seen that:

X

. . X Rs b
| sin le‘|+ | sin gszl = (p/ (B—O = @) . (Fg) | (2)

Wl-len this radius is large enough for considerations of
Life and Cooling
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This equation can be represented in the form of a rectangle
of area |sin 5sl| + Isin B8 2[ on a graph with coordinates
s

%.and %f.(Fig. 6) Jheée areanow represents the blade suction
s

surface curvature.

(c) The essence of the blade desigﬁ is in redistributing the area
of the rectangkain the form of a histogram to obtain the
desired suction pressure distribution. It should be noted
that although the histogram is discontinuous the actual
blade curvature when drawn is necessarily continuous.

(d) The pressure surface is drawn to provide a monatonically
decreasing channel width in a manner similar to nozzle
design.

(e) Using the method described in later portions of this chapter
the histogram is manipulated if mnecessary to give a.better
pressure distribution. |

Further details on this procedure are given in Refs. (10) and (11).

Using the above method and the originmal version of the pressure
distribution program a series of such blades was designed by Malhotra at
McMaster University with lift coefficients varying from 0.8 to 1.2 and
total turniﬁg angles from 115° to 140°.

One particular blade with a 1ift coefficient of 1.0 and a design

total turning angle of 128° 30' was chosen for further analysis and

development.
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2.2.0 Derivation of the Streamline Curvature Method-

This follows exactly the derivation of Kumar (10) and Malhotra

(11) and further detail can be obtained from these works.

2.2.1 The Streamline and Quasi-Orthogonal System

A system of quasi-orthogonal lines is drawn across the passage
which, as accurately as can be determined by drafting methods, resemble
equi~potential lines. These are then divided up at each station down
the passage into an arbitrary number of equal width portions, thué
the smoothly drawn curves between corresponding points down the passage
define an elementary stream—-tube system (see Fig. 7). No effort is
made to generate exact locations of the stream-lines since this cannot
be determined at this stage. Usually the pressure and velocities are
needed at the blade surfaces, which are indeed true streamlines.

The number of quasi-orthogonals used is left to the designer and one
might choose to use more in some critical areas than others. The
number of streamtubes is set to nine in this work és it has been found
to give the maximum possible accuracy without unduly complicating

computation.

2.2.2 Derivation of the Equations

The following are assumed in the derivation:
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(a) The fluid is considered inviscid but compressible.

(b) The flow is steady.

(c¢) The flow is two-dimensional.

(d) The flow is isentropic

(e) The mid—passage line is defined as a streamline.

The continuity equation for flow through any orthogonal can be

written as:
. 0, .
m= 5 zVdn (3)
o

While the momentum equation assumes the form:

2

z vy, ye& . 3p _&V4 |
. V. Vas v R (4)

Since %%—is by definition the curvature at a point on a streamline
and curvature is the inverse of radius of curvature R;.
The momentum equations along an orthogonal and a streamline

become respectively:

2
ldp | _V_
T ¢ dn R ‘ (5)
and '
_ldp _ 4V
z ds v ds (6)

Equation (6) can be rearranged to give:

o =-vav ¢!
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- - d
Substituting for ‘_C-P- in (5) we obtain:

2
av v
v dn = "R (8
Which is rearranged to give:
dv dn .
vV = T R @

~Cdn ‘ _ (10)

At this point in the derivation it is normal to assume some
relationship for the variation of streamline curvature across the
passage. The process will be illustrated by assuming that the
curvature varies linearly across the passage, so that if "n" is the

distance along an orthogonal measured from the suction surface

C=C + (C,-C)HE (11)

which can be differentiated to give:

dc=0 + (c,-cdn (12)
P s T,

Substituting for "dn'" in Equation (10) and integrating we obtain:



(13)

which defines the velocity at a point on a quasi~orthogonal as a
function of curvature. This can be rearranged to give the velocity

as a function of mid-channel velocity:

EEICNEE S I S (14)
Voo, p g
Vnid

Using the alternative simple assumption that radius of

curvature varies linearly across the passage:

N, . Cﬁ. Cé

n.
, . o
CQ +(C Cp/) RN T

v = s
: (2 C.¥C, } )P (15)
mid P
By simple algebraic manipulation it is possible to obtain similar
expressions for velocity as a function of velocity on the pressure
curve. (Assuming linear variation of curvature)
o cC,+C., - 2, B_ - (c, -¢C.) .11_2__2)
Z (7P s § ng P s’ Mg
Yy = e (16)

Vpress

We now have the basis for a computation scheme since we can numerically
integrate the mass flow across an orthogonal using an expression

gsimilar to Simpson's rule.

20
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The mass flow per unit area in each stream-tube is derived
from the velocities calculated from Eqns. 14 or 16 ana known inlet
conditions using the isentropic flow relations and the ideal gas law.
Thus we can iterate using the mid-channel velocity as the variable
until we converge to a total mass flow equal to that allowed by
choking or to some other design inlet mass flow. In this work the
assumption of linear variation of curvature was found to give the
most consistently accurate results. A computer program based on this
derivation is included as Appendix 2 to this thesis. A flow chart

and Fortran IV listing are given together with sample results.

+

2.3.0. Extension of the Method to the Leading Edge

Previously this method has been used to calculate surface
pressure distribution in Region B (Fig. 3) these calculations being
described in Refs. (10) and (11). However, the leading edgebportion of
the blade on. the suction side is vital to the following flow processes:

(a) High turning angle blades (greater than 100° total turning)

often exhibit supersonic flow patches near the leading
edge which can terminate in shocks and cause considerable
flow blockage and disturbance. This is especially true

at positive angles of attack although the design point may
be''safe'.

(b) There is generally a region of rapidlv accelerating

flow followed by a region of marked deceleration.



~ This region has a great influence on boundary layer
development. (Fig. 2) Incorrect design can cause
separation or early transition of the boundary layer.
(c) The nature and extent of the secondary flow systems
depend to a large extent on pressure gradients on the
lade suction and pressure surfaces near the leading

edge. (Region A)

Thus, having established a necessity for flow in this region to |

be described by the method it was necessary to develop an improvement
compatible with the main body of the calculation. Similar to the
suggestion by Kumar in Ref. (10) it was decided to adopt an

arbitrary inlet streamline shape, to which the existing calculation

. along quasi-orthogonals could be applied. A good approximation to the
flow, especially at high inlet Mach numbers (say 0.5 to 0.7) is to
consider the inlet stagnation streamlines to be straight lines focussed
on the centre of the leading edge circle. The angle with the cascade is
the appropriate inlet air angle desired. (see Fig. 3)

If these inlet streamlines are drawn on the large scale drawing
of the blades used to generate data for the existing program, then it
is easy to draw the necessary remaining quasi-orthogonals near the
ieading edge.

This method can be successfully applied to the variation of
preésure distribution with angle of attack. Inaccuracies due to
uncertain placement of the quasi-orthogonals is minimized in plotting
pressure distributions since it occupies a smallvproportion of

axial chord.

22
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2.4,0 Alternative Choke\C§lculations

Hitherto the program has generally caused problems at a choked
throat because it depends upon iterating the mid—channel velocity to
calculate mass flow. Unfortunately, a feature of a choked throat is
that the sign of dg/dA changes at this point, that is the mass flow
per unit area is a maximum. The result is that the program diverges
from a solution as it hunts for the correct mass flow using a simple
algorithm. This can be avoided by assuming only small curvature at the
throat which yields a small supersonic patch of flow near the suction
surface. This is generally unsatisfactory since it leaves us with an
unchoked region near the pressure surface, also most practical blades
have considerable curvature in this region and the choke line is not
necessarily the geometric throat, though close to it.

If we adhere to our simple flow tube description of the system
we can show that flow will choke in the streamtube closest to the
suction surface first, then progressively towards the pressure surface
(see Fig. 8). 1In an effort te describe the flow in this region an
additional calculation was used in the program so that if conditions at
a geometric throat reached a critical'Mach number, then the velocity
distribution was calculated from the pressure surface towards the suction
surface using Eqn. 16. To start the calculation it is assumed that the
flow on the pressure surface is just choked. This assumption is justified
for a convergent passage, however highly curved, since the pressure

surface streamline reaches the critical pressure ratio at this point.



Figure 8a Illustration of the Sonic Line in Highly Curved Passage

Sonic Line

Figure 8b Illustration of the Streamtube Approximation to the Sonic Line
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Downstream of the trailing edge the pressure is everywhere either at or
below this critical pressure.

For a real viscous flow with finite trailing thickness to be
taken into account, consequent boundary layer and wake effects will
perhaps move the point of choking on the pressure surface, but only by
a fraction of a percent of axial chord. This first order.approximation
to the flow is, however, accurate enough for generating potential flow
solutions which can be used as free-stream data for boundary layer
calculations.

The principal shortcomings of this caléulation are that we retain
the assumption of linear rate of change of cﬁrvature across the throat,
and mass flow calculated is generally a little less than the design
geometric throat value (see Examples in Section 2.6). The former
assumption, however, still gives reasonable pressures at the suction

surface, which correspond ' well with experimental data.

2.5.0 The TrailingﬁEdge Region

This fegion (C) can represent a large proportion of the suction
surface of some highly loaded blades. It is also a larger proportion
of axial chord than the uncovered leading edge region (4). Kno%ledge
of the pressure; velocity and temperature distribution is vital to
the following:

(a) Blade lpading

(b) Aerodynamic moments about the neutral axis
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(¢) Blade vibration and flutter (usually the thinnest section
of the blade is involved)

(d) Boundary layer behaviour and wake thickness

(e) Cooling air exit pressure necessary for preliminary design.

For fully choked flat-back blades we can determine the. position
of the choke line and the fluid properties. For any back pressures lower
than the critical we can assume an expansion system of waves similar to
that described by Horlock (1). The thickness of the frailing edge is
neglected and a Prandtl-Meyer expansion fan radiates from the centre of
the trailing edge circle. A complementary shock wave exists as shown
in Fig. 9. At a small distance downstream from the cascade the wave
system cancels out leaving a net flow deviation and a reduced static
pressure. (Fig. 10). The system can be drawn for 10»0r 2° waves
depending on the accuracy required. For pressure ratios greater than
4:1 the introduction of non-linearities and entropy changes would cause
a more complicated wave pattern with perhaps gradients of temperature
and pressure.

For this last case, and for blades in which there exists
significant trailing edge curvature the method of characteristics is
more suitable. (see Fig. 11) This method is also compatible with the

existence of a considerable Mach number distribution across the throat.
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2.6.0 Application of the Method

2.6.1. Design of a High-turning Angle Blade

Using thé design procedure laid out by Kumar (10) and Malhotra
(11), a high turning angle blade (one of a series) was designed at
McMaster University. The original program was used by.Malhotra to
develop pressure distributions of the sort shown in Fig. 12. Leading
particulars of the blade are summarized in Table 1. As can be seen from
the graph a smooth variation of pressﬁre from. the forward limit of the
calculation to the stagnation point was assumed consistent with overall
blade loading determined by momentum calculations. Pressure in the
flat-back region was assumed constant, which is adequate at the critical
pressure ratio.

Using the improvements to the calculation specified above the
pressure distribution was re-calculated and is shown in Eigs 13 and
14. The curves now show all the features of this class of turbine blades.
Especially near the leading edge the description of the flow is
considerably different. The expeéted effects of angle of attack and
leading edge blockage are shown. The pressufe distribution for a pressure
ratio greater than that for choking is shown in Fig. 15. This was

calculated using the system of waves shown in Fig. 9.

2.6.2 Galculation of Flow for an Existing Blade

To test the applicability of the method the program was used

30



" TABLE 1

LEADING PARTICULARS OF McMASTER BLADE

Total Turning Angle

Inlet Air Angle

Outlet Air Angle ( at Choke )
Lift Coefficiént (Zweifel)
Pitch

Axial Chord

Uncovered Turning

Geometric Throat

Inlet Choking Mach No.

128°30"
64°

64°30°"

- 1.0

0.650 inches
1.00 inches
0°

0.257 inches

0.68
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" TABLE 2

LEADING PARTICULARS OF McDONALD BLADE

NOTE: Values marked thus * estimated

Total Turning Angle (Aif) E ' | 116°

Total Turning Angle (Geometric)* | , 109°
Uncovered Turning’ h g°

 In1et Air Angle o | o 55°

Outlet Air Angle | " ' 61°
- Geometric Throat* 0.308 incheé
Axial Chord : , ' .l.OO ihches>
Outlet Mach No. . | 1-08

Pitch . - : B 0.675 inches
Zveifel Lift Coefficient l A | A 14025

Inlet Choking Mach No. | 0.6l
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to calculate the pressure distribution for one of the blades chosen

by McDonald (8). This blade was chosen since the inlet Mach number

and air angle and outlet Mach No. and air angle were all typical of
highly loaded blades. Also drawings df the blade were included in

the report (8), (although small in scale). In the paper,‘McDonald
compares his calculations with experimental results. Leading particulars
of the blade are included in Table 2.

The three sets of results are compared in Fig. 16. Application
of the method of characteristics as shown in Fig. 11 was partially
unsuccessful in that it was found to give incompatible results neér the
trailing edge. However, this method is extremely sensitive and very
dependent on surface curvature distribution and errors can be cumulative.
However, the surface pfessure distribution is shown in this region as

a dotted line for the sake of completing the diagram.

2.7.0 Discussion of the Theoretical Results

Comparing our results with those given by McDonald for the
same blade:
(a) The general features of thé flow are reproduced using
our program except for the rapid rise of pressure just
upstream of the trailing edge. This is a strong function
ofvsurface curvature and possible shock-wave/boundary
layer interaction and better input .data would improve

our solution. -
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(b) The accuracy of the pressure distribution is satisfactory
for design purposes, being closer to the experimental
results than McDonald's results in some regions.

(c) The overall tangential force calculated by integrating
the pressure differential between the suction and
pressure surfaces agrees with the value calculated from
momentum considerations within 6.0%(Table 3).

For the McMaster blade we can conclude the following from the

theoretical study to this point.

(d) The general features of the distributions and changes with
angle of attack are as expected awaiting experimental
verification.

(e) For underexpanded flows, a favourable pressure gradient
exists upstream of the trailing edge on the suction
surface.

(f) The overall tangential force calculated from pressure
distributions agrees well with momentum calculations
(within 47%) (Table 3).

The above conclusions indicate that the extended computation
method is good enough for design purposes. It is further felt that any
increased sophistication of the method would not only be unnecessary
but counter-productive since the essential simplicity of the method
would be lost. The short running times of the computation.(A‘few
seconds on a C.D.C. 6400) and small demands on core size make the

program ideal for an iterative design procedure whereby potential flow

33



solutions are used to generate viscous and secondary flow information

until a suitable blade shape is arrived at.
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TABLE 3 NET TANGENTIAL FORCE

METHOD A CALCULATION FROM FLUID MOMENTUM

METHOD B INTEGRATION OF STATIC PRESSURE

BLADFE METHOD FORCE/UNIT % ERROR
HEIGHT |bs{Relative To A

A 8014 ————— —
McMaster

B 7.81 -4

A. 9.99 ——————
McDonald

B 8.55 -12

McDonald Results
B 8.92 -10.7
Expl. Results
B 9.40 ~5.92

McMaster Results
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CHAPTER 3.0 ANALYSIS OF THE BOUNDARY LAYER FLOW OVER

THE TURBINE BLADE SURFACE

The analysis of the viscous flow region near a turbine blade

surface is complicated by a number of factors:

(a) A high degree of surface curvature

(b) A high degree of free stream turbulence, up to 5%
being typical.

(c) Comsiderable forced convection heat transfer, usually
from the air-stream to cooled blade.

(d) Significant variations in both surface pressure and
velocity.

(e) The possibility of supersonic flow patches and change
in flow direction may result in shock waves, causing
discontinuous change of pressure.

(f) The possibility that the surface roughness, although
small in absoclute terms is significant when related to
boundary layer thickness.

(g) The flow is compressible over a great portion of the
blade passage.

In this work a computer program was developed with the aim of

describing the flow in this region with engineering accuracy. The
starting point in our analysis was an incompressible turbulent boundary

layer program developed at Queens University by P.H.Qosthuizen (13).
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In this program a simple empirical turbulence model due to Van Driest
was used to describe the distribution of eddy diifusivity within the
boundary layer. The method of formulation was the same as that used
by R.H. Pletcher at an earlier date (14). The approach used by

Oosthuizen was to non-dimensionalise the turbulent incompreséible
boundary layer equations, and to use an implicit finite difference
computation to reduce these partial differential equations to a system
of linear algebraic equations. The system of equations was then solved
using the Thomas algorithm approach.

In the present program the compressible equations which take
into account variable fluid properties were treated in the same manner.
Using Morkovin's hypothesis as reported by H. McDonald and R.W. Fish (15)
it was permissible to view the turbulence structure as independent of
Mach number provided that the variable fluid properties were properly taken
into account (15, 16). Thus the same turbulence model was used inrthe
new compressible flow program. The modular nature of the program
enabled the turbulence model, or any other part of the program, to be
updated without interfering with the overall strategy leading to a
solution.

No attempt has been made to include the effects of surface
roughness, or the pressure gradients normal to the surface caused by
surface curvature. Free stream turbulence was only included indirectly
in that its influence on transition was calculated. Surface curvatures
on a turbine blade are usuélly of an order such Fhat the commonly used

R
criterion of boundary layer thickness & being less than ©/300 is not met.
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Bradshaw (17) has used an analogy with buoyancy to explain the de-
stabilising effect of convex surface curvature on the boundary layer.
On concave surfaces it is possible for Gortler vortices to form with
their axes parallel to the flow direction (18). It is felt by the
present author that with the primary objective of improving the passage
analysis these effects are small when applied to displacement thickness,
but that this is not necessarily true of more sensitive parameters
such as heat transfer.‘

In the folleing sections of this chapter the compressible
turbulent boundary layer equations are reduced to a non—dimensional
form, and with the aid of an implicit finite difference scheme are

further reduced to a system of linear algebraic equations.

3.1 The Compressible Turbulent Boundary Layer Equations

The compressible steady state boundary layer equations can be

written in the following conventional form: (For example see references,

15, 19,20).

Continuity:— %—-(ﬁu)'F%—-(E;) = 0 (17
Ju du _ _3p -—Qf—a:' oT
- . sooou 4 S 9u o _9P 4+ My 'y i1
X-momentum: Ly il TV 5 By 3y y oy (18)

y-momentum: gg- = 0 (19)



Energy: 3 (e T) 3(c.T) 5o . oI
- 9(cp 7= 2\pt) -3, 3 (k3 4 3t
tu Bx T vy vax Ty W Ty
- o 2
+ (A () (20)
y
State: 531 = cohstant (21)

The conventional boundary layer assumption is implicit in
equation (19) and thus we can reduce %ﬁ- to %E-. In the above equations
X

the time averaged quantities are signified by a bar(-). The turbulent

transport terms are also defined as:

= ¢ & T A '
It P H % (22)
Y
also Tt = [ e 3y (23)
and AL = CTe. : (24)

To further reduce the number of variables it is known that over the
wide range of Mach numbers and Reynolds numbers of interest to turbine
designers it is possible to write.

T = Pgp = CONSTANT (25)

The turbulent Prandtl number (PRT) has thus an analogous role to that

LS



of the molecular P:andtl number ( EESE). The constant value normally
taken for air at the pressures and temperaﬁures of interest is 0.9.

