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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. Malho.tra at Hclfast:er 

University. An incompressible turbulent bounda~y layer program has 

been extended to calculate compressible flows, taking into 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 
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show its effect on perfonnance. 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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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 lift 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 because 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 1st 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 designs 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. 

2 

The potential flow solutions are generated by a simple stream

line curvature method vlhich 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 number 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 in 

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 vi6~oint. 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 stream turbulence, 

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 design 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. 
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CHAPTER 2.0 TWO-DIHENSIONAL DESIGN AND POTENTIAL FLOW SOLUTION 

The type of blade designs of interest to this work have very 
0 

high surface curvatures with total turning angles of the order of 130 

and Zweifel lift 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 computation schemes 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 :t-1artensen (6) 

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 potential 

function along the blade surface. With 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) 3nd Davis and 

Millar (9). 

6 



PsL 
1·0 't-Jo 1 

0·9 

0·8 

0·7 

0·6 

0·5 

0·4 

0·3 

0 10 

\ 

~Suction 
Surface 

I 

Pressure 

Surface 

1' Subsonic 

~ s~~e-r~;~ic 

Suction 

Surface I 

I 
I 
·I 
I 
I 

20 30 40 50 60 70 80 90 100 

- Dfo AXIAL CHORD 
Figure 2 Typical Pressure Distribution Over a Turbine Blade 

7 



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 

length of time needed for data preparation. A further disadvantage 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 obtaining surface pressure and velocity distributions for 

such blade designs. In this chapter an axtension of the streamline 

curvature method as described by Kumar (10), ~mlhotra (11) and Johnsen 

(5) is developed. The existing methods were subject to the following 

major criticisms: 

chapter. 

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

covered by the method decreased. (Region B 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 

The present work takes as its starting point the blade design 

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

8 
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The reasoning behind the derivation of the blade shape is explained 

and the calculation of the flow oyer 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 the 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 whole, we have a fixed 

blade pitch or spacing as determined by the Zweifel criterion: 

= 

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 

10 
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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 can be 

carried out using the following steps: 

(a) 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) 

*' (b) It is known from empirical data (10)that the nose radius 

will effectively supply up to about 15° 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: 

sin Ss 1 I + [ sin Ssz I (~b) • (~ ) 
1\.s 

When this radius is large enough for considerations of 
Life and Cooling 

(2) 

11 



This equation can be represented in the form of a rectangle 

of area !sin Bsll + !sin Ss
2

1 on a graph with coordinates 

x and 0 (Fig, 6) .The. areanow represents the blade suction 
o R 

s 

surface curvature. 

(c) The essence of the blade design is in redistributing the area 

of the rectang~in 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 necessary to give a better 

pressure distribution. 

12 

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

Using the above method and the original 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 turning angles from 115° to 140°. 

One particular blade with a lift 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 Nethod 

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

(11) and further detail can be obtained from these ~v-orks. 

2.2.1 The Streamline and Quasi-orthogonal System 
• ' ' ' ' c . 

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, thus 

the smoothly dra\vn 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 as it has been found 

to give the maximum possible accuracy without unduly complicating 

computation. 

2.2.2 Derivation of the Eguations 

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

Co}. The flow is steady, 

(c) The flow is tHo-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 oe 

written as: 

While the momentum equation assumes the form: 

z; vaL .... ~ = ~ v2 
. v. as an R 

Since ~! is by definition the curvature at a point on a streamline 

and curvature is the inverse of radius of curvature Rc. 

The momentum equations along an orthogonal and a streamline 

become respectively: 

and 

1 £E. = 
- ~ dn 

- !.~ = 
r;; ds 

V dV 
ds 

Equation (6) can be rearranged to give: 

~ = -v d v 

(3) 

(4) 

(5) 

(6) 

(7) 
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Substituting for §f in (5) we obtain; 

Which is rearranged to give: 

v dV = v2 

dn - R 

dV 
v = -

dn 
R 

Using our definition of curvature 

dV 
v - C d n 

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 + (Cp,- C )g_ 
s' s n 0 

which can be differentiated to give: 

d c 0 + (C - C ,)dn 
p' s n

0 

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

1 9 

(8) 

(9) 

(10) 

(11) 

(12) 



V = e 

n 
0 

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: 

v 
v .d ml 

= e 

n 2 (c , +C.:)2 
o {C - - p 4 ~ } 

2 (C ~- C , ) 
p s 

Using the alternative simple assumption that radius of 

curvature varies linearly across the passage: 

v 
v .d ml 

( 2 

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) 

no ( C,+C,---z p s 2C ,__!!___ - (Cp' - Cs,) s n0 v = e 

vpress 

(13) 

(14) 

(15) 

(16) 

We now have the basis for a computation scheme since we can numerically 

integrate the mass flow· across an orthogonal using an expression 

similar to Simpson's rule. 

20 



The mass flow per unit area in each stream-tube is derived 

from the velocities calculated from Eqns. 14 or 16 and known inlet 

conditions using the isentropic flow relations and the ideal gas law. 

Thus we can iterate using the mid~hannel velocity as the variable 

until we converge to a total mass flow equal to that allm.;red by 

choking or to some other design inlet mass flmv. 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 Ed£e 

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). Hmvever, the leading edge portion of 

the blade on the suction side is vital to the follmving 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 

(b) There is generally a region of rapidly accelerating 

flow followed by a region of marked deceleration. 
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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 

blade 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 ad opt 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 

leading edge. 

This method can be successfully applied to the variation of 

pressure distribution with angle of attack. Inaccuracies due to 

uncertain placement of the quasi-orthogonals is minimized in plotting 

pressure distributions since it occupies a small proportion of 

axial chord. 
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2.4.0 Alternative Choke Calculations ,.-.--:: 

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 d~ldA 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 

algoritlli~. 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 

sue tion surface first, then progressively tmvards the pressure surface 

(see Fig. 8). In an effort to 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 

SUFface 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, hm.;ever highly curved_, since the pressure 

surface streamline reaches the critical pressure ratio at this point. 
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Do•~stream 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, out 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 calculation are that we retain 

the assumption of linear rate of change of curvature 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 Trailing Edge Region 

This region (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 (A). Knowledge 

of the pressure, velocity and temperature distribution is vital to 

the follo't..ring; 

(a) Blade loading 

(b) Aerodynamic moments about the neutral axis 
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(c) Blade vibration and flutter (usually the thinnest section 

of the blade is involved) 

(d} Boundary layer oe.haviour and wake. thickness 

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

For fully choked flat-back blades w·e can determine the. position 

of the choke line and the fluid properties. For any back pressures lower 

than the critical w·e can assume an expansion system of waves similar to 

that described by Horlock (1). The thickness of the trailing 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 \.rave 

system cancels out leaving a net flow deviation and a reduced static 

pressure. (Fig. 10). 
0· 0 

The system can be drawn for 1 or 2 waves 

depending on the accuracy required. For pressure ratios greater than 

4:1 the introduction of non-line.arities 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. Des~gn of a High-turning Angle Blade 

Using the 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 ~lalhotra 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 pressure 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 Figs 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 expected effects of angle of attack and 

leading edge blockage are shown. The pressure 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 
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TABLE 1 

LEADING PARTICULARS OF r1cMASTER BLADE 

Total Turning Angle 

Inlet Air Angle 

Outlet Air Angle ( at Choke ) 

Lift Coefficient {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 

00 

0.257 inches 

0.68 
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TABLF. 2 

LEADING PARTICULARS OF McDONALD BLADE 

NOTE: Values marked thus * estimated 

Total ~urning An~le (Air) 

Total Turning Angle (Geometric)* 

• • Uncovered Turn~ng 

Inlet Air Angle 

Outlet Air Angle 

Geometric Throat* 

Axial Chord 

Outlet Mach No. 

Pitch 

Z't·7P.ifel J_,ift Coefficient 

Inlet Choking Mach No. 

116° 

109° 

80 

55° 

61° 

0.308 inches 

1.00 inches 

1·08 

0.675 inches 

1.025 

0.61 

32 



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 of 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 near the 

trailing edge. However, this method is extremely sensitive and very 

dependent on surface curvature distribution and errors can be cumulative. 

However, the surface pressure 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 the flow are reproduced using 

our program except for the rapid rise of pressure just 

upstream of the trailing edge. This is a strong function 

of surface 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 4%) (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 
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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 TANGENTilU.. FORCE 

METHOD A CALCULATION FROM FLUID MOHENTUM 

METHOD B INTEGRATION OF STATIC PRESSURE 

BLADE 1-'1BTHOD FOP.CE/U!JIT % ERROR 
HEIGHT lbs Relative To A 

A 8.14 -------
Mcr1aster 

B 7.81 -4 

A 9.99 ------
He Donald 

B 8.55 -12 
McDonald Results 

j 

B 8.92 -10.7 
Expl. Results 

B 9.40 -5.92 
r~cMaster Results 



CHAPTER 3.0 ANALYSIS OF THE BOUNDARY LAYER FL0\-1 OVER 

THE TURBINE BLADE SURFACE 

The analysis of the viscous flo"" 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) Considerable 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 absolute 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.Oosthuizen (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 diffusivity 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 incompressible 

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 fue 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 in the 

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 usually of an order such that the commonly used 
R 

criterion of boundary layer thickness 6 being less than c/300 is not met. 
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Bradshaw (17) has used an analogy ~vith 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 following 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:-
a 
Clx 

<~~> + L <~v) 
ely 

0 (17) 

au ~;;v au _ap + 0 <_au.) 
x-momentum: su + = -.uay + fu (18) ax ay ax ay ay 

y-momentum: ~ = 0 {19) 
ay 
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Energy; acc~T) __ a (c
1
_?) ,-

- 3p LC k ~) +~ su + sv aY -+ ay ax u ax aY 3Y 

caii) 
2 

+ (J.l + A-r) (20) ay 

State: ~ T 
p 

constant (21) 

The conventional boundary layer assumption is implicit in 

a- -
equation (19) and thus we can reduce ~ to ~ • In the above equations 

oX dx 

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

transport terms are also defined as: 

a'f 
qt ~;; cP e: (22) 

H ay 

- ;,-

also 
Ju 

T ... 1: £ ay (23) ... 

and t; £ • (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. 

= PRT "' CONSTANT (25) 

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



of the molecular Prandtl number ( ~kCP). The constant value normally 

taken for air at the pressures and temperatures 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 
0 

close to the stagnation temperature 

c
0

: The speed of sound at the reference temperature 

All reference fluid properties were derived at the reference 

temperature T0 thus the reference values are:-

u u/c v = v/c 
0 0 

p -;t .2 
P '2s § o 1;;* Us

0 

ll* = ill~ k* = k/k
0 0 

E = £/vo PRT= e:/e:H 

X = x c0 /v0 
y = Y colvo 

lve also define two non-dimensional temperatures ex and e which vary 

parallel to, and normal to, the wall respectively:-

= and e = 
T - T 

w 

We note that in the computer program to follow~. Tw = T
0 

the reference 

temperature so that the numerical value of T0 was chosen to avoid 

computational difficulties when (Tw - T1) reached a value of zero 

in the computer. 

(26) 

(27) 
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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). 

Continuity: 

Momentum (X): 

Momentum (Y): 

Energy: 

L<s*U) 
ax 

au 
uax 

+ _L(z;*V) 
aY 

()P = 0 
aY 

= 

0 (28) 

(29) 

+ 
1 L< z;;*:clll.) 
z;;* aY ay 

ae 1 a < * a& 1 a * 1L ae 
3Y = z;;*~ 0 ay k aY) + 0 ay(z;; PRT 3Y) 

1 CU dP C~*E+).l *) (a U)z 
+ (e -1) { zz;;,.• cL\: + · 1';;* ay 

X 

d Sx 
dX 

(30) 

where c'is a convenient constant defined by: 

• c = (31) 

The equation of state is effectively handled in the program by 

externally supplying data in which fluid properties, including density, 
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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 ~. Cp and k only vary with temperature. 

(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 

that 
a~= 
ay 0 

Thus: 

where 

= {r;* (T)} 

= 1 atmosphere 

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 acconunodate different 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 

(32) 

series of N-lines parallel to the wall as shown in Fig. 17. This grid 
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Figure 19 Illustration of an 
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is consistent \vith 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 thex-direction 

dimensionless mean velocity at the intersection of the ~ = 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 

M = 1 line then the X-wise derivatives can be approximated by equations 

of the form (using the dimensionless variables). 

au 
ax 

u - u 2,n l,n 
x2 - x1 

(33) 

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) In 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 into the calculation, 

allowing the possibility of numerical instability. For example errors 

arising from the round-off errors in the finite difference approximation 
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can be amplified. 

(b) Using the present implicit solution process y-derivatives 

are approximated from values on the t! = 2 line, thus 

values of the variables at the grid points on the M = 2 

line use information from both the ~ 1 and the !! "" 2 

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 

a2u 
the formulation for 3YT in the following way: 

l u J[u u J 2,n+1- . 2,n _ 2,n - 2,n-1 

a2 u y -Y y- y 
I = n+1 n n n-1 

aYT [Yn+l; yn] [yn Yn-1 J (34) 
n 

2 

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

of linear algebraic equations of the form: 

X-momentum: + u 2,n-1 D 
n 

(35) 

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

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

Energy: F e + G 8 + H 8 = I 
n 2,n n 2,n+1 n 2,n-1 n 

(36) 

51 



again the coefficients F , G 
n n 

solution for the M = 1 line. 

H , and I are found from the 
n n 

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 

Uz,N' (the velocity in free stream) are known. Similarly we know e2 ,1 

and e2 ,N·· Thus we have two sets of equations with N~- 2 equations 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 ~ = 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: 

1~; I (37} 

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: 

Function {y/~ ITw/~ ) (y/o )} (38) 
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We will also find it useful t~ define a dimensionless variable y+ such 

that: 

(39) 

Thus our equation (38) can be recast in the form: 

= Function F(y+) (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: 

- + 
For y/6 <0.1 Lm/6 0.41 (1 - e y /26 )(y/6) 

0.1< Y.. <0 6 lm/8 0.41 (1 -
-y+/26 

(y/o) = e ) 8 . 

2 3 
- 1.535 (y/o- o.1) + 2.756 (y/o-0.1) 

4 
+ 1.884 (y/ 0 - 0 .1) 

and 0.6 < Y.. lm/8 0.089 (41) 0 <1.0 = 

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 \ve can neglect the turbulent 

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

can write: 

dP 
dx 

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

ail 
~ ay = 

dP .y + C' dx 

(42) 

(43) 

but at the wall where y 0 we have 
au 

Tw= ~ ay !wall by definition thus: 

au 
~ ay 

Integrating further we obtain: 

= 
£E_ Y.2 
dx z + Tw·Y + C" 

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

u = 0 C" = 0. 

Hence 

(44) 

(45) 

(46) 

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

and then substituted in equation (39) enabling the value of lm/5 to be 
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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 ~-line in the 

calculation. This can be done in a number of ways: 

(a) One can feed into the program either a kno\vn 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 

(H12) and momentum thickness, which can be taken 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 ~nd T away from the wall specified as U00 and 

~. 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 the process and continuity between calculation steps. The 

sub-routines are described in detail together with a flow-chart and 

program listing 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 = 0) 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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T 
u 

- T1 ) 
u1 

-2 ru 
2 c 

p 
(47) 

This effectively specifies the temperature field, once the velocity field 

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

'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 theM= 1 line 

are calculated and thus r* "* C * k* and E can be calculated. 
' "' ' ,... • p ' 

Normally it is assumed.that they-direction velocity Vis zero on 

this M = 1 line. This assumption has proved satisfactory in service. 

Using the finite difference approxi~ations velocity and temperature on 

the ~ = 2 line are calculated. The calculated values of temperature and 

velocity are used to improve our solution for the li 2 line by updating 

the physical value of such variables as s* and -~. It has been found that 
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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 flotv has been started in the laminar mode a simple 

empirical criterion is used to determine the possibility of transition. 

This is in a form suggested by Dunham (23) for use in turbine blade 

calculations and it is written in the following \vay: 

Transition occurs for R02 < R . 
cr~t 

where Rcrit = { 0.27 + 0.73e-O.STu} 
-1 

{ sso + 680(l+Tu-21X ) } (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 transition 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 allo\ved 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 detected or 

not the results for the tl = 2 line are transferred to the ~ = 1 line 

and a number of important parameters of interest to the designer are 

printed 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. 

59 



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 Nach number range 0.1 to 4.95 (see Ref. 21) with encouraging results. 

Of particular interest to the problem at hand were the experimental 

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 program, since actual wall temperatures were not 

specified in the report. 

The program has also been applied to the McMaster blade and 

the results are shown in Figure 22. Values for displacement thickness, 

momentum thickness, shape factor and skin friction coefficient are 

sho>vn 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 analysis, then 

the blade pressure distribution could be altered via the curvature 

histogram. In 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 compared 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. 

In a real flow with finite boundary layers and trailing edge thickness 

we would have the situation shown in Figures 28 and 29 for correctly 

expanded and underexpanded flows respectively. It can be seen from 

the diagram that the net effect is a displacement 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 trailing 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 \vould 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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Cr~PTER 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 are summarised 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 vessels. 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 describ~d 
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~ The Cascade Wind-Tunnel and Associated Equipment 

The blm..rdown installation is for clarity of description 

broken down into the following major components: The air supply~ 

The cascade 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 using a Broom

Wade VCSOO compressor. This machine is of the dry cylinder, double 

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 

~..rhich 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 performance 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 tT.vo ·main control 
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Figure 31 Overall View of the Test Rig 



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 valve 

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 shown in 

Table 4. 

