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SUMMARY 

The performance of a cascade of two-dimensional, bluff aerofoils 

employing circulation control by a tangential blowing jet is investigated. 

Expressions for the lift and drag of such a cascade are derived to 

eliminate the direct effect of the blowing jet on the measured performance. 

The cascade characteristics for three cascade geometries over a range of 

incidences are presented as graphs of lift and drag coefficients and stream 

deflection plotted as functions of jet blowing momentum coefficient. All 

cascade tests were performed at a Mach number of 0.3. The cascade 

performance is found to be influenced strongly by vortex shedding at low 

jet blowing rates. 

A complete numerical solution procedure for calculating the performance 

of circulation controlled aerofoils, either isolated or in cascade, is 

presented. The procedure involves the calculation of a blade surface 

pressure distribution using a potential flow model with a representation of 

the separated region by the use of a source distribution. Aerofoil surface 

boundary layer developments are calculated by a finite-difference solution 

of the parabolic boundary layer momentum equation. The blowing jet 

development is calculated by the same finite-difference procedure applied 

to an angular momentum equation, using an intermittency representation of 

the eddy viscosity distribution. 

Results of the solution procedure are compared with experimental 
results obtained by other workers for an isolated aerofoil and for a cascade. 

The agreement is satisfactory and encouraging. The solution procedure is 

applied to two of the cascade configurations tested in the present investi- 

gation. ‘The agreement between theory and experiment is excellent in one 

case, while the poorer agreement in the second comparison is attributed to 

the experimentally observed changes in wake flow characteristics with cascade 

geometry. 
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CHAPTER 1 

INTRODUCTION 

1.1 Origin of Project 

The investigation described herein arose from consideration of 

the future development of aircraft gas turbine engines. In recent 

years the pursuit of efficiency and quietness has resulted in the 

design of high bypass-ratio turbofan engines with reduced jet veloci- 

ties. 

High bypass-ratio engines pose new problems, due primarily to the 

large diameter of the fan. Two of these problems are: 

1. The variation of blade spacing across the fan radius. 

2. The high mechanical loading on the blade root section. 

One possible solution to the first problem would be to mount an outer 

ring of blades on the tip circumference of an inner ring of fewer 

blades, thus maintaining a reasonably uniform blade spacing along the 

radius. This solution not only exacerbates the root loading problem 

but also increases the overall length of the compressor, as conventional 

aerofoils with a long chord have to be used in the heavily stressed 

inner row. 

The above difficulties could be overcome by using thick, bluff 

sections for the inner blades and controlling their aerodynamic 

performance by the tangential injection of air through a narrow slot 

in the blade surface. This principle is known as circulation control.
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Another application of circulation controlled bluff blades might 

be to replace the adjustable inlet guide vanes used on some engines. 

These vanes create problems of mechanical complexity and alignment. 

The use of fixed blades, with a turning angle adjustable by a variable 

blowing jet pressure might well prove advantageous. 

1.2 The Principle of Incompressible Cascade Analysis 

The application of the aerodynamic theory of circulation to the 

design of turbomachinery is generally accredited to Griffith who wrote 

an unpublished paper in 1926, proposing that turbomachinery rings 

should be analysed on the basis of flow around aerofoils, rather than 

considering the blades as forming a series of passages (1-9) | 

It is still normal practice to analyse the performance of low speed 

blading in the same manner as used for isolated aerofoils, the only 

difference being the modified pressure distribution around a blade in 

a compressor ring due to the influence of the neighbouring blades. 

Where compressibility effects are of significance, channel flow 

analysis techniques are commonly employed“4?5) , The work considered 

in this dissertation is confined to cascade flows of a substantially 

incompressible nature. Much of the discussion on the principles 

involved in the present investigation, consequently, is concerned with 

the performance of isolated bodies. 

A most comprehensive publication on all aspects of cascade flow 

analysis has recently become available in the form of a translation by 

(S), Klein of a German text by Scholz



1.3 Bluff Bodies and Circulation 

In potential flow about a two-dimensional aerofoil, the flow is 

indeterminate until the position of one stagnation point is defined: 

this amounts to a specification of the circulation and hence the lift. 

In the case of a conventional aerofoil with a pointed trailing edge, 

the flow is constrained to leave the trailing edge smoothly, an 

expression of the Kutta-Joukowski condition, and the circulation is 

thus fixed. If, however, the aerofoil has a blunt trailing edge there 

is no such constraint and movement of the rear stagnation point around 

the curved surface causes a variation in the circulation and lift. 

Consider a circular cylinder in a uniform stream. (The circular 

cylinder is selected merely as a convenience for illustration and the 

same arguments apply to any bluff body.) In potential flow with no 

circulation, the streamlines take the symmetrical pattern as in Sketch 

l.la. In real flow separation would occur, but at the same chordwise 

position on the upper and lower surfaces, as in Sketch 1. 1b. 