The equations shown above were non-dimensionalised using a system
based on two primary reference values:

T : a reference temperature usually chosen to be

close to the stagnation temperature
¢ .: The speed of sound at the reference temperature
All reference fluid properties were derived at the reference

temperature T, thus the reference values are:-

U = ﬁ/cO vV = V/co
— 571 2 O >
P = p/hr g tF= /g
u* = {/u k* = k/k (26)
fo) [¢]
E = e/\)O Por™ E/EH
X = x co/\)0 Y = ¥y colvo

We also define two non-dimensional temperatures GX and € which vary

parallel to, and normal to, the wall respectively:-
6x = T and g = ‘T——:_—fl (27)

We note that in the computer program to follow,_Tw = To the reference
temperature so that the numerical value of T, was chosen to avoid

computational difficulties when (Tw - Tl) reached a value of zero

in the computer.
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Using these non~dimensionalising variables the boundary layer

equations are reduced to the following non-dimensional form. (These are

described in detail in Ref. 21).

) *0 ) *V
Continuity: gi(g ) + E?KC ) = 0 (28)
3u aU I ap 13 u*p
Momentum (X): Usi' + VS?' = - 52;-3§'+ ~E;'§?{u 5%) (29)
1 3 _(z*edly
+ z#x 23Y sY
Momentum (Y): P - g
oY
36 96 1) 3s. 1 3 , _E 239
Energy: Us+V 5 = =55 o5 (K o5 + ¢ 5% 59)
3 3 TFE_OY Y g% Y CB . 3Y
1 G o cerEn au?
t(e,-1) t2z*% dx T* Y
U.6 d 6x
Go
(Sx—l) dX
where C'is a convenient constant defined by:
c2
’ Q
C= ¢ 1 (31)
P W

The equation of state is effectively handled in the program by

externally supplying data in which fluid properties, including density,

L7
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are tabulated as a function of temperature. This does not take compress-—
ibility into account because the data is tabulated at a reference
pressure of one atmosphere. It is reasonable in the range of Mach

numbers of interest to assume that u, C_ and k only vary with temperature.

P
(16, 19, 20) The problem of variable density is handled by extracting
data by interpolation from the table supplied at the correct temperature,
and then correcting for free stream static pressure since it is known

9p _
that 3y 0

PQ
Thus: * {zx (T)} x 5~
5 - Pref

where P 1 atmosphere (32)

ref
It is quite possible to use polynomial expressions to calculate the -
variable fluid properties internally, a good example being that of
Sutherland's Law for calculating viscosity as a function of absolute
temperature. The existing method has the advantage of being easily

changed to accommodatedifferent gases or gas mixtures.

3.2 The Finite Difference Calculation Scheme

The set of four non-dimensional boundary layer equations
(28 to 31) can be solved by employing a finite difference grid in the
boundary layer, with a series of M-lines normal to the wall and a

series of N-lines parallel to the wall as shown in Fig. 17. This grid



//
//
// N= N+
X N=n
y N=N-1

T I T

Figure 17 The Finite Difference Grid

|
I
o
<
i
N)

\
—p— e e —

Figure 18 Illustration of an
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Explicit Calculation

Implicit Calculation
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is consistent with the normal boundary layer coordinate system that we
have used in which x is measured parallel to the wall and y normal
to it. We denote the values of the variables at a given nodal point
using a simple subscripting system. e.g. U2,4 refers to the y-direction
dimensionless mean velocity at the intersection of the M = 2 and
N = 4 lines.

In the boundary layer problem conditions at the nodal points
along one M—line will be known, and finite difference approximations
to the governing equations can be used to determine conditions on the
next M-line downstream. For example if conditions are known on the
{ = 1 line then the X-wise derivatives can be approximated by equations

of the form (using the dimensionless variables).

v _ U2,n— Ul,n (33)
X X, - X]

We note the different use of 'n', here it is a subscripting variable
unlike the usage in Chapter 2.0.

The y-direction (or y-direction) derivatives can be derived
in two ways:-—

(a) 1In the explicit solution process the y-derivatives are
calculated using only data from the M = 1 line as represented by
Fig. 18. This has the disadvantage that the wall and free stream
conditions on the M = 2 line do not enter directly imto the calculation,
allowing the possibility of numerical instability. For example errors

arising from the round-off errors in the finite difference approximation

50



can be amplified.

(b) Using the present implicit solution process y-derivatives
are approximated from values on the M‘= 2 line, thus
values of the variables at the grid points on the M = 2

2

]

line use information from both the M = 1 and the M
lines. (see Fig. 19). This generally increases stability
at the expense of slightly increased computer storage
‘requirements.

As an example of the implicit derivative process we can write

52y
the formulation for %F7 in the following way:

{:Uz,nﬂ— UZ,n:] _[UZ,n Yo,0-1 ]
BZIII = Yn+1— Yn Yn,* Yn—l
3Y2 '
n Yn+l- Yn _ Yo - Yy
2 2

If we carry out this process in detail for every term we obtain a set

(34)

of linear algebraic equations of the form:

X~-momentum: A U2,n + B Uz,n+1 + Cn U2,n—l = Dn (35)

where: A , B , C and D are functions of U, V and E on the
n° 0 n n

M = 1 line. Similarly we can derive from the energy equation:

Energy: F o + G = In (36)
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again the coefficients Fn , G, Hn , and In are found from the

n
solution for the M = 1 line.

At this point the advantage of the implicit calculation scheme
becomes more obvious. Equations (35) and (36) represent a set of
linear algebraic equations and both U2’1 (the velocity at the wall) and
UQ,N'(the velocity in free stream) are known. Similarly we know 6,,1
and ez,Nﬂ Thus we have two sets of equations with N' - 2 equatiqns and
N°-~ 2 unknowns. This system is solved in our case by the Thomas

Algorithm method. We still need at this point to be able to describe

the variation of eddy diffusivity (E) across the M = 1 line.

3.3. The Calculation of the Eddy Diffusivity Term

In common with many other theoretical solutions to the turbulent
boundary layer equations we have used Prandtl's mixing length concept
whereby one can define an eddy diffusivity in terms of a mixing length

in the form:
_ 2 | u '
From physical arguments (see Refs 14, 22) it is considered that the

mixing length is independent of the velocity gradient, but dependent

on local wall shear stress and distance from the wall in the form:

lm/6 = Function {y/u VTW/Q ) (/8§ )} (38)
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We will also find it useful to define a dimensionless variable y+ such

that:
y* = vyl T (39)
Thus our equation (38) can be recast in the form:
1,/6 = Function F(y+) (?/6) (40)

The function (F) in equation (40) is an empirical curve first described by

Van Driest, and used by Pletcher (14) in the following numerical form:

o
For y/§ <0.1 L /6 = 0.41 (1 - e /26 y(y/6)

It

| ~yt/26
0.1< ¥ <0.6 1,/6=0.41 (L -e” ") (3/6)
2 3
- 1.535 (y/6 - 0.1)% + 2.756 (y/§-0.1)
4
+1.884 (y/6 - 0.1)
and 0.6 <% <1.0 1./6 = 0.089 (41)

It can be seen that each component of EQuation 41 describes the
mixing length in a certain region of the boundary layer and that when
they are plotted on a single graph as a function of y/8 the result is a

continuous curve as shown in Figure 20.
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In the region close to the wall we can neglect the turbulent

and inertial terms in the x-momentum equation (Eqn. 18) and thus we

can write:

224G aP
ME2 T (42)

Therefore integrating with respect to 'y' it can be shown that

W = —= .y+C' (43)

&

but at the wall where y = 0 we have T _= u 3 lwall by definition thus:

33 b » |
— = J+ T 44
H oy dx Y w (44)
Integrating further we obtain:
b y?
pa = gy +Tweyte” (45)

Once again defining our boundary conditions at y = 0 we know that

u=0 .. C"=0.

Hence T =

. = -2y 46)

dx 2

It should be noted that equation (4 6) can be calculated at each M-line

and then substituted in equation (39) enabling the value of 1,/8 to be



computed at each point on the M-line.

3.4 Initial Conditions for the Computer Program

It is necessary to start the computation by specifying the
velocity and temperature distribution on the first M-line in the
calculation. This can be done in a number of ways:

(a) One can feed into the program either a known or assumed

set of boundary layer parameters for that station, taking
the form of either a simple theoretical model such as the
power law velocity profile, or possibly experimental results.

(b) One may start the calculation using a suitable shape factor

(le) and momentum thickness, which can be takén from the
literature as long as they are physically realistic for the
case to be. computed.

(c) One may also start the calculation from a front stagnation

point, with U and T away from the wall specified as Ugy and
Tgs the free stream values.

Of these methods it has been found that method 'c' is unattractive
in seeking a solution since very small x-steps and y-steps have to be
chosen to achieve numerical stability. This necessarily increases the
cost and computer running time needed for a given problem.

Method 'a' is to be preferred, based on our experience, because
the calculation reaches stable values very quickly. Method 'b' which

starts by approximating the flow by a simple shape factor and one
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thickness parameter,and thereafter calculating the other boundary layer
parameters within the program using approximations such as the power
law boundary layer equation etc., works well if one is familiar with
the particular sort of flow to be calculated. Experience gained in
operation can eliminate the choice of unsuitable shape factors for

example.

3.5 The Computer Program

As we have previously noted in the introduction to this chapter
the program based on the foregoing calculation method is modular in
nature. Virtually all the calculation steps, such as calculating the
eddy diffusivity term are carried out in sub-routines. Also the function
of preparing the data in a suitable form for the program, of non-
dimensionalising the data, and printing out results are carried out in
further sub-routines. The function of the main program is to provide
control of thé process and continuity between calculation steps. The
sub-routines are described in detail together with a flow-chart and
program 1isting in Appendix 3.

The program starts by reading in all input data and preparing
it in a suitable form. Depending on the value assigned to certain
control cards (see Appendix 3) the program can be set at this point
to run in either the laminar (lm = () or turbulent mode, with or
without the energy equation. If necessary the energy equation can

be replaced by the Crocco-Busemann relationship:'
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0
T =T, + (Taw - T ) ug T2cC (47)

This effectively specifies the temperature field, once the velocity field

is known assuming a value for the recovery factor (r). The value of

141

r' is chosen as 0.89 for turbulent flows in the Mach number range

0.5 to 1.0 which is entirely suitable for turbine blade flow analysis
(16,19).

Using the input conditions, the flow variables on the M = 1 line

are calculated, and thus z#*, u¥*, Cp*’k* and E can be calculated.

Normally it is assumed  that the y-direction velocity V is zero on

this M = 1 line. This assumption has proved satisfactory in service.
Using the finite difference approximations velocity and temperature on

the M = 2 line are calculated. The calculated Valdes of temperature and
velocity are used to improve our solution for the M = 2 line by updating
the physical value of such variables as ¢* and -e. It has been found that
very few-iterations; of the order of two or three, are necessary to achieve
satisfactory accuracy. The flow variables so obtained can be used to
determine such important boundary layer characteristics as momentum
thickness,displacement thickness and shape factor.

If the flow has been started in the laminar mode a simple
empirical criterion is used to determine the possibility of tramsition.
This is in a form suggested by Dunham (23) for use in turbine blade
calculations and it is written in the following way:

52 < Rerie

-0.8T - -1
{ 0.27 + 0.73e O'STU} { 550 + 680(1+Tu-21x ) }

Transition occurs for R

where Repit (48)



No attempt has been made to calculate an exact transition length
since existing calculations are somewhat unreliable (23, 15). Thus it
has been assumed that tramnsition occurs over an arbitrary small number
of x-steps. This has the dual advantage of providing both a realistic
physical situation, since eddy diffusivity is allowed to increase
linearly from zero in this number of x-steps, and it also allows the
numerical calculation to proceed in a smooth continuous manner with no
instabilities due to a sudden change.at the values of various parameters
in the finite difference equations. Whether transition is detecﬁed or
not the results for the M = 2 line are transferred to the M = 1 line
and a number of important parameters of interest to the designer are
prinﬁed out, forexample the skin friction coefficient.

This computation process continues as described until it ends

in one of two ways:-—

(a) If the flow is well behaved it continues to the last x-step.
(b) If the pressure gradient is sufficiently adverse to cause
separation, this is usually shown in the program by a
tendency for velocity values in the x-~direction in the
lower part of the boundary layer to become negative and
the skin friction drops sharply. These negative x-velocities
cause some of‘the finite difference terms to become
negative, which in some cases is computationally
unacceptable. At this point the calculation is rejected‘

by the machine.
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- 3.6 Application of the Program to Two-Dimensional Turbine Blade Flow

The program has been tested on a number of flows of interest in
the Mach number range 0.1 to 4.95 (see Ref. 21) with encouraging results.
Of particular interest to the problem at hand were the experimenfal
results for heat transfer and velocity distribution over a typical
turbine blade reported by Dunham and Edwards (24). The particular case
chosen for computation of a number described in Reference 24 had an |
outlet Mach number from the blade passage of 0.9 which suggests that
compressibility effects are present in the results. In our numerical
analysis a simple transition test was used (Eqn 48) and the temperature
chosen to be approximately 10°F above the free stream stagnation tempera-
ture. This value was chosen to approximate as closely as possible the
described conditions of the test (24). As can be seen from Figure 21
the heat transfer coefficients calculated vary in a manner which echoes
the experimental results closely, although the absolute values are in
error. This discrepancy is probably due to the estimates made for
input data to the progfam, since actual wall teméeratures were not
specified in the report.

The program has also been.applied to §he McMaster blade and
the results are shown in Figure 22. Values for displacement thickness,
momentum thickness, shape factor and skin friction coefficient are
shown in Figures 23, 24, 25, 26. With the values of displacement
thickness obtained it is possible to modify the existing blade shape
by hypothetically adjusting the wall position, and thus computing a

new potential flow solution. In the design of a new blade shape it
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would be possible at this point to correct for boundary layer effects.
If it was found that separation or undesirable thickening of the
boundary layer occurred according to our theoretical analyéis, then
the blade pressure distribution could be altered via the curvature
histogram. 1In our case we are concerned with testing a particular
blade, thus the streamline curvature method was used to recompute

the pressure distribution described in Chaper 2.0. The new pressure
distribution is cbmpared to the original calculation results in
Figure 27. The chief effect of the boundary layer is the reduction in
mass flow and a reduction in‘the amount of leading edge suction,
where the boundary layer is thin.

An interesting feature is visible on Figure 26. It can be
seen that although the computed transition was near the leading edge
there are sharp changes in the skin friction coefficient and shape
factor at a position which corresponds to the beginning of the sharp
acceleration of the boundary layer. It has been suggested in the
literature (15) that the boundary layer on the pressure surface is in
fact neither truly turbulent,nor truly laminar, and that strong accelera-
tions could cause relaminarisation on a generally transitional type
of flow. In these types of flow our present program is not entirely
satisfactory, although the integral parameters such as displacement

thickness are not disturbed to such an extent.

3.7 The Effect of the Boundary Layer at the Trailing Edge

In section 2.5 we described the method of calculating the pressure
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distribution over the exposed trailing edge of the blade for cases of
underexpanded flow. We assumed at that point that no boundary layers
existed and that the trailing edge expansion fan and complementary
shock wave were focussed on the centre of the trailing edge circle.v

In a real flow with finite boundary layers and trailing edge thickness
we would have the situation shown in Figures 28 and 29 for éorrectly
expanded and underexpanded flows respectively. It can be seen from

the diagram thét the net effect is a displaéement a very short distance
downstream of the expansion and shock-wave system. At high pressure
ratios considerable thickening of the wake would be expected. (Refs. 25,
26) .

For the blade described by McDonald (8) it is possible that the
rapid rise in pressure near the traiiing edge is in fact a shock-wave
which follows an overexpansion of the flow. (Fig. 16). Rapid thickening
or even separation of the boundary layer with greatly increased profile
loss coefficients would be expected in this situation. For the flat-back
blade the pressure distribution in this region is much more favourable

to boundary layer development; (Figure 15).
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CHAPTER 4.0 THE DEVELOPMENT AND TESTING OF THE CASCADE

WIND TUNNEL

The principal requirements for testing rectilinear cascades
of turbine blades in a realistic manner afe sumnarised in point form
below:

(a) Modern turbine designs. are usually operated with choked
blades. Test pressure ratios of up to 3:1 are thus
required for the underexpanded flow case.

(b) In common with most wind tunnel design the inlet flow
to the test section should be straight and distortion
free.

(c) The total pressure should be constant across the inlet
passage.

(d) For use at a university the capital and running costs

should be low.

The higher capital and running costs needed for continuous
operation at representative mass flows dictated the design of an
intermittent blow-down system with exhaust from the blades at
atmospheric pressure. In the present system air is stored at pressure
(100 psig.) in cylindrical storage vgssels. The flow through the
working section is initiated by opening a butterfly valve. An
automatic control system monitors pressure in the working section and
controls the position of a ball valve to maintain the working pressure

within close limits.
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The air is initially supplied by a large V-twin oil-free
compressor through an after-cooler and chemical dessicator. (Figure 30).
The running time varies as a function of the flow area, storage
pressure, and desired pressure ratio. The effect of these variables
and the various feedback control parameters available is described in
later sections of this chapter. An optimum method of setting up
the control system to achieve maximum running time at any desired

pressure ratio is described
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4.1 The Cascade Wind-Tunnel and Associated Equipment

The blowdown installation is for clarity of description
broken down into the following major components: The air supply,
The cagcade tunnel, and the control system. Each is described in
a following subsection. A general view of the system is shown in

Figure 31.

4.1.1 The Air Supply

Air is taken from the atmosphere and compressed usiﬁg a Broom-
Wade VC500 compressor. This machine is of the dry cylinder, doubie
acting, type and is designed to supply air at 100 psig at a rate of
500 S.C.F.M, The piston rings and seals are manufactured of carbon
which enables the delivery air to be uncontaminated by oil. Power
is supplied by a 3~phase 100 H.P. electric motor.

Air passes from the high pressure stage of the compressor

through a water-cooled after cooler and a one-way valve to an air

dryer. This dryer is manufactured by Van-Air Ltd. and in operation the

air is filtered through a bed of chemical dessiccant. The dryer is
capable of reducing the dew-point by 22°F at its rated pressure of
100 psig but performande is reduced during the typical discharge and
recharge cycle of the blow—down wind-tunnel.

The storage volume is made up of four cylindrical vessels
- 3'6" in diameter and 28' high. This provides a total storage capacity
of 1080 cu. ft. excluding the dryer and pipework. The line connecting

the reservoirs to the tunnel is 4" in diameter. The two main control
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Figure 31
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valves manufactured by Foxboro Ltd. are mounted in the positions shown
in Figure 30. The first valve is an air actuated butterfly valve
which is used in the on—off mode. It is arranged in a fail-safe manner
so that a return spring closes the valve on the failure of the wvalve
air-supply. The second valve is of the ball type and thus effectively
offers a double throttling orifice. The angular position of the ball
is controlled by a diaphragm air-actuator.

The component model numbers and a cost break-down is showm in

Table 4.

4,1.2 The Cascade Wind-Tunnel

The main body of the tunnel was acquired from the Natiomal
Research Council, Division of ﬁechanical Engineering, where it had
been stored since the termination of the A.V. Roe "Arrow" project.
This cascade tunnel was originally installed and used by Orenda Engines
Ltd. to test compressor blade cascades. Consequenﬁly many cf the
component parts had to be reworked to higher tolerances and reimforced
to withstand the greater operating loads when used at pressure ratios
suitable for turbine blade'testing with exhaust to atmosphere. A
sketch of the tunnel including relevant dimensions is included (Fig.32).
The working section is rectangular in shape with a maximum height of
2.40". The width is continuously variable from a maximum of 12.0" to
a‘minimum of approximately 3.0". The angle of attack of the cascade

can be varied by'rotating the turntable on which the blade cascade is
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TABLE 4

APPROXIMATE COST OF WIND TUNNEL

(1970 PRICES)

TOTAL

Component Model Price
Air Compressor Broom Wade VC500 15,000.00
Aftercooler Armstrong ACF 660 1,000.00
Air Dryer Van-Air D36 2,500.00
Installation of — 2,000.00
Above Items
Air Receivers (4 of) - - 4,400.00
Installation of — 1,000.00
Above
Painting Interior —————————— 650.00
of Above Receiver
Butterfly Valve Foxboro M3L 280.00
Control Valve Foxboro V9000 1,081.00
Solenoid Valve Numatics 2JLS AD3 87.00
Filter Regulator B-110-AT (2 of) 78.00
Set '
Timer Automatic Time Controls 80.00
ATC 305D
Feedback Controller Foxboro 62H 762.00
Mount for Above Foxboro ﬁHl 80.00
Pressure Transmitter Foxboro E11AH 762.00
Machining on Tunnel 2,000.00

$31,760.00
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Figure 33 View of the Test Section with Upper Plate removed showing

cylindrical Flow Obstructions
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mounted (Fig. 33). The moving side~walls are operated by a parallelogram
linkage so‘that they maintain their position with respect to the cascade
at all angles of attack of the blades. As the side-walls change positions
an air seal is maintained at their upstream faces by sliding seals.