4.1.2 The Cascade Wind-Tunnel 

The main body of the tunnel was acquired from the National 

Research Council, Division of Mechanical 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. Consequently many of the 

component parts had to be reworked to higher toler!;lnces and reinforced 

to withstand the greater operating loads when used at pressure ratios 

suitable for turbine blade testing \vith 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 12.0n 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 

APPROXI~~TE COST OF WIND TUNNEL (1970 PRICES) 

Component 

Air Compressor 

Aftercooler 

Air Dryer 

Installation of 
Above Items 

Air Receivers (4 

Installation of 
Above 

Painting Interior 
of Above Receiver 

Butterfly Valve 

Control Valve 

Solenoid Valve 

Filter Regulator 
Set 

Timer 

of) 

Feedback Controller 

Mount for Above 

Pressure Transmitter 

}~chining on Tunnel 

Model 

Broom Wade VCSOO 

Armstrong ACF 660 

Van-Air D36 

Foxboro M3L 

Foxboro V9000 

Numatics 2JLS AD3 

B-110-AT (2 of) 

Automatic Time Controls 
ATC 305D 

Foxboro 62H 

Foxboro EH1 

Foxboro EllAH 

TOTAL 

Price 

15,000.00 

1,000.00 

2,500.00 

2,000.00 

4,400.00 

1,000.00 

650.00 

280.00 

1,081.00 

87.00 

78.00 

80.00 

762.00 

80.00 

762.00 

2,000.00 

$31,760.00 
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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-\.ralls 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 \·mrking section is supplied 

•·lith 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 by using gauze screens designed to keep the 

diffusers running full. (Ref. 27, 28). The first diffuser (A) is 

conical in form with a change in diameter from 4n 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 shape from 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 are 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-scre-.;vs 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.l'o initiate flow in the wind tunnel, switch lis closed providing 

current to solenoid valve 1, and timer 2· The solenoid valve 

immediately admits air from the shop supply to the actuator of the 

main on-off valve~· 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 L to go into operation. Its function is 

to compare the pressure measured in the plenum chamber with the required 
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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 set 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 reservoir pressure) (Fig. 35). 

was 
The original control system designed by Dilworth, Secord, 

. A 

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. In 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 

considered sufficient accuracy for control transducer requirements 

(Fig. 36). 

Each 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 peak was noted 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 the 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 important fact 

that although the air system was designed for maximum storage pressures 

of 125 psig, it was possible occasionally to thermally overload the 

present electrical 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 done to avoid 

possible damage to the accurately machined cascade of turbine blades 

during development running in >vhich unusual conditions might occur. 

Tests were carried out at three different flow areas and the peak initial 

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 100% although the curves are still 

non-linear. 

From Fig. 39 we can see the increased pressure ratios available 

at reduced flmv areas. Also the valve opening characteristics which 

can be divided into two distinct regions centred about a value of 90% 

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 waste most of the reservoir 

air before achieving stable operation. 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 0 - 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 a 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 avo~ded 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, !z;" N.P.T.). 

4.2.5 The Flow Controller Variables 

The feedback controller 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.· Initially the highest 

possible feed pressure was supplied with the inte~tion of speeding 

valve response. 

A process of elimination was possible with the three loop 

gains since it was found immediately that the use of derivative feedback 

at any loop gain caused violent cycling of the con:rol valve and 

consequently downstream pressure. (Fig. 42). Inv2stigation 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 s~own 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 tuo right angle 

bends upstream.. This \vas 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 \le 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 value in 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). 

The calculated optimum parameters agreed well t.vith 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's absence. 

(see Table 5). 

After deriving optimum settings for the controls, a series of 

runs was carried out with different pressures and flow areas. Generally 

control \vas 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 90%. It was obvious that the change 

in valve characteristic at this opening was responsible. 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 transducer 

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. In 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 turbine 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 times. 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 as 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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Tl\.BLE 5 

CONTROL SETTINGS 

METHOD PROPORTIONAL RESET RATE TIME 
% MINUTES HINUTE:S 

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 ----* 

>,90%) 200 

* see text 

NOTE: RESET _ INTEGRATING LOOP 

RATE DERIVATIVE LOOP 



® ... , @ 
, ' , ' 

I ' 
I ' , ' 

\ • 

® 
' 

t ... ®----.-© 
' I 

' I 

' ' \ . 
• \ . 

®/ . 
' 

. . . 
I : 

-- -(85\--- -- ----(85\ ; 
-----~-- ----·\JEj-l 

fs6\ 
~ 

fa7\ 
~ 

(87\ 
\[5I 

(86\ 
~ 

(86\ 
~ 

fai\ 
~ 

Upper:- Compressor 

Lower:-Wind Tunnel 

L , , , I 

0 1 2 3 4 FT. 

Figure 48 Noise Levels Heasured in dBA in the Immediate Vicinity of 
the Test Rig for Operation of the Compressor alone and 
Wind Tunnel plus Compressor. 

106 



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 to 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 ratio 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 uill 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 105 based on 

a length of one inch. The calibration of the inlet flow for angular 

deviation and total pressure variation is discussed in Chapter 6.0. 
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CHAPTER 5.0 INSTRillfENTATION 

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 manom.eters 

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) 

(c) 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 turbine 

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 individual runs to reach equilibrium~ 

or using a slave air system to "top" each tube up to near the expected 

final reading. Similar problems occur \vith bottle pressure 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, •..rould 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 \..rith little chance of 

checking them until some time after each run. 

Method (c) \vas 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 small reducing the ris~ 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, particularly 

with respect to the inlet boundary layers, since they can influence 

the flmv 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 (}1::::0.1) using the 

calibration nozzle described in greater detail below (section 5.2). 

Typically a c~scade of blades is set up with sufficient number 

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 a forward 

facing tube which generally measures total pressure accurately to 

0 ± ~% over an angular range of ± 10 (Refs 34, 35 36). The ttvo 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 ,.,hich 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 hmvever more accurate, 

especially where large deviation angles (say 5° and greater) are 

expected. (34, 35, 36). Use of the cobra probe also facilitates 

measuring tunnel total pressures as well as flow direction simultaneously. 

Our probe, as manufactured by United Sensors Corp. Ltd ~;..ras of 
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sufficiently small dimensions to be regarded as a point relative to 

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. In this case however the probe is now too 

large relative to the typical flow dimension, (b:Jundary l:tyer height 

< 0.4"). A special boundary layer probe was thus constructed of 

the form shown in Fig. 55 • The tip of the probe ~.;as 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 thickness. 

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 flm.;s. 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 allmving more accurate positioning (Fig. 55 ) • 

5.2 The Calibration Nozzle 

The sensitivity of cobra probes is a function of Mach number 

and less important than 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 ~·las necessary to 

calibrate the probe in a known flow field of good accuracy. A carefulJ_y 

constructed calibration nozzle giving a low turbulence potential core 
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some 0. 8" in diameter \vas available in the depart::.ent. This nozzle 

has been very carefully checked for flm..r uniformit.:.- and turbulence 

level. (Ref 37). The nozzle uses a contour, one o= several, suitable 

for wind tunnel contraction design, the curvature ~eing arranged to 

give a flat velocity profile at the exit (Ref 38). 

To achieve the Nach numbers necessary (0.~ to 0.65) it was 

modified by using a high pressure (100 psig) air l~ne as the supply 

source, using pressure reducing valves to give ple~urn 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 the~ transferred complete 

to the cascade >..rind tunnel eliminating wherever ?:: ssible errors due to 

using different equipment for calibration and casc~de testing. 

It was necessary to settle on an arbitrary zero point at which 

the t\VO side po-.:ts measured very nearly the same pressure. Once the 

probe was fastened to the turntable which carried :.t, and \vas no longer 

disturbed with respect to this turntable, then a calibration curve of 

the shape sho>vn in Figure 57 was derived. If PR ~~s the pressure sensed 

by the right hand tube and P1 was the pressure sensed by the left 

hand tube the results were non-dirnensionalised by t~e dyna~ic head ~ ~u2 

in the form: 

c ljJ p 

p 
L 

I (49). 
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Note that the sign inside the modulus is preserved as lji 0 1 eft and 

lji
0 

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, (H = 0.4 to 0.65). This 

would not be true if the same probe was used in the incompressible 

.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. In order to study one 

particular channel the surface pressure taps were drilled through tq 

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 approximately square in cross section and 

0.030" wide. Small diameter stainless steel hypodermic tubing with an 

I.D. of 0.015" and O.D. of 0.028" were cemented in the grooves using 
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epoxy resin (see Fig. 58 for details). These hy?odermic tubes 

communicated 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 stat:.c tap design shmvn 

was to replace unknown errors wherever possible by a known and smaller 

error. With the design shown the errors in sensing surface static 

pressure and of the order of±~% (Ref 36). The t~? located in the leading 

edge was used as a back-up system to measure inlet total pressure. 

This function was normally provided for by mounti~g the cobra probe 

just upstream and slightly off to one side of the: blades. 

In all a total of 20 pressure taps were used enabling a fairly 

precise definition of surface static pressure. r::-_ese static pressure 

taps were staggered up and dmvn 0. 25" from the bl~:::e mid-height to 

reduce the effect of one tap on the next downstre~= tap (see Fig. 59). 

5.4 Instrumentation for Downstream Wake Survevs 

For the downstream flow \ve are concerned v.~:::.th Mach numbers usually 

in range 0.9 to 1.4. Thus the cobra probe can no longer be used to 

measure total pressure. Instead two probes with c:.fferent sensing tips 

were constructed as shown in Figs. 60 (a,b). For 0~r range of Mach 

numbers calibration is unnecessary and we can dete:::-::~ine Mach number 

from the formula:-

p 
H' (50) 
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w·hich for air ~vith y = 1.4 the equation reduces to: 

7M2 - 1 5/2 5 7/2 
( 6 ) (6:{2) (51) 

_In this formula P is the 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 ~vhich \¥as 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 

'X' shown in Fig. 62. The probe could be set at different heights 

('~') 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 S'\¥itching 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 Output 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 measurement, 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 strain gauge bridge. 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 

1 3 1 

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 ran3e 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 ScanivalyL_ 

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 rotating 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 prevent 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 t-1ith 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 p~rt. This rise time is a strong 

function of internal diameter of the tubes to the pressure taps. The 

rise time to a p~essure Pf from an initial pressure Pi, with final 

errore can be expressed by the formula (35): 
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t (52) 

where and a 

In this equation we have reduced. our pressure communication 

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

11 = length of first tube inches 

12 length of second tube inches 

d1 diameter of first tube inches 

dz diameter of second tube inches 

e error p.s.i. 

pf final pressure P .s.i. 

PI = initial pressure p.s.i. 

L'.P = difference between initial and final 
pressures p .s.i. 

v1 volume of first tube in3 

Vz volume of second tube in3 

vm transducer volume in3 

If we substitute in eqn. (52) for typical values for our system 

we have rise times to 99.5% of final pressure 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 



sensing tap. The intervening pressure ports are open to atmosphere. 

This system allows the transducer to be more discri~inating 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 ~.;rhich had been originally pressure taps (fig. 65). These pressure 

taps Here increased in size to .030" to accorr111odate the thermocouple 

beads, 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 improve 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 
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CHAPTER 6.0 DETERMINATION OF THE INLET FLOH TO 

THE BLADES 

As in any wind tunnel, the quality of the flow in the working 

section determines the degree of confidence tvhich can be placed on 

experimental measurements. This is particularly true in our case since 

it is known that highly curved turbine blades are very sensitive to 

input flow conditions. Another factor to be ta~en into account is that 

our flov1 has a time variation as Hell as spatial variation to be 

measured because our control system only gives us a quasi-static 

situation. 

In chapter 4.0 we have already discussed 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 to the calibration of the ~orking section in the 

folloHing areas of interest: 

(a) Time dependency of the flow 

(b) Total head distribution 

(c) Flow direction 

(d) Free stream turbulence levels 

(e) Inlet boundary layers 

(f) ~vall Static pressure. 
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6.1 Time Dependency of the Harking Section Flo;.; 

For this series of tests the total head measured 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 \vith upstream ,plenum pressure. 

This relationship was determined by the isentropic flow relations for 

flow along a streamline between plenum chamber ani measurement point. 

In the boundary layer regions the flo~" would not i:lecessarily be 

isentropic. 

Having established therefore that upstrea:n total pressure is 

directly related to plenum pressure at any time !.-e can use this fact 

in the data reduction process for scanivalye 

of this are shown in Chapter 7.0. 

6.2 Spatial Variation 

pressure traces. Details 

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. Jjis series of tests 

was carried out at two different pressure ratios. At the lower wind 
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speed (pressure ratio 1.5) the profile was not as good at the stations 

nearest the \..ralls. 

6.3 Flow Direction 

Again the cobra probe \vas 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 \vas 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 \vhich we can point our probe to the 

order of ±~%. However in this range a good pressure difference \vas 

available from the t\vO pressure taps. These were measured using the 

scanivalve and transducer several times in each run by running the 

scanivalve forwards and backwards past the ports labelled PLEFT• 

total P, and P The results were plotted in the form as shown in 
RIGHT 

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 measurements 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 alignment 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 

influence upstream (see Fig. 68). Again on further examination this 

theory Has not substantiated, the expected angular deviation being in 

the ~.Jrong 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 Has 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 consistently. 

It might be possible for future experimentation to deliberately make 

assymmetric the gaps at the end of the cascade of blades, through 

which ~ost 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 Free Stream Turbulence Levels 

These levels were measured with the hot-wire probe already 
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described. This series of tests was ?erformed at constant angle of 

attack with the tip of the probe some 2.5" upstrear:: 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 unifo~ (see Figure71) 

at any pressure ratio. The variation during a run :.;as so small that 

one average set of D.C. voltage and r.m.s. A.C. vol:ages were taken 

to represent the whole run. 

In general the r.m.s. turbulence levels are remarkably low, 

of the order of 1.4% expressed as a percentage of 2ean flow velocity, 

if the past history of the flow is taken into acco~~t. Our aim was 

not to produce very low turbulence levels hmvever since tests performed 

in this manner do not realistically represent turbo~achine flows where 

turbulence levels of 2 ~ 5% are common. Turbulence levels as low as 

0.25% have been used in cascade testing with the u~fortunate 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 govern the shape of 

the inlet boundary layers on the upper and lower surfaces of 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 1:vere 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 Hall Inlet Boundary Layers 

These were measured using the boundary layer probe drawn in Fig. 55. 

The results were obtained at two different pressure ratios and the 

difference in the profiles can be seen from Fig. 73. On this graph 

the points obtained with the cobra probe; which were few in number due 

to its si?-e, 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) 

o.I3 - o.os dfn (53) 

where ~z is the correction added to the measured height of a probe 

of tip O.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 •v-i th 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. 
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CHAPTER 7.0 THE PRESSURE DISTRIBUTION STUDIES 

As this 1:vork 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 monitored by a cobra probe 

situated near the blades. This was one of the inputs to the scanning 

valve system and thus total pressure \Vas 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 {l_l 
dl 

it was felt that small errors in estimation the dianeter 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 >vind 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 1:vind tunnel turntable. Provision also was made so that 

the stagger angle J- 0 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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Fi gure 75 View o f t h e Scanivalve Installation 
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Figure 76 Vi ew of the Rear of the Instal led Blade Cascade 
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Figure 77 The Blade Holder 



(Fig. 77). These projecting do\vels were a tight movable fit in the 

blade holder. To resist aerodynamic loading moments about the dowel 

pin, the bladc8 W!re 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 s2all angular 

changes to be made in stagger A (± 2°) after manufacture. 

The blades were set in the correct relative position by a series 

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 Hechanical Engi::1eering 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 
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from silicone rubber. These blades proved very difficult to machine 

because the epoxy \vas silica loa<;led for strength. Ihis 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 ;:l]_:;. dL.uensions. 

7.1 Numerical procEssing of the Data 

For each test it was found useful to use the value of P
01 

that 



existed at the time of the pressure measurement in C<.1.lculating the 

ratios P /P which ~vere the derived end result. This was achieved 
s 01 

by calculating from the continuously recorded plenun prec;su t·c, the value 

of P ,., 1 connected for supply fluctuations. This use of a n time local" 
\.I 

P 01 enabled 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, 

'vere zeroed relative to atmospheric pressure. For aay particular angle~ 

the test \vas repeated up to four times, to obtain a good average P 
5

/P 01 

at each pressure top location. For runs at pressure ratios of 1.5 to 1 

it 'vas possible to record all 20 pressures during each run wi·th good 

accuracy. At higher pressure ratios the number of readings obtained was 

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

of the test . 

. 7.2 First series of Tests at the Design Stagger Angle (A 26°) 

In this series of tests the pressure ratio was varied between 

1.5 and 2.5 for the range of inlet angles between 66~0 and 59°. The 

type of blade we are testing would normally be installed in the first 

or second stage of a gas generator turbine and thus would see only small 

variation in angle of attack compared to sayapower turbine blade. 

In Figs. 78 and 79 the experimental results are compared to the 

theoretical results for a range of angles of attack each at a fixed 

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

It has been found that the t\vO series of graphs can be 

collapsed onto two curves, shm.;rn as Figs. 82 and 83 in \vhich we have 

observed the follmving: 

(a) That the effect of changing angle of attack is to increase 

or decrease pressures on the leading edge of the suction 

surface, the rest of the pressure distribution being 

virtually unchanged (Fig. 82). 

(b) That the effect of changing pressure ratio is to increase 

or decrease the pressure ratio near the trailing edge, 

the rest of the pressure 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: 

(c) For virtually all cases the pressure distribution is 

correctly predicted by our analytical method. 

(d) That leading edge blockage, in the form of a sonic patch 

measured at inlet angles of 66~% severely limits the use 

of the blade since the design a
1 

is 64°. 
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7.3 Second series of tests, \vith the Stagger Angle /. reduced to 24° 

Instant re-design of the blade passage \vas 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 suction 

was available with little change in total turning angle by reducing 

the angle of the flat-back to 24°. The measured results for the new 

passage design are sho\vn 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 Stagger 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 \vorsening of the 

situation was as expected. 

7.5 The Effect of the Boundary Layer 

As can be seen from Fig. ~7 the prediction procedure is improved 

slightly when calculated boundary layer thickness is used to JD.Odify the 

potential flow calculation. These calculations were not carried out for 
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all tests , and the change is small enough not to be plotted, For 

0 the design stagger angle at an angle of attack of 66~ the boundary 

program showed separation on the adverse pressure gradient zone after 

the leading 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 during 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 ± ~0R. This 

temperature corresponds 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). 

(54) 

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 Y = 1.4 and P = 0.72 for air: r 

Tr 420 (1 + 0.72 (0.2) 1.152) 

= 
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It should be remembered at this point that 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 range of values however since Tr at the 

end of a run has dropped to 478°R at the same location for which we 

have already quoted results. 
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CHAPTER 8.0 INVESTIGATION OF THE HAKE 

The wake region of the blades is of interest because it enables 

the determination of some of the important parameters of a cascade of 

blades. From a traverse of the \vakes it is possible to calculate the 

total head 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 \vas 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 02 varying 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) Lhat the width 'b' of the wake is proportional to the 

downstream distance to the one half power: 

i.e. (55) 

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

stream and \vake is given by the simple relationship: 

_1 
u a (1 ~) (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 'l:S.'. 