Now consider a wall jet, located at mid-chord on the upper surface. 

The action of the jet is to re-energise the upper surface boundary layer 

which is approaching separation and to allow the upper surface flow to 

remain attached to a point near the 'trailing edge'. The net effect 

is to distort the flow pattern around the cylinder as in Sketch 1. 1d, 

where it is clear that lift is being developed. The new flow pattern 

can be approximated by the original potential flow pattern, plus a 

circulation, as shown in Sketch 1.lc. 

It is seen that tangential blowing is capable not only of suppress- 

ing separation but also of generating and controlling lift on sections 

which would otherwise generate none.
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Potential Flow Real Flow 

No Circulation No Circulation 
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Potential Flow Real Flow 

With Circulation With Circulation 

Sketch 1.1 

Flow About a Circular Cylinder



1.4 Tangential Jets: the Coanda Effect 

The success of the principle described above is clearly dependent 

upon the tendency of a tangential jet to adhere to a curved surface. 

It has long been recognised that jets display an inclination to attach 

and remain attached to a nearby solid surface, even when the surface 

curves away from the direction of jet injection. This phenomenon is 

usually associated with Coanda (1932) who exploited fluid jet attachment 

effects and the accompanying enhanced entrainment rates in many devices 

to produce, for example, improved scavenging of internal combustion 

engines and augmented nozzle thrust. However, as early as 1800, 

(6) Young commented on the attractive force between a fluid jet and a 

curved body, while in 1890 Reynolds ™ discussed the suspension of a 

ball by a jet of fluid, fully recognising that the stability of the 

ball was dependent upon the tendency of the flow to remain attached to 

the curved surface of the ball. 

Newman (®) described the essential features of a jet blown tangent- 

ially onto a circular cylinder, Consider Sketch 1.2 which shows a two- 

dimensional jet of width t, blowing onto the surface of a cylinder, 

radius R, with the surrounding air at rest at pressure P,. Angular 

distance, >, is measured round the cylinder from the slot lip. If the 

flow were inviscid and non-turbulent, then just downstream of the slot 

exit, the flow would become independent of $, the jet width would be 

constant, and the jet would remain attached around the whole circumfer- 

ence. The pressure distribution through the jet would be independent of 

, but the pressure at the surface of the cylinder would be less than



Sketch 1.2 

Tangential Jet on a Circular Cylinder 

P,, because of the curvature. The real jet continuously entrains fluid 

from the surroundings, increasing the jet width and reducing the jet 

velocity with increasing 9. Since the fluid near the cylinder surface 

is retarded, the surface pressure rises and approaches P,, thus causing 

separation. Experiment has shown that for high slot blowing Reynolds 

numbers and small values of t/R, the flow can remain attached for 

values of ¢ in excess of 180°. 

A comprehensive list of references on the Coanda effect may be 

(9), found in the summary report of Willie and Fernholz 

1.5 Boundary Layer Control and Circulation Control 

Experiments on the application of the Coanda effect to aerofoil 

aerodynamics have been conducted since the 1920's and applications to 

full size aircraft have been attempted since the 1930's. Some of the 

historical developments in the application of slot blowing to operation- 

(10) al aircraft are described by Attinello In all these applications 

blowing was used as a boundary layer control on trailing edge flaps,



enabling large flap deflections to be used without stalling, see 

Sketch 1.3. The primary aim of these systems was to allow take off 

and landing speeds to be reduced by lift augmentation. Tangential 

slot blowing may also be used at the leading edge of a main wing to 

suppress leading edge separation when developing high lift. Experi- 

ments on the application of tangential flap blowing to cascades of 

compressor blades have been performed by Kruger et a, 2), Miller 

(12) and Chapman and others. 

ee jet 

= aaa 

Sketch 1.3 

Blown Trailing Edge Flap 

Alternative methods to tangential blowing have been devised for 

the prevention of separation. For example, considerable work has been 

performed on aerofoils using suction to remove deccelerated fluid in 

(3) and Thwaites Of) the boundary layer, see Schlichting » and was first 

applied to a circular cylinder by Prandtl in 1904. Blowing is a more 

practical proposition in the context of compressor blading, however, 

due to the inherent availability of a high pressure air supply. 

Slotted sections, as illustrated in Sketch 1.4 have also been employed 

to increase aerodynamic loadings on wings and turbomachinery blades), 

The action of the slot is not simply to create a 'jet' effect on the 

upper surface boundary layer, a widely held misconception exposed by
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smith 29) , The true effect of the slot is more subtle and is discussed 

in some detail by Smith. In brief, the two sections are better 

regarded as individual aerofoils in mutual interference. 