These are kept in contact with the ramps by separate air cylinders.

Provision is made just upstream of the working section for
boundary layer bleed through slots or porous plates. The top and
bottom plates of the rig are heavily reinforced by external ribs. The
separation distance of the plates is maintained by a series of pillars
and tie~bolts arranged around the periphery of the test-section. The
plenum region immediately upstream of the working section is supplied
with air from the 4" line through a series of diffusers. This plenum
is approximately 18 %'"wide and the same height as the working section
of the tunnel.

Flow control in the present diffuser installation (see Fig. 32)
is achieved at the moment b& using gauze screens designed to keep the
diffusers running full. (Ref. 27, 28). The first diffuser (A) is
conical in form wifh a change in diameter from 4" to 6". The cone is
of 3° half-angle. Diffuser (B) is a short section with very little area
change. It changes the cross-section shapebfrom a 6" diameter circle
to a 5%'" by 7" ellipse. The third diffuser (C) starts off with the
above elliptical shape and diverges in one plane and converges in the
other to mate with the 18%" by 2.4" shape of the plenum chamber. The
- diffusers afe all of welded steel construction and (C) is reinforced by

external ribs to prevent distortion of the side-walls under pressure.
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The forces generated on the moving inlet ramps by internal air
pressure are contained by reaction blocks mounted on either side of the
test—section. These blocks have hand-screws which are arranged to bear
on the ramps. These are tightened in position when the'position of
the ramps has been set. The ramp sliding seals run in slots milled in the

top and bottom faces of the tunnel.

4.1.3. The Control System

The control system is shown schematically in Figure 3.4. The
various units of the system are given identification numbers in the
figure.To initiate flow in the wind tunnel, switch 1 is closed providing
current to solenoid valve 2, and timer §,. The solenoid valve
immediately admits air from the shop supply to the actuator of the
main on-off valve 4. This valve is fully open in approximately % second.
Before the run, main control valve 5 has been set to some opening on
manual control,depending on the final test section pressure desired.
Since both valves are open after this series of operations, pressure
in the plenum section rises rapidly and is sensed by the pressure
transducer 6 mounted on the plenum chamber top plate. At some pre-
determined time after the start switch has been closed the timer cuts
out coincident with the levelling off of pressure in the working section
of the tunnel. This operation closes a pair of contacts which allow the
automatic feedback controller 7 to go into operation. Its functiom is

to compare the pressure measured in the plenum chamber with the required



i
¢
[
{
1
!
!
[
J
|
t
|
]
t

4 ~v——=—= Mains AC ,
:‘ ®=Filter

D.C Signal

P R

=R |
ez Shop Air  (©7 Regulator
Shut-0ff “- o0 oo o o e o e e
valve Control
Valve
From ¢
Reservoir ///// N
VRN 7\ 3
Tunnel N
Pressure
Transducer

100 psig

Figure 34 Schematic of the Pressure Control System

%2



83

operating pressure and automatically adjust the angular position of the
control valve. The controller is equipped with proportional, integrating
and derivative loops, the actions of which are described in later
sections of this thesis.

When the pressure in the reservoir has dropped so that the
control valve is 100% open then further control is impossible and the
start switch is opened manually. This returns the system to the pre-
start condition and flow stops in the wind-tunnel. The air compressor
cuts in automatically at a pressure sét on its governor and pumps air
into the reservoirs until the maximum allowable storage pressure is
reached. The compressor then idles until the next cycle of operations.

If we assume that a pressure ratio of 2:1 is desired with a
choked flow area of 10 sq.ins. then the present system will provide some
14 seconds of useable running time., This would necessitate 7 minutes
of pumping time from the end of run condition(50 psig reservoir pressure)
to the pre-start condition (100 psig reserveir pressure) (Fig. 35).

The original control systeéfggsigned by Dilworth, Secord,
Meagher Associates on a minimum cost basis. The total cost based on
1970 prices was approximately $3,000.00. The individual units are
operating at their design limits and it has required considerable
patience and attention to detail to achieve the present operating

standards.
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4.2.0 Development testing of the Cascade Wind Tunnel

The pressure and flow rate of the air at the working section
depends on a number of variables. 1In the testing procedure and
development of the wind tunnel the effects of these variables were
first evaluated independently and then progressively in combinations
until the goal of reliable operation with good pressure control and
maximum running time was achieved. Pressure traces were obtained by
tapping into the pressure transducer feedback circuit and recording
on a chart recorder the varying voltage coming from the transducer.
Similarly valve position was monitored by recording the voltage in
the output control loop. However, in this instance it is more an
indication of controller output than the angular position of the ball
in the control valve housing. The pressure transducer was calibrated
against a Wallace & Tiernan test gauge accurate to }%. This is
cbnsidered sufficient accuracy for control transducer requirements
(Fig. 36).

Fach series of tests is described in separate sections below.

4.,2,1. The Investigation of the effect of Reservoir Pressure

The first and perhaps most obvious parameter is the pressure
available in the reservoir. A number of test runs were made with
- different initial control valve openings at three different reservoir

pressures. The height of the initial pressure péak was fhoted in each
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case. The choked throat area was constant for all tests.

As expected (Fig. 37) it was found that downstream pressure
available was increased at fixed valve opening by increasing the
reservoir pressure. Also the downstream pressure increased with valve
opening. It was also obvious however that the valve characteristic
was highly non-linear, with an initial fairly gentle slope giving way
to a rapidly rising pressure curve up to a plateau value for the last
5% of the travel. |

On investigation of the valve mechanism it was found that the
ball was being rotated past the fully open position so that thé last
5% of actuator travel gave no throttling action. The stroke to input
power ratio of the valve was adjusted until the valve was operating
over its effective stroke rather than the maximum mechanical stroke
built into the design. Early testing also revealed the impoytant fact
that although the air system was designed for maximum storage pressures
of 125 psig, it waspossible occasionally to thermally overload the
present électrical supply to the drive motor. To enable continuous
satisfactory operation the upper pressure limit in the storage system

has been set to 100 psig.

4.2.2 The Investigation of the effect of Flow Area

The effect of flow area was investigated by varying the flow
area of the cascade at constant initial reservoir pressure. The cascade

consisted of a series of cylindrical flow obstructions giving the
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required choked throat area (Fig. 38). This was dope to avoid
possible damage to the accurately machined cascade of turbine blades
during development running in which unusual conditions might occur.
Tests were carried out at three different flow areas and the peak initiél
pressure was recorded at different valve openings. It can be seen in
Fig. 39 that the problem of over-stroking has been solved and the
throttling action continues to 1007% although the curves are still
non-linear.

From Fig. 39 we can see the increased pressure ratios available
at reduced flow areas. Also the valve opening characteristics which
can be divided into two distinct regions centred about a value of 907

open.

4.2.3. The Investigation of the effect of Timer Setting

It is necessary from the point of view of air economy to allow
pressure to rise very close to the set-point pressure value before
allowing the automatic control to function. Otherwise, the system;
even at its maximum response rate, would wéste most of the reservoir
air before achieving stable éperation. Consequently, the setting of
the timer is critical. The series of tests related above were also
used to measure the length of time required to reach the initial peak
from starting the system. At a fixed valve opening the pressure then
slowly decays (see Fig. 40). This time to peak was then plotted as a

function of valve opening and flow area. Although a great deal of
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experimental scatter is obvious(Fig.41)a trend is discernible. An
allowance of one-half second added to the average time at a given
valve opening will allow the pressure control system to take over
smoothly at a given pressure very close to the set point pressure.
With reference to both Fig. 40 and Fig. 41 it can be seen that
this timing activates the automatic control system at a period of
gentle pressure decay in the plenum chamber. Thus rates of change
~are low and air wastage is minimized.

A minimum time of one second was found to be necessary
whatever the valve opening and this is attributed mostly to the
time needed for the on-off valve to become fully open after starting
the system, This time is independent of flow area or pressure

required.

4.2.4 The Flow Control Pressure Transducer

The pressure range covered by the early tests was (O - 50 psig
as this was considered to be the whole range of interest. After some
experience was gained the sensitivity was increased and the range
reduced to 0 - 30 psig since this covered all the likely pressures that
the rig was capable of. The siting of the transducer was found to be
critical. The transducer is of a force balance design in which small
movements of 4 bellows are resisted by an electro-magnetic force feed-
back system. The output is very linear in the range 10 to 50 ma. at

a line voltage of 83 volts D.C. The transducer can be sensitive to
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vibration in certain planes, but these can be avoided in mounting. Also
long pressure lines are undesirable since they can cause transducer
"ringing" and generally poor response. In the best configuration tested
the transducer was mounted directly above the center of the plenum with

a short piece of connecting pipe (6" long, %" N.P.T.).

4.,2.5 The Flow Controller Variables

'The feedback controllér is equipped with three control modes,
namely proportional, integrating, and derivative loops. Each loop has
a variable gain. The characteristics of the main control valve are
slightly modified by the line pressure feeding the actuator and this
subject is returned to later in the thesis.’ Inifially the highest
possible feed pressure was supplied with the intention of speeding
valve response.

A process of elimination was possible with the three loép
gains since it was found immediately that the use of derivative feedback
at any loop gain caused violent cycling of the control valve and
consequently downstream pressure. (Fig. 42). Invsstigation of this
effect was carried out by simulation since the pressure changes could
be destructive. The response of the controller to various input voltages
and waveforms was investigated while monitoring output on an
oscilloscope. It was found that the derivative loop was very sensitive
to high frequencies; with the test rig set up as shown the pressure

transducer signal contained some spurious signal from the turbulence and
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noise generated by flow through the two valves and two right angle
bends upstream. This was sufficient to cause large outputs from the
derivative loop. Ideally one would filter out all frequencies above

2 or 3 Hz since it is in slower rates of charge that wve are interested.
However, a filter for this range would have to be digital in nature
and quite expensive, and might also cause undesirable phase shift.

It was found on further testing that adequate control was available
using only the proportional and integrating loops.

Some theory was found of valuevin setting up the system. Values
of various control parameters can be calculated using Pessen's formulae
(29,30) using information gained from deliberately inducing cycling on
proportional control and noting the system frequency and gain (Fig. 43).
Thé calculated optimum parameters agreed well with those arrived at by
trial and error. The calculated derivative gain is at the smallest_
setting available on our system, so little loss is felt by it'é absence.
(see Table 5).

After deriving opfimum settings for the controls; a series of
runs was carried out with different pressures and fldw areas. - Generally
control was good after 2 to 3 seconds from the start of the run
(see Figs. 44, 45, 46). If large flow rates at high pressure ratios
were demanded then the system response was poor and the error from the
set—-point large. It was found that this occurred if initial valve
opening required was greater than 907. It was obvious that the change
in valve characteristic at this opening was requnsible. The deviation

can be reduced by reducing the proportional gain to make up for the
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increased sensitivity of the control valve setting.

It was also noted that the deviation of the trace was usually
of constant amplitude whatever the absolute value of the set-point.
This error of * 1 psig was thus reduced by increasing transducef
sensitivity as mentioned in Section 4.2.4 so that error signal was
increased. This was at the expense of stability and the control at
large valve openings was degraded. Analysis of the chart records
showed that control response was 180°‘out of phase with pressure
records. This is a classical form of control instability and is not
easily eliminated by a change of loop gains. The answer lies_in the
frequency versus phase angle characteristics of the components and
system as a whole. 1In this sort of air control system it is usually
the control valve which is the slowest element provided that the plenum
volume is small (ref. 29). Thus it can be shown that changes to this
part of the system will have the largest percentage effect on overall
system response.

The system was changed by reducing considerably the feed pressure
to the control valve so that its operation was slowed down. This
greatly improved the stability at large openings without losing fine
control at small openings.

Total running time available with a control accuracy of * % psi

is shown in Fig. 47 as a function of pressure ratio and flow area.
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4.2.6 Noise Levels during Wind Tunnel Operation

Any high speed aerodynamic system is accompanied by noise. This
is especially true in this case since the cascade tunnel terminates in
a series of choked turbing nozzles exhausting to atmosphere with
consequent high shear rates and turbulence generation. The compressor
is also noisy and noise levels are plotted for the compressor alone, and
for the test rig during operation, at various points in the vicinity of
the rig (see Fig. 48). Ear defenders were worn at all timcs. The Applied
Dynamics Laboratory where the wind-tunnel is located is fortunately
designed to contain high noise levels, the walls are designed to reduce

noise by 60 dB and all exit planes are well sealed.

4.3.0 The Choice of Control Parameters

From the experience gained we can determine the following»for

a given desired pressure ratio at known flow area:-

(a) Initial control valve setting (Fig. 39)

(b) Timer setting (Fig. 41)

(c) Feedback loop settings (Table 5)

(d) Expected running time ( Fig. 47)

The procedure is és follows:~ The minimum flow area in the
system (usually a choked throat) is found. From this value and the
desired pressure ratio an initial valve opening is derived from Fig. 39.

The set-point is set on the controller, and the valve set to the correct
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TABLE 5
CONTROL SETTINGS
METHOD PROPORTIONAL - RESET RATE TIME
3 MINUTES MINUTES
0.0155 0.0155
Theory 140 to to
' 0.0067 0.0067
Exptl. Minimum
(Valve open 125 <0.015 ———
<90%)
Exptl. 150
(Valve open to 0.015 ————k
290%) 200
~* see text
NOTE: RESET =  INTEGRATING LOOP
RATE = DERIVATIVE LOOP
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initial opening using the manual control. For any given valve opening
the timer setting can be found by using Fig. 41 and adding 0.5 second

to the value shown.

4.4.0 Discussion of the Wind Tunnel Performance

The wind tunnel has been developed tc the point where it can
confidently be used for pressure ratios up to 3:1. The running times
obtained are sufficient when using data gathering equipment such as
scani-valves. Alternatively pressure trapping systems might be employed.
This subject is discussed further in chapter 5.0.

The most undesirable aspect of the system at present is the
fact that both main valves are operating at their maximum flow limit
for much of the time and excess pressure drops are unavoidable. Also
pressure drops in the line and bends are appreciable since velocities
up to M = 0.4 are possible in the straight portion of the pipe. An
increase of valve and line size to 6" would put the control valve in
its linear range and also reduce undesirable pressure drops.

The tunnel provides flows of the correct range of pressure
ratios and velocities required for turbine blade testing. The total
temperature varies slightly during a run. This variation is due to
the polytropic expansion process in the reservoir system, and is common
to all blow-down installations. In our case the variation is relatively

small. For a typical test run at a pressure gaqio of 2.0:1, the end of

run total temperature has dropped to approximately 505°R from an initial
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value of 530°R. This will cause a small variation of Reynolds number,
but for constant controlled pressure ratio, blade inlet Mach number
is constant. Initial test section Reynolds number is 3 x 10° based on
a length of one inch. The calibration of the inlet flow for angular

deviation and total pressure variation is discussed in Chapter 6.Q.



CHAPTER 5.0 : INSTRUMENTATION

The major problem associated with using blow-down wind tunnels
is the fact that stabilised pressures and velocities are available
for only a comparatively short period of time, of the order of ten
or fifteen seconds. Most of the information that we require to
define our flow, upstream of the blades, in the blade passage, and
downstream of the blades is either primarily pressure information
or velocities and flow directions deduced from pressure measurements.
There are three basic methods of obtaining experimental information
in such circumstances:

(a) Pressure trapping methods, such as guillotine manometers
or solenoid controlled valves. (Fig. 49)

(b) Digital sampling and recording of pressures measured by
individual transducers, or one transducer with a scanning
valve connected to several input pressures. The scanning
valve being driven by a stepper drive motor. (Fig.50)

(¢) Use of a continuously motor driven scanning valve connected
to a transducer with an electrical output, together with

continuous analogue recording of the output signal Fig. 51.

We will examine each of these methods briefly. Method (a) has
the major disadvantage that for the pressures envisaged for turbime
blade testing (of the order of 30 psig) the manometers would have to

be large, mercury filled and costly. Also the guillotine mechanism is
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a source of errors due to leakage. The very slow response and large
internal volume require either many iﬁdividual runs to-regch equilibrium,
or using a slave air system to "top" each tube up to near the expected
final reading. Similar problems occur with bottle bressure trapping
systems of the required quality, each individual bottle and its
associated hardware costs approximated $500 commercially, thus for

a minimum useful number of pressure taps of 10 say, large expenditures
are necessary.

Method (b), the digital system, would be preferred given
unlimited funds and time, if the same series of measurements were to be
carried out on a series of similar blades. Experience with similar
systems at the National Research Council and Orenda Engines Ltd (31, 32)
suggested bare minimum costs of the order of $20,000 for a good
system. Generally a great deal of '"debugging” is necessary since it is
very easy to record and process spurious signals with little chance of
checking them until some time after each run.

Method (c) was chosen because the continuously driven scanning
volume is relatively simple and reliable, and only one transducer is
calibrated eliminating the problems of different zero drift and
hysteresis experienced. with multiple transducer systems. Another
advantage is that the internal passages and volume of the transducer
are all very saall reducing the rise time in the system (see section
5.7). Ready availability was another factor in the choice. This system
when used with a paper chart and pen type of recorder also offers the

advantage that measured pressures can be visually checked during the run.
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This enables great economy in total running time and cost since the
test rig can be shut down immediately on achieving the desired results,
thus reducing pumping time before the next run.

The chosen instrumentation, and ancillary equipment is described

in the following sections of this chapter.

5.1 Instrumentation for the Upstream Flow

Knowledge of the flow in this region is vital, particulariy
with respect to the inlet boundary layers, since they can influence
the flow over the blades to a great extent. Also the degree of
free stream turbulence is important since it greatly effects the
‘ boundary layer growth on the blade surface.

To measure free-stream turbulence a simple miniature hot-wire
probe manufactured by D.I.S.A. Ltd was used (Type 55A22 ). Outputs
in the form of bridge D.C. voltage and bridge r.m.s. A.C. voltage
allowed the measurement of turbulence without direct calibration using
King's law (see section 6.1). The probe was however set up and the
stability of the system checked at lower'speeds (M=0.1) using thev
calibration nozzle described in greater detail below (section 5.2).

Typically a cascade of blades is set up with sufficient nﬁmber
of blades (in our case 16) so that the central portion of the cascade
(say the middle 5 blades) experiences a uniformity of both inlet and
outlet flow angles and pressures (see Fig. 52). To verify this

assumption the inlet flow immediately ahead of the blades was tested
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at a number of points on a rectangular grid (Fig 53) in the manner
suggested by Pope (33). A directionally sensitive probe of the
"Cobra' type was used, the dimensions of which are shown in Fig. 54 .
This probe has three pressure sensitive elements. The first is g forward
facing tube which generally measures total pressure accurately to

+ L7 over an angular range of * 10° (Refs 34, 35 36). The two other
pressure taps on the probe are used to sense flow angular information.

A yaw angle in the flow relative to the probe head will generate a
measurable differential pressure. This type of probe can be used in

one of two ways:

(a) As a null-seeking probe in which the probe is rotated
until it faces dir ectly into the wind, the angle being
read off a scale fixed relative to the tunnel axis.