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: 

I 

b 0.5 
, 

0..441 b 

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

. t (1)~ aga~ns - in graph 87. 
s 

The point plotted at ~)~ = 0 is in fact 
s 

(57) 

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 no scatter. 
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Similar attempts made at plotting the velocity defect at the 

centre of the wake were less successful. The total nead defect is 

plotted against distance(Fig. 88.) The reason for the lmver 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 -o;vith Pressure Ratio 

As can be seen from Fig. 89 the \vake 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 Has discovered that the probe itself Has 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 oil Has made up and painted onto the loHer surface of the blade 

holder do,vnstream 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 Has 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 average 

angle calculated. The outlet angles so obtained certainly demonstrate 

the precision \vith Hhich the blades direct the flm.; (see Table 6). 

The simple theoretical results are those due to Taylors method which 

assumes isentropic flow between throat and do•vnstream. 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. 
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TABLE 6 

THE VARIATION OF OUTLET ANGLE WITH PRESSURE RATIO 

Pressure Ratio Measured Outlet Angle Theoretical Outlet Angle 

1.85 66° ---

2.52 64° 30' 63° 36' 

2.62 64° 63° 6' 

1.9 --- 64° 30' 

TABLE 7 

Po1_Po2 
THE VARIATION OF TOTAL HEAD LOSS COEFFICIE::T p 

01 

Pressure Ratio Angle of Attack Total Head Loss Co.efficient 

1.89 66~0 0.059 

1.9 66~0 0.067 

1.9 64° 0.046 

1.5 64° 0.021 
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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 ~..rake change::; at different measurement heights. These results were 

all taken at the same axial distance from the cascade, and at constant 

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 loss 

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 ''as not observed at any of our five measure.-:1ent heights. 

The measured total head loss coefficients are sho•vn 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 much 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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~2 Intersection of the Trailing Edge Shock 

For some of the tests near the trailing edge the small diameter 

(0.028")probe was used. At pressure ratios greater than that required 

for choking sharp 'spikes'' were seen on the pressure trace near 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 that 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. 
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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 ratios, angles of 

attack and turbulence levels required for t,.;o-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 ho'::ever. 

Supporting the above conclusion (a) the ~..rind 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 blade surfaces. 
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Excellent uniformity of total head is obtained in the critical central 

region of the test section (Fig. 66), \.;here the flmv direction is 

everywhere within ±1% of a mean value some 2° from the tunnel axis 

(Fig. 67). Figure 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 t>v-o-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 flo~.; analysis to future turbine 

blade design. 

The boundary layer calculation scheme tv-orks well for constant 

free stream pressure and mild pressure gradients. In common with 

most other methods the accuracy falls ,,,hen 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. 

182 



REFERENCES 

1. HORLOCK, J .H. "Axial Flow Turbines", Butterworth~ 1966. 

2. ZWEIFEL, 0. "The Spacing of Turbomachinery Blading, 
especially with Large Angular Deflection". 
Brown Boveri Revie>v, 194 5. 

3. LE FOLL, J. "A Theory of Representation of the 
Properties of Boundary Layers on a plane". 
Proc. of Seminar on Advanced Problems in 
Turbomachinery. V.K.I. 1965. 

4. FOTI::\ER, L. "Analytical Approach for the Loss and 
Deflection Behaviour of Cascades in 
Transonic Flmv Including Axial Mass Flow 
Variation". AGARD A6-164 1972. 
Conference Proceedings, "Boundary Layer 
Effects in Turbomachines" Surugue, J.Editor. 

5. JOHXSEN I.A. & 

6. 

7. 

8. 

BULLOCK, R.O. (Editors) "Aerodynamic Design of Axial Flow Compressors" 
NASA SP-36, 1965. 

i'-1ARIENSEN, G. 

STA~IIZ, J.O. 

HcDO~;ALD, P. W. 

"Calculation of Pressure Distribution over 
Profiles in Cascade in Two Dimensional 
Potential Flmv by Means of a Fredholm 
Integral Equation" 
Archives of Rational Mechanical Analysis 
]_, 3' 1959. 

"Design of T>vo-Dimensional Channels with 
Prescribed Velocity Distribution Along the 
Channel Walls". 
Part I "Relaxation Solution" NACA Tech. Note 

2593, 1952. 
Part II "Solution by Green's Function" 

NACA Tech. Note 2595, 1952. 

"The Computation of Transonic Flow through 
2-D Gas Turbine Cascades". ASME, 71-GT-89. 
1971. 

18 3 



9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

DAVIS, W.R. & 
MILLAR, D.J. 

KUMAR, V. 

MALHOTRA, R.K. 

COHEN, H., 
ROGERS , G . F . C . , 
SARAVANM1UTTOO, H.I.H. 

OOSTHUIZEN, P.R. 

PLETCHER, R.H. 

McDONALD, H. & 
FISH, R.W. 

WHITE, F.M. 

17. BRADSHAW, P. 

18. THOMANN, H. 

19. SCHLICHTING, H. 

"A Matrix Hethod appl:..ed to the Analysis 
of the Flo\v past Iurbc:nachine Blades". 
Carletol\ University, :·~:../A, 7 2-7. 

"The Design of Three ?.elated Gas Turbines 
for an Experimental I~vestigation of the 
Effect of Blade Loadi:::.g on Performance". 
H. Eng., Thesis. Dept. of Hechanical Eng., 
Carleton University. 1968. 

"The Two-Dimensional Jevelopment and 
Analysis of Blade Pro:iles having large 
Turning Angles". 
M. Eng Thesis. Dept. of Hechanical Eng., 
McMaster University, 1971. 

"Gas Turbine Theory" 2nd Ed. J. Wiley 
& Sons, 1972. 

"A Simple Numerical Procedure for the 
Solution of Turbulent Boundary Layer 
Problems". Course :::\o:.es. Dept. of 
Mechanical Engineerir.;. Queens University. 
1970. 

"On a Finite Differer..:.2 Solution for the 
Constant Property Tur':ulent Boundary Layer" 
A.I.A.A. Journal. Vol. 7. 1969. 

"Practical Calculatio:-.s for Transitional 
Boundary Layers" AGA?~. AG-164, 1972. 
Conference Proceedings. SURUGUE, J. Editor. 
"Boundary Layer Effect.s in Turbomachines" 

"Viscous Fluid Flow" ~leG raw-Hill, 1974. 

"The Analogy between Streamline Curvature 
and buo::ancy in turbulent Shear Flow". 
Journal of Fluid Nechc.:lics, 1968. Vol 36. 

"Effect of Streamwise Hall Curvature on 

1 B4 

Heat Transfer in a Turbulent Boundary Layer". 
Journal of Fluid l·Iechanics, Vol. 33. 1968. 

"Boundary Layer Theory". Trans by J. Kestin 
McGraw-Hill, 1968. 



20. 

21. 

22. 

23. 

24. 

2.5. 

26. 

27. 

28. 

29. 

PAl, SHlli-l 

HADE, J.H.T., 
STANNARD, J.H. 
& GUPTA, S.K. 

i·IAISE, G. & 
~kDONALD, H. 

DUNHAM, J. 

DUNHAJ:1, J. & 
EDivARDS. 

DZUNG, L.S.(Editor) 

BETTNER, J.L. & 
BLESSING, J.U. 

SCHUBAUER, G.B. & 
SPANGENBURG, H.G. 

HADE, J. H. T. & 
FOHLER, H.S. 

TUCKER, G.K. & 
\\ILLS, D.M. 

30. BREMER, J.H. 

31. Private Communication 

"Viscous Flm-1 ThQory" Part II Turbulent 
Flow. Van Kostrand, 1957. 

"A Finite Difference Calculation Hethod 
for the compressible Turbulent Boundary 
Layer over a curved surface". Dept. of 
Hechanical Engineering. McMaster University, 
ME/75/FM/TN/10 

"Mixing Length and Kinematic Eddy Viscosity 
in a Compressible Boundary Layer". 
AIAA, 5th Aerospace Meeting, 1967. 

"Predictions of Boundary Layer Transition 
on Turbomachinery Blades". 
AGARD AG-164, 1972. SURUGUE, J. Editor. 

"Heat Transfer Calculations for Turbine 
Blade Design". AGARD CP-73·-71, 1970. 
Conference Proceedings "High Temperature 
Turbines". 

"Flmv Research on Blading". Brown Boveri 
Symposium Proceedings. 1969. 

Design and Experimental results for a 
Turbine \-lith Jet Flap StatQ.r and Jet Flap 
rotor". NASA CR 2244, 1973 

"Effects of Screens in Hide Angle Diffusers" 
NACA TN 1610 

"An Introductory Note on Diffuser Design· 
and Performance". Me-73-TF-1. 

"A Simplified Technique of Control 
System Engineering". Hinneapolis-Honeywell 
Regulator Co. Ltd., 1958. 

"Control Systems Analysis Design and 
Simulation". Prentice-Hall Inc. 1974 

Orenda Engines Ltd. 

32. Private Communication- Mechanical Engineering Division, National 
Research Council of Canada. 

33. POPE, A. "Aerodynamics of Supersonic Flight". 
Pitman, 1958. 

185 



34. 

35. 

36. 

37. 

BRYER, D.W. & 
PANKHURST, R.C. 

PARADIS, M.A. 

DEAN, R.C. Ed. 

SCHNEIDER, W. & 
WADE, J.H.T. 

38. WADE, J.H.T. 

39. TURNER, A.B. 

40. 

41. 

42. 

43. 

44. 

LIEPMA~N,H.W. & 
ROSHKO, A. 

DUNHAM, J. 

KLEIN, A. 

PRUHPER, H. 

PAPAILLOU, K.O. & 
SATTA, A. & 
NURZIA, F. 

"Pressure Probe Hethods for Determining 
Wind Speed and Flmv Direction". HI-ISO 1971. 

"Pressure and Velocity Measurements in 
Subsonic Flmv". A Monogram. Department 
of Hechanical Engineering, Laval University. 

"Aerodynamic Measurements". 
Gas Turbine Laboratory, Massachusetts 
Institute of Technology, 5th edition, 1958. 

"Investigation of Flow in the Mechanical 
Engineering Department Laboratory Air Jet". 
Mechanical Engineering Department, 
McMaster University, 1963. 

AERONOTE 181. "A Review of the Literature 
on the Design of a Contraction Cone". 

"Heat Transfer Instrumentation" 
Conference Proceedings. "High Temperature 
Turbines". AGARD P-73-71. 

186 

''Elements of Gas Dynamics". J. Wiley & Sons, 
1956. 

"A Review of Cascade Data on Secondary 
Losses in Turbines". 
Journal of Mechanical Engineering Science, 
Vol. 12, No. 1. 1970 

"Investigation of the effect of the Entry 
Boundary Layer on the Secondary Flows 
in the blading of Axial Flow Turbines". 
British Hydromechanics Research Association, 
T1004, 1969. 

"Application of Boundary Layer Fences in 
Turbomachinery". 
Conference Proceedings "Boundary Layer Effects 
in Turbomachinery" SURUGUE J. Ed. 
AGARD AG-164, 1972. 

"On the Two-dimensional Boundary Layers as 
they appear on Turbomachine Blades". 
Conference Proceedings. "Boundary Layer 
Effects in Turbomachinery". SURUGUE, J. Ed. 
AGARD AG-164 - 197Z 



45. BONHfu'1, D • J . "A System for 
Structures". 
of Nechanical 
University. 

the Synt~esis of Machine 
Ph.D. T~esis. Department 
Engineering, NcMaster 

187 



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 information 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: 

(i) Entirely remove the non-dimensionalising system and 

process the "raw" equations. No loss of accuracy is 

expected because the accuracy of representation 

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 was corrected between steps using suitable 

empirical data. (Ref. 44) 
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(iii) The effect of surface roughness could be taken into 

account by modifying the damping factor near the 

wall to allow for the effect of roughness on the 

viscous sublayer (15). 

(c) Automation of the Design Procedure 

Hith the existing computation blocks available it is noH 

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). Tne 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-l) or a tnree-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 information 

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 experience and 

judgement that cannot be programmed. 
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APPENDIX 2 

USFRS J11ANUAL FOR THP. PROGRJ<-1'-1 

~A flm.v chart and program listinq 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 rnass flow required 

to choke the hlad~ or alternatively some design mass flow 

less than this if unchoked flo\·! is required. Proceeding 

to the first quasi-orthogonal line it reads in values 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. \vhen con

vergence to a suitable accuracy is achieved the program 

prints out results for the flow variables at this station. 

It then moves on to the next quasi-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, 

Nach No., velocity, static pressure relative to inlet total 

pressure, static temperature and density are tabulated for the 

nine stream-tubes. The input variables to which n~.erical 

values have to ~e assigned are listed below. 

1 91 



VARIABLE 

RETOPI 

PEXI'J.' 

AM A CHIN 

RELTOT 

GA!=JC 

G 

SPACE 

.:rx 

ACC 

GAGE 

'J'HROAT 

RATIO 

AMCRIT 

NDATA 

CP(k) 

cs (k) 

G!>UGB{k) 

DESCRIPTION 

Relative Total Pressure at Inlet 

Static Pressure downstream of 
Cascade 

Inlet Mach :!'Jo. 

Relative Total Temperature at Inlet 

Specific Gas rontent for Air 

Acceleration due to Gravity 

Ratio of Specific Heats 

Blade Pitch 

192 

UNITS OR VALUE 

psi a 

psi a 

0 
53.333ft-lb/lb 

In 

32.16 ft/sec2 

1.4 

Inches 

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

is Linear 

Required Accuracy for Iteration 
Loop 

Width of FloH passage defined hy Inlet 
Streamlines. !·1ornally Pitch x cosine 
of Inlet Air Angle 

Passage Width at Geometric Throat 

Iterating variable, given starting 
Value = 1 

Critical Inlet Hach No. at 't·Thich 
~eometric throat ~·Jould choke. 

Number of Quasi-orthogonals nsed 

Curvature of Pressure Surface 

Curvature of Suction Surface 

Quasi-Orthogonal Length 

Inches 

Inches 

Reciprocal " 

Rec:.l.procal " 

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

CS(k) and GAUGE(k) when generated fro!'1 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. ~g 

~ .AXIA.L CHORD 
(SUCTION SURFACE} 

% AXIAL C-HORD 
{PRESSURE SURFACE) 

CP (k} 
. -1 
l.n 

CS"(k) 
. -1 
l.n 

GAUGE(k) 

in 

25.0 5.0 1.28 2.72 0.455 

The remaining variables in the p=ogra~ do not generally 

have to he assigned values.-

VARIABLE 

A (I) 

N1AS 

AP 

AR 

AT 

AV 

C.Tv1AS 

nl., n2 , n3 , o4 

DELG 

:PON 

DESCRIPTION 

Speed of Sound 

Mach. No. 

Design channel mass flo\-r 

Static Pre?sure 

Density 

Static Temperature 

Resultant Velocity 

Choking llass Flm-1 for Geometric 
Throat 

Constants containing G~~ 

Distance between two adjacent 
streamlines 

Variahle calculated \vithin progra. 
used in velocity distribution 
expressions 



RELTOP 

REJ-'TOT 

RO {I) 

RPR (I) 

RPR(I) 

TMAS 

W(I) 

Z (I) 
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Relative Total Pressure 

Relative Total Temperature 

Density 

Static Pressure 

Static Temperature 

Calculated mass flow in channel 

Velocity 

Density x Velocity 



FLOW CHART 

Stan 

Read 
Input 
Data 

Calc. Design 
and Choking 
Mass Flow 

Read 
CP(K) ,CS(K> 
GAUGE(KJ 

Set Storti ng 
Vo lues For 

Iteration 

Set M=1·0 on 
Press. Surf. 

Use Eqn.14 
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Use Eqn. 12 
for Velocity 
Distribution 

Use Eqn .13 

tor Velocity 
Distribution 

Adjust 
Mid-C hannet 

Velocity 

No 

Yes 

Calculate 

Mass Ftow 

( Stop ) 
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P :-< v G R A l''1 T S T ( I '' t-> U T , u U T tJ l.J T , r ,c., r- c 5 = F' r' U T , T ..:, r C: 6 = u U F' v T ) 
Dl;'~Ei'\S !<.H~ vJ ( 9) ~KPK { 9} ,z ( 9 l '~···AG-1 ( 9} ,D.~r-'1-; ( 9 J, 

1CP(l2l ,C.:,(12l 'GAUGE(12J,KT(9l ,,1\(9) ,r;.v(9l 
I~EAD (5,15li-<ET0PI,PEXIT,/-..· . .;cHI·"''I~C:LTvT 
READ (5,16) GASC,G,GAMhA,S~ACE,JX 
K E AD ( 5 ' 1 7 ) /\ c c ' GAG E ' H-l K lJ !\ T ' ,, f\ T I 1.) ' A I '• c ,, I T ' I • J 4 T A . 