(b) As a calibrated probe which is set up in one.position
relative to the tunnel axis, angular information being
derived by comparing the differential pressure generated
between the side parts to a calibration chart.

In our case it was chosen to use system (b) because once
calibration of the probe is performed the tunnel running time is
greatly reduced, since it is not necessary to keep resetting the probe
seeking the null position. The null method is however more accurate,
especially where large deyviation angles (say 5° and greater) are

expected. (34, 35, 36). Use of the cobra probe also facilitates
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measuring tunnel total pressures as well as flow direction simultaneously.

Our probe, as manufactured by United Sensors Corp. Ltd was of



117

o1

E IP F; o
| \?/ﬂ\?%

Height Turntable

VemﬂeP\\\\\ |
. ) Travel

I T y
B

360 Travel

ENNNNNNNNY SNNSNY

FLOW —0 = b

VA |
NNNANNNVANNNNNN

T NI/

U

050

......

re 54 The Cobra Probe Traversing Gear and detail of Probe Head



Micrometer
Drive

Sliding 3

Block \

1 10" Travel
: 1

<—— Support Pillar

DETAIL
0120
0-085—> TR
iozs
i o : P ‘
<S> ic>i< >ic—s

! . Y ; ;
025031" 019 050" 025

Figure 55 The Boundary Layer Probe Traversing Mecnanism and detail of

the probe head



118

sufficiently small dimensions to be regarded as a point relativevto
test section size (5.5" x.2.4”).‘

To measure the boundary layer thickness on the top and bottom
surfaces of»the tunnels, the total head was recorded at a few points
using the cobra probe. 1In this case however the probe is now too
large relative to the typical flow dimension, (boundary layer height
< 0.4"). A special boundary layer probe was thus cdnstructed of
the form shown in Fig. 55 . ‘The tip of the probe was some 0.028"
in diameter. The tip was not flattened in our case as it was felt that
this was small enough for a valid check of boundary layer thicknéss.
The "cranked" design of the probe head is used to reduce stem and
support effects on the measurements, boundary layers are far more
sensitive in this.regard than free stream flows. The cobra probe
was supported on the simple linear traversing gear shown in Fig. 54
The boundary layer probe used a more sophisticated design with a

micrometer drive allowing more accurate positioning (Fig. 55 ).

5.2 The Calibration Nozzle

The sensitivity of cobra probes is a function of Mach number
and less important thaﬁ the Reynolds number. Also with most probes,
unless one uses exceedingly high construction standards, the system will
not be perfectly symmetrical. For this reason it was necessary to
calibrate the probe in a known flow field of good accuracy. A carefully

constructed calibration nozzle giving a low turbulence potential core
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some 0.8" in diameter was available in the depart=ment. This nozzle
has been very carefully checked for flow uniformitr and tufbulence
level. (Ref 37). The nozzle uses a contour, one ¢f several, suitable
for wind tunnel contraction design, the curvature being arranged to
give a flat velocity profile at the exit (Ref 38).

To achieve the Mach numbers mecessary (0.4 to 0.65) it was
modified by using a high pressure (100 psig) air line as the supply
source, using pressure reducing valves to give plenum pressures of
up to 5 psig. The exit plane of the nozzle exhausted to atmosphere
(see Fig. 56). The scanning valve, transducer anc chart recorder
were used to record differential pressures, thus reducing the number of
separate calibrations needed. The system was then transferred complete
to the cascade wind tunnel eliminating wherever ©possible errors due to
using different equipment for calibration and casczde testing.

It was necessary to settle on an arbitrary zero poiﬁt at which
the two side ports measured very neariy the same preassure. Once the
probe was fastened to the turntahle which carried it, and was n§ longer
disturbed with respect to this turntable, then a calibration curve of
the shape shown in Figure 57 was derived. If PR wzs the pressure sensed
by the right hand tube and P, was the pressure sensad by the left
2

hand tube the results were non-dimensionalised by the dynamic head % zu

in the form:

T GZ | (49
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Note that the sign inside the modulus is preserved as ¢°1eft and

(o]

Y~ right as can be seen by reference to Fig. 57. With further reference
to this figure we can see that the whole curve is off-centre (our
arbitrary zero) by some 2° but this need not concern us unless the

probe is disturbed relative to its holder.- It was also found that
within the experimental scatter plotted, there was little if any
change of calibration with Mach number. This was to be expected since
the range of interest was sufficiently small, (M = 0.4 to 0.65). This
would not be true if the same probe was used in the incomﬁressible
regime (say M = 0.1) or at higher speeds when the blunt shape could
cause local sonic conditions. This probe design is relatively immune

to turbulence effects by virtue of the sharp corners which deliberately

keep the flow over the side parts turbulent at all times.

5.3 Blade Surface Pressure Instrumentation

These measurements were made with the object of verifying the
channel potential flow solutions. It was necessary to make these
measurements without effecting the flow field. 1In order to study one
particular channel the surface pressure taps were drilled through to
the reverse side of the blades. There they communicated with grooves
milled in the blade surface. The pressure taps themselves were 0.020"
in diameter. The grooves were approximétely square in cross section and
0.030" wide. Small diameter stainless steel hypodermic tubing with an

I.D. of 0.015" and 0.D. of 0.028" were cemented in the grooves using
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epoxy resin (see Fig. 58 for details). These hyocdermic tubes
communi;ated the sensed pressure out of the top o the blade holder and-
to the scanning valve via plastic intermediate tubing.

The philosophy behind the particular static tap design shown
was to replace unknown érrors wherever possible by a known and smaller
error. With the design shown the errors in sensing surface static
preésure and of the order of %% (Ref 36). The tzp located in the leading
edge was use& as a back—up.system to measure inlet total pressure.

This function was normally provided for by mounting the cobra probe
just upstream and slightly off to one side of the blades.

In all a total of 20 pressure taps were usad enabling a fairly
precise definition of surface static pressure. Tisse static pressure
taps were staggered up and down 0.25" from the blaie mid-height to

reduce the effect of one tap on the next downstrez— tap (see Fig. 59).

5.4 Instrumentation for Downstream Wake Survevs

For the downstream flow we are concerned with Mach numbers usually
in range 0.9 to l.4. Thus the cobra probe can no longer be used to
measure total pressure., Instead two probes with cifferent sensing tips
were constructed as shown in Figs. 60 (a,b). For our range of Mach
numbers calibration is unnecessary and we can deternine Mach number

from the formula:-

|
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Figure 59 Photograph of Instrumented Blades showing Pressure Taps
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which for air with y = 1.4 the equation reduces to:

2 5/2 - 7/2
P - 1. .
i e S <o) (51)

In this formula P isAthe undisturbed static pressure and H' is the
total head measured by a pitot tube. In this situation the measured
total head is less than the undisturbed total head due to pressure

loss across the bow shock wave caused by the probe. (Ref. 34, 35)

To obtain further information at different points within the downstream
flow a traversing gear was built which was driven by a small synchronous
electric motor (Fig. 61). This was arranged to traverse one of the
total head probes across the back of the blade cascade in the direction
'Y' shown in Fig. 62. The probe could be set at different heights
('z') and the whole traversing gear could be bodily moved to allow
measurements at different points in direction 'x°'.

In operation the electric motor was allowed to'spin up to
operating speed before drive through the gears was started. This was
accomplished by the driving gear being mounted on a smooth 20° taper
on the motor shaft. To engage drive the knurled nut was prevented
from rotating by the operator, which caused it to wind down its left-
handed thread until it firmly clamped the driving gear onto its taper.
The system was stopped merely by switching it off. The driving gear‘
could usually be released by finger pressure and the probe carriage was

returned to the pre-start position by manual rotation.
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5.5. Electrical Qutput Recording

Electrical outputs were recorded on a 2-pen chart recorder
with a response time of 0.3 seconds for full scale. The twin pens
allowed the continuous'monitoring of upstream plenum pressure by one
pen while the other pen recorded the variable of interest in the
particular méasurement, for example, scani-valve output. Monitoring
up-stream pressure continuously also allowed one to choose the correct:
time .to make measurements. The upstream total pressure was also

used in the analysis of the data (see Chapter 6.0).

5.6. The Pressure Transducer

The pressure transducer (Druck PDCR-22) was of the diaphragm
type using a semi-conductor element strgin gauge bridge.v The transducer
and its supply were temperature compensated to prevent zero drift.

This transducer was found to be exceedingly linear and stable, and

zero drift was rarely noticeable and certainly not important when
expressed as a percentage of full scale. (See calibration curve

Figure 63). The transducer was designed for * 50 psig and thus amply
covered the intended range of operation without being used in a range of
small pressures where hysteresis errors became important. Air pressures
for calibration were supplied by the shop air system through a reducing
valve. In the range of interest the Wallace & Tiernan gauge (Type FA 145)

was found to be sufficiently accurate for calibration. It was however
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checked by a dead-weight system to support this conclusion.

5.7 The Scanivalve:

A schematic of this system is shown in Fig. 51. These valves
are widely used in the aerospace industry since they allow the rapid
recording of many pressures using only one transducer. It consists
essentially of a series of pressure ports connected sequentially by
a rotatiﬁg radial groove to a central pressure transducer. The
pressure ports and central transducer port are located on a fixed
highly polished disc. The radial groove is machined in the mating
disc which is in running contact. To prevént the discs being separated
by pressure forces, the system is balanced by a back pressure on
_the rotating disc supplied from a slave air supply. This pressure
is chosen to be above the average pressure for all the Ports, without
exceeding the pressure which would cause the lubricating oil film to

be squeezed from between the highly polished surfaces.

One problem that can arise with this sort of system is the rise
time of the pressure at the transducer face. If it is too long then
it would be impossible to measure an accurate final pressure before the
scanning valve moved to the next port. This rise time is a strong
function of internal_diameter of the tubes to the pressure taps. The
rise time to a pressure Pf from an initial pressure Pi, with final

error e can be expressed by the formula (35):
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L= 3pay ey (V) ¥ V,(cH43c43) + 3 Vo (e+1) ) (52)
1 d 4 L (2P + e)
2 1 -7 i
where c =T { EE} and o = 2.47x10 lOggiﬁz—l—FET}

In this equation we have reduced our pressure communication

system to two tubes, subscripts 1 and 2 where:-

11 = length of first tube inches
l2 = length of second tube inches
d; = diameter of first tube ‘ inches
do2 = diameter of second tube inches
e = error . p.s.i.
Pf = final pressure p.s.i.
P1 = dinitial pressure p.s.i.
AP = difference between initial and final :
pressures ‘ p.s.i.
A4 = volume of first tube in3
Vo, = volume of second tube : in3
V, = transducer volume ‘ in3

If we substitute in eqn. (52) for typical values for our system
we have rise times to 99.5% of final pressufe in a time of 0.050 seconds.
This is sufficiently fast that the slowest part of our pressure
recording system is in fact the chart recorder.

The system gives traces of the form shown in Fig. 64. It should

be noted that only every other pressure port is connected to a pressure
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sensing tap. The intervening pressure ports are open to atmosphere.
This system allows the transducer to be more discriminating about the
values of two pressures with similar absolute magnitudes as it helps
eliminate hysteresis effects. It also aids in deciding the correct

location of the parts of the trace to be measured.

5.8 Blade Temperature Measurement

It was necessary, for purposes of the boundary layer calculation,
to know the blade surface temperature. To this end, a series of 5
thermocouples were embedded flush with the surface of the blade in
holes which had been originally pressure taps (fig, 65). These pressure
taps were increased in size to .030" to accommodate the thermocouple
béads, the lead out wires used the grooves already existing in the
blades. The sensing beads were cemented into the surface using a
plastic filter material loaded with aluminium particles. The aim was
to impréve thermal conduction and reduce measurement errors due to
distorting the temperature field in the blade. These effects can be
significant if the coefficient of thermal conductivity for the cement
is widely different from that for the blade material and thermocouple

bead. (Ref. 39)
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Table 65 Detail of the Thermocouple Installation



CHAPTER 6.0 DETERMINATION OF THE INLET FLOW TO

THE BLADES

As in any wind tunnel, the quality of the flow in the working
section’determines the degree of confidence which can be placed on
experimental measurements. This is particularly true in our case since
it is known that highly curved turbine blades ére very sensitive to
input flow conditioms. Another factor to be taken into account is that
our flow has a time variation as well as spatial wvariation to be
measured because our control system only gives us a quasi-static
" situation.

In chapter 4.0 we have already discussec the running.time we
can expect for a given flow area and pressure ratio. In light of the
above remarks however it was still necessary to check at various points
in the flow that the same good control exists. The rest of the chapter

\therefore is devoted té the calibration of the working secﬁion in the
following areas of interest:

(a) Time dependency of the flow

(b) Total head distribution

(¢) Flow direction

(d) TFree stream turbulence levels

(e)  Inlet boundary layers

(f) Wall Static pressure.
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6.1 Time Dependency of the Workinz Section Flow

For this series of tests the total head mzasured by the cobra
probe was recorded at different times during a test run as the plenum
pressure was either controlled at a constant level allowed to decay
in an uncontrolled manner. The probe sensing head was located at a
number of the grid points shown in Fig. 53. At all times and pressure
ratios it was found that the recorded total pressure at the grid points
varied in a predictable smooth manner with upstream plenum pressure.
This reiationship was determined by the isentropic flow relatioﬁs for
flow along a streamline between plenum chamber ani measurement point.
In the boundary layer regions the flow would not necessarily be
isentropic.

Having established thereforevthat upstrea: total pressure. is
directly related to plenum pressure at any time we can use this fact
in the data reduction process for scanivalye =~ pressure traces. Details

of this are shown in Chapter 7.0.

6.2  Spatial Variation

These results were recorded using the total head tube of the
cobra probe. The results are plotted in suitable non-dimensional form
in Fig. 66. The total head profile is remarkably flat and distortion
free across most of the test section passage. This series of tests

was carried out at two different pressure ratios. At the lower wind



speed (pressure ratio = 1.5) the profile was not as good at the stations

nearest the walls.

6.3 Flow Direction

Again the cobra érobe was used, but for this measurement the
two side tubes were employed as a simple yaw meter. Some difficulty was
experienced in pointing the probe correctly. ©No vernier drive or
rotation mechanism was incorporated into the turntable of the probe, and
also the entire mechanism had to be aligned with the tunnel axis at
each measurement location along the measurement grid. These effects
together reduce the accuracy with which we can point our probe to the
order of *%%. However in this range a good pressure difference was
available from the two pressure taps. These were measured using the
scanivalve = and transducer several times in each run by running the
scanivalve - forwards and backwards past thg portsvlabelled PLEFT>
total P, and PRIGHT' The results were plotted in the form as shown in

Fig. 67.

As can be seen the central portion of the flow for the whole

region upstream of the centre of the blade cascade is relatively consistent

in flow direction, but the readings near the top plate of the tunnel are

equally consistent but of different sign. However the range of angles is

distributed about an average value 2° left of the tunnel axis. Virtually

all the measurenments made are within * 1° of this mean.

It was thought at first that this was due to incorrect alignment
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of the test rig turntable or aligmment of the probe holder. On further
examination this did not seem capable of providing such large and
consistent discrepancies. Another theory that was examined was the
fact that the cobra probe was close to the leading edge of the blades.
Thus in real flow, when the inlet streamlines are not exactly‘straight
as assumed in Chapter 2.0, the induced angle of attack would have an
infiluence upstream (see Fig. 68). Again on further examination this
theory was not substantiated, the expected angular deviation being in
the wrong direction.

It is probable that the real solution to this problem. is the.
_skewed nature of the inlet ramps to the test section, this is shown in
Fig. 69 for the correct angle of attack of 64°. To investigate this
hypothesis the angle of attack was varied at constant pressure ratio.
While the probe was mounted in a central location, free from boundary
layer effects. As can be seen in Fig. 70 the deviation angle does
change in some manner with ramp position but again not cohsistently.
It might be possible for future experimentation fo deliberately make
assymmetric the gaps at the end of the cascade of blades, through
which most of the side-wall boundary layer flows. In this way, with
a sensitive probe placed at mid-channel, the flow angle at mid-stream

might be '"tuned" to the desired value.

6.4 TFree Stream Turbulence Levels

These levels were measured with the hot-wire probe already
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described. This series of tests was performed at constant angle of
attack with the tip of the probe some 2.5" upstream of the centre of
the blade cascade. The pressure ratio was varied over the range
between 1.4 to 2.3 and the turbulence level noted at various times
during the run. The results were remarkably uniforn (see Figure 71)
at any pressure ratio. The variation during a run was so small that
one average set of D.C. voltage and r.m.s. A.C. voltages were taken
to represent the whole run.

In general the r.m.s. turbulence levels are remarkably low,
of the order of 1.47 expressed as a percentage of mean flow velocity,
if the past history of the flow is taken into accouat. Our aim was
not to produce very low turbulence levels however since tests performed
in this manner do not realistically represent turbomachine flows where
turbulence levels of 2 - SZVare common. Turbulence levels as low as
0.25% have been used in cascade testing with the unfortunate result

that performance was entirely unrealistic due to a different boundary

layer growth in the turbine blade passage.

6.5 Tunnel Wall Static Pressure

The wall static pressure does to some extent go#ern the shape of
the inlet boundary layers on the upper and lower surfaces éf the test
section. A series of static pressure ports located as shown were tested
for uniformity of pressure (Fig. 72). Only four taps were available
for the lower surface because of the difficulty of locating them near

the turntable mechanism. Over the central region of the tunnel it was
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found that static pressure was constant but at the right-hand end
(looking upstream) the pressures were above normal, and at the left hand
end slightly below normal. These effects are almost certainly due to
the variable'blockage at the ends of the cascade; Over the critical

central region upstream of the instrumented blades the results were

quite acceptable.

6.6 Wall Inlet Boundary Layers

These were measured using the boundary layer probe drawn in Fig. 55.
The results were obtained at two different pressure ratioé and the
difference in the profiles can be seen from Fig. 73. On this graph
the points obtained with the cobra probé; which werz few in number due
to its size, are included for comparison. It should be noted that
the results have been corrected in the case of the boundary layer probe,

for displacement error in the form suggested by Young and Maas. (34)
8 z;y=0.13 - 0.08 4/D : (53)

where Az is the correction added to the measured height of a probe
of tip 0.D = D and tip I.D = d.

We must also correct for the fact that pitot probes do not
correctly measure total pressure when within 2D of the wall and this is

corrected using a non-dimensional graph supplied in Reference 34.
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6.7 Discussion of the Results

In general we can conclude that the wind tunnel provides us
with a flow of the correct range of total head, inlet turbulence, and
inlet flow angles with acceptably thin end-wall boundary layers.

It should be borne in mind that in some cases the angle of attack
measured from turntable position should be corrected for the

consistent flow direction error noted in section 6.3.



CHAPTER 7.0 . THE PRESSURE DISTRIBUTION STUDIES

As this work constituted the core of the experimental studies,
the major proportion of the effort was aimed at determining experimental
values for surface pressures. In order to reduce scatter in the
experimental results the total head was monitoredbby a cobra probe
situated near the blades. This was one of the inputs to the scanning
valve system and thus total pressure was checked at intervals during the
surface pressure measurements. The arrangement for the pressure ports is
shown in Fig. 74.

| Bearing in mind the dependence of pressure rise time on QL_
dj
it was felt that small errors in estimation the diameter of the pressure
tubes could cause large increases in rise time. Thus all the pressure
capillaries were reduced to the minimum possible length. (see Figs. 75
and 76).

The set of 16 turbine blades were held in a blade holder which
was easily removable from the wind tunnel. The chief requirements for
the design were that it held the blades in a rigid manner, at the
correct spacing, while fitting into the machined grooves already
existing in the wind tunnel turntable. Provision also was made so that
the stagger angle A° could be varied.