15 FU~~ATC4F8.3l 
16 F0RMATC4F8.4,I2l 
17 F0R~ATC5F8.4,I8) 

c 
c 
C USEFUL CONSTANTS At\lD CH0K U•G i-i.l\SS F LV:~ A:-<.E CALCULAT EO 
c 
c 

Dl=2•U*GAMMA*GASC*G 
D3=GA•"ii'vJA-l.O 
D2 =GAi'.,H•lA /03 
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D4=GAi'ii'-1A+l.O 
CMAS=(((GlMMA*G)/(GASC*RELTOTl>**U.5l*THROAT*RETOPI*l2·0/1.728 
WRITEC6,21l CMAS 

c 
c 

\vR IT E C 6, 9 99 ) 
';.JRIT:::<6,999l 
viR I T E ( 6 , 2 2 ) R E T 0 P I , P EX I T , !\ i · . .:.. C n I h , R t: L T 0 T 
\'J R I T E ( 6 ' 9 9 9 ) 
~·i R I T E ( 6 , 2 3 ) G A s c ' G ' G A i• I h .L\ ' s "' .t, c E ' J X 
•,-:RITEC6,999l 
~RIT~(6,25lACC,GAGE,THRUAT,RATIU,A~Ck!T,~uATA 

\·: R I T E ( 6 , 9 9 9 l 

C THE U~SIGN ~ASS FLOW IS t~LCULATcu ~~v TME ~uRFAC~ CJ~VATUR~S ANU 
C GIUASI-0RTHUG0i'lAL LEi'-'GTH KE.L\0 I1-. 
c 
c 

c 
c 

AT=RELTOT/(l+(D3*(AMACHlN**2•JII/2.ul 
AP=R~rUPI*<AT/~ELT0T)**D2 
AR=APIGASC/AT*l44 
AV=A~ACHIN*<CGAMMA*GASC*G*~TJ**U.51 
AMAS=AR*AV*GAGE/12.0 
~~RITE ( 6, 24 l Ai'iAS 
~·;RITE(6,999l 
DO 900 K=I,NDATA 
READ(3,24 lCPCK),(S(Kl,GAUGE(KJ 
\•1 R IT E ( 6 , 9 9 9 l 
ltJRITE(6,999l 
\·JRITE(6,999l 
~'>' R IT E ( 6 , 9 9 9 l 
viR IT E ( 6, 2 8 l 
lti R I T E < 6 ' 9 9 9 > 
WRITE(6,24llCP(K),(S(K),GALJGE(Kl 
~·i R I T :: < 6 , 9 9 9 l 
\•; R I T E ( 6 , 9 9 9 l 

IF(GAUGE(Kl-THROATl 63,63,62 



t)3 IF(Ai·1CRIT-/\i·:ACHINl 64,64,62 
c 
c 

~(5l=AV*GAGEIGAUGECKl 
IF(((~;(5)f"i-J;-2l*D31DlJ.LT.(Kf:LTvT)) GUT'-' 52 

',·! ( 5) =~'J ( 5) 12.0 
GOTO 51 

52 coNrri\uE 
66 W(5)=~(5l*RATI0 
c 
c 
c 
c 

DO 2 35 I= l, 9 
53 C=I 

DELG=<C-l.Ol*GAUGE(K)18.0 
IF(JX.EU.z> G0T0 57 

56 P0W=GAUGE(KJ*(CS(KJ*<3.uiB.O-oELG/GAUGE<~>>+.l25*CPt~)-.5* 
${(P{KJ-CS<Kll*<DELGIGAUGE<Kll**2.0> 

~9 W(ll=W(5l*EXP(P0W) 
GOTO 60 

57 IF<cP<KJ-CS(Kl )58,59,58 
59 W(I)=W(5J*(2.U*(CP(K)+(CS(~l-c~<~l l*DE~GIGAUGEC~})J((P(~l+ 

SCSCKI l l**UGAuGE(Kl*CS(Kl*CPCKii(CP<Kl-CS(Kl)) 
GOTO 60 

59 PU~=GAUGE(KJ*(.5-DELGIGAUGEC~ll*CSCKJ 
GOTO 49 

60 RELTOP:~ET0PI 

RTCI>=RELTUT-(W( Il**Zl*D31Jl 
A(ll=CGAMMA*GASC*G*RT<II l**J.5 
A}'iA C H ( I l = 'tH I l I A ( I l 
RPR(Il=RELTOPI<RELTCTIRTC Ill**)2 
DRPR(I):kPR(I)IKELTUP 
RO(J)=l44.0*RPR(Ili<GASC*"T(Ill 

2'35 Z<Il=RO(I)~~;,·:cil 
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54 TMAS=<0.03489*<ZCll+Z<91 >+v.2U769*CLC2l+ZIB}J-u.03273*£ZC3)+ 

c 
c 

c 
c 

SZ(7ll+.371J23*(Z(4l+Z(6)l-u.l6~14*ZC5ll*GAUGECKJ/12.0 

RATJO=z.o-cT~ASIAMAsl 
IFCABSCAMAs-rMAS>·LE.ACCl G0y0 61 
GOyO 66 

64 DO 245 I=l,9 
RTC9l=RELT0T*2.01(GAMMA+l.Jl 
W ( 9 l = ( GAi·t:"·JA -l(·GASC*G*RT ( 9) l *-x-;_;. 5 
C=I 
DELG=CC-1.0)18.0 
PU ~·i =GAUGE U ~ ) * ( C P ( !<.. ) + C S ( "'- l - 2 • 0 * C S ( r-... l "*DE 1..- G- ( C t' ( " ) - C S ( " ) ) -..- ( DE L.G * * 2 l ) 
W(!)=W(9l*EXP(P0~) 
REL T0P:f-<C:T0P I 
RT( I )=RELTvT-C'.·;( I >**z.O>*D31Dl 
A(Il=(GA~~A*GASC*G*RT<Il l**u.5 
Ai·1ACH (I ) ='II (IlIA ( I l 
1.;; P K ( I ) = '' E L T uP I ( 1"< E L Tv T I I~ T ( I ) J * * :> 2 
DRPRCI >=~P~(I)IRELTOP 
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I·W (I l = 144. v~-i·Y.~ (I l I ( GASC"cKT ( 1) l 

245 Z!Il=RO(IJ"F.-:,J(Il 
T i•, /1. S = ( • ~-: '3 t, 8 ° * ( Z ( 1 l + Z r 9 l l + • 2 0 7 59* ( Z < 2 ) + Z C 3 J l -. 0 3 2 7 3 * C Z ( 3 l + Z ( 7 ) l 

S+.37'J23*(Z(4l+Z(6l l-.l6Gll•~-(l(5l J i~·G:~:JG:::c<.J/12.li 

c 
c 

GOTO 61 

61 WRITE(6,27JTMAS 
~·;I~ I T E ( 6 , 9 9 9 l 
~JRITE(6,999l 
VJRITE(6,30) 
~-:R IT E C 6 , 9 9 9 l 
DO 26 I =1, 9 

21 F0RMAT(1H1,40X,lOHINPUT DATA/~JX,10H----- ----11* 
$(HOKING MASS FLOW RATE =*,F10.3) 

22 FORMAT<4F8.3l 
23 FORMAT(4F8.4,!2) 
24 F0RMAT(lH1,4uX,11H0UTPuT DATA/4uX,llH------ ----11* 

~DESIGN MASS FLU~ KATE =*,F10.3) 
25 FORMATC5F8.4,I8) 
2 6 ~v R I T E ( 6 , 2 9 l ~~ P r< ( I ) , A f'l A CH ( I l , •,.J ( I l , Dr"~"" r< < I ) , r- T ( I ) , k v { I ) 
27 FURi'-'1AT(lHU,20X,*CALCULATED i''ASS fLv~·i KAT:: =-x-,Fl0 .. 3) 

28 F0k,'lAT(lH0,2:_:,x,*CP(K) CS(") G.:..vG::(:•J*l 
29 FOR~AT(1HO,l2X,F1~.3,1X,F1U.3,3X,Fl~.3,1X,F6.3,3X,Flil.3,3X, 

1F6.3) 
3C FOh,viAT ( 1HU,* K,-Jrq I) A···..:.CH( I) ~·!(I) DKPt<( 

SIJ RT(l) RO(I)~-) 

24u FOR~ATC3F1u.4) 

241 F0R~ATC16X,3F1~.4) 

999 FU~MAT<l0X,* *l 
9Cu CONTINUE 

STOP 
END 

END OF 
27.80617 14.69 
53.353 32.16 
o.ooo5 0.393 
0.002 2.20 
o.JJ2 
O.iJ~2 

u.uv2 
1.28 
1.44J 
2.19 
2.115 
1.507 
0.605 
o.25 
0.002 

2.47 
2.615 
2.63 
2.72 
2.72 
2.72 
2.72 
2.63 
1.97 
1.111 
0.475 

RECORD 
0.61 530.0 

1. 4 0 • 6tU 
o.335 1.o· 

0.350 
0.362 
v.383 
J.42l 
0.455 
v.48 
0.495 
0.48 
0·421 
0-365 
o.344 

END OF 
0.3'35 

FILE 

1 
0.60 12 



OUTPUT DATA McDonald Blade 

DESIGN MASS FLOW PATE ~ 2.574 

CP ( Kl CSCK) 

.0020 2.2000 

CALCULATED MASS 

RPiH I> ANACH<I> 

13.406 1.076 
15.289 .965 
16.783 • 881 
17.940 .817 
18.815 .768 
19.452 .733 
19.88 3 .709 
20.133 .695 
20.216 ,691 

CP ( K) CS<K> 

• 0 0 20 2.4700 

CALCULATED NASS 

RPR (I> 

14.221 
16.309 
17.925 
19.149 
20.055 
20.703 
21.136 
21.386 
21.468 

CP < K) 

• 00 20 

AMACH<I> 

1. c 28 
.9G7 
.817 
.750 
.7GO 
.f:63 
.f:38 
.624 
,619 

CSCK> 

2.6150 

GAUG=:UO 

.3500 

FLOW RATE ~ 

W (I) 

1094.422 
999.936 
924.749 
865.513 
819.868 
786.022 
762.S86 
748.993 
744 .... 39 

GAUGE<K> 

• 3620 

FLOW RATE = 

w (I> 

1053.495 
948.589 
866.319 
802.221 
753.309 
717.323 
692.658 
678.244 
673.465 

GAU GC: ( Kl 

.3830 

CALCULATED MASS FLOW RATE 

2. 573 

ORPRC I> RT CI} 

.482 430.277 

.550 446. 744 

.604 '+58.801 
.• 645 467.630 

.677 '+74. 035 

.700 '+ 7 8. 56 0 

.715 481. 569 

.724 483.293 

.727 483.859 

2~ 573 

ORPR< I> RT<I> 
.511 ~37.596 
.587 455.067 
.645 467.514. 
.689 476.418 
.721 482.753 
.745 487.159 
.760 490.055 
.769 491.700 
.772 492.238 

2.574 
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ROCil 

.084 

.092 

.099 

.104 

.107 

.110 

.111 

.112 

.113 

ROCI> 

.088 

.097 

.103 

.108 

.112 

.115 
·116 
.117 
.1.18 
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RP~(I) AMACH(I> W <I l DRP RC Il RT CI> PO(I) 

13.722 .941 978.265 .5&5 450.322 .094 
17.855 .821 569.924 .642 466.c:r13 .to 3 
19.456 .733 785.773 .700 478.593 • 110 
20.638 .667 720.949 .742 486. 725 .114 
21.495 .618 671.897 .773 i.t92.413 .118 
2 2. 09 7 .583 636.051 .795 496.317 .120 
22.495 .559 611.607 .809 4~8.856 .122 
22.722 .545 597.371 .817 500.289 .123 
22.796 .540 592.662 • 8 2 0. 500.756 .123 

CP CK) CSCK) GAUGE (K) 

• 00 20 2.6300 .4210 

CALCULATED NASS FLOH RATe = 2.574 

RPR(!) AMACH<I> w (!) ORPR( I> RT <I> ROCil 

17.871 .820 869.100 .643 467.112 .103 
1 g. 3 71 .710 763.336 .715 431.487 .11_1 
21.319 .628 682.134 • 767 491.259 .117 
22.356 .567 620.199 .804 497.975 .121 
23.091 .522 573.720 .830 50 2. 595 .124 
23.598 .490 539.979 .849 505.724 .126 
23.929 .468 517.085 .861 507.739 .127 
2 4.115 .456 503.796 .867 508.868 .128 
2 4.17 6 .452 499.408 .869 509.235 .128 

CP ( Kl CS<K> GAUGECK> 

1.2800 2.7230 .4550 

CALCULATED MASS FLm~ RATE = 2. 574 

RPR<I> At1ACHCI> w (I) DR.PR(!) RT (I) ROCI) 

17.339 .850 896.432 .624 463.09~ .• 101 
19.714 .719 771.889 .709 480.394 .111 
21.502 .617 671.489 .773 492.459 .118 
22.836 .538 590.159 .821 501.002 .123 
23.830 .475 524.016 .857 507.138 .127 
21;-.572 .424 470.C75 .884 511.602 .130 
25.129 .383 426.025 .904 514. 889 .132 
25.549 .350 390.076 .919 517.331 .133 
25.866 • 323 360.836 .930 519.1&0 .134 
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CP ( K> CS<K> GAUG::<K> 

1.4400 2.7200 .48(;0 

CALCULATt:O ;'~ASS FLOY-1 RAT:: = 2. 574 

RPR<I> At1ACH <I> w (I> D~PRCil RT CI) RO (I> 

17.937 .817 865.704 .645 -+67.603 .104 
20.316 .6&5 738.Bdo .731 484.545 .113 
2 2. 0 86 .563 636.728 • 794 496.245 .120 
23.390 .503 553.988 .841 504.448 .125 
24.351 .440 486.649 .87& 510.282 .129 
25.061 .388 431.619 .901 514.489 .131 
25.589 .347 386.504 • 920 517.562 .133 
25.984 .313 349.444 .934 519.833 .135 
2 6. 281 .285 318.985 .945 521. 528 .136 

CP ( K) CS<K> GAUGE (10 

2.190() 2.7200 .43~0 

CALCULATED ~ASS FLOW RAT:: = 2. 5 74 

R.PK. (I> AMACH(I) W (I> ORPR( I) RT CI> RO<I> 
17.361 .aug 895.318 .624 '+63.261 .101 
19.'365 .705 758.136 .718 482.139 .112 
21.95 .... .591 644.695 .790 495.395 .120 
23.443 .500 550.44'+ .843 504.774 .125 
24.548 .425 471.903 .883 511. 459 .130 
25.36;.,. .365 406.230 .912 516.261 .133 
25.966 .314 351.1,33 .934 519.735 .135 
26.412 .272 304.735 .9?G 522.267 .136 
26.743 .217 265.5'30 .962 524.127 .1.38 

CP ( K) CSCK) GAUGE (10 

2.1150 2.7200 .48JO 

CALCULATEO MASS FL0\1 RATE = 2. 574 

RPR (I) AMACHCI) H (I) ORPR( I> RT <I> RO<I> 
17.024 .867 912.478 .612 460.678 .100 
19.622 .724 776.839 .706 479.755 .110 
21.623 .610 &64.370 .778 ~93.251 .118 



2 3. 13 6 .519 
24.27[ .4L.,.5 
25.117 .3c4 
25.745 .333 
26.221 .291 
2 6. 576 .253 

CP ( K> CS(K) 

1.5070 2.6300 

CALCULATED t-!ASS 

RPRCI> AMACH<I> 

15.820 .935 
18.227 .801 
20.13.3 .695 
21.623 .610 
2~.781 .541 
23.680 .485 
2 4. 3 79 • L38 
24.923 .399 
2 5. 350 .366 

CP ( K> CS<K> 

• 60 50 1.9700 

CALCULATt:D !'-'ASS 

RPR<I> 

15.056 
16.712 
18.076 
19.188 
20.087 
20.807 
21 •. 378 
21.822 
2 2. 15 5 

CP < K> 

• 250 0 

A1'1ACH <I) 

,g?g 
.885 
• 8 0 g 
,748 
.698 
.657 
• 625 
• 599 
• 5 79 

CSCKl 

1.1110 

570.768 
492.534 
427.G4'? 
371.903 
325.360 
285.933 

GAUG~(!O 

.4210 

FLOW RAT~ = 

w <I) 

973.361 
850.688 
748.9'33 
664,335 
593.S19 
534.364 
484. s·go 
442.711 
407.449 

GAUGECK> 

.3650 

FLOW RATi: = 
w (I> 

1011.691 
928.332 
858.499 
80G.124 
751.5<+6 
711.434 
678.726 
652.582 
632.349 

GAUG~<K> 

.3440 

203 

.832 502.876 .124 

.873 509.793 .128 

.903 314.817 .132 

.926 518.4'34 .134 

.943 521.186 .136 

.956 523.193 .137 

2. 574 

DRP RC I) RT <I> ROC!) 

.569 451.118 .095 

.655 469.749 .105 

.724 483.294 .112 

.778 493.255 .118 

.819 500.661 .123 

.852 506.226 .126 

.877 510.449 .129 

.896 513.682 .131 

.912 516. 178 .133 

2. 5 73 

DRPRC I> RT Cil ROC!) 

.541 ~44.784 .091 

.601 455.248 .098 

.650 468.637 .104 

.690 476.698 .109 

.722 482.974 .112 

.748 4"8 7. 860 .115 

.769 '+91.646 .117 

.785 49!+.543 .119 

.797 496.708 .120 



2 04 

CALClJLAT::n ~lASS FLO;,.J PAT:: = 2. 5 73 

R.PR<I> AMACH<I> w (I) DRY~< I> RT <I l PO CI> 

15.129 .975 1008.010 .544 "+45. 399 .092 
16.021 .924 963.232 .576 45'2.752 .096 
16.784 • 881 924.634 .604 45.'3.809 .099 
17.429 .845 891.816 .627 463.782 • 101 
17.968 .815 864.~96 • 646 467.834 .104 
18.410 .791 841.1?.2 .662 471.C96 .105 
18.76~ .771 822.556 • 6 75 473. 668 .107 
19.037 .756 808.132 .685 475.626 .108 
19.234 .745 797.643 .692 477.028 .109 

CP (K) CS(K} GAUG=:<K> 

• 00 20 .4750 .3350 

CALCULATED MASS FLOW RATe = 2. 564 

R0 R (I> AMACHCI>. w (I> ORPRCI> RT <I> PO(!) 

11.168 1.220 1205.501 .402 408.it!J4 .074 
12.028 1.163 1164.2-+3 • 433 417.146 .078 
12.757 1.117 1127.183 .4sg 424.217 .081 
13.360 1.079 1Qg6.715 .480 '+29.858 .084 
13.845 1. 0 5C 1072.~68 .4g8 434.255 .086 
14. 216 1.028 1053.766 .511 "!-37.548 .038 
1!j..478 1.012 1040.6?.7 .521 439.839 .089 
14.635 1.003 1032.754 .526 441.198 .090 
14.689 1. 0 G 0 1030.027 .528 441. H>7 .090 



The program philosophy has already been cascribed in SECTIO~ 3.5. 

The program control and a flow chart are included below together with a 

brief note on each sub-routine. 

Program Control 

The first data card to be read in contains values of ~ numbe~ of 

program control flags, these are listed below. 

FlJ;G 1 

FLt,G 2 

FLAGTP 

ER=IOR 

CF 

p,JXTU'18 

o.o Mixing length calc~l~ted i.e. turbulent 

1.0 II 11 = o.o 

1.0 Controls first printout of boundary layer 

Unused in present p~G~ram 

o.o 

1.0 

Unused 

o.o 

1.0 

O.t.J- 1.0 

0.99 

50.' 
/u 

o.o 

2-5 

2-10 

Iteration is 8Vailajls between succ2ssive 
M-lines 

No iteration ~erfor~s= 

Uses simple temperature calculation 

Uses thermal energy equation 

Used to vary convergs1ce rate of iteration 
usually 0.7 

Value of velocity at u~ich S.L. thickness 
is evaluated 

Accuracy to which iteration converges 

Starting value of skin friction 

Minimum number of iterations allowed if 
FL11GIT = 0.0 

Varies rate at which flow becomes turbulent 
during transition 
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Subroutine Descriptions 

1 GRID 

Dna input 

a) ~J: 

b) NLIMIT: 

c) X: 

d) XX: 

e) DXO: 

card is required to read in the following quantities: 

number of steps in Y direction (initial) 

number of steps in Y direction (maximum allowed) 

Initial valuo of X inches 

Final value of X inches 

Interval between successive X-stations. This value can 
be manipulated in the program. 

205 

f) DV: Parameter to define V-grid spacing. ~ith present 
definition of grid total height of grid is approximately 
500 DY. 

In addition this subroutine defines the ¥-location of points on 

the grid. The distance between two successive points ~~ th2 V-direction 

increases with distance from the W3ll. 

2 BC 

Ths given free stream and wall conditions ~ra read in 

a) Free Stream: 

1st card NXDATA, number of points at which deta given 

Subsequent cards 
XHJCH: 

DFDX: 

UF fiR: 

FFO,R: 

b) Jall Conditions: 

X-station in inches 

Pressure gradient psi/in 

0 Temperature R 

Velocity ft/sec 

Pressure psf. 

1st cE'lrd r\!!d/\LL, number of :Joints at which dtJta given 



3 FLUID 

Subsequent cards 
x:J.LO;LL: 

TWP.LL: 

X-station in inches 

0 
'dall Temp, R 

Data is read in in dimensional form for the viscosity, density, 

conductivity and specific heat of air at different temperatures. 

lst Card NPRC?: Number cf temperature stations at which data 
tabulated 

Subsequent cards 
PTEHr: 

PRO: 

DC!-2: 

PVIS: 

0 Te:nperature R 

Density lbm/cuft 

Snecific Heat Btu/lbm°F 

Coefficient of viscosity Ft2/sec 

207 

0 Coefficient of therral conductivity Btu/sec-ft- F 

The reference velocity and temperature are given as input. From 

these values the reference densi~y, viscosity, scecific he~t and conducti-

vity are obtained by interpolation from the properties of fluid table. The 

other reference parameters such as the reference length are calculated 

enabling the free stream data, wall data and grid dimensions to be non-

dimensionalized. 

5 TEMP 

For any given x-station the free stream and ~all te:nperatures 

are cglculatsd in their non-dimensional form by intRr=8lation. 

6 STP.RT 2 

The boundary layer dAta for the first x-station is ~ead in. 



Usi~g this data the boundary layer profile is calculated using the model 

described in the main body of the report. (Section 2.2) If there is 

insufficient data a shape factor can be assumed. 

7 TP~OP 

For a given temperature, air properties are calculated using 

simple linear interpolation from the non-dimensionalized air properties 

data. 

8 FDXl 

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

culated from the input data given in tabular form. 

9 rDX2 

For a given x-station the free stream pressurg grcdient is cal

culated from the input free strea~velocity data. 

10 ZL~IX 

The mixing length is calculated using the em~iricel equations 

given in the report. (Section 2.3) 

11 EQDY 

The non-dimensional eddy diffusivity is calculated from the 

previously evaluated mixing length. 

12 CC~FF 

208 

The coRfficients of the set of algebraic eouations (representing 

thR 'Omentum and energy equations) are ev3luated from t~a known conditions 

on th3 M = 1 line and the conditions at the wall and free stream. 
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13 CD;LC 

This subroutine solves the 2bove set of eouations by the Tho~as 

algorithm method. Velocity and temperature at the M + 1 line are thus 

obtained. 

14 VELV 

This subroutine calculates the velocities V in the y-direction on 

the M + 1 line from the equation of motion and the known x-direction 

ve.loci ties. 

15 fJRf'JT3L 

The boundary layer variables below are printed out at suitable 

intervals citJIJJn the surface depending on the value of FL:.::; 2. 

a) The number of the grid ooint fro::- the IJJcll 

b) The distance from the wall, inches 

c) The x-direction velocity U/U1 

d) 

e) 

f) 

The y-direction velocity V/U 1 

The non-dimensional temperature 

0 Temperature R 

= local free stream 
velocity 

For the last y-station the free stream conditions are printed out. 

16 BLX 

Using the computed boundary layer solution the boundary layer 

thickness (D), displacement thickness (DI), momentum thickness (TI) and 

sha~e factor are evaluated and printed out. 

17 :-'LJL 

This subroutine is a general purpose subroutine for lin~ar 



interpolation. In the program it is called to calculat~ free stream 

variables, wall variablGs and air properties et differe~t x-3tations and 

temperatures. 
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S U BR OUT I NES 

GRl 0 
BC. 

FLUID 

DLMNON 

TEMP 

POX 1(1) 
TEMP 
POL 

START 2 

' 

--

-

-

FLOW CHART 

fNPUT AND 

COMMON 

STATEMENTS 

PROGRAM 

CONTROL 

,,, 

SET UP GRto 

READ IN B.C~ & R UIO ~-··~...-----1 

PROPERT ItS 

~I 

NON-DIMENSION· --=:;;- All SE ALL 

--

DATA 

,r, 

CALCULATE 

CONDITIONS 

ON M=1 LINE 

~I 

START 

ITERATION 

-

PRINT OUT 

DATA 

PRINT OUT 

DATA 
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TPROP CALCULAT =: 
POL - BC 5 ON 

M-+ 1 L !NE 

w 
I 

Z LMI X cALCULATE 

- EDDY DIFFUSfV-EDDY -
ITY /[\ 

,,, -- =-----
DETERMINE 

COEFF - COEFFICIENTS -
OF EQUATIONS 

11/ 

CAL C. 
CALCULATE 

V ELV - u, v T 0 (\; 
I 

M + 1 Ll N t: 

,,, 

I BLX CALCULATE YES I PRINT 0 UT 
PR NT BL - PARAMETERS -.;..-

t3.L ! DATA 
IS ACC. GOOD? ; 

I 

NO ,,, -
CHECK F 0 il 

TRANS IT ION 
INCREASE GRID 
IF NECESSARY 

,,, 

CHECK FOR 

tvtORE tf- l..l01 ES -IF SO T RA ~~SFER 
RES U L TS TO t1:: 1 

tNo 



BOUNDARY LAYER PROGRAM LISTING 

6!1- c; C· E~·!r:· C· r: ? FC·0R~ 
:::>p~GR.~~i TST (I ~-:PUT ,n~JTo',;T, TAPEt:;= I '!8~ T, TAPE6=8UTPL!Tl 
C r)' '' 'r: ~-J IS'< G' It : ( 2 ' 1 r;. J l ' V ( ? , 1 0 r: ) , T ( 7 ' 1 :; '! 1 

c:"'' i"'.f\! I S '·~ 0 ? I -~ U ( 1 C: C ) , "' U r 1 - 0 l , C U ( 1 "' r-: ) ' ':: I ( 1 t' 0 1 

r ('.' \ '1\ ~-· I s 'I' r: ':\ I ~. T ( 1 c ('! ) ~ D T ( 1 ., r:; ) ' r T ( 1 ,-.. I~ ; • r- T ( 1 ° r: ' 

C ""'' "' n i'' IS v G 4. I U I T ( 1 '! ·~ l , V T T ( 1 0 ~ l , T T T ( , : 'i ) 

( n' "'."\~'IS v C: ') / 1::' n { 1 C r~ ) , V T c: ( 1 r :J ) 'C 0 '' '' { 1 (, J ) 
l ' r") T C" ~-. D ( t; c: ) • D p ('\ ( s 0 ) ' p c [) ( "" r:. ) ' D v T .s ( c:: r ) ' D c n '! .... ( ::: '} l 
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c " ·A '.1 n r-.11 S ~<' G ,:, I X ! ' · c H ( c:; 0 J , 'l P '! X ( r:; 0 1 , T r=- r, P ( ::::. C l , X 't: l\ 1 L ( c::. 0 l , T ':1 !\ U.. ( c:: o 1 
],UFAR(50l,PFAR!50l 

c 
c 
c 

C n\• v n ~-!IS KG 7 I Y ( 1 0 0 l , ~ ( 1 r· 0 l 'H U ( 1 C 0 l • 1-J T ( 1 n 0 l , R 0 '·/ 1 C 1 0 C l , rJ PU ( 1 ·":' () 1 
, D Y ( 1 C· 0 ) , F S X ( 1 0 0 ) , F :; T ( 1 C C• \ , T L ( 1 r 0 J 

C0~V"N/SKG~/f)P1,DD?,X,XX, DXO,~Y,PR,PRT,(NG,FACTOR 

cn~VQNISKGoi~I,NN,NXnATA,~~ALL•N°ROP•NLI~IT 
(:'' ' 1 v 0 ~II S '< G 1 ·.. I X 0 , R T 1-l , D , 11 X , D I ' T I ' H 
C n~ "' n ~~IS!< G l 1 I U" , T 0 ' T C" , r:? r.r1 , \PO ,IJ T S r, • C 0'\1 D 0' X I " "P DES SQ 
C~~V0N/SKG12/ FLAG1,FLAG?,FLAG3,FLa~rT,FLAGoY,~LAGTP9)A'4P 

1 ,cUTOFF•ERRCR,CF' IT'~Ir,;, IPRI~!T 
(QM~QN/SKGl~/Ul,ICOM 

(fii"~()~I/SKGl!+ /TFSX ,DTFSX 
CC~~ON/S~Gl5/TFX,T0X 

C PRCGRAV CC~TRCL 
READ(~,?lFLAGl,FLAG?,FLAG~,FLA~IT,FLAGPY,FLAGTP,Df~P, 

c 
r 
'-

r 

1CUTOFF,ERR00,(F,FACTCO,IT~IN,NXTURP 

TU5AR=1·5 
f\i X TUR B :t:; 
I TV I 1\1 = 2 
EPWY::>=s.o 
C:JT 1'1 F F = 0 • a o 
TRA~!S=l.O 

TRM-~S=O.O 

FLP..GTP=O.O 
FL6GIT=1.C 
~ 0 ITE(A,?lFL~G·,FLAG2,FLAG3,FLAGIT,FLAGPY,FLAGTP,D!~o, 

J CJT 'IF F , f R R c:' ~ , C F , F ,A. ( T::; R , I P-1 I ~.I , N X TL I R R 

CALL GRID 

C o=:t.r'; FoEE 5Toc:\'1 TE')P. ,.:,'·JD PRESSURE GRADIENT ·"LONG X 

C H' DU·1ENS TC''~.\1_ F'J~'< 

CALL P-C 
c 
C PROD:::"RTIFS QF ~IR AT Vt~RTCUS TF~1P.< C'EG• Fl 

c 
c 

Ct',LL FLUID 

C oEFERE!\lCE ';U:'.~'TITIES 

U'. L L D I '11!\!":'~-· 
c 
c 
( 

C ° C ' S AT \'+ 1 L P 1 
":: 



l)(ldl=2.C'' 
V<ldl=:.c 
f'D")-;0 (") 
.~' t'.- ,_.. • "-' 

Ct'LL CJ[)Xl(JJ 
T>'"5X=l.r\ 
(L\LL TF''Cl(X,;( 1,1 l ,T( 1 •\')) 

C FRF~ STR~A~ vcL0CITY 

c 
c 

(.1LL POL(c:,,G,x,o.O,U<~·\'1 1 
U(2,} l=C'.O 
V(2,]J=O.r: 

.· 

C P.JITIAL (01\!DITIO"IS AD.:- .'C."li•.~FD· IF ~.;"1; GIVE!'' 

c 
c 

c 
c 

CALL START2 

ltJRITE(6,66l 
ltlRITE<6d40l 
IF<FLAGl.EO.O.Ol WRITE(6,68J 
IF(FLAGl.NE.O.O) WRITE(A,67l 
WRITF(6d41l 
hJRITt(6,fS4l 

C F L U I D P R 0 PER T I E S !'> R E E.! ·'· l._ L! /\ T ED t. T '' = 1 L I ~·! E 
CALL TPROP(T,l) 

c 
c 
c 
c 

CALL PCL(6,:,x,r.c,PF{~Xl 

i) :') '3 J = l ' ;,) 
'3 RC(J)=RO(J)*DFARX 

C ITERATION 5TARTS 

I fJ R I r.: I = ~J 
CF=l.O 

1 C 0 C 0 ·"-' T I "l U E 
DX=iJXO 
xr~<=X-l(·xu:.*IZ.o 

IF<XP~.GE •. .1) 

X=X..-JX 
DX=5.-::'<-:;xc 

c DE T E ::: '/, It< E [j r; 1YU) A R y c (') ~: s I T I 0 N s 0 N i I+ 1 L I 1\! E 

c 
~ 

'-

Vi2dl=O.O 
iJ(2,1)=0.0 
CA. l L T F.\' P ( X , T ( 2 ' 1 l ' T ( 2 , ': l ) 
(t. L L P D X 1 ( 2 l 

n.~. R I=l"\' 
iL(!)=·'J.C 

P C ~ ~-' T I \I U E 
I F ( F L 4 G l • F: C: • : • ,; ) C t L_ L .:: L.. · . T >: 

~ ::-: ( I ·:= ::-:: i'' • E ·-\. '·. X. T !..J c: 5 ) ':.'-=' ; T C. ( 6 , r; 9 9 ) 
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c 

c 

c 

I~IICON.E8.NXTURRl WR+TFC6,681 
I ~==' ( T C 0 ~~ • F: 0. • ''-! X T U !? 3 l 't.' R ::; T F ( 6 , 1 4 1 l 

[)<; 82 J=]_,i\: 
0 T T ( J I =U ( 1 ,J l 
VIT(Jl=V(l,Jl 
TITCJl=TCl,JJ 

Fl ? C 0 iH I ~l U E 

CALL EDOY 
ITFR=O 

80 C~~!T I 1\!UE 
ITER=ITFR+l 

.· 

C CALCULATE THE COEFFICCENTS OF EQUATION 47A 
CALL COEF 

c 
C SOLVE THE SI~ULTANEOUS EOUATID~S 47A AND 47P 
C U Af\ID T C!'! THF '( V+l l -I ~.~r:: 

CALL CALCIAU,BU,cu,nu,HUl 
IFIFLAGTP.EO.O.Ol GOT8 114 
CALL CALCIAT,BT,CT,OTY~Tl 

GnTo 116 
1 1 4 C ~ ~~ T I N U E 

DO 115 J=J,,!'l 
0=0.39 
TAW=TFX+R*I (U(?,Nl*UC'**?l/(2.0*CPC) 
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H T ( J ) = ( T :J- T':.' X- ( ( T t\ '.'!- F' X l -~ U I T ( J l I'· I ( 7 ' ~.' l l + R* ( I 1 T T ( J ) *UO } ::-* 2 
l/(2.0*CPJJJ/ITJ-TFXJ 

115 CO"H I ~·1UE 
c 
116 corn I ~llJE 

c 

c n 1 6 J = ? ' !':;': 
U\2,Jl=HU(J-1l 
T(?,Jl=HTIJ-1 l 
IFIFLAGTP.F1.0.0) T(2,Jl=HTIJJ 

Hi (Q,\!T l.!'JUE 
If"IITEP.i':E.ll Gn Tr 81 
Dr"' 27 I=l,,\! 
R(Wl (I l=RO( I l 

27 CCNTP.IUE 

4 RO(Jl=ROIJ)*DFARX 

C CALCULATE VELOCITY V USI~G EOU4TIO~ OF CnNTJ~UITY 
Ct'\LL VELV 

c 
1/) 81 J=1 ,~j 

IT ( J l =U IT ( J J + ( U C 2, J J -'!IT I J l l ~~f) f. vp 
v I T I J l = V I T ( J J + ( V I ? , J ) - '.J I T C J l l ~!- D A \' P 
T IT ( J l =TIT ( J l + ( T C 2 , J : - T I T ( J l l ~c;) f .. ·-: P 

83 CCtHINUE 
C COFFFICIEi'.!T C'F FRICTL'·\ 

CFJ=CF 
:,.' ? 2 = u ( 2 ' 2 ) 



c 

c: F" = ( U? ? I r' ( 7 ) - Y ( 2 ) '~- '! P 2 / L:. • ) ) I L~ ( ? , "'l ) ':- "''? 
C~ERP=(AP3!C~-CFII/Ct11*1CC.O 

r;.:-((FU\GIT.:::-: •• •;l.Ai'<D.IITE?.LT.IT''I· ;) GOT\;-=<'"' 
r=-.( (!CCL',GIT.~'"'. :.:·; .~."~. ((tF 8 R.(.T.FS::''"'r:>)) G(""· T"' oC 

I c P I r·~ T = I D '? I ': T + 1 
T~IIPRP!T.G:":'.t:'L_,~G2) (tLL DP~lTBL 

X I •\I =X,~-:<[_ c :: l ? • := 
l~I(XI~.~~.?~.~l.OP.lXI~.~n.47·:l.~~.IXIN.EO.~c.Cl. 

1 C' R • I X I ,'~ • E ~: • ;:: ? • : l l U\ L L P R ,' T 8 L 

C TF'AcJSFER Tr-F R::SULTS t'F (.:+1) LU;E TO Ii'~ITII\L LP<E 
~-l=DP2 

c 

f)n 17 J=l,·: 
\/ ( 1 • J l =V ( 2 'J l 
U (1 , J l =U I ? d l 

17 Tll•Jl=T(2,Jl 

C t3/L CHM~ACTERISTICS A8 THF (fV+l) LI''E 
CALL BLX 

C HEAT TRANS=-E~ COEFFICIENT 
HTNX=IT(2,ll-T(2,2l l/YI?l 
HT~X=HTNX*loA/l?.C/XL~ 

;<, I \i = X *XL G 1~ J ? • C 
0 I ~-1 = 0 ~} X L :J ~<- l :? • C 
r;r I\I=[JP<XL·.~>:-] 2.:J 
T I p1 = T P- X L ·>q 2 • C 
r= (TRANS.E~'.l.Cl Gn T0 7 
Xl=X-DXn 
X?=X+DXO 
C ~ L L PC L ( ": , ' , X 1 , !' • " 't Jl J 

C'iLL ll~'L (",'-,X?,:".',l.J7l 
r; ~! i) X= ( IJ 2-1 . 1 l I ( 7 • 0 .r.- D XC l 
,~ l_ ~'. ·~ R D 4. = - ( I T ':- ':- 7 • C l -Y-- ( q n ( 1 l IV I S I 1 l l -* ( ) U D X l 
ACF=TIIN/12. /XLO 
PART1=(S.27+~.7~*EXPI~~·3*TURARI I 
PART7=(~~~.~+,qQ.n/(l .G+TU8AR-?1.0*~LAM80Al 

~CPIT=PA?Tl+nAPT? 