The blade holder was made of aluminium, separated at each end by
stainless steel pillars, the blades were pivoted at the %-chord point

by silver-steel dowels which were an interference fit in the brass blade
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Figure 75 View of the Scanivalve Installation
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(Fig. 77). These projecting dowels were a tight movable fit in the
blade holder. To resist aercdynamic loading moments about the dowel
pin, the blades were locked in position relative to the holder by
small screws, top and bottom, which fastened into tapped holes at

the %-chord point. These extended through oversize clearance holes in
the top and bottom plates of the holder, allowing small angular
changes to be made in stagger A (* 2°) after manufacture.

The blades were set in the correct relative position by a se;ies
of machined aluminium templates, which bore against the flat-back
portion of the blades. The blades have a height of 2.400" and a
design axial chord of 1.0". Due to a short—fall in the number of
brass blades (kindly supplied by the Mechanical Engineering Division,
National Research Council) a further two blades were cast in epoxy
resin. One of the brass blades was used as a master and a mold made
from silicone rubber. These blades proved very difficult to machine
because the epoxy was silica loaded for strength. This resulted in the
blades eventually being bonded in a fixed angular position to the holder
bottom plate by epoxy resin. This allowed removal of the top plate for-
access to the other blades. They were placed at the extreme left hand end
of the blade cascade thus minimizing the aerodynamic effect on the
important central blades. The original brass blades were finished to

a high polish and accurate to * 0.001" on aii dimensions.

7.1 Numerical processing of the Data

For each test it was found useful to use the value of POl that
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existed at the time of the pressure measurement in calculating the
ratios PS/P01 which were the derived end result. This was achieved

by calculating from the continuously recorded plenum pressure, the value

of P,

\”_connected for supply fluctuations. This use of a " time local'

P Olenabled a great reduction in the scatter of results. It was also
found necessary to record atmospheric pressure at the time of the series
of tests since both transducers, for plenum pressure and surface pressure,
were zeroed relative to atmospheric pressure. For any particular angle,
the test was repeated up to four times, to obtain a good  average Ps/POl
at each pressure top location. For runs at pressure ratiosvof 1.5 to 1
it was possible to record all 20 pressures during each run with good
accuracy. At higher pressure ratios the numger of readings obtained was

reduced, thus increasing the number of runs needed for a proper completion

of the test.

7.2 TFirst series of Tests at the Design Stagger Angle () = 269)

In this series of tests the pressure ratio was varied between
1.5 and 2.5 for the range of inlet angles between 66;50 and 59°. The
type of blade we are testing would normally be installed in the first
ar second stage of a gas generator turbine and thus would see only small
variation in angle of attack compared to saya power turbine blade.

In Figs. 78 and 79 the experimental results are compared to the
theoretical fesults for a range of angles of attack each at a fixed

pressure ratio. In Figs. 80 and 81 the variation with pressure ratio at
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a fixed angle of attack is observed.

It has been found that the two series of graphs can be

collapsed onto two curves, shown as Figs. 82 and 83 in which we have

observed the following:

(a)

(b)

That the effect of changing angle of attack.is to increase
or decrease pressures on the leéding edge of the suction
surface, the rest of the pressure distribution being
virtually unchanged (Fig. 82).

That the effect of changing pressure ratio is to increase
or decrease the pressure ratio near the trailing edge,

the rest of theApressure distribution being virtually

unchanged (Fig. 83).

Conclusion (b) is qualified by saying that it is necessary for

the pressure ratio to be at least enough for sonicconditions at the

throat for this to be true.

We can further conclude that:

()

(d)

For virtually all cases the pressure distribution is
correctly predicted by our analytical'method.

That leading edge blockage, in the form of a sonic patch
measured at inlet angles of 66%7 severely limits the use

of the blade since the design ay is 64°.
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7.3 Second series of tests, with the Stagger Angle » reduced to 24°

Instant re-design of the blade passage was available by resetting
the angle of the blades in the holder. Study of the blade shapes and
curvature distributions showed that a reduction of leading edge suc;ion
was available with little change in total ;urning angle by reducing
the angle of the flat-back to 24°. The measured results for the new
passage design are shown in summarised form in Fig. 84. The reduction
achieved in leading edge suction has resulted however in a loss in
total tangential force on the blade as computed from the area between the
suction and pressure curves. An additional advantage given is the
reduction in the severe adverse pressure gradient after the suction

peak, thus reducing adverse effects on boundary layer growth.

7.4 Third series of tests, with the Stageer Angle » increased to 28°

This series was carried out to confirm our picture of the leading
edge blockage. As can be seen from Fig. 84 the worsening of the

situation was as expected.

7.5 The Effect of the Boundary Laver

As can be seen from Fig. 27 the prediction procedure is improved
slightly when calculated boundary layer thickness is used to modify the

potential flow calculation. These calculations were not carried out for



167

i
'
.
Z
i
\
i
i
{
07r \
_ ' Pressure
I °\ | Surface
06 ° ‘ \ ; Unchanged
Suction \ :
& Peak I
05 b Increases ;
. t
With >\ X :‘
|
04t '
\
i
- %
0
L 1 s i ;
0 20 40 60 80 100

% AX1AL CHORD

Figure 84 The Effect of Changing Stagger A on Measured Non-Dimensional
Surface Frassures



168

all tests , and the change is small enough not to be plotted, For
the design stagger angle at an angle of attack of 66%° the boundary
program showed separation eon the adverse préssure gradient zone after
thevleading edge suction peak. This point will be returned to in the

wake survey tests reported in the next chapter.

7.6 Temperature Measurements

The thermocouples embedded in the blades were used to measure
blade surface temperature. The measured values dropped duriﬁg running to
values between 492° to 497°R from a pre-run average reading of 528°R.

The good thermal conductivity of the brass blades is evident in that
all 5 thermocouples read the same temperature to within * %°R. Thié
temperature correspondé to the recovery temperature £for an adiabatic
wall at the velocities that exist near the trailing edge of the blade.

We can calculate this temperature from the relationship (Reference 40).
To= 1.1+ P 2L’y ' (54)
r 0 r 2

For example the last thermocouple was at a location of 74% axial chord.
At a pressure ratio of 2.0 the Mach number in the free stream was 1.15
at this location. Substituting this Mach number into our. equation and

assuming ¥ = 1.4 and P = 0.72 for air:

-3
1}

420 (1 + 0.72 (0.2) 1.152)

3
i

N 499°R
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It should be remembered at this point thét because of the
downward drift in total temperature noted earlier, our free stream
static temperature is dropping during the test. Thus we‘have a
difficult transient heat conduction problem, with the added complication
of a varying boundary layer to take into account. .The measured
temperatures are in the correct rangé of values however since T, at the
end of a run has dropped to 478°R at the same location for which we

have already quoted results.



CHAPTER 8.0 INVESTIGATION OF THE WAKE

The wake region of the blades is of interest because it enables
the determination of some of the important parametersof a cascade of
blades. From a traverse of the wakes it is possible to calculate the
totalvhead loss coefficient. Also the structure of the wakes is
important because it will affect to some extent the performance of
down-stream blade rows. In our investigation a total head probe driven
by the mechanism shown in Fig. 61 was used. Since both the mechanism
and the chart recorder were driven by constant speed A.C. motors, the
chart-recorder trace gave us a record of P Ozvarying in the x~direction.
We obtained a trace shown in idealised form in Fig. 85.

It is possible to show for a two-dimensional turbulent wake
(Ref. 19) that the width 'b' of the wake is proportional to the

downstream distance to the one half power:

i.e. B o 12 ' (55)

and that the rate of decrease of the velocity difference between free

stream and wake is given by the simple relationship:

u o (179 (56)
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These relationships are however rather simple minded formulae and do
not take into account such effects as the existence of shock waves or
traverse velocity gradients. There is also the general limitation
that these formulations can only be applied some four trailing edge
thicknesses down-stream. This is only a small restriction when it is
considered that this is only a total distance of 0.100", which is in

fact 0.043" measured in the axial direction 'x'.

8.1 The Investigation of the Wake width as a function of distance

from the Trailing Edge

Using the traversing gear mounted at different distances downstr-
eam, traces of the wake total pressure were recorded as shown in Fig. 86.
The wake width can be found from the width at half-height using the well
known relationship:

s

The widths so obtained were devided by the pitch 's' and plotted

. 1.2
against (396 in graph 87. The point plotted at (1)% = 0 is in fact
s
obtained by adding the theoretical boundary layer thicknesses at the
trailing edge to the trailing edge thickness. The simple theoretical

relationship seems to be well justified in this instance because the

experimental points lie about a straight line with little or mno scatter.
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Similar attempts made at plotting the velocity defect at the
centre of the wake were less successful. The total head defect is
plotted against distance(Fig. 88.) The reason for the lower degree
of accuracy is probably due to the fact that we were attempting to
make a point measurement while upstream conditions were varying
slightly. Determination of wake width was not affected to such a

great extent.

8.2 Investigation of changes in the Wake Width with Pressure Ratio

As can be seen from Fig. 89 the wake width decreases with pressure
ratio. This is an analogous effect to the thinning of a boundary layer
with increasing velocity. In the downstream region the velocity
increases with pressure ratio. It would be expected that with the
much higher velocity gradients and shear rates that exist at higher
pressure ratios, that the mixing losses would increase, and that total
head loss coefficients would increase. Also the friction losses on the

blade surfaces would increase.

8.3 The Investigation of Blade Outlet Angle

It was hoped that it would be possible to determine the position
of the wakes, and thus the overall outlet angle using the total head

traversing method. Owing to the small size of the outlet passages

(Throat = 0.257") it was found that insufficient precision was available,
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especially when it was discovered that the probe itself was rather
flexible. It is relatively easy to obtain a continuous traverse showing
the variation of total head, but considerably more.difficult to
precisely pinpoint in space part of that traverse.

For the above reason the outlet angle was determined by a flow
visualisation technique. A mixture of fine aluminium power in SAE 20
grade 0il was made up and painted onto the lower surface of the blade
holder downstream of the blades. A very short running time, of the
order of two or three seconds, followed by a fast shut-off fixed the
traces in the correct position. Too long a run dispersed the mixture
downstream. The centre of the wake was determined visually and the
angle measured with a protractor. Although the above method is not
as accurate as results obtained with sophisticated traversing mechanism,
it is very quick. This enables several runs to be made and an avérage
angle calculated. The outlet angles so obtained certaiﬁly démonstrate
the precision with which the blades direct the flow (see Table 6).

The simple theoretical results are those due to Taylprs method which
assumes isentropic flow between throat and downstream. This method is
only applicable for small overpressures. For greater pressures the
method of characteristics or system of waves described in Chapter 2.0

are more accurate.



TABLE &

THE VARIATION OF OUTLET ANGLE WITH PRESSURE RATIO

Pressure Ratio

Measured Outlet Angle

Theoretical Outlet Angle

1.85 66° —_—
2.52 649 30" 63° 36°'
2.62 64° 63° 6°'
1.9 _— 64° 30°*

TABLE 7

Po1-Po2

THE VARIATION OF TOTAL KEEAD LOSS COEFFICIENT —/—

01

Pressure Ratio

Angle of Attack

Total Head Loss Coefficient

1.89

1.9

1.9

1.5

06.059

0.067

0.046

0.921
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8.4 The Investigation of the form of the Wake at Different Height and

measurement of Total Head Loss Coefficients

As can be seen from the accompanying figure 90 the position of
the wake changes at different measurement heights. These results were
all taken at the same axial distance from the cascade, and at comstant
pressure ratio and angle of attack. A general "smearing" and increase
in losses is observed nearer the end-walls. To reduce as much as
possible errors due to the end wall boundary layers, total head lass
coefficients were calculated from data taken at blade and height.

At some locations it is possible to traverse the reduced total head
at the core of the secondary flow vortices (see'refs. 41, 42, 43)
but this was not observed at any of our five measurement heights.

The measured total head loss coefficients are shown in Table 7 at
two different angles of attack and two different pressure ratios. As
noted in Chapter 3.0 the losses are much greater and the wake broader
at the higher angle of attack (Fig. 91). At an angle of attack of 66%
degrees the theoretical results obtained with the computer program
indicated separation immediately following the leading edge suction peak.
As can be seen in Table 7 the loss coefficient is mgch more acceptable
(0.045) at the design angle of attack and pressure ratio. This compares
well with published data for similar designs although no comprehensive
effort has been made to obtain diagrams for variation of loss coefficient

as a function of Mach number and angle of attack.
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8.5 Intersection of the Trailing Edge Shock

Eor some of the tests near the trailing edge the small diameter
(0.028")probe was used. At pressure ratios greater than Fhat required
for choking sharp 'spikes' were seen on the pressure trace néar the
suction surface. (Fig. 92). These‘spikes were not observed at or below
choking pressure ratio. The conclusion to be drawn is that this is the
intersection of the probe with the trailing edge shock wave. In the
series of three traces it is possible to see the spike height increase

with pressure ratio.

8.6 Conclusions to be drawn from the Wake Survey

From the results obtained we can see thaﬁ the blades as designed
work quite well at the design angle of attack, but as predicted from
our theoretical flow analyses, the flow losses increase greatly at
increased positive angles of attack due to the adverse pressure gradients
and leading edge blockage. With the blading used a height to axial
chord ratio of 2.4:1 was sufficient to give us accurate two dimensional

measurements,



CHAPTER 9.0 OVERALL CONCLUSIONS

From the experimental results and theoretical analysis reported

in the present work the following general conclusions may be drawn:

(a) The cascade wind tunnel has been developed to the point

where the correct range of pressure ratics, angles of

attack and turbulence levels required for two-dimensional

cascade testing are reliably produced.

(b) Correct predictions of the performance of the blade are

made using the pressure distribution program.

This is

especially true with regard to the undesirable effects of

leading edge blockage and over—expansion near the trailing

edge.

(c) The boundary layer program effectively predicts the

boundary layer parameters over the blade surface, enabling

improvements of the blade shape to be made. Further

development of the program is required however.

Supporting the above conclusion (a) the wind tunnel performance

may be examined in more detail by reference to the Figures.

The duration

of steady operating conditions can be compared to the time required for

accurate pressure measurements as shown in Figures 47 and 64.

The

average turbulence levels of 1.4% are sufficiently high to avoid problems

with delayed transition of the boundary layer on the tlade surfaces.
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Excellent uniformity of total head is obtained in the critical central
region of the test section (Fig. 66), wnere the flow direction is
everywhere within *1% of a mean value some 2° from the tunnel axis
(Fig. 67). TFigure 72 indicates that, in this same region, the tunnel
wall static pressure is of a uniform level. The end-wall boundary
layers also are sufficiently thin to result in two-dimensional flow

at the blade mid-height (Fig. 73).

The blade surface pressure measurements summarised in Figs. 82

and 83, are in good agreement with the theoretical analysis and the
published results for this class of blades. With the results obtained
to date we can apply our potential flow analysis to future turbine
blade design. |

The boundary layer calculation scheme works well for constant
free stream pressure and mild pressure gradients. In common with
most other ﬁethods the accuracy falls when strongly adverse or
favourable pressure gradients are applied to the boundary layer edge.
The predicted value for boundary layer thickness (Figs. 23 and 25) is
substantiated to some extent by the wake measurements (Fig. 87).

Additional operating experience is required before the program can

be reliably applied to all classes of flows. It can however be used to

calculate such integral parameters as displacement thickness to improve

-two-dimensional profile design.

In summary the overall conclusion can be made that the existing

systems provide a simple and effective basis for the two-dimensional

design of highly curved turbine blades.
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APPENDIX 1 | FUTURE DIRECTIONS FOR RESEARCH

There are three major avenues for future research in this field.

(a) Three-Dimensional Effects

The major lack in the present work is the lack of detailed
knowledge about secondary flows for this type of blade. The
existing cascade wind tunnel can be used to study the effect of
inlet boundary layers, and the larger three-dimensional test
rig will provide more informgtion to complete another '"block"
of our design diagram. |

(b) The Boundary Layer Calculation

The existing program is clumsier and more expensive than
it needs to be. The following improvements could be made:
(1) Entirely remove the non—dimensionalising system and
process the ''raw'" equations. No loss of accuracy is
expected because the accuracy of representaﬁion
available with most computing machines greatly
exceeds the accuracy of our equations.
(ii) It would be possible to implement a curvature
correction scheme as a sub-routine in which shape
factor wés corrected between steps using suitable

empirical data. (Ref. 44)
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(i1i) The effect of surface roughness could be taken into
account by modifying the dampinz factor near the
wall to allow for the effect of roughness on the
viscous sublaver (15).

(c) Automation of the Design Procedure

With the existing computation blocks available it is now
possible to exploit them more fully. The programs are simple
and fast enough to use in a computer aided design scheme
similar to that described by Bonham (45). The basic principle
is to use a mini-computer such as the PDP8-L to organise the
transferral of information from peripheral devices such as the
digitiser to the large computer in a digestible form for
processing. This processing could be the pressure distribution
program for instance (see Fig. AI-1) or a three-dimensional
blade stacking procedure.

In this way the designer selects the particular pre-~
programmed calculation to be performed and can design a blade
extremely quickly. The tasks of drafting and iﬁformation
transferred are performed by the mini-computer, which has
interface routines to convert information to a form suitable for
each item of peripheral equipment. Thus the task of the
designer, who is in command of the procedure, is reduced to
that of DESIGN, since there are some aspects of experiehce and

judgement that cannot be programmed.
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APPENDIX 2

USERS MANUAL FOR THF PROGRAM

A flow chart and program listing are included in this -
appendix, together with a list of variables and sample
output.

The program starts by reading in the inlet flow
conditions and useful constants such as the specific heat
ratio. It then proceeds to calculate a maés flow required
to choke the bhlade or alternatively some design mass flow
leés than this if unchoked flow is reguired. Proceeding
to the first quasi-orthogonal line it reads in valués for
suction and pressure surface curvatures, and also the
length of the quasi-orthogonal. Using one of the expressions
developed for velocity distribution a value for mass flow is
calculated and compared to the design value. When con-
vergencé to a suitable accuracy is achieved the program
_ prints out results for the flow variables at this station.
It then moves on to the néxt guasi-orthogonal and repeats
the process. ‘

For choked flow at a throat the alternative-calculation
can be used. |

At a typical orthogonal values for static pressure,
Mach No., velocity, static pressure relative to inlet total
pressure, stétic temperature and density are tabulated for the

nine stream-tubes. The input variahles to which numerical

values have to be assigned are listed below.
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VARIABLE

RETOPI

PEXIT

AMACHIN

RELTOT

- GASC

G
GAMMA,.
SPACE

JIX

ACC
GAGE
THROAT
RATTO
AMCRIT
NDATA
CP (k)
Cs (k)

GRUGE (k)

DESCRIPTION

UNITS OR VALUE

192

Relative Total Pressure at Inlet

Static Pressure downstream of
Cascade

Inlet Mach No.

Relative Total Temperature at Inlet

Specific Gas Content for Air

1 32.16 ft/sec?