!~(ACF.LT.~C?:Tl Gn Tn q 

7 TC0~=IC0N+l 

TPLI.~'S=l.C 

<l C:!~'T I ~.!UE 
~ 8 ITE(6,6~1 X!~,DJN,~TIN,TIIN'H'CF,~CF,HTNX,ITEQ 

( ·,_ 

c 
c 
c J~··(DFASF GDI~ STZF TF ~JFC;::SS,ll.PY 

rc(n.LT.Y(\•--.:<) )'":"' T·" qn.; 
\; 1.' I • I=":+ 1 
~ v = y ( i\! ) - y ( \! - l ) 

'Yr'=1•~*DY 

' ' . , ;\ X = ~~ + 1'; 
I F ( ;,F'1 f\ X • G T • '! L : .. q T l G () T () 2 :1 5 
" r P C1 l T = '· ·.• I ·' , i': ~' Ll. X 
Y( I l=Y( I-' i+r'( 
I ' ( l ' I ) = t: { 1 ' r. ) 

V(l,Il=VI: ·I-ll+DV 
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r 
'· 
c 
( 

r 
'-

c 
r 

c 

T(Jdl=T(l,\l) 
r::; r ( I ) = P 0 ( \: ) 
VIS( I l=VIS(f'-ll 
CC'~if: I I l =U"'"'r; ( r--· l 
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Qjl CO~'TI~· 1 UF: 

f\1=~~\-\X 

~· ~~ = 1\!-l 

\.•1r;:<ITE16,999l 

\:! R I T E I 6 ' 7 1 l 1'.1 

POO C0NTitWE 

IF IX .GT. XXJ GO TO 8 
G!J T:J lJO 

:~ o 5 c mn r f\'U E 
WPITE(6,P06l ~LIMIT 

18 COI'H I 1\lUE 

1 
2 
52 
"4 

f.,~ 

h~ ._,, 
.::.. Q 

71 

1 ?2 
1 !, 0 
1 lc 1 

Qf)f., 

COR 

099 

F0R~ATI1X,2IR,6F10.5) 

FORMATClX,llF6.2,?I6l 
FORi\:AT I 3Fl0. 2 l 
F0R~ATI7X,*X*,6X,*JIPIL THICK.l*,6X,*Dt*,qX,*TwETA*'RX,*H*'l3X, 

1 '~ C F I ? ~< , 6 X , l<- -l<- = 1 7 X , >k N X* , 7 X , '~- ;' 1 ;J • 0 F I T E R • -l<- l 

FnqvAT(?X,Fo.~,?X,E10+1,?X,E 9.1,?X,E10•1,1X,F6.?,6X,E10.1, 
13X,F1G.~,]OX,F10.~,4X=T5l 

F 0 R" .".., T ( 1 H 1 ' ~ ~,X '-* ~: L) '': ~=" R T (!1 L S GLUT I C\ N :J F R OU N r) .1\ RY L f, Y C"R FL 0''1 -l<-1 !) 
FOR'·' AT I r; X, ·l}f\i ,c, TUc;>;:: OF RC:...':'T· 1\ RY U\ Y F R --LA ~q NA R .J:- l 
FORVATI~X'*~AT~~F OF BOUYGARY LAYFP -TURgULI="NT*I 
F00'1.'\T ( lOX,>~-~·u·.~E~Er:; nF GRI~) POI~)TS*''JX, I3 l 
FOR~ATIIOX,3F2J.r;) 

C"no~•nT(?OX,*--------- -----------------------------------*///) 
crrJ"!I; 1 ~x ,-'.'.----------------------------------------*1 11 
F'"~Q''.ATU/13:•x,iP· 1 li'"'3FR OF GRID prn~n~, EXCFED*'5Xd5l 
F n P :,~ t, T ( 1 ~ l , * >,< l 
F c; R ~~A T ( 1 0 X , .>,:. -Y.- l 
STCP 
E"iD 
SUBPnUT I f\!E GRID 
C n 'f.'N"\ "-.' IS'< G 7 I Y ( 1 0 C l , c ( 1 0 C l ' H U ( 1 0 0 l ' u T ( 1 C 0 ) ' R nrt 1 ( T 0 0 ) 'f) P U ( l () n l 

1 , P Y ( 1 =· :~ I , F .S X ( 1 C 0 l ' F S T ( 1 .:; ::' l ' T L( 10 r1 l 

CO~~nN/SKGOI~,~~,NXnATa,~~~LL,NPROP,NLJ~IT 

C 0''' · t·, \t I .S KG 1 C I X o , D T H , D , 8 X • C' I , T I , H 

!\'~,, =r!-1 
X=O.CJr; 
XX:::J .671 
f'X·'=C.001 
DX0=(1.J1 

f) y = '". 0 0 0 1 
DX=DX0 
'>'lR IT f:_ ( 6 '3 3 l 
i"JRITF(f.,34l 



r 

THE Y-GRIO 
:.!PTTFI6d6l 
WOITEI6,371 ~'~LIMIT 

Ylll=C.:J 
on 41 J=2,5 

~l Y(Jl=Y(J-ll+DY 
f)" 42 J=6,}1. 

~? Y(Jl=YIJ-1 )+7.G~H)Y 
00 l;.1 J=ll ,l"i 

4~ YIJl=YIJ-11+3.C*DY 
D () L, 4 J = 1 6 ' 3 u 
ZJ=J-12 

44 YIJI=YIJ-ll+ZJ*DY 
C'"> 45 J=31,~~ 

ZJ=?*J-4? 
45 YIJl=Y(J-ll+ZJ*DY 

DO 50 J=l,N 
~n FSXIJI=Y(JJIDY 

\.'.1 P I T E ( 6 , 3 1 I ( F S X I J ) ' J = ' f\i I 
~1 FQRVATI1CX,5Fl5.?J 

\·1 ~ I T E I 6 , q 9 8 l 
32 F:JR'!ATilX,?IS,fJF10.5l 
3~ FnRv:,TI 1H1 ,~ x,~-DFFI!'<ITI~,:; OF TH~ GRif).r,-J 
~4 F0RVATIII/,~X, *XC*,l~X•*X-~I~AL*' 0 X,*~Xn*,l?X,*DY*) 

35 r=-"R' 1 i\TI/11X,4Fl5.51 

?6 FORV~TIII12LX,*THF Y-+RI~*IIl 

?7 ~aR~~TI/luX,*~*'2X,I5,lCX,*N-~AX*'2X,I5/I) 

0GR F~P~~T(lHl'* *l 
R~TIJP~; 

SLJ 0 ,P0UTif\tE P)Xll~!i 
co.·:·~:;;~ I SKG5/ PC I 100 l 
C n i-" • r; ~.' I S KG P. I f) P 1 , D D 2 , X , X X , D X 0 
C fi'·'~.·n.\: I 5'< GG I\' 
C r<~ • · n,, IS~ G ll I U , T 0 , T ;::-: D , r."' ~: , Co 0 'V I S C ' C n ~~ D () , XL 0 , P PES S 0 
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C THIS POUTI~~ CALCULATES PRESSURE GRADIENTS FRO~ GIVEN FREE 
C STRFAV V~LnCITY DISTPISUTIQN 

XJ=X-DXO 
X2=X+DXO 
CALL POL(5,G,Xl,O.O,U 
CfLL nnL(5,C,x, O.O,U4l 
CALL DOL(5,~,X?,C.O,U2l 

LJU=l,U>-i-RO ( ~_, l 
I F I ·'l • E () • l I D P l =-? • 0 ~~ U IYA- ( U ? - U 1 ) I ( ? • :J.r,- D X 0 l 
I :::- ( " • E.-, • ? ) f) D ? ::;: - ? • 0 * l! iY"" ( : I ? -L: 1 ) I ( ? • 0 .J(- f) X 11 ) 

pc-TLJR,\1 

SUR R () U T I 1\1 F T F r>.' P ( X , T'ii , T F l 
C'"> 'i : · n r : I S K G f:, I X I ~JC ~ ( ~ 0 l T r; P f) X ( r;:; 0 I , T F fo, P ( c:. 0 l , X \11 A L L I r;:; ~ J , n-1 .1:\ L L { c:. n l 
CO~~ONISKG91N,NN,NXDATn,N~ALL,NPPO? 

C "'· '} ' ~ !i "U S !( G 1 " I X R , R T H , C , r; X 
C n "- ~ ' 1 n ~ i I S k' G 1 1 I l ):i , T C , T 0 0 , :::> n '1 , C P 0 , V I .S r, ~ C m.tl "1 , X 1 C' ., 'J P F S S 0 
C: 0'' "~ 0 ~ 1 IS KG 1 4 IT~=" S X , D T F S X 
(0VV0NISKG15/TI='X,TWX 



c 

r::-=1.0 
T::-SXl=TFSX 
CALL POLI?•~,x,o.O,TFXl 

CALL P0L(4,C,x,O.O,TWXl 
TW=ITO-TWXJ/IT~-TFX) 

Tr=SX=TFXITO 
DTFSX=ITFSX-TFSXlJIDX 
oF: T LJR '\! 
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.· 

SU?,RnUTII\IE BC 
cnvvn~/SvGsiXINCHI~OJTCPDXI~OJ,TFAPI~O},XWALLISC),TWALLISOJ 

1 , U FAR { 5 :; l , P FA P I 50) 
r(l'i\'Oi'U S KG9 n', Nl\!, 1\1 Xn t\ T 11 , 'H·l L\ LL, 1\! PROP 

':iPITE(6,998) 
':!OITFI6•149J 
·_.;PIT E I 6 ' l 7 J I 
.•J o I T E ( 6 , 9 9 9 l 
'•!PITE{6,099J 
·.·i <:< I T E ( 6 , 1 4 5 l 
OFI\r")(~,ll f\!Xr'JATA 

on 110 J=1 ,NXDATA 
R FA r: I c:, , r:; 3 l X I "l C H { J J , [W n X I J l , T FAR ( J l 

J,Ur=AP(J},PFARIJ) 
D~AR(J)=P~Aq(JJI2115.0 

noQX(JJ=DPDXIJl*lOOOJ.O 
'·;RITFI6o1'33l XINCHIJJ ,f)PGXIJJ ,TF.ARIJl 

1 ,0FARIJJ,PFAP(Jl 
110 c~"'TI"!lJE 

r P~t~ THE ~ALL TFMP. 
c E A i) I S , 1 l N ~·J A L L 
·.-IR I TE=: ( 6 '999 J 

'.·1 R I T E ( 6 , 9 9 9 J 

':! R I T E ( 6 , 9 9 9 l 
\•; R I T E I 6 ' 1 5 2 J 
~:.!DTTF(6,170) 

D ·:' 1 tJ o J = 1 , ~'! \1! .tJ.. L L 
PFAD(~,r:;~J X~ALL(JJ,TWALLIJl•WALL 

~RITFI6•153l X~ALLIJ),TWALLIJJ 
109 (,':\!TJ'IUE 
1 F C')P ~.~AT ( 5 X , I 4 J 

53 FOR~AT15F10.3l 

14~ FnPVATI?OX,*X•INCHES*•lSX•*PRFS•*•lSX•*TEMP,o*,l~X,*U'FT/SEC*///) 
1t+o Ft~·P'IAT ( ?C)X,-:(<:IVE!\1 FREE STOft,.\1 CO~!DITIQ!\IS~-J 

l'i? F"s'•AT(;;>r:::x,~q".:'···r:>. PIC !'.T TrF I·J~.LL*I/,7r:::X,*XdNCHES*'l~X,*TF'-'P-P*) 
lr:::':l F'"~Q'lAT(15X,FlC:.~,4(1~X,F1C..3) J 

1 70 c-no• • ,\ T (? c:, X, ~-----------------------------o~) 
QGR =8R~ATI1Hl'* *I 
9 9 9 F :""\ t:? '/ :1 T ( 1 0 X , ::- -~- l 

SLJ:::l.D:JUTii'iF FUJI[) 
( '"'. ' 1 '0 \ 1 I S k" G ~ I I') r- ( 1 r, (' l , V I c; ( ' r. ~ l , C n !\I ' ( 1 C ~ l 

, D T !=Y D ( ~ () ) , D ":l'"' ( c:: ~· ) , PC D ( c. ... , 1 , D \} T S ( rJ\ ) , r:> C r< "' [} { ~ 0 l 

C~~VONISKG0/~,NN,NXDATA,~~ALL,NP~O? 



c 
c 

-:J'H~(r:,,oog) 

?ITr:-IAdu8l 
\'PIp:· (A ,coo) 

.;::;;rTE="<6,oCJ0.J 
'.•f? I Tf ( 6 ,o0. 0 l 
'·! r:> I T E=" ( n , l 7 l l 
:: P I T E ( 6 , 6 C J 
R~/lD ( 5,1 l NPP')P 
; '1 1 1 1 j = 1 ' ~~1 P q rw 
p [ /J.. r: ( :; , r; 6. l P T :=-r.;p ( j) , DR(' ( J 1 , PCP ( J) , DV IS ( j l , P( ()~l ~ ( .j l 
D(D(J)=PCP(J)*?5J?C.O 
:l(()~'fJ ( j) =P(t>f'r'l( j )-l<-?SC?r;.r; 
:J 'J I 3 ( J l = PV IS ( J l I ( 1 0. () *-:~- "i l 
o c:: ~-~ n < J 1 = o c,.., ~~ r; < J 1 1 3 6 o o • c 
',\ R I T E ( r:.. , l '2. J l P T E ~.1 P I J l , P R :"'i I J l , P C P I .J l ' P V I S ( J l , P C r: • ~ D ( J l 

111 C'Jf'.:T I :'\IUE 
1 FOP~ATI5X,I41 

54 =nR~ATI5FlO.~l 

on FnR~ATilOX,* *l 
1'2,1 FnRMATIIOX,F6.1,5X,FAC~,lX,EI0.1,lX,El0•~'5X,E1~.3J 
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}L~oP, F0R~~/IT(///3JX,~PPOPERTIFS :JF ATR-:H/]JX,*TEr-.1o*'l1X,*ql'1*' oX, 
l*CP*' AX,*VIS.* '11X,*C8~D.*l 

1 7 1 F n ? · ~ A. T I 1 2 X , -x-c· -:~- , R X , * L B !-~ I C 1_: F T ~- , 3 X , -Y.- 8 T U I L 3 '11 F ~- , 2 X , * S ') F T I S E C -* ., 2 X , 
l*'HU/SEC FT F~-l 

098 F()QVAT(1Hl,* *) 
oq9 F0RMAT(]0X,* *l 

R ;:·ruR ~--' 
Ef\ID 
Sl_IPRnlJT I f'!E I) I ''~\0~! 
c n '' '.' :1 "' 1 s K G 5 / D.: ( 1 C; 0 l , v t ~ •. ( ; CJ 0 l , C 0 1\! r; r i c 0 } 

1 ,cTF~P(t:;QJTP~::(50J,PCP(r;Cl,PVIS(c:;OJ ,PCCNDI50l 
C"' f " • n • i I S '< G 6 I ;< I ~ ! C H ( c:, 0 ) , r: ~ ') X ( 'i 0 l ' T F A.R ( :; 0 ) ' X V! A L L ( s 0 ) ' T'ti A L L ( "i 0 ) 

1 ,UFAP(50J 
r r"t'i'~ 0 ''IS'< G 7 I Y ( l C G l ., ~ ( 1 .~ -~ \ 'HU ( 1 0 C l , :..JT ( 1 CJ C l ., R 0"-q ( , 0 2 l '[) ptJ ( 1 0 0 } 

1 ., oy ( 1 COl, FSX (, :1 0 l., FST (, r:-;C; l, TL ( 1 On J 
cnv;u',,'!/SKGP/C·"1 ,l)o?,X,XX• DX0,8Y,PR,PRT,CI'.'n,::-;'l.(T:;R 
r yr.; 0 !'U S KG q I ': , '\l '1 , ~J X r; I\ T ,•, , .'! ''! 1\ L L , 1\! P R ()f.' 
c ('\ ' ' .. ('\ r--' I s \:' c; 1 1 I u .I ' T C· ' TCY) ' ') .-, c ' ( p 0 ' \/ I .s c , crw J (' , X L 0 ,. ['> D .c::- s s 0 

(I (j = C,(.) q T ( 2 4'i 2 • 0 -lH 0) 

P"L 1=TO 
(t,LL POL (O,],C,POL1 ,Pr.L?l 

C>(1:J= 0 !JL2 
C A L L P 0 L ( .J , 7 , -.~ ., P 0 L 1 , P n L 2 l 
CP0=P0L2 
CALL POL (U,3,0,POLI•P~L?l 

\/ i ::,::.=POL2 
CALL PnL (0,t..,C,onLJ,DnL7l 
C r i\1 ,..., n = p 0 L 2 
XlJi:::\/ I SO /PO~ /lJJ 
o P F ,c; s o = o • s ~~- 0 r"\ ,;· ·* .· J o -r.-l.J n 
:r,!r'J=l.,~D~·tJO/ ( C:J(J~ .. ro) 
~c=CPO*VISQ/(('IN[)O 

p P T = ~~ • o 
',.: R I T E ( 6 'q 9 0 ) 

:.'1 C:l ~ T r::- ( A ' 1 ~ ~ ) T - ., u 0 ' 0 n ''; ' \/ I ,c; J ' X u-: ' D f) r::- ::-. -'~ :-; ' D,., ' p p T ' c ' I f) 



( 

c 
c 

T H c r, I \! c ~-· ) I :· n< S ! '"'~: \ L ": U r-. ;\; T I T I ::- S 
!)() ll ~ I= 1 '·'1XG.C. T A 
X I '\1 C H ( I l =.X I >! C H ( I l / 1 ? • :; I X L(.i 
r)P[)X( I J=")Di)X( I )~-XL~1/PPE::O~rl 
UFf\.P (I J =U>="t\::? (I l /UO 

ll ":1. CONT H·1UE 
D C l 1 £l I = l • >! :.' A L L 
X '".t f, L L ( I l = X '·: \ L L ( I l I 1 ? • r: I X L :; 

11? cnr,!Tir 1UF 
Dn 112 I=!,,\JPQr)o 
PRO (I l =PR" (I l /R0(, 
D\JIS( I )=PVIS( I )/\!ISO 
D(P( I )=PC~{ I )/(P~ 
D(()f\1 [) ( I l =DC"VifJ (I) /(0~\G(' 

11? C0tH I ~lUF 
X=X/12.G/XL0 
XX=XX/1 ?.()!XI_(_! 