Acceleration due to Gravity
Ratio of Specific Heats

Blade Pitch

Control Card JX = 1 Curvature Variation is Linear
= 2 Radius of Curvature Variation

JX
is Linear

Required Accuracy for Iteration
Loop
Width of Flow passage defined by Inlet

Streamlines. Yormally Pitch x cosine
of Inlet Air Angle

Passage Width at Geometric Throat

Iterating variable, given starting
Value = 1

Critical Inlet Mach No. at which
reometric throat would choke.
Number of Quasi-orthogonals T'sed
Curvature of Pressure Surface

Curvature of Suction Surface

Quasi-0Orthogonal Length

_ psia

psia

°r
53.333ft—lb/lbm H

1.4

Inches

Inches

Inches

Reciprocal "
Reciprocal "

Inches
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It is generally best to tabhulate the data for Cp(k),

CS(k) and GAUGE (k) when generated from the hlade drawing along

with the axial chord locations of each end of the quasi-

orthogonal. Thus facilitating plotting of the pressure

distribution as a function of axial chord. eg

% AXIAIL CHORD & AXIAL CHORD CP (k) cS(k) GAUGE (k)
(SUCTION SURFACE) ‘PRESSURE SURFACE) in”l in"l in
25.0 5.0 1.28 2,72 0.455

The remaining variables in the program do not generally

-have to be assigned values.-
VARIABLE

A(I)

AMACH

AMAS

AP

AR

AT

AV

CMAS

Di' D2, D

DELG

3" 74

POW

DESCRIPTION
Speed of Sound
Maéh. No.
Design channél maés.flow
Static Pressure.
Density
Static Temperature
Resultant Velocity

Choking Mass Flow for Geometric
Throat

Constants containing GAMMA

Distance between two adjacent -
streamlines

Variabhle calculated within prograr
used in velocity distribution
expressions -
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RELTOP : Relative Total Pressure

 RELTOT » Relative Total Temperature
vRO(I) Density |

RPR(I) : : : Static Pressure

RPR({I) Static Temperature

‘TMAS ' Calculated mass flow in channel
W(I) : Velocity

7 (I) Density x Velocity



FLOW CHART

( Start )

Read
Input
Data
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Mass Flow

‘..
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Press. Surf.

¥
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Y



.

Use Eqgn. 12

for Velacity
Distribution

v

Use Egn i3
for Velocity
Distribution

Adjust
Mid-C hannel
Velocity

I V
I

Calculate

Mass Flow

Yes

A

Print
Out
Results

A

IS ™
ere Mo
ata

v No
Stop

196



~ O

aNaNaNAYANS! AN NN O s

NN

197

PRUGRAM TST (InPUTsOUTPUT s TAFES=INPUT s TAPEH=UUTPUT)
DIMENSTUN WI9) s KPRG9} sZ2 (D) s ArACH{T ) s DXPIN{ S,
lCP(IZ)’Cb(lZ)eGAUGE(12),HT(9),A(9)sRU(9)

READ (5915 )RETOUOPISPEXITsARACHIN sRELTUT

READ (59.16) GASCsGsGAMMAS SPACE s JX

READ(S5 s 17 )ACC s GAGE s THRUAT s SATIVSAMCRIT onATA
FORMAT (4F8.3)

FORMAT(4F8.4512)

FORMAT(5F8.4518)

USEFUL CONSTANTS AND CHUKING #MASS FLuw ARE CALCULATED

D1=2 « UXGAMMAXGASC*G

D3=GArMMA—1.0

D2=GAMMA /D3

D&4=GAMMA+1 40 : o
CMAS=(( {GIMMA®G)/ (GASCHRELTOT) ) #%0U .5 ) *THROAT*RETOPI*12.0/1.728
WRITE(6221) CMAS :

WRITE(65599)

WRITZ(65999)

WRITE(6922)RETCPI sPEXIT A SCrINsRELTOT

WRITE(699599)

WRITE(6223) GASCH>GsGAMMASSTACE »JX

WRITE(65999)

WRITE(5925)ACCsGAGE » THRUAT 9!\HTIU,¢\|ICKIT,! UATA

WRITE(65999)

THE DESIGN MASS FLOW 1S CALTULATEU Aiu TrE SURFACE CORVATURES AND
GUAST-ORTHUGONAL LENGTH RZAD Iiv

AT=RELTOT/(1+(D3%*(AMACHIN®%2,011/2eu)
AP=RETUP 1% (AT/RELTUTI®**D2
AR=AP/GASC/AT*144
AV=AMACHIN® { (GAMMA®GASCHG* AT ) ¥%0,.5)
AMAS=AR¥AV®*GAGE/12.0
WRITE(6524)AMAS

WRITE(565999)

DO 900 K=1,NDATA

READ(5924 YCP(X)»>CS(K) sGAUGE(K)
WRITE(55999)

WRITE(52999)

WRITE(62999)

WRITE(62999)

WRITE(6928)

WRITE(65999)
WRITE(69241)CPIK) s CSIK) s GALGEIR)
WRITE(55999)

WRITE(69999)

IF(GAUGE(K)-THROAT) 63,63562
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53 IF(AMCRIT=AMACHIN) 64s5644552
C
C
H2 wWwil5)=AVIGAGE/GAUGE (K)
51 IF({(w(5)MF2)¥D3/D1) abT o (RELTYT)) GUTv 52

WA5)=W{5)/2.0

GOTO 31
52 CONTINUE
66 W(5)=W(5)*RATIO
C
C
C
C

DO 235 1=1,9
53 C=1

DELG=(C~1.0)*GAUGE(K)/8.C

IF(JXeEWs2) GOTO 57
56 POW=GAUGE(K)*(CS(K)¥(3,0/8.0~ DELG/GAHGC(&))+ 125*CP(n)- 5%

S(CP(K)—CS{K) ) ¥ (DELG/GAUGE (K ) ) #%2,G)
49 WII)=W(5)*EXP(POW)

GCTO 60
57 IFICP(K)=CS(K))58559,58
53 WlI)=wis)F(2,0%(CP(K)+(CSIN)TCP(N) )FDECG/GAUGE (N I Z{CP (N +

SCSIK) ) )¥¥UGAUGE (K ¥CS(KISCP(KI/Z(CP(KI=CSIRI))

, GOTO 690

59 POW=GAUGE (K)*( ,5~DELG/GAUCGE (R} I FCS(K)

GOTO 49
&C RELTOP=RETUPI

RT(I)=RELTUT=(W(1)*¥2)%33/D1
A{I)=(GAMMAXGASC®GHRT(I))**J.5
AMACH(I)Y=%W(I)/A(])
RPR(I1)=RELTOP/(RELTCT/RT(1))%%D2
DRPR{ I )=RPR () /RELTUP
RO(T)=144.0%RPR{1)/({GASC*RT (1))
235 Z{IYy=RO(I *()
54 TMAS=(0.U3489%(Z(1)4+2(9) )40 20T769% (L (2)+2(8})=0GeC3273%(Z(3)+
SZ(T))+4371023%(Z(4)+2(6))— u.1ou14fL(;z)x AUGE(K) /12,0

C

C
RATIO=2.,0"(TMAS/AMAS)
IF(ABS(AMAS—TIMAS) «LE.ACC) GOTU 61
GOTO g6 -

C

C

64 DO 245 1=1,9

RT(9)=RELTOT*2,0/ (GANMMA+1.0)
W(9) = (GAMMAXGASCHG*RT(9) ) *¥%J.5
C=1 :
DELG=(C—1+0)/8.0
PuN—GAuch&)w(cP(&)+c5(m)—2 O‘CS(N)“DL GT(CP(N)~CSIN) ) *(DELGF*2) )
W(I)=w(9)¥EXP (POW
RELTOsziTuPI
RT(I)=RELTUT—(W(I)*%2.0)%D3/01
ALI) = (GAMMAXGASC*GH*RT (1) ) #%y.5
AMACHCI ) =W (IY/ACTD)
RPROT)=RELTUP/ (RELTUT/KT (1)) %**D2
DRPR(I)=RPR{T)/RELTCP
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RU(TIY=144,UFRPRIT)/Z{GASCHRT (1))

245 Z(1)y=RC(I)*W(I)
THMAS=(L03680%(Z(1)1+2(9))1+.207558%(2Z
)i

2142210 —,02273%(Z2(3)+2 (7))
S+e37U23¥(Z(4)+2(8) ) =alb60L14*(2(5) G2

{
*¥GAUGTIAI/124U

GOTO 51
C
C
61 WRITE(6527)TMAS
WRITE(655999)
WRITE(65999)
WRITE(6520)
WRITE(65999)
' DO 25 I=1,9 : :
21 FORMAT (1H1+40X s LCHINPUT DATA/%UXsl0H—"——— ———— 77%
$CHOKING MASS FLOW RATE =%,F10.3)
22 FORMAT(4F843)
23 FORMAT(4F844512) V :
24 FORMAT (1H1540Xs L1IHOUTPUT DATA/Z4UXs LIH——==== ———- /7%
PDESIGN MASS FLUW RATE =%,F10.32)
25 FORMAT (5F844518) ,
26 WRITE(6329)RPR{T)sAMACH(T ) sW (1) sDRPR{IISRT(1)sRU(])
27 FORMAT (1HU 20X s *CALCULATED MASS FLUW RATE =%,F10.3)
28 FURMAT (1HU, 20X »¥CP (K) Csin) GAUGZ (N) ) ,
29 FORMAT(1HO»12X sFlua3s1XsFlUe3334AsFlua3sl®sF5e393XsF1l0a323X>
1F6.3) ‘ .
30 FORMAT (1HO, % . KPR () ACECH(T) w(l) DRPR ¢
$1) RT(I) RU(I)¥*) -

240 FORMAT(2Fluest)

241 FORMAT(16Xs3F1lued)
999  FURMAT (1uyXs¥*  *)
900 CONTINUE

STOP
END
! END OF RECORD
27808617 14,69 Q.61 530.0
53,353 32,16 1.4 0.665 1 A
0.,0005 0,393 C.335 1.0 0.60 12
Ceouu2 2047 0e362
Cev2 2.615 Ue383
Ueuv2 2453 Jes21
1,28 2.72 Ue&55
lestsy 2672 Ve &8
2419 2472 Ce495
2.115 2472 Ue&8
1.507 263 0421
0.605 1.97 Ce«365
0e25 le111 Ce344
0.002 0475 0.335

' END OF FILE
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McDonald Blade

OUTPUT DATA
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SRPENDIX 3 THE FORTRAN IV CROGRAM

The program philosophy has already been cascribed in SECTION 3.5.
The program control and a flow chart are included below together with a

brief note on each sub-routine.

Frogram Control

The first data card to be read in contains vslues 6F a number of

program control flags, these are listed below.

NAME VALUE REANTTR
FLAG 1 0.0 Mixing length celculzied i.s. turbulent
1.0 " " = 0.0 .%. lenminar
FLAG 2 1.0 Controls Tirst printocut of boundary layer
FLAG 3 Unused 1in preszant orogram
FLAGIT 0.0 ‘ Iteration is availzable betwsen successive
M-lines
1.0 No iteration performad
FLAGPY Unused
FLAGTP 0.0 Uses simple temperature calculation
1.0 Useé thermal energy =sguation
Damp Jed— 1.0 Used to vary convergsnce rate of iteration
usually B.7
CUTOFFE 0.98 Valus of velocity at which B.L. thickness
is sveluated
ERROR % Accuracy to which iteration converges
cF 0.0 Starting value of skin friction
ITHIN 2—5 Minimum number of iterations allouwed if
FLAGIT = 0.0
NXTURB 2 — 10 Varies rate at which flow becomes turbulent

during transition
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Subroutine Descriptions

1 __GRID
One input card ig reguired to read in the feollowing ouantities:

a) N: number of steps in Y direction (initial)

b) NLIMIT: number of steps in Y direction (maximum 2llowed)

c) X: : Initial value of X inches

d) XX: Final velue of X inches

g) DXO: Interval betuween successive X-stations. Tﬁis value can
be manipulated in the programe.

f) Dv: Parameter to define Y-grid spacing. ©ith present
gggig\i/t.:ion of grid totzl height of grid is approximately

In addition this subroutine defines the Y-location of points on
the grid. The distance between two successive points in tha Y-direction

incresses with distanmce from the wall.

The given freze stream and weall conditions =srz rezd in
a) Free Stresm:
lst card NXDATA, number of points at which destz given

Subsequent cards
XIKCH: X-station in inches

DFDX: Fressure gradient psi/in
TF4R:  Temperature 'R
UFAR:  Velocity ft/sec
FFAR: Pressure psf.
b) lall Conditions:

l1st card MgaLlL,  number of points at which data given



207

Subsenquant cards
XdALlL: X-station in inches

TWALL: uell Temp, °R

3 FLUID
Data is read in in dimensional form for the viscosity, density,
conductivity and specific hzat of air at different temperatures.

1st Card NPRLFP:  NumBer of temperature stations at which data
tabulated

Subsequent cards o
PTEMF: Temperature R

PRO: Density lbm/cuft
DCF: Specific Heat Btu/1bmoF
PVIS:  Coefficient of viscosity ?tz/sec

FCOND: Coeffigient of thermal conductivity Btu/sec-ft-"F

L DIMNON

The reference velocity and temperzture =sre civen as input. From
these values the reférence density, viscosity, scecific hezt and conducti-
vity are obtained by interpclation from the properties of fluid tsble. The
other reference parameters such as the reference length are cslculated
enaling the free stream data, wall data and grid dimensions to be non-

dimensionalized.

5 TEMP
For any given x-station the fres siream and wall temperatures

are calculated in their non-dimensionzl form by intercolstion.

6 START 2

The Boundary lzyer data for the first x-stzition is read in.



Using this data the boundzry layer prefile is cazlculest=d using the model
described in the main body of the report. (S=zction 2.2} If there is

insufficient data a shape factor can be azsumed.

7 TPROP
For a given temperature, air prapsrties are calculated using
simple linear interpolation from the non-dimensionalized air properties

gdatae.

8 FDX1
For a given x-station the free stream pressure gradient is cal-

culated from the input data given in tabular form.

S FDX2
For 2 given x-station the free stream pressurz gradient is cal-

culated from the input free stream velocity dsta.

10 ZEMIX
The mixing length is calculated using the emziricel equations

given.in the report. (Section 2.3)

11 £0DY
The non-dimensional eddy diffusivity is celculsted from the

previously evaluated mixing length.

12 CLEFF

208

The coafficients of the set of =2lgebraic escuztions (representing

the momentum and energy eguations) are =svaluated from thz known conditions

on tha2 M = 1 line and the conditions at the wall and frzz stream.
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13 CALE
This subroutine solves the abovs set of eguations by the Thomas
algorithm method. Velocity and temperaturs at the ¥ + 1 line are thus

obtained.

14 VELY
This subroutine calculates the velocities V in the y-direction on
the M + 1 line from the eguation of motion and the known x~direction

velocities.

15 FRNTSL

The boundary layer variables below are printed out at suitable
intervals duwn the surface depending on the value of FLAS 2.
a) The number of the grid ocint from the well
b) The distance from the wall, inches

c) The x-direction velacity U/U, where U, = local frez stream
velocity

d) The y-direction velocity V/U,
e) The non-dimensional temperature
f) Temperature 92

For the last y-station the free stream cenditions are printed oute.

16 8L X
Using the computed boundary layer solution the boundary layer
thickness (D), displacement thickness (DI), momentum thickness (TI) and

sha;é factor are evaluated and printzd out.

17 20L

This subroutine is a general purpose subroutineg for linear
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interpolation. In the program it is called to calculate free stream

-ty

variables, wall varizbles and air properties st different x-stations and

temperatures.



FLOW CHART
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CONTROL
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BC. FLUID
ELUID PROPERT IES
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NON-DIMENSION-
DIMNON ALISE  ALL
TEMP
DATA
\
POX 111 CALCULATE
TEMP
POL > <1 CONDITIONS
START 2 ON M=1 LINE

PRINT OUT
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PRINT OUT
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TPROP CALCULAT=
PO =
L BC® ON
M+1 LINE
|
Z LMIX C ALCULATE
EDDY > EDDY DIFFUSIV- :
ITY A
> y
DE TERMINE
COEFF = COEFFICIENTS
OF EQUATIONS
/
CALC,
CALCULATE
VELV .
, u v T ON
| M+1 LINZ
BLX | |
, C ALC ULATE YES | PRINT OUT
PRNTBL :
=>— 3L PARAMETERS = i DATA
J IS ACC. GOGOD? i
— NO J
CHECK FOR
TRANSITION

INCREASE GRID
[F NECESSARY

CHECK FOR

MORE M- LINES
IF SO TRANSFER
RESULTS TO M=1

*NO

ST OP




: 213
BOUNDARY LAYER PROGRAM LISTING

CNh ne QCF“D“

TET {(INPUT anUTODU 1;TAP»Q—TNUVT,T“D56 cUTBUTY
fm““ﬂM/QKF*/”(2,1C“),\!/,1F“),T 247120
Cdvth/Szca/A\(1ﬁC)9DU(1‘ YU "“)sﬁﬂx}“ﬂ3

AN /S ea/ AT 100y 2T 170y s T 170Ny nT (170
Cﬁ”vnw/QVCa/ITT(W““),vrT(1°\),.TT(TTQ)

CNAMMAN/ SR /“ﬂ(1fi),vre(*”“)9Cﬂwﬁ(1£?)
1 ’ s PTEMD(R0) s DRA{RD) s PCD(RT ) sDVIS (D) s DOAMY{ D)
COMANN/ SUGAR/ XTIV CHIR0 ) o NPOX{80) o TEAR(RC )Y s XWALLIRTD Yo THALL {2
sUFARI(5C) sPFAR(50)
CAMMANZSKGT/Y (100 o8 (1001 o HUC100) s 1T {100)«eRAMTI 1 10CYsDPUT1 20
1 ,“V(1<D);FvX(1u,),FQT(w“ﬁ\-TL(1P“)
COMMNON/SKGL/DP14sDDP2 s X9 XX DX0DsD YaPDsPDTaCNO’ ACTOR
COMMON/SKGEO/MaNNoNXDATA«MWALL o MNPROPSNLIMIT

COMMAMN/SKGT -/ XRPsRTHD sNX DT o TT o4 i
CﬁV”ON/SKG11/U“9T09TC?9Qﬂ“9FDQsV{SC-CQNDO;XIOeDDESSO
COMVAN/SKGI2/ FLAGLI»FLAG? sFLAGRsFLANITSFLAGDY 5 AGTPTAMD
1 sCUTOFFsERRORsCFs ITMINIPRIMNT
COMMON/SKG13/7U1 » ICCON

COMMNM/SKGI4/TFSXeDTFSX
COMMON/SKG1I5/TFX s TwX

—

DROGRAM CAHTQA,

EAD(S s 2 )FLAGTsFLAG? sFLAGRSFLAGITsFLAGPY sFLAGTPsDAMD,
TCUTOFF 2 ERRNAR 2 CFR s FACTCR s TTYMINSNXTURR

TUBAR=1.5

MXTURB=5

ITYIN=2

FPRNOR=5,0

CUTNFF=0.099

TRAMS=1.0

TRANS=0.0

FLAGTP=0.0

FLAGIT=1.C

WRITE(As2 IFLAGT oFLAG? s FLAGRFLAGITSFLAGPYSFILAGTP,,DAMD
CUTNFF2ERROR s CF s FACTOR s ITMINSNXTURR

NN N

o

aNe!

LL GRID

—

(@)
I

ONANS!

IS
t

40 FREE STREaM TEMP. AMD PRESSURE GRADIENT ALNNG X
DIMENSIOMAL FORM :
L RC

F\PtU

AL

aan

PROPTRTIES OF AIR AT VARINUS TEMP.{ DEGe F)
CALL FLUID

DO N

REFERENCE NUANTITIES
CALL DIMNOM

DY O N

DC,S AT M+1 LIMNE



NS N

[aWa!

SNANARARS

106

YO Y

Ull1s1)=C.0

Y{1,1)=C2.0

RO(NMY=140

CALL 22X1(1)

TFSX=1,"

CALL TEMPIXsT(141),T(1,MY)
FRFE STREAM MELOCITY

CALL POLI(5»0sXs0a0sU(1a0))
U(2s11=0,0

V{261 )1=0,.0

INITIAL CONDITIQONS ARFE
CALL STARTZ2

WRITE(6566)
WRITE(6,140)
IF(FLAGl1«EQ.C.0)
IF{(FLAG1.NE+O.0)
WRITF(6s141)
WRITE(6964)

WRITE(&+68)
WRITE(H+67)

AQSUMED .
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TP NAT GIVEM

FLUID PROPERTIES ARE EVALUATED AT M=1 LINE
CALL TPRCOP(T,1)
CALL POLIGsT sX a0 0aPFAZX)
DG 3 J=1sM
RCUJ)=ROD(JI®DFARX
ITERATION STARTS
ICon=0
IPRINT=C
fF 10\/
CONTINUE
DX=DXO
XIN=X%¥XL0%1Z2.0
IFI{XINeGEeal) DX=5.2%DXC
X=X+DX
DETERMIND DOUNDARY CONTITIONS ON M+1 LINE
V{291)=0.0
Ul2+11=0.0
CALL TEMPIXsT{291)sT{ZsN))
CALL PDX1(2)
CALL DAL({5eceXesTeileol{ oMY
oo R I=19N
TLl1y=0.0
COoONT INUE
IF(ICON«ETe X TUIRY) FLAGTI=C,C
IFICON «ENeMXTURS)Y WRITE(H9999)
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ferd

116

16

IF{TCONSEC«NXTURR)
IFITCONSEQaNXTURD)

DN 82 J=1sN
UIT(Uy=ul1)
VITOJ)=VI(1sJ)
TITLI=T(1sd)
CONTINUE

CaLL EDR

T1TER=0

COoNTINUE
ITER=ITFR+1

CALCULATE THE COEFFICRENTS OF EQUATICN

CALL COEF

SOLVE THE SIMULTANEOUS EQUATIONS 47A AND 47R

WR+TE{(6968)
WROTEF(As141)

U AND T ON THE (M+1) =INE
CALL CALCUAUSBUSCUsNUsHU)

IF(FLAGTP.EQ.D.0)

GCTO 114

CALL CALCLATsBT+CTsDTYHT)

GOTD 116
CONTINUE

DO 115 J=1sN
Q:O.%Q

TAWSTEX+R¥ (LU s MIHUC T2 ) /(2 ,0%CPC)

215

HT (D) = (TO=TuUX=((TAN=TUX ) #UTTOIY /U2 M)I+R¥(UITT LI U0 ) 22
/L2.0%CPONY/(TO=TEX)

CONTINUE

CONTINUE

£ 16 J=2 9NN
Ui2sJ)=HU(J=-1)
T(2:J)=HT(J=1)

IF(FLAGTP.EQ.0,

CONTINUE
IF(ITERWNE 1)
DN 27 I=1sN
ROMIA(INI=RO(ID)
CONTINUE
CONTINUE

CALL TPRNAR(T+2)

T(2,J)=HT (D)

To 81

CALL PNL(6su9Xe0,CePF+PX)

CC 4 J=1sN

RC(J)=RO(J)*DPFARX

CALCULATE VELQCITY

CALL VELV

DO 83 J=1sN
DITLOY=UTT Y+ (U2 ) =001 T
VITOI) =VITIIY +(VI(2sJ) =V IT
TITOOy=TITOUY (T U293 -T1IT(

CONTINUE

V USING EQUATION

v

32
(A

COEFFICIENT OF FRICTION

CF1=CF
U22=U(2+2)

NF CONTINUITY

Jy)en
(YD
JN

}
s
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DY MY N

17

[

IPRINT=19%IMT+1
rr‘(IDPI\‘T.:’:‘-‘ SLAG?Y CALL PRMTERL
XIN=X#X10 s

7 (IXIN ?3.79.3}.UP (XIMNe
ORW (XINGEC.2340)) CALL PRETEL
TEAMSFER THT RISULTS OF (1

5-1=DP?

DN 17 J=1s7
VEileJd)=VI2sJ)
Cl1edy=Ul2s)
Tl1e0)=T(2s )

B/ CHARACTERISTICS AQ THE (M+1) LIMNE
CALL BLX )

HEAT TRANSFEZR COEFFICIENT
HTINX=A{T(2+1)=-T(2+s2))/Y(2)
HTNX=HTNX*¥146/12.C/XL2
"«“X=0.0
XIMn=Xa#eX O

170
DIN=D*XLO%*12 0
DIIN=DI*XLT*12.0
TIIN=TI*XLC*12.5C
IF (TRANS«ZNW1eT) GO T2 7

X1=X=DX0O

X?2=X+DXJ

CALL POL (58" o X1 alaMsil1)
CALL POL (57 4eX2 9047 6li2)
DUDX=(12~-111) /{2 ,0%DXQ)
ALAMADA=—(TT%x2,0)%{(RA (1) /VIS(1))%{DU
ACF=TIIN/124 /XLO
PARTI=(%427+ o 73HEXP (063 %TURBARY)
PART?=(880,5+220,0/{1.0+TUBAR=21 .02
RCRIT=PART1+DART?

IF(ACFLLTFIRITY GN TN G

TCON=TCON+T

TRAMS=]1.0

COMTINUE

WRITE(Rs85 ) XINSDINSDTIMeTIINGHsCF A

TMCRPEASE GPIN SIZF [F MECESSARY
C{NJLTL Y (N=2) ) TA and
MM IN=EN+]

AY=Y(NY=Y{N=-1)

7Y~] gxDY

V”AX-N+P
IFINMAX SGT oML T 21Ty 6D T0
~roal] TNl e NMAX

V(]) Y(I—-1)+DY

{1 e T )=U{T )
VilseI)=VI{IaI-1)+DV

{0
>
U

= |

~
LF,

O U227/ (2Y=Y(2)%DP2/440) /U728 %
CFERR=(ARS(CF-CF1)/CP1Y*10C.0
IF(FLACT T eiNe T 2) s AND e (I TERS LT IT I
TE{FLAGTIT TN e Tl o AND L ((FFPRWCTWFERAR) )

DX}

GO TG

GO

LAMBDAi

T -~

'+1) LINE To INITIAL

R

i

[,

~

all

W

10.47.w).37.(XIN.EO.Aﬁ.Q)¢

MNE
d

HTNX . ITER
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RGO
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RATIRS ) NN B
SN

A%
£ 7

~R

?1

122
140
14
ane
cag
295
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TC1-1)=T(1sN)
A1) =PA(N)
VIS{T)Y=VIS(N)
COND T =CONT (M)
COMTIMUE
N=nNMAX

MM=N—1

WRITE(6£9999)
WRITE(6-71) N
CONTINUE

IF (X «GTe XX) GO TO 8
GN TO 130

CONT INUE

WRITE(A+206) MLIMIT
CONTINUE

FORMAT (1X9218+6F10e5)

FORMAT(1Xs11F6425716)

FORMAT(3F1Ga2) . .

FORMAT (7X 03X %5 aX s ¥D(R/L THICK ) ¥ eAXs¥D 1% 30X s ¥ THET A%, RX s ¥H% s 13X
1#CF /2% 9 AX 0% F= 12X s #NXF 97X e%¥MNDe CF ITERG¥*)
FARMATI2AX oF 24492 sE70+23923X s G4392X25104222XsFA,294AX9E10.2»
13X sET10 a3 10X sF10a294X=13)

FORMAT (1H1 923X o ¥ NUMERTCAL SCLUTION OF 8CUNDARY LLAYFR FLOWX/ /)
FORMATABX s XNATURF OF RCUMDARY LAYER —LAMINAR*)
FORMAT(aXs#NATURF OF BOUMDARY LAYER —-TURBULFNT*)
FantaT (10X e xNUMBER NF GRID POINTS*s5Xs13)

FORMAT (10X 93F20,5) .

FADMAT (A0 g e e e e e e L7
EOPMAT{ B gt o e e e e e e e *//)

FARMAT(// /30X #MUMBER OF GRID PNINTS EXCFED#55X515)

FAPMAT (THL % %)

FORMAT(10Xs% *)

5Top ~

END

SUPRNUTINE GRID :
CAVMAN/SEGT/Y(100) sE(10C) sHUL100) »uT(100) sRAMI {100} +RPUL07)

1 s PY (TS0 o FSX(T10QYsFST(I00Y T (1S
COMMON/SUGR/ DD T oNPD s X e XX DXCeDY s PRDRT e CMN o FALCTOR

COMMON/SKGO/N o MN s MXNDNAT A SNWALL sNPROPSNLIMIT
COvUNN/SEGIC/XR o P THaD s DX e DT o TT oH

READ(5932) NeNLTMITeXeXXaDXDeDY
NN=M=—-1

X=0.0F“

XX=1e671

DXN=0 4001

DX0O=4401

DY=1aC001

DX=DX0

WRITE(6933)

WRITF(6934)
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42

ER

32
272
AL
35
26
7
GQR

218
WRTTFLAsR8) XXX sNXNeDY

THE Y-GRID

WRITE(A+36)

WOITE(Ae3T7Y NeNLIMIT

Y{1)=Cal

DN 41 J=245

Y=Y (J=1)+DY

DO 42 J=6s10

Y{I)=Y(J=1)14+2.0%DY

Dh 43 J=11+15

Y(J)=Y(J=1)+2,0%DY

DO 44 J=16+30

ZJ=4-12

Y{J)y=Y{J=1)+2J%¥DY

CN 45 J=31N

ZJ)=2% )47

YD) =Y J=1)+2J#DY

DO 50 J=1sN

FSX{U)y=Y(J)/DY

WRITE(H931)(FSX(J)ed= oN)
FORMAT(1CX+5F1542)

WRITE(H+9G8)

FORMAT(1Xs219956F10e5)
FORVMAT(THT o 20X o ¥DEFINITINN QF THF GRID®]
FARVAT(///10Xy #X0% 372X st X=FINAL¥ 22X »¥NX % 912X s #DY %)
FORYAT(//1Xs4F1545)

FORMATU///2UX e ¥ THFE Y—4+RID*//)
FORMAT(/T1UX e3N%® 92X 915 10X s ¥N-MAX*s2Xs15//)
FARMAT (LH1»% %)

RETIURN

END

SUBRNAUTINE PDX1 (M)

COMYMON/SKGS/RG(100)
COMUMON/SKGR/DP 1 9DP 29X e XX s DXD
COAMMAON/SKGG /™

Crvren/SYG11 /U0 s TOsTO0 Rl sCB0sVISGsINNDD e XL L ePRFSSO

THIS ROUTINE CALCULATES PRESSURE GRADIENTS FROM GIVEN FREE
STREAM VELNACITY DISTRILUTIAM
X1=X-DX0O

X2=X+DX0

Coati POL(59CaX1:0605) )
CELL PNL(BsTeXs Galslly)
CALL POL(59TsX2+sCa0alU2)
U= R0OIM)

IF(MJENST) DPI==2,03#UUx(U2=-U1)/(2.0%¥DXD)
TE(NMeENG?) DO2=2=2,0%Uil#(112-U1)/(2.0%¥DXN)
RETURN

g (SR
NS

SUBRROUTINE TEMP (XeT%WaTF)

COMINN/SKGAH/ XTNCHIRO)TOPDX(BC) s TFARPI RO ) o XWALL (50} s TWALL(50)
COMMON/SKGI/NaNNsNXDATASNWALL sNPROP

CAVMMAN/SKGTU/XRsRTHeD s DX .
COMMAM/SKYGETIT /UG s TCaTO0 e RN 09 (CPUIVIST e CnMDNeXt 0aNPFSSN
CovnM/SKGIL/TFSXaDTFSX

COMMON/SKGLIS/TFEX o TWX




109

573

148
149
1652
1872
170
939

p—

219

/

1 TFSX

POLI2sUeX e, 0sTFX)

L POL 4T aX e 00 TWX)

W (TO=TWX )/ (TO=TFX)

TCSX:TFX/TO

NDTFSX=(TFSX~TFSX1)/DX

RETURN

can

SURRNUTINE RC

CAMMnN/SGR/ XINCHIB0)YTDRDX(80) s TFAR(gC)Y s XWa 1 {50y THALL (50

sUFAR{ST) sPFAR(50)

T
~ i
PIXH

4ﬁ:ﬁ ot
™ T

COVMON/SKEI/MaNNoaNXNATA s NHALL sNPROP

—

o

WRITE(69598)

WRITE(691409)

WRITE(6170)

ARITE(6£9999)

WRITE(6+999)

HRITE(65145)

PEANIB 1Y NXDATA

DN 110 J=1sNXDATA

READ{5553) XINCH{J)Y$DPNX{J)»TFAR(J)

sUFAR(J)Y s PFAR( )

“”AD(J)'D AR(JYI/2115.0
COX(J)=DPDX(J)*10000.0

‘DI Fl6s153) XINCHUJ) sDPOX(J)s TFAR(L)

s UFAR ()9 BFAR(Y)

CoNTINMUE

REAN THE WALL TEMD,

READ(Se1) NWALL

WRITE (A e3G9)

HRITE(6+999)

WRITE(£+969)

WRITE(6s152)

WRITF(691790)

Do 109 J=1 e NWALL

READ{FEeB2) XWALL{JYsTWALL(JYsWALL
H?ITM 6£2153) XWALL(J)oTWaALLY)
CANTINUE

FORMAT (5Xs14)

FORMAT(B5F10.3)

FARMAT (20X 03X s INCHES®5 15X s %¥PRESe3# 9 15X s xTEMP4R¥ 15X s xUsFT/SEC

FORMAT( 28X+ #G0IVEN FREF STREAM COMDITIONS®)

*//7)

Cﬁ“”\T(?EstTf*ﬁ R/C AT TEE WALL%// 978X st X e INCHESHs 18X s xTEMDR®)

FARYAT(TBXsF1Ca2s4(12XsF10,3))
EADMAT (DB X g e e e e e e e 2t )
SORVATUIHL 9% %)
FORVAT (10X s % %)
RETURN
END
S\JDGUTINF FLUID
CAVIAN/SEGR/PN(T1C0) s VIS(100) s COND(T107)
sDTEMD(RG) $PRN{(ED) 4PCO (AN 3DV TS(RN) s DCAND(RN)
’“N/<<UO/\, N o MXDATASNWALL o NPROP

f‘)
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A0
1321
148
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299
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WO TTF (69908)

ERITE(G6e1L2)

WRITE(/59009)

HRITE(A QG0

MPITE(6+9G65)

HRITE(69171)

WRITE(6+60)

READ(S41) NPROP

20111 J=1.MPRNOP :

PEANG (R sR4) PTFMP(JYsPRO{IJYSPCP(JY«PVIS(UY«PCONDI Y)Y

PCB(UY=PCR(J)*2502C.0

SCoMDY)=PlOND(J)*¥25C2 0.0

DVISZS)=PVIS(U)/{10.U%%5)

DCOMD( )Y =PCAMND{J) /3600,C

WRITE(A9121) DTEMP(J)sPROIUIIPCPIIYPVISIIYsPCOMDU)

CONTINUE

FOPMAT(5Xs14)

'ﬂPVAT(SFli.?)

FORMAT (10X )

FGQVAT(]OX9FA 13“X9F6(°97X9F]O 393X9F10e295X 1763}

FORMAT(///230X s #PROPERTIES NOF AIR¥s/ 10X+ 2TEMD®s11Xs#R0O*y OX>

FCP%*y BXe%*WVISe% 911XeXCONDLF)

FOARMAT (12X o #FteaX e #LBM/CL FT#,3X . ¥RTU/L3M Fy97\, ¢S FT/SEC* 92X,

#2TU/SEC FT Fx)

FORMAT (1HY 9% %)

FARMAT (10X s % %)

Q:TURM

EsD

SURRNAUTIMNE DIMNON

COMMAN/SKGS /PN (100 VISTTIO0) s COND (X
ZBTEMP{RO)ITOERN(B0)sPCP (AL

COMMON/SKGA/ XTMNCHIRTG) s0O0X (5 R

JUFAR(50)

!
SsEVIS(8C) s PCONDIS0O)
Oy o XWALLISO) s THALL (S0}

CAvaan /S GT/Y 100 e F (170 e U100y o 1T (10CY s RAMTI (1 00 e DPU13D 3
»DY (1C0) s FSX (1 “O)sFCT(Tu\),TL(]O“) '
COMIAM/SKGA/TP TSNP s X3 XX s DXDsDYsPRsPRTSCAND»FACTOR
COYMON/SKA /M s NN o NXDAT A 5 MUALL s NPROP
\ﬁ"“N/QV’]T/‘lsTO TODe 2N s CPOSVISTsCAnDNe XL 0ePDPESSH
TO=540,0
UD=SNRT (2402 40%#T0)
PALTI=TO .
CALLL POL (04+1sCsPOLTISPALY)
ROC=D0L2
CALL POL (Us2s2sPOLTSPOLZ)
CPRO=POL?2
CALL POL (Us290ePOLTsPGLY)
VIsSi=POL?2
CALL POL (Us&asTsDOLTsPNLY)
CONNNO=POLD

X‘”: ISCG/RCT/UD
DRESSD=045%2~0xJOxUD
CAaN=ORUC /I C20xTO)
'—-\'D:/—D\)*VI ‘U/C’\“Du

hr\-'r:\l.

0

WRITE(65999)

WP ITE(ARYT 2R ToeUD s NI VISD o XL s PRESEG4DOR PP T M
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DO 112 I= 79¢Y54TA
XINCHOIY=XINCHIT )/ 12.0/X0L0

3wDX(I):>33X(I)¥XL /PPESSD

UFAR( I y=UFaR( 1) /U0

CONTINUE

DO 118 I=1eNWALL

XWALL (I =X AL (TN /122/XL0

CONTINUF

DN 112 I=1sMPRND

PROIT)=PRA(]}/RNU

DVIS{I Y =RPVIS(T)/VISO

DCP{T)=PCP{I /fo“

DCAND (1) =PCAND (1) /CANDE
sz‘\T I M'U

X=X/12eG/XLO
XX=XX/12e0/7XL0
DXD=DXN/12eU/X1.0
DY=DY/12.03/XLC

DO 1106 JU=1sN
YiJI=Y(J)/12.0/ XD
CONTINUE

CODVAT(///QVX,*QFFFOE\(C NUANT,

1710, /10X e 2VELNCTTYRs0X s T 11,2 /11
22V I5CNST TYA.vw,r~ﬂ.v,/ DX X FNCTHY
AF T U e/ TUX %D NO, aXsF1C .3 /10

LT14XF1063)
FORMAT (10X, )
RETURN
EnMD

Sats
R SN

%y /1 /10K,

#WALL-TE

s ¥DDFESHLID T 3¢
NO—TrsaX~E10,2

SUBROUTINE

START?

COMMAN/SYAT/ULD 2100 sV 25107

s T(2510M)

COMMAN/ZSKAT/Y {160 F {100y o HU 108y o T 100y R (3 0
1 oY {100 Yo FSX1D0Y e FST(10CYysTL 1O
COMMON/SYUGR/ NP1 eNP2 s X9 XK NXOsNY sPRPRTaCNDsF

COMMON/SE GO/ N e NN s MXDATASNWALL s NPROP
COMMON/SY Gl /xD,OTH,D,stDIsTIsH
CAMMAN/SKR11/UCsTO.TCC RN .cpGLV IS0

H:],-O
DI=DIIN/12.0/XLC
TI=TIIN/12.0/XLE
RTH=TI*U(1,N)
PLPROFILT PowER TNDFX

“(H—l.f))//.u’
TF(DQL.NC Je0) D=
TF(DQI.FT.Q.C) D=0L0
DIN=D®XLO#12.0

(1‘ :‘.