DXJ=DXn/ 17 • ::; /XL 0 
DY=DY/1?.0/XLC 
DO llU J=l•i\1 
Y<Jl=Y(Jl/12.0/XLO 

1 1 0 C () f\l T I ~.IU F 

-· 

l~? cnQ¥ATI///?GX,*RFF~oF~(~ 0UA~T.*,///1CX,*~~LL-TFVP*,~X, 
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1 c- 1 0 • ? ' I 1 ~)X ' .,~ \j r: L "' ( T T y .,~ ' 0 X ' r: 1 :, • ? ' I 1 r, X ' Y-- :-'> r- ~. s r T y -l~ • C) ;: ' C" 1 A • ~ ' I , ·; X ' 

? >;- \J i S (11 S I T Y l<- 9 7 X ' r. 1 C' • 'J ' / l :'":• X • -q_ F ~.1 [, T :-H'c ' ')X ' >=" 1 (', • ? ' / 1 -~ \ ' -X- D D I= S .C, U D F '.~ ' P X ' 
'2 F 1 \) • -< ' I 1 ·:_ X • ,_c Do • f\' 0. ~c ' c X ' ;:.- 1 C • -::. ' I 1 ~,X , -~- P R • :'j :"' _:T .JL ' f-. X • F 1 -::: •? ' I ; ~' X , * C _,~ , 
414X•Fl0.3) 

qoa FnR~AT<lOX,* *l 
PETURf\~ 

E~ 1 D 

SURROIJT[:'.!F STt~.RT2 

c "'~ 11 '-' n ".if s '( '" 1 1 u i ? , 1 r r: 1 , v ( ? , 1 c ~ l , T I ? , , c: .~ 1 
( rW'' 0 r....t IS!<' r, 7 I Y { 1 C 0 l , F (. 1 r' n l ~ H U ( 1 :10 1 • 1-l T ( l '" ,.-; ) 'R /"\'' ~ ( ~- 0 13 i ., f) p! I ( 1 "',:; ) 

' o Y ( 1 ~) '.' ) ' F S X ( l (' G 1 ' F S T ( 1 () C ) • T L ( l "r-. l 
crv~c~IS~GRino,,Doz,x,xx, nxo.nY,pp,pqr,c~D·~~cToP 

C 0 ;''; ~i 0 f'U S ~~ C'o o I ,..,: , N r~ , ~I X D A T :'1. ' ,'.! i,·,' t\ L L ' 1·1 P R 0 ::· 
CGMM0NISKGJ~IXR,RTH,D•DX,CI•TI,H 
cnvvr>N/SV~lJIUC,TO,TCC,Rn~.cPO,VrSC,Cn~D~,xl Q,n~FSSO 

C G I V Fi-1 D f, T ,~ 
DII\J=O.n 
T I 1"·1 = Ci • 'J 
H=l•G 
DI=DI If'.lll2.0/XLC 
T I = T I I 1\1 /1 2 • C: I X L C 
PTH=Tir.-U(J,\.!1 

'='PL=(H-1.())/?.C 
Jc(RRL.~F •• 0) D=(P~L+I.l*(?.O*RPL+1.CI*T[/PRL 

f F ( R ~i L • F ~- • ; • ~~ l r; = C" • r: 
[ 1 N = D-l<- XL C ;<-1 2 • C.! 

\· ( l ' f< ) = .~ • ' 

""''! l .J=? '\1.\\ 

Vll•Jl=Cl.r 
IFIY(Jl.GT.Jl GC Tn 2 



r 
'---
( 

lj ( l , J l = U ( l , c : l ::- ( i ( J l I i) l :f -::- r~ ~-; L 
T ( l 'J l = T ( : • l ) + ( T ( l ':-; l - T ( 1 'l l l ::- Y ( J l /; 
:,i- Tt": l 

? i"':TT~ILJF 

T(J,Jl=T{l,~\·) 

l_l ( ~ ' j ) = lJ ( : ' ~: ) 
1 c··:-· T I f\\UE 
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C 1\lE/,R \{ALL 

c 

r 
r 

IF<R8L.EQ.2.~l Ul2=U(1,Nl 
IFCR1L.EQ.n.~) GO Tn ~ 

U 1 ? = ( 0 • 0? Po I ( /\ L () G 1 G ( l, • J 7 c:: ;~- R T I__J l l * ~~? • :-:-; l -r-U ( , , 1\1_ l *U ( , • "l l * Y ( 7 l 
l+J.?5*YI?l*Y(?l*GP1 

5 C0i\'TI~-.iUE 

~.IRITE(6,3C'l 
\.IJRITE(6,31 l 
XI"-l=X*XL0*12.0 
WRITF(6,321 XIN•OIN,DIT~,TTIN•H,Pql,RTu 

V!RITE(6,3'1l 
Dn 11 J=1,S 
YI~=Y(Jl*XLC*l2.0 
UlJ=U(l,Jl/ (l,Nl 
V 1 J = V ( l , J l I lJ ( l , !'! l 
WRITE(6,~4l J,YJN,UlJ, VIJ,T(l,Jl 

11 C0·' 1T I.'WE 
:; () 1 ? J = 6 ' ~-] ' c; 

YIN=Y(Jl*XLO*IZ.C 
U 1 J = U ( 1 'J l I U ( l , :': I 
V1J=V(1,Jl/U(l,~l 

WRITE(6,34l J,YIM,lJIJ• V]J,T(l,Jl 
1 2 C 0 'H I f'l U E 

',•: R I T E ( 6 ' 3 5 l U 1 2 
~c FC)R~l~T(lHl,'l ,X,*COi'WITirJ;\lS AT ST,"-RTI'-!G f-1-LI:'-!F-*///) 
~1 ~~" 'AT(I5X~*X*,l4X,*D*•14X,*DD*',~X,*THETA*,l0X,*H*' 

11bX,*R*'l4X,*o~-THFTA*I/) 
~? Fn~~AT(3X,7Fl5.4l 

~~ FnDvATI///?~X'*qL PP()FJLF*,/IIOX,*N*•20X,*Y*'l4X,*U*'l4X,*V*'l4X• 
JO:- T-;: I I l 

34 FnRMAT<9x,r~,7x,4F15.4l 

35 FnRvATIIIIICX,*Ul2*'5X,F15.4l 
P;:: TU~ ~~ 

S l.i P R n U T I ~I F Z L ~ I X 
(("''''''' n r-u S V G 1 I IJ ( ? ' l 0 0 ) 'V ( ? ' 1 0 0 } 'T ( ? ' 1 ~ ·'1 ) 

C ·""' H,''"' !'.l I S v Cj 5 I P n ( 1 C C l , V T 5 I 1 C 0 l ' C 'Y'l !J ( 1 C 0 ) 
~PrE ~·P < c; o ' , o ":?n ' so > , Pc P < c:; o 1 , o v r s < c:; o 1 , PC nND < c; o J 

r r-,• .. ·~·n ~I/ S '< G 7 I Y ( 1 C 0 I , F I 1 C: 0 l , HU { 1 () 8 l 'HT ( l !· C l , R "'~-n ( l 0 0) , f)DU ( 1_ 0 n l 
1 , o Y ( 1 0 0 ) -, F S X ( 1 0 0 I ' F S T I 1 .:; C l 'T L ( 1 I) 0 ) 

C n" 'N~ f\1 I S v Go I ' ' , ' ! "'! , ~: X D /, T ,\ , ~I 'tJ;\ L L , ~~ P P r r 
C n' ''·' r: ~_,IS KG 1 '·I X q , P T H, C Y r: X ' f) I , T I • H 
C"~'''I)N/SKGl 'IUl, IC()f\! 

F~CTGR=2.J*F~CTOR+O.l 
IF(~~CTQR.GE.l.Ol FACTOR=l.O 



c 

rl (' 7 j = l ' r .. ' 

f:~="L=D 

n ~=" L =f) *LJ ( 1 ~ '' ) IV T S ( J l I R r: ( J 1 
'~SC=SORT(~;( l ,z )'cVIS( Jl IY(? l-Y( ?l ~~['='; 14.Cl 
Y~)=Y ( J l IDf'"L 

.· 
YS=Y ( J )-l~YSC 
I i=' ( YD. L T • il. ! T L ( J ) = C 4 1 ~~ ( l • C- EX P ( - ':· S I? A.:": l l ,,_ Y ·::: 
I~(YG.GT.0.6) TLCJl=O.Jpn 
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T >=' ( ( v fl. G F • :.·. 1 ) • l\ ~~ n. ( Y ;-· .• L c:- • ·J • r-, l l T L { ,; 1 ::: ·::: • L 1 -l~ { 1 • ·- -:::-X f1 ( - Y ', / 7 c._ • ;~ l l .J:- Yi) 

1 - 1 • c::, h * { Y r'\- .~ .• , ) ~/- 4:(~ ? +? • 7 -~~ ( Y :"- (' • 1 ) ~~ ~(- 1 - .. • .-; .. 1 ~~- t v r- ... : . , ~ ~ ~~ L 

TL(Jl=TL(J)~i-c)C::L 

7 cnr•TI''UC:: 
PFTUo~· 

EI'!J 
SURROUT I ,'\IE EDDY 
C n \' '! 0 ~II S I<' G 4 I U I T ( 1 0 0 l , V I T ( 1 :1 ::'· l , T I T ( 1 ,., ·" l 
c n ,_.. ~· n f\.1 1 S "' r. 7 I Y ( 1 C' 0 1 , >=" ( 1 r: 0 1 , H u ( 1 r: ": 1 , ~..,. ( 1 r; 0 l , ? n v 1 ( 1 r: r ) .. ., P 1 .' ( ' ! C' 1 

1 ,DY(lCC),rSX(1COJ,FST(1C'!'J\,TL(10·"'l 
cn~~O~IS~G?IDPl•CP?•XTXX, DXQ,ny,oQ,DRT,(~~,F~CTOo 

C 'l'N '0 ~\IS K ·~ r: I"' , ~~!'I , i'~ X n ;'. T '' , :.: ':: .<\ L L , ~: P PC r 

Elll=O.C> 
E P·l l =C. •J 
DO 10 J=?,!'lf\l 
K=J+l 
~(.J)=TL(J)-::--::-'").J:-Af=\S( (UIT!k'l-UITCJ-1 l )I(Y(J+1 l-YCJ-1 l )) 

10 ~IJl=EIJl*FACTQQ 

R-':TUR~! 
E~JD 

SURRGUT I 1\!>=" COFF 
C 'l'·/ ·-.~ n I'' iS v G l i U ( ? , 1 C<' l , \/ ( ? , 1 C :' ) , T ( ? , l ::'·· ' i 
c n '·' ·.: ·" ~ 1 1 S v r:: ? I !'! U ( 1 0 C: l , Q L' ( 1 ' r· l , C U I 1 "' C l , ,.., U f 1 ~"' 0 l 
C n\n/ n ~-'IS v G_-:l. I b. T ( 1 ') 0 ) , P T ( 1 ,~." l , C T I 1 '"'.J l , ~ T ( 1 r r'- ) 

c ~ '·, ' 'n ~-' 1 s I( G r+ 1 : 1 I T ( 1 c n l , '/ T T ( 1 r; "· l , T I T ( 1 .--, :; l 
c,..,' "·'" ~· / s v G::, 1 n r: ( 1 c n J , v I c: ( 1 c c; 1 , c 0 • n ( 1 , -" J 

' D I F ~;I p ( 5 0 ) ' D r:; 0 ( c:: 0 ) ' D c D ( "'· :; I ' p v I s ( "· c ) ' r::: ( 0 ~· !l ( r::; 0 ) 
C n •' v n ~-' IS v G 7 I Y I 1 0 0 l , F I 1 C J l , ~~ U I 1 C 0 l ,. f-1 T ( 1 0 C l ~ P 0'' 1 ( 1 C 0 } , no U ( 1 .: tJ ) 

1 ,. P Y ( 1 0 C ) , F S X I 1 () 0 1 ' F c: T ( 1 C<~ 1 , T L ( 1 n ,; } 

c r""\ \:A\~(~~ 1! I 5 v (;C) I ..... , ' 1\) ~~ ' ~- 1 X[) .L. T l\ ''·'',·!fl. L I_ '\I D ~ () p 

C 0 v 'J 0 '' I <:") v G 1 - I X 'i , o T H , r:: , ~ X , n I , T I • !-1 

:,... ,-, ~.,~ u ·""' f\. 1 I s v r. 1 ~ I 1. _! 1-. ' T 0 ' T :,.., r-, ' '".) ·'"l ,"'. ,. r 0 0 , \I ~ c:, 0 ~ r 0 ;-., ~ ,...... r. ' X I ("'. , r ~.:> c s t:. (""; 

C :1' ': .' 0 \l I 5 !<J; l ? I F I_ M~ 1 , F L u G 7 ' F L !\ r: '1. , r L .'\. G I T , F L ,t. G ~ Y , c L ". G T D • c• .'\ '-' ;·· 

1 ,CUTnFF,::-Qp(lo,cF,TT''I'' 
cn~~n~IS~Gl4iTX,DTX 

LL=i<-2 
r; r: ] ~ J = ? ' ~: \j 

Yl=YIJ+l )-Y(J-1) 
y? = y ( J+ 1 ) - y ( J) 

V"=<=Y(J)-Y(J-ll 

Fl=F-:IJ+ll+:::-(Jl 
i:?=i=.:(Jl+E(J-1 l 
VISl=VISIJ+l)+VISIJl 
VIS?='v'IC:(J-1 )+VT.S(J) 
R!";1=PCI( J-'-' J+Pn(J) 
P0?=P0(J-l )+Rn(J) 



r 
'· 

r 
'-

c 

:-'"':'~, l =C0rtr-, ( J + 1 l +'0~-1 i' ( J l 
~-,r.' '>7 =CG~'t' ( J-1 l +(0"!f' ( J) 
;:):H l=PRT+PRT 
~:~:::J-1 
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-· 

:, : ( v l = U I T ( J l I r X+ ( V I S 1 I v ') + V I S ? I Y" l I ( '=' 0 ( J J * Y 1 I + ( c rq o"_ E 1 I Y? + R 0.., ';. ':: ? I Y"' J 
1/( 2.0{fP0( J)~Hl) 
~ '(~l=VIT(JJIY1-VTS11(Q0(J)*Y]*Y?)-?n?*Elii?.J~R~(JJ*Y1*Y7) 
r ' ( ~: I = - V T T ( J l I Y 1 - V I S ? I ( P ·:J ( J l ->< Y 1 -~:- v " 1 - 0 0 7 ~- ~ 2 I ( .., • ·'"' ~- R 0 ( J J -:~ Y 1 '' Y "' > 

r' I ( <) =U r T ( J) ~(-u ( 1 'J liC·X- ( r D 1 +f)P?) I (h. 1"\*DC { J) ) 

IF<FLAGTP.E0.~.0l G~ Tn 11~ 
;:. T ( v l = U I T ( J J I r\ X+-( C Q !\!f) 1 I Y? + C 0 N D ? I Y ~ l I ( Q. 0 ( J l * P q -li- Y 1 ) + { R 0 1 ~~ E 1 I 

1 IY2~·PRTll+2:J?-l:-F:21(Y'J,-l<·PRT/l l/(RQ( J)-l<-Y1) 
.', T ( K l = f\ T ( !< ) +! J I T I J l >.<- ( f) T X+ r: T X l I ( ? • li -l:· ( T X- 1 • '"' ) ) 

=TIKl=VTTIJJIY1-rONnli(Rn(JJ*PP*Y1*v'J}-0 n1*~1/(PQ(JJ*Y1*Y?*PRT1) 

CT(K)=-VITIJ)IY]-COND?I(?O(JJ*Do*Y,*Y~J-on?*E?/(RnCJ)*Y1*V?*PPT?I 

rT(Kl=UITIJl*TIT(j)/~X+r~~*UITIJI*(~o,+nP?JI(6.*RO(JJ*fTX-1 .)) 
1-'--G\'rH~VIS(J)-:~-( (~TT(J+l J-'-'YT(J-1 l liY1 l-H~?I(Rii(J)*~TX-l.)} 

116 e:~~:TINUE 

l 3 C '"' ':T I ~.1 0 E 
f)U(l l=DU(l J-CU(1 l*U(Z,ll 

D ll ( L L ) = DU ( L L l - U ( 2 , 1\l l * 81 J ( L L l 
r~li="LA(1TP.F:'J.J.Ol RFTUPf\! 
DTill=DTI1l-T(?,ll*CTI1) 
nTILLl=DT(LLl-TI?,Nl 4 9T(Lll 
P ETUR~l 
Cr-..lf" 
._'J 

SL!f~r~OUT I NE 
THISEVt.LUpTr=-s RESULTS JSP!G TH'"'"r.s A.LGORITH~I * 

r- I '' r- ~-l S T n f\.: ,1'\ ( 1 0:; l , n I 1 0 r: ' , c ( 1 G 0 ) , r. ( 1 .~." ' , H I ., ~ ': } , 1·' ( , 0 n l , '1 I 1 0 n ) ~ s ( 1 '"'() J 
('"''·"~~!';I Si<' G91 ~I 
\j 2 = r,!- 2 

'.· ( 1 l =A I 1 l 
::, < 1 l = D ( 1 l /i.·i ( 1 l 
;::v-, 1 '<.=2 ''!2 
~l=K-1 

~ ( ~ 1 ) = R ( K ' l I '/! ( K 1 ) 
~(Kl=A(~l-CIKI*O(KJ I 

. 1 r, ( ( ) = ( c ( I( ) - c ( K ) -:t G ( K 1 I } I'·! ( !<: ) 
,_ ~ ( '-' ;J l = G I N 2 J 

'; ·: = ~.\- 3 
C:G 2 K=1,1\'3 
'<.'<. ="'2-K 

2 HIKKI=GIKKJ-OIKKJ*H(KK+ll 
'<'t='TlJR~-\ 

S 1• : ~1 R n tJ T I ~~ r:: '..' ~LV 
c- ' ' ' ~ 1J .~11 S '< G 1 I U ( ? , ] C C J , \1 ( ? , 1 0 ~ l , T ( ? , } 0 ,- l 
C '"''"' n "'IS r( G 5 I r:> ~ ( 1 0 8 I , V I .S ( 1_ '0 l , C 0 ''-; ( 1 C " J 

1 , n T E ~;' P ( 5 C l , P r? -~ I 5 0 ) , o C c I "i C l , n V I S ( c; C' ) , o C 0 ~I D I :; r. l 
('" "" .• '. ,n ' 1 Is:<[, 7 I y ( 1 J c ) ' r ( 1 :>- ) • Ll u ( 1 ~.r- ) • [.! T ( 1 "'r-. 1 'p 0'" { , ",-: ' '~ P' J ( 1 ';..., ) 

, D Y ( ] 0 0 l , F S X ( 1 :! 0 l , r c T ( 1 "',- ) , T :.__ ( 1 "r ) 

:: r '·" ', ·' ();\~ I S :< G r; I ~·.' , \~ r-..• , ~· .. ! X f) /\ T ~~ ~ \! ~: ~ t\ L L , \; P P n fJ 

\ '"'' '. '0 '·J/ S <:. 'J 1 ·. I X R , r? T H , r: , 'J X , 'J T ' T I • r~ 



c 
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\/(2,1 l=C.:~ 
C: :::; 2 6 I = 2 , ,'; 
z = R r; ( I ) ~-l! ( ? ' I ) - R 0 :· ' 1 ( T ) -·~- ' ' ( 1 ' I ) + '-1 n ( I ) -:I :-' ( 7 ' I - 1 l - D ..... ~A 1 . ( T - 1 \ ~ ! J ( ' ~ r - 1 l 
Z\'=Y( I )-V( I-1 l 
V(?d )=D(1([-l )~<V(?.t-, ~-7Y-~-ZI(?.~"~~-<'Xl 

Vl?,l l=V(2,: l/RO(Tl 
2 6 C\1 ;\1 T I ·"WE 

o::: r:_.,:? r: 

SUP.Rt:UT I ~lE P 0 ·'iT9L 
( ,--, \". M.! I s '.'I) 11 '~; ( ? ' 1 0 0 ) ' v ( 2 ' 1 0 0 l ' T ( ? ' 1 0 () ) 
c 0 '-' w·) ~l/ S ~ G s I P n < 1 0 0 ) , V T c; < 1 0 0 l , C 0 N f) ( 1 0 0 } 

1 ,DTFMP(SO),DPn(~O),P(P(~OJ,pVJSC~O)~DCONDC~O) 

C 0 '·'" r. r-..11 S I( G 7 I Y C 1 0 0 l , F ( 1 0 0 l , HU ( l 0 0 l ' HT ( 1 0 0 l , R n~A 1 ( 1 0 0 l 'D DU ( 1 0 0 ) 
1 ,cy( 100) ,FSX( 1 00) ,FST( 1001 ,TL< 100) 
C0~MONISKGAIDP1,DP2,X,xx, DXQ,DY,pR,pRT,CND,FACTOR 
COMMON/SKG9/N,NN,NXDA A,NWALL,NPROP 
CO~~Q~/SKG11/UG,TO,TOJ,ono,cpO,VIS0,C0~CO,XL0'PRESSO 
CO~~ON/SKG12/ FLAGI,F-AG?,FLAG3,FL~GIT,FLAGPY,FLAGTP,DAMP 

1 ,(UTOFF,f?ROR,(F,IT~I~'IPPINT 

CO~VON/SKG14/TFSX 

'tiRITE(6,999l 
'iiRITE(6,999l 

X If-~=X*XLC~-12 .:.::; 
.·1 R I T E ( 6 , 7 2 ) X I ~~ 
·!~~T:::-<6,631 

YI'!=Y(J)*XL'=·~~12.C 

U2J=~(2,Jl/J(2,Nl 

V 2 J = V ( 2, J l I U ( 2 , 1.; l 
T2J=T::J{}(].r:-T:?,J)~'·(l."-Tf='SX) l 
~RIT~(6,6ll J,Y!~,U2J,V?J,T(?,Jl 

l 'T 2 J 
R4 C·.'"\''TI~iUE 

J~ p~ J=6,,\J,? 
YJ~=Y(J)*XL~~l?.C 
J?J=JI?,Jl/UI2,~1 

V2J=V(2,Jl/UI2,Nl 
T?J=T2*(}.J-T(?,J)*(lCS-TFSXll 
':!? I T F ( 6 , 6 1 l J , Y I 'l 'U 2 J , '!? J 'T r 2 'J l 

J , T 2 J 
.S') U''!TI'!UE 

v T ' I = v { ~.\ ) >,(- ;< L c -l:- 1 ? • c 
T? ': = T -~ * ( 1 • .::- T ( ? , i\! l -:~- ( 1 ("'- T F S X l l 
';/ 0 IT c ( A '61 l '' 'Y I!'.!' U ( ? ''·' l 'V ( 2 'N I 'T ( 7 '~\ l 

1 'T 2 •· 
IDOI~'T=C 

•::orTE<6,999l 
'•f'J I TF ( 6,099 l 
'"DTH'"(6,64l 
FL_":r.?=C'lJCi?+ 1 .D 

61 c:;q··t,T(25Xd?,4F2C.c;,c:;x,cl0.2l 
r; ?, F '"'::> · • 11. T ( I ? 7 X ' -:-:-'.A'~ , l ?, X , 1~ Y { '·' l "- ' 1 r. X ' * U ( '-" l * ' 1 C: X ' * V ( \'1 l "- ' i f., X ' ~- T ( '' I ~- ' I l 
r-. r., F '"'R .... ~. T r 7 x , ·~ x ~- , r, x , ~~ D 1 ~ 1 L T '-1 r c K • l ~} , ,., x , ,_c r; r -~ , ox , -~ T q c- T .t:.. * , Q x , * L~ ¥- , 1 ?, x , 

l*CF/2*,6X'* *'l?X'*~X*,7X'*~O. Qc IT~R.*l 
72 F!";?''f\T(///r::.x,,:-(:l()U:'IDAPY L.:IYEP AT X=>:-,El'J.4) 



001 :::-.--.;:)''t,T(lC~<,~- ~~-) 

p '- Tt iQ r: 

SUt)D:'JiJT I!\' E S L)< 

C r; '-"f n;! I S I( :J 1 I U ( 7 ~ 1 C: C: l ~ V ( ? ~ 1 :>J l , T ( ? , {: - l 
co~~"~ISKG5I00(100) 
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\ 0' '\' n r--• IS v G 7 I v ( 1 C 0 l , !=" ( 1 :: ~ l , wU ( 1 ": ".· l • 1--1 T ( 1 C 0 1 , R f"'." 1 ( 1 '! n l , r-. PU ( 1 G r~ l 

( 

,r>Y(!OO) ,>="C:X(1r;nl ,Fc::.T(lC:.rJ ,TL(]IJ"l 
\!'V"<nr.:l St~r,CJ / r~ 1 '~D? 'X' XX' r::xn' nY 'P'J 'Df)T 'c~·i'' '7 _\ ~rrv~ 

c: ':"': n ~ l I s K G<l I r -' ' ~ I ~-! ' r--.• X :::> t. T t, ' \I \•i ~\ L L •• ~ [J Q n !") 
C:: ,,. \' 0 .'·!IS K. G 1 -- /X R , q T H , D ';-,X • ; I ' T I 'H 
\ 11 ~· ~ • r. ~-'IS v r: 1 1 I iJ J , T 0 , T 0 ° , R n () , c P 0 • If I r: -" , ('" ~~ r; n , XL i~ , D Dr-S S 0 
CO~~ONISKG121 FLAGl ,FLAG?•FLAG3•FL~GIT,FLAGPY,FLAGTP,DAMP 

1 ,(UTOFF,ERRno,(F,rTvr~ 

c ell THICK'!ESS 
UU::::CIJTnFF l!U (?,!\I) 

0n 1 :+ J= 1, r-lN 
JJ=J 
rr-(U(2,JJ .G~.UUJGO T- 1~ 

14 cmn r NUE 
'v.iQITE(6,150l 

1 5 C n i.:T I '\U F.' 
C=Y(JJ) 

JY='~ ( '1 J -Y ( \:-1 l 
D V = V ( 2 , ~! l - \' ( 2 , ,'-!-] l 
·,,, ::;> I T E ( 6 , 9 9 9 l 

c DISPLACFMFNT AN~ Mov~~yu·· THicv~~s5 

Tt=C;.C 

c 

DI=0.0 
I)X1=1 .n 
TXJ·=:).O 
::::0 ::nc J=2.JJ 
X X 1 = :_; ( 2 , ~' l I G ( 2 , ~· l 
XX?=(Y(Jl-Y(J-1 l 112.0 
DX/=1.0-XXF-Pn(J)IDn(-l 
T X 2 = ( 1 • 0 - X X 1 l -l~ X X 1 ;~ R n ( 1 l I R 0 ( "l l 
GI=DI+(DXJ+DX2l*XX7 
TT=TT+ITXl+TX?l*XX? 
;:>(l="X? 
TXl=TX2 

930 (ilf''T I :·i!Jf=: 

C SH~DE FACTOR 
H=DIITI 

\ 
lt:,O ::-"'P''/\T(I/Il·~X,-l~R/L TH+(e~\I~SS t,?FAT~="R THAf\! Y(~'P~) 
OCG ;::-0R''!,T(lCX,><- ~q 

P F T UR 1'1 

F '\1.') 

SUR?OUTINF Toonp(T,I) 
~r~FNSION T<2,10C) 
C 0 ~., · 'n r-.1 I S v G S I R 0 ( 1 () 0 l , V + S ( 1 C 0 l , C 0 !\!:) I 1 C ·'! l 

1 ' p T E '.1 p ( s 0 ) ' p R ·"" ( t:; c ) ' p c p ( ::; :"; 1 ' p v I s ( ::; c ) 4 D c 0 \! D ( ::; c ) 
C"'"" '·"" ~· IS V r:. n I~· , '" ~· , ~.1 X!' t-. T r~ , ~' ''." ,."1 L I_ , I'' D D ,.._" 

C"''"·r~·I.Svr:.l! ;un,rc-



c 

c 

c 
c 

c 

') :; l J = 1 ' j': 

T X = T C -~~- ( 1 • -~ - T ( I , J l ~- ( l • 0 - T F c; X l l 
r_\LL pnl_ ('~•l•r,TX,PnL?l 

'=' .~ ( J ) = o r; L / 
c~LL onL (G,~,~,rx,poL?l 

VISIJl=PCL? 
C~LL DOL .;:.4,1,TX,PC-2l 
(n:\i[l ( J) =D·~Lz 

C C ;.· T I " U E 
p ;::- T l)O ,'\1 

:::-\I') 

.• 

.suoonUT T ~.'r=- c:nL ( I\1!JD, r!Do, X T ,,. , TX 1, ,',\' :~ l 
D I \' F 1\: S I 0 f\1 X ( c:; C l , y ( c; r; ) 
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C '"'~"'~'"'~-·IS k:" G r::. I!' U '' 1 ( ? G 0 I 'X? ( r::. 0 l 'Y? 1 ( r::,' ) 'Y 7 2 ( c:: 0 l 'Y?? ( c; 0 J , Y? t. ( :::: () l 
C n '.' '! n f\1 IS K CJ r, I X 1 ( c:; C l , Y ll ( ; :' l ' Y 1 2 ( c:: r l ' X _, ( c; C } ' Y '1 1 ( S J ) 

((~M~.IQ\\ I SKGC? I '·IX 1 'I\IX2 ':.Jl '•\1?, 'f\12 
C0'·''~0NI.S'<Gl1 /UCJ,XX?,IJ!)~'(c:;) ,XLO 

,, = '·' 2 
IC(NDP.NE.Ol N=Nl 
IF(f'IDP.EO.ltl '·!=f\!3 
D'l 1 1=1,~ 1 

IFI~DP.~F.GI ~'"'TO 10 
XIIl=X2(Il 
TF(\l 0 '?.EC.'l Y(Il=Y?J(I\ 
I F ( \! D q • F r; • ? ) y ( I ) = y? ? ( I ) 
!FPIDP.cl).":<) Y( I l=Y??.( ':) 
I F ( '·! D q • E (' • ~. ) y ( I ) = y 2 4 ( I ) 
::Jn To 1 

10 COf\\Tii\:UE 
XIIl=Xl(Il 
I F ( ~·I C P • E 0 • 4 l X ( I l = X ? ( T l 
I F ( ~'! r; P • F 0 • 1 l v ( I ) = Y 1 l I I l 
IF ( 1\! D P. E r.. 2 l Y ( T ) = Y 1 2 ( I ) 
IF(\'DP.F0.41 YCI l=Y?] ITl 
IFCNOP.Eo.~l YCI)=Yc:;1(i l 
I c:- I ~- 1 D P • F 0 • A l Y ( I l = Y 6 1 C I I 

1 :::!".~'TT~'Uc 

XX=TX1 
fC(NOP.NF.Ol XX=XTN 

')n? I=?,i\: 
Z~="D=X(Il-XX 

rc::czED.GF.0.Cl GOTO 4 
? C~"~ITJ~JUE 

'.·1P T -;- c- ( f., , ?, ::-. 1 i' n D , '! P R , X I " , T X 1 
:::- ·"' P' 'i\ T ( 1 0 X ' 1:- I r.' T c- Po r•t /\ T ~ "'\' '' r T or. c S T r:: r_ r::- -1:- ' 1 ,., X , T ;? , I 2 , ? X , F i ~". 1 , 2 X , 

:=-1C.11/l 
4 Ct\i\~TI.\~tJf. 

IFCZFO.EQ.G.·il GOTO 5 
t-. 'I.S = Y ( I l - ( Y ( : l - Y ( I -1 l 1 '~- ( X ( I ' -X X l I ( X ( ~ l -X ( I-, ) ) 



,.:;n T 0 3 

"i ;\1\!S=Y ( 1 
~ (.~f\!T T ~·il _ __'~ 

P~="HJqi\J 

Ef'lf) 
640C Fr\~G (")F ~!="(.""FD 

n. 1 () 
n.77 
0.44 
0.57 
n.74 
n.c1 
1 • \.· s 
1.64 

() • C'· 

? . c: 

40C .() 

4 1 ~-
_, 

··-' • u 

420 . 0 
4?0. 0 
/+40. 0 
4"i!J • () 
4AJ .o 
47J • 0 
48C n . '_) 

492 .o 
'500 • 0 
') 1 IJ .o 
c:;zo.o 
t;1'! • () 
c;4n .0 
c:. c: ('; 

' )\.,< .o 
c::,r:,:; • c 
f6'; • 0 
7 f-/'J • 0 
q6:J .o 
960 • 0 
1 ,.-.,I" r-. 

'-· r-. ·.., . 
1 l f., c> 

' .. .'. 
, 
?~0. 1 

1 )60. 
1 460. 

,, 
() 

"' u 
~ 

\ • ..! 

c 

1 • ~: 
t..O 

8 

2 

26 

~·. 1""\ 

1 1 _, 

o.o 
r.n 
0.() 
o.o 
o.o 
,0 f'\ 
veu 

o.o 
c.o 

4°? • (' 
Lf.q? . 0 

0 • 1 (' c; p 
~,. ·' 

0 . ()972 
0 .CG49 
0 • 0G?7 
o. QO()f, 

n • np P:A 
0 .OP66 
0 .C84P 
0 .081~; 
() ·"8 1 c: 
0 .0797 
c .07P.l 
() • G766 
o. ()7;? 

( • ()7-:l,Q 
0 • 07?t:; 
() ('1-, 12 • J I 

(~ .c < "' n·.;Y.. 

0 • 0":24 
0 • (j Ll(J ':1 

0 . 041 c; 

(j • 0?71"-, 

0 • (' '4L! 
(\ ('-':>, 1 6 \,j . 
() • c,zq':\ 
(' 

.J27~ v 

Ei\!D 0F 

o.c 
0.01 

1 • r: 

F T 
1 

442. C:· 

4f-,4."' 
!+P':).~) 

486.0 
4S2.? 
42P.O 
419.0 
428.0 

() . 7':\') 1 
c . z-:n2 
(\ .2?93 
0 • 2 -:l,Q4 
:; .,?-~0") 
(', --, ?'J6 • c. 
0 • ? ':<,()7 

(\ 2':\GP • 
( 
,J .2 ?Q9 
(\ 2lt (),:'' \J • 
(\ .2400 J 

c • 2402· 
:) • ?1+00 
") • ?L-"'.n 
('I • ?lLCn 
f' ,_I .?t}()C) 

8.24C1i 
('I .241 'I 

r: • 2 ~t 1 

r; • 2 lf '3 
I' zt, 7 \ . ..' . 
~. "")CI"""\ 

• ,:__ ""'· .. ) 

C! • ?C:? 

·J • ?-;:,() 
C\ 2S 0 ,, . 
') .262 
LF. 

, 
t • 

, he; 
1 • • '-· •• 
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fHE TYU~;;s ;J.LGORITHf"1 

After taking finite difference approximations we have a set of 

algebraic equations for momentum and energy 

a1x1 + b1x2 = d1 

a2x2 + b2x3 + c2x1 = d2 

a3x3 + b3x4 + c2x2 = d2 

a X + b X 1 + C X 1 = dr r r r r- r r-

a X + b X + C X = m-1 m-1 m-1 m m-1 m-2 d m-1 

8 X + C X = d m m m m-1 m 

in the form: 

A4 -1 

In this equation the x-values are unknown. We can now define x1 

in terms of x2 , x2 in terms of x3 and so on until we define xm in terms of 

X 1• n-
But the last equation already gives us x in terms of x 1 so we can m m-

solve for x and work backwards through the equations until we have defined 
m 

all the unknown x values. 

This is done numerically by defining the following 

wr = a - c rqr-1 r where r = 2, 3 ••• m 

b 
r-1 

qr-1 = w r-1 
A4 -2 
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d1 
91 = 

w1 

d - c r 9r-1 r 
2, 3 gr = r = . . • m w r 

This set of equations further reduces to: 

X = gm 

) A4 -3 

m 

X = gr - qr X 1 r = m-1, m-2 . . . 1 -r r + 

Thus by substituting suita~le values of 'r' in the equations (A4 -2) we can 

c2lculate w, q and g, then equation (~4 -3) can be solved for x starting 

with X • m 
(For instance see Ref. 13) 