LRI

\\/(19'): ol
IFIY(UYaGTeD)Y CGC TO 2

221

MP#eRX e
OXexnpEh \"TY-“—n"./ ,;—1"\

n\‘ ET’“.?,/?;;"’;
>(~',¢_'3w

TX e
22Xy
7/.\'(\;\(9‘){’(_—'%’

e/ N7

-~

DESR IS aIniE N Gh AL



MMM

12

20
21

22
22

34
35

222

Ul Tled)=UlTam )y (Y L)Y /D) 0
Tiled)=T{1e1 )+ (T{TsMN)=T(Ts1))EY(LY/D -
SN ol |
CruTINUFR
T(1eJ)=T{1aN)
BT edy=Ul7 a8
CHANTINUE
AR WALL

(RRLWFQevsw) Ul2=U(1 4N}

(RALLEQLO.C) GO TO &

2=(04,0202/{ AL 0G10(4s0378#RTHY I*22 012U {1 oNY%UL T oMY RY (D)
+u./b‘Y(7)*Y( )*Dpl

COMTINUE

—
NE
> -
1r
’{F—'
i

[ou]

WRITE(6930)

WRITE(6531)

XIN=X*XL0%12.0

WRITF(6932) XINsSDINsDITNsTITNsHIRRL-RTH
WRITE(6933)

PN 11 J=1s5

YI“'Y(J)*X[A ¢12 O
Uld=U(1sJ) /U1,
V1ds= V(LsJ)/l(’ ‘)

WRITE(As34) JeYINsUTJs V1JsT{(1eJ)

CAMTINUE

20 12 J=6sMNs"

YINZY(J)%XLC%17.D

UrJ=U(1+0) (1M

\/l\J:\/’(l,J)/u 1N

ARITE(6934) JsYINsUTJs V1deT(1s))

CONTINUE

WRITE(6s35) Ul2

FORMAT(THLI « 2L X o ¥CONDITIONS AT STARTING M—LINEX///)

Enm AT (16X 9% X% 14X o3#D% s 14Xe3#DD*e 12X s % THETANLIOX o 3tH*,

114X e #R¥Es TAUX s #DPNTHFETA®/ /)

FARMAT (3Xs7F 1544) ‘

EARMAT(// /20X 9 %RIL PRAFTLFE*e/ /10X o %¥N¥320X s %Y 3te 1 XonU%e 14X etV %y 14Xy
1%#T+*//) .

FARMAT (OX s 12 97X s4F15e4)
F”“”Al(///l Y9rb12w95Y9F15 4)
PETURN

SURRAUTINE ZMIX
CAMMANZSY AT /(29100 eV (25100 )eT (D93
CAMMAN/SKYGS /RPN 100 sVISET00) sCONN( 1T
. cOTEMP(E0) e D20 (50) s DCP (5] ODVIS{aD) s PCOND(RD)
AN /S aT/Y (1C0) 9 B ( “Ox,uJ(1“ﬁ)sH.(*PC)aQn“1(10“)s oU(1Co)
1 sDY (100 FSX(100)sFST(12CyTLL120)
CNMMON/SKGR/DDT1eDP2 s Y,XAa DX DY 4aPRsDRTSCNDSFACTAR
CO”V“N/SYGO/“9WN9NXDATA9MWALL’\DP“ﬁ
COMMAN/SKGT N/ XResRTHSODYNAXsDT o TIaH

COMAON/SKGIR/UT s TCON

Y
3
Y

F‘—\CTCP—?.u'\ r’C ("'?+O.7
ITF{FACTORGE «14C) FACTOR=1.0
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YD:Y(J)/DFL
Y%—Y(J)MY”C |
FAYDaLLT«0s1) TL(J):G 1% 01 o C—EXD(=YS/2640) 1 #YD

IF( ,.fT.u.6) L(J)Y=0.082
TEL(VYD, E.AMW (Y".L?.,.a)) TL UV =T et 1% (] e T=FXP{=Y¥S/ 24,01 )2YD
]_1 cAw(”ﬁ e T)VHHDIED 7 (YD N g V¥ 02V LT Y ey
(J)—Tl(')‘ YEL

C““TI“UE

PETURM

END

SURRQUTINE EDDY
CNMMNN/SKGLa/UTT(O
COMMANY/SYEZ/Y (100 ChomT100y,RAv (100 ynpi(100)
1 sDY (100 Y F5S X(w““),F”T(w 1Ty eTLLIONY
COMMON/SLGa/DP1sDP2 o XTXX s DXDsNY sPReDPRT s CMD s FACTO
cﬂMVON/SKGO/M,NN,NXnATA,VVALL,NDD o

—

00 )aVTT(T“”),T*T(]W”
Yo F (100 s HU (g

E(1)1=0,
£E(nNy=C,
DO 10 "J=2 NN
K=J+1

(J‘zTL \)*y7*AQS((UIT(K)“UIT(J-}))/(Y(J+J)~Y(J_1)))
= =E(JY*FACTOR

@TJPN
EMND
SU%DHHTINC Cmc:
COMMAN/SYET /U2 100V {2100 T( 2100
COMMNANZSY A2/ AU{TCC ) s BUTTTN) s CULTINR) oD T00)
CAvENN/SY AR/ AT (100) s RT100) s CT1NY e T (107
(hMHnM/rvfa/WIT(T q)'vTT(WP")-T*T( any
CommanN /S ea/on(100) W1 Q(Wr\)acn”“(on}

L +DTEMD{E0) s DREN(E0) 9PCP(E0sPVIS(R0) s PLOND(R0)
CAavmnn/Sea7/Y(12C0) sF (100 WJ(wﬂ))-u*(woc)éanz{1 Oxgnow(wﬁf\
7 sDY(1”n)’ng(1“ﬂ),FQT{3§C),TL(1QA)

C"}"J‘“ﬂ‘f‘,l\‘ P'/G"/HDT .Dp?,/ /,(X mxr\ F\Y’fjc DD* ’(-{(-)“_P\(-T,\p

TN /80 G0/ M e NN, ?“){D,—"_Tl’x,""’\Ll SNDPAD
CAVMANY/SKGT T/ XR e THs D oYX e DT o« TT o H

""“-”'AM/FV”'; 'Y /HF,T(\ T’AP',"’\v’\ fD(\,\/Tt"f‘.rr\nsr\f‘»’X| P,’.:—\gr:‘cacﬂ,’j
COMMON/SYGTIY/ FLAGT sFLAG? sFLARA T LAGITFLAGDY s F L AGTD DA
1 sCUTOAFF 4 ZPRNRP ZCr o I T I M

COMYNAN/SCOTL/ T DTX

LL=N-2

DN 12 Jg=p sy
Yi=Y{J+1)=Y{J=1)
Y2=Y(J+1)=Y 1)

VA=Y (J)-Y A J—I)
Fl=E(JU+1Y+F )
EZZE(J)+E(J 1)
VIST=VIS{J+1)+VIS(Y)
VIS2=VIS(U-1)1+VIS5S()
RO1=RO(j+11+RO(LY)
ROP=RA{J=-1)1+RNTJ)
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=COND(J+1)Y+CONDOY)
1Z7=COME(J=11+COND L)

UIT"\/ﬁX+(VIS}/V7+VIS7/Y7>/(°N(J)*V Y+ (BOT#ET/Y24+RO#*E2/Y2 )
®*POCJY*Y 1)
VITO)/Y1=VIST/{RN(J)=#Y1#Y2)=RN2xE1 /{2, 2R (JraY1aYo)
==VIT{IY/YT1=VIS2/ (ROLII#YIAEY2AI=RO2%E2 /(D NHROL JYEYTHY )

~ SUTTO Y #U01 o Y/DX=(PPIHDP2Y /{2, 0%00L JY )

IF AGTPEG T2y GN TN 115

AT f_UIT(J)/BX+(COND1/Y7+COND?/Y?)/(?C(J)%DQ%Yl)+(RO?*F1/

(YZ ‘PRT1VHRIP*E2/(Y2%PRT2) ) /(RO JYy*Y 1)
AT(K):AT(%)+“IT(J)y(ﬁTX+ﬁTX)/(7.0%(TX—T.ﬁ))

ST{KY=VITIU) /Y T1=CONNT/ (RO JY#PR¥YI XY D RO 2y /IR Ty Y 12#Y2EPRTYY
CTIRYy==VIT(J)/YTI=CONDI /(RN J)%DOPEY12Y3) =P xE3/ (RA( J) %Y 1#Y2%4DPRT D)
TRy =UITOUY#TITOU /DX IT 3 (0P 14+0D2) /{4 %¥RO(TJ)HITX -1 4 3)
SCNMVIS I = (UTTO+ 1) =TT =1 /Y 1 #2200 112 {TX=14))

CoMTINUE '

CONTINJE

DU =DU1 Y =CULT1I%U(2.1)

DUHLL)Y=DUILLY=U(2sN)*BII(LL)

[C{FLAGTP.EQe240) RETURN

DT(1)=DT{(1)~T(2,1)%CT (1)

nT (LL)—DT\\_;)"T(’!N)V AT(LL)Y

PETURN

N

SUBROUTINE CALC (AsB+CsDoH)

TR ¥ THIS EVALURTES RESULTS USING THAYAS ALGORITHY %
PIMENSTAN A0 4R (100 o {100 osN (17T 1 {170 2100 e {100 s G L1

(‘—\\n q{\(/Q}/f‘(\/(ﬂ

MZ=EM=-2
MlaMN-1
S{1)=A(1)
S01)=D(1y /W (1)
DN 1 K=2.M2
Ll=K-1
U1 =B({KIY/W(K])
ﬁ(K)ZA(V)~C(K)*O(K})
ALY = (DY =CIR)#GIK 1) /1 (K)
FHIN2Y=GINZ) '
R
50 2 K=1sN3
KK =N2 =K
H{KK ) =G(XK) QKK )*H(KK+1)
RETURNM
:ND

’QﬁUTINC VELY

Cf“.ﬂM/SZGl/U(79]CC)’V 25100)T(251
CAYVAN/SKGS/PAT100) s VISI100) sCoMN (]
sDTEMPI50) sPRA(50)2DCD(50) 30VISIAN) . CONDI(S0)

AN SEAT/Y (100) 5 F (107 st (1701 T {177y amAvT £397) 4npII (177

s DPY(100)sFSX{ID0Y o FET(10TyaTL 1N
CAM NN/ SKGa/DPT D2 s X s XX s DXNsDY s PRL0RT s CND,FACTAN
COMMON/SKG/ N NN MXDAT A MUALL 5 NPROD
CAMIAN/SEATT/XReRTHsD s OX s DT o T T atd

107 )

,"\)



ro
(9

84

61
L3
(gAY

72

225

—

~
(g}
¢

Y s 1 )=0 o0
S0 26 I=2sM
Z=ROUI)*U (2o D)=ROMI TV 0T s T +RAMTI¥I(2 s T=1 ) =P M T=1 12T 2 [=T)
ZY=¥{1)=-Y{I-1) .
VIiDel )=PO{ =132V DsT=1=2Y2Z/(2,"%DX)

(2-1)=V(2.1)/R0(T)

ONTINUE

URN

Mfﬂ.Uf\<
Zrn
D&

r1'3"&.}'['1""_ ponTRL
CAVMANISYRT1/U(2.100)1 V(241001 T( 2,700
COAMMANYZSKGE/PO(IN0)YWVISITIO0) s CONN(100)

s

1 sDTEMPIE0) «PRNA(SD) sPCP(80)YPVIS(BC) s PCOND(S0)
CrmnN/SKGT/Y(100)sF(1C0) sHUC100) sHT (100)sRNAMI(T100)sDPYC100)
1 »DY(100)sFSX{100)sFST(100ysTL(10Q0)

COMMON/SKGR/DP1sDP2sXsXXs  DXOsDYsPRsPRT>CNDsFACTOR
COMMON/SKGS/MsNNsNXDA 45 NWALL sNPROP
COMMAN/SKGI1/UCsTCsTOIsPA0,CPOSY SO »CONEOSXL Gy PRESSO
COMMON/SKG12/ FLAGL>F=AG75FLAG3,FLAGIT,FLAGPY, FLAGTP,DAMP
1 CUTOFF»ER?RORSCFaITHINS IPRINT

COMVAN/ 5K G147 TFSX

WRITE(659969)
NRITE(69599)
KIN=X*¥XLC*1240
WRITE(6472) IN

WRITE(H63)

-:A 2 \J-‘:‘e:‘.

YIt= JY#XLT12.0
U2J=UL2sJ1/7U{2sN)

V2Ad=V 2 )/ U2 9N)

T20=T03(140=-T{2a V¥ {1,°=TFSX))
WRITE(ASAT) JdsYINsU2JeV2 3T (29 )
1724

CONMTINUE

YIN=Y(J)#XLo*1260
UrJd=ui2s ) ’J”’,‘-.!)'
[2J=VI(25J) {(2sM)

\1
Told=T2ox(1, D-r\°9J)*(1CC—TFSX))
HRPITE(6961) JeYIMUD e/ 2 T (25J)

1
1sT2J
C’"\ Tﬁ\l’p

VIM=Y{NY#EXLCx12,0

ToON=TOR(1,C-T{2eN)H*(1CN=-TFSX))

-<qITC.(F>961) MaYINSU(2 ) s V2N o T{2en)
172N

I[PRINT=

WRITE(6+999)

WRITE(AR+999)

WRITF{§sA4)

FLAGD=FILAGD2+1 a0

EAR AT (25X 1294FE20 a5 35 XsF10a2)

EFAosaT (/27X s2Mit e 12X e Y (M) %0 14X e ¥ U (M) % TaXe BV (M) % 1AXexT()3x9/)
FARMAT(7Xs% X% 94X s%D(ﬁ/L THICK. ) * sy’ﬁ“rﬂauxﬂ*n%TTA*’RX’*””’l?X’
1H*CE/ 2% 96X o e 12X 9 #NX¥ 97X o ¥ND, OF ITER,
FﬁD”AT(///5X9*?OUNDA?Y LAYER AT X=%sF10e4)
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EARUAT (10X %)
PETURN
RNt

SUBPNAUTINE BLX
CAMIAN/Sen1/ Ul 25100 sV {2100 T( 21707

COMMON/SKG5/20(100)

N/ SKa7/Y (100 s F {120y sl { 1720y st TLICOY s RAMT (1 AN P00y

1 oY {100 o FSX(10NY s FAT (100 TLL1I0D)
COMMAN/SECO /DT o DB2 o X s XX s NXNeNY 9D23020T o CaDeTATTAR

COMMNN/SKGA/ 1 g N g NYXDAT A o MIVALL o MPROD
COMMOM/SKGTIU/XReRTH D s NX a1 T T oM

CMEAN/ ST 1 /U TOs TR, PN s cPLV I s rNMNN e Xy e DR C S50
COMMON/SKG12/7 FLAGT sFLAG? »FLAGRASFLAGITSFLAGPY sFILAGTPDAMP
1 sCUTOFFsENRNR s CR e TTuIN

S/ THICKMESS
UU=sCUTAFFrU(2 4N

D0 14 J=1 NN

Jd=J

IF(U(29d) «GELUUIGO
CONTINUE
WRITE(6+150)

CONT INUE

DENGINND!

- 15
1 s

DY =Y (M)-=Y(N=-1) :
DV=V{2sN)=V{2sM=1)
WRITE(6+992)
DISPLACEMENT AND MOMINTUY THICYNESS
Ti=CaC
DI:Q-O
DX1=71e0

=040
oN 930 J=2.JUY
XX1=U(2e 1) /L (2a0)
XX2={(Y{(J)=Y{J=1)1)1/2eC
DX?7=1«0=XX1#Pn{J) /PN ()
TX2=(140=XXT)#XX1I%RO(T1IV/RO(N)
DI=DT+(DXT+DXD)¥XX?2
TTI=TT+{TXT+TXD2YRXXD
CX1=0X2
TX1=TX?2
CANTINUE

[}
~t
2
7

SHAPE FACTOR

AR AT (/7 /10X s %R/ THHCKNFSS GREATER THAN Y (M)x)
TOARVAT(TIOX o % 3% )

RFTURN

EMD

SURRAUTINE Tornp(Tse71)
STIMENSION T(2,100)
COMUNN/ZSKGEE/ROE100) s VS (100) sCOND (10D

1 sPTEMP({5C) s PRNIBD) s PCL(SCYsPVISIRCY«DCONDI =0
COMUAN/SK GO/ My MM G NXNAT 6 oMYA s NDRAD

CAMUION/SYGETT /U0 TO
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CAMMON/SYET4L4/TESX

o001 J=1eN

TH=TO¥ (142 -T{I o J)¥(1e2-TFSX))
TALL POL (T9x~ aTYaDﬁL“)
oy =0P0L?

CALL POL {(Use T e TXaPOL?)
VIS(J)=PCOL2 »

CALL o0 {LsbsisTXsP0=2)
COND L JY=R2L2

CoONTINMUE

RETUCN

VAN

SUPRNUTINE 2N (NDDsMDR o X T s TX1 s ANS )Y

DIVENSTON X(50),v(&0)

commen/Sean /pUn (200) o X2 (201 s Y21 {a0 9 Y22(801sY22(50)YsY22(=0)
CAvAN/SKGAR/XTIBE) s Y11 (50)sY12(57)+X2(8C)sY21(50)
s¥Y31(50)sY51(8D)

FﬁV“”N/SVFQ/dX19NX2a“19“75N?

COMMAN/SKGT1/UD o XX2oDUM5 ] 9 X0

M=ND

IE(NDPJNELT) N=N1
IFINDDLEQLL Y M=NT3

DN 1 I=1.M
TFIMDDANEFLS)Y 0 T 10
X{Iy=x2(1I"

IF{MPRGEQLT)Y Y(I)¥=Y21(1)
[FINMDRFN,?2) Y(IY=Y22(1)
TE(MDR, N2} Y{T)i=Y22(7T)
IFINDRGENG4 ) Y{T)=Y24(1)
5o To 3

CONTINUE

X(1)=X1(I)

IF(NDPGFEQa4) X({IY=X2(D)
IF{MNDPFQLT) Y{T)=Y11(T)
IFINDPCEC ?) Y{T)y=Y12(1)
IF(NDPLENLL)Y YT )I=Y21(T1)
IF(NDPeED 0) Y{I)=Y51(1)
T?(NDP.k“ ) YU1)=yal(I)
TonTiny

XX=TX1

TEIMDP oNFLG) XX=XTN

02 T=24N

2F0=X{11)-XX

IF{Z5D«GFsD:CY GOTO 4

CAMTITMUE

WP T TE(AR 30 ) MDPGNPR S XIMSTX]

TARVMAT (10X e % INTERDAL ATTIAN MOT DACSTEI Fxe 17X a1 78128 2XsF17 .1 02X
Ti1Ce1/ /)

CCANT INUE

IF(ZEDWER.Ceil) GOTO &

AMS=YLTI) =Y (T ) =Y T=1) )2 ( XY =XX) /A UX{ T Y =X (=)}
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cEPERDIX b THE THOMAS ALGORITHM

After taking finite difference approximations we have a set of

linear slgebraic equaticons for momentum and energy in the form:

it

+ qu d

1% 2 1
azx2 + bzx3 + c2x1 = d2
a,Xx, + box, + 5%, = d

373 374 272 2

r rip-1 t Cr¥poq T G > R4 <1

a + b +

m=1%m-1 m=1%m Cn=1"n-2 = dm-1

a X + ©.X =
mm mm=1 m

In this eguation the x-values ars unknown. He can now define x,

in terms of x X~ in terms of x, and so on until we define X in terms of

2 72 3

X But the lzst eguation already gives us X in terms of Xn.4 SO we can

m=1°
solve for X and wark backwards through the egquations until we have defined
all the unknown x values.,

This is done numerically by defining the following

We = 8
W, = 8, = C.O._4 | where 7 = 2, 3 «+ ¢« o M
Opq = ro1

r-1 W._4

AL =2

229



0 -2
4 w,]
d = c_g
g = L L r-1 Tr = 2, 3 . e o M
T 1]

This set of eguations further reduces to:

R4 =3
T=m-1, m-2 . . o1

Thus by substituting suitasle values of 'r' in the equations (A4.-2) we can
calculate w, g and g, then epuztion (24 -3) can be solved for x starting

with X (For instance se=s Ref. 13)