Sketch 1.4 

Slotted Cascade Blade 

The above techniques have all been used primarily to increase 

aerodynamic loadings by delaying separation up to a conventional 

trailing edge and as such fall into the category of boundary layer 

control rather than circulation control; true circulation control by 

tangential blowing requires a bluff trailing edge to allow movement 

of the rear stagnation point. Investigations into the performance 

of isolated sections with true circulation control have been performed 

by Kind and Mania?) on an elliptical aerofoil and at the National 

Gas Turbine Laboratory on elliptical and circular section rotors yee), 

The only reference which has been found concerning previous experiments 

on a cascade of bluff blades, employing tangential blowing for circula- 

tion control, is a paper by Landsberg and Krasnoff?>) , Their work 

is especially pertinent to the present investigation.
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An alternative form of flow control by a jet is obtained by the 

injection of fluid from a slot in the aerofoil surface but normal or 

at some large angle to the surface, as illustrated in Sketch 1.5. 

This arrangement is known as the jet flap and is fundamentally 

LLM 
NY jet 

Sketch 1.5 

Aerofoil with Jet Flap 

different in its method of operation from the tangential jet, since it 

is not dependent upon attachment to a surface and is not a direct form 

of boundary layer control: rather it forms a virtual physical extension 

of the aerofoil. Since the blowing jet does not act directly on the 

boundary layer, a reasonably conventional trailing edge is required. 

The principle is one of true circulation control, however, since a 

variation in lift or deflection is obtained by a variation in jet 

blowing rate. Several authors have reported experimental investi- 

gations into the performance of jet flap compressor cascades ee"), 

The theory of the jet flap has proved amenable to approximate analytic- 

al treatments ti ee 0) :



CHAPTER 2 

SURVEY OF PREVIOUS EXPERIMENTAL WORK 

2.1 Performance Characteristics of Circulation Controlled Aerofoils 

2.1.1 Introduction 

This section is a résumé of the findings of previous workers 

who have performed tests on isolated and cascaded circulation controlled 

aerofoils. These studies have shown that the lift produced by a 

circulation controlled aerofoil in cascade is much less than that of 

the same aerofoil in isolation. However, it is to be expected that 

general characteristics of isolated circulation controlled sections 

will apply in broad terms to individual cascaded aerofoils and so the 

results of isolated aerofoil studies are of interest. 

Tangential blowing over a bluff trailing edge is effective in 

preventing separation in this region and so it might be expected that 

leading edge separation is a limiting factor on the maximum lift 

developed by aerofoils with augmented circulation. In commenting on 

observed characteristics of isolated sections, however, several authors 

have mentioned the 'saddle' shaped pressure distribution which results 

from circulation control and the fact that the resulting leading edge 

suction peak is much less than that of a conventional aerofoil at a 

corresponding lift coefficient. The effect of circulation control on 

the pressure distribution over the front portion of a cascade blade
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would certainly be expected to be substantially less than that on an 

isolated aerofoil, a premise supported by numerical examples on a jet 

flap cascade presented by Starke 31) | Generally speaking, with an 

effectively designed slot and trailing edge, circulation control by 

tangential jet is a more efficient method of lift production than the 

jet £lap (=) e » particularly for cascades 

The following sections consider in some detail the reported 

effects on aerofoil performance of the geometry of the blowing arrange- 

ment and the free-stream Mach number. First of all, the suitability 

of certain performance correlating parameters is discussed. 

2.1.2 Suitable Correlating Parameters for Circulation 
  

Controlled Sections. 

In 1956, Kelly 9) analysed the typical blowing parameters 

used in the correlation of blowing type boundary layer control. By 

considering a control volume encompassing a blowing slot and the up- 

stream and downstream boundary layers, he showed that if the direct 

effect of the jet upon the external pressure gradient, local skin 

friction, and the change in mass of fluid flowing across the upstream 

and downstream control surfaces due to entrainment are neglected, the 

characteristics of a tangential jet may be defined by a boundary layer 

control coefficient C. ble? 

+ Py Pgs vs Uy 
OMe am CON fed



212 = 

where t = blowing slot width 

c = aerofoil chord length 

U_ = free-stream flow speed cy 

uF = jet speed at the nozzle exit 

. = local surface flow speed 
He p.U.t 

C, = a mass flow coefficient defined by C, = mage 
Q Q PeUaoe 

9,, = mainflow density 

®5 = jet density 

P., = free-stream static pressure 

2 = pressure immediately inside the nozzle 

os = aerofoil surface pressure existing at the nozzle exit. 

see Sketch 2.1. This equation should correlate the effectiveness of 

boundary layer control of different jets under the same geometrical 

arrangements. 

  

  

Sketch 2.1 

Definition of terms used in equation 2.1
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For subsonic jet velocities, y = bene so that 

U, UL, 
ete ol “bie "ot, > th)? 

The momentum coefficient, c. is defined by 

U. 
= = c, Cy U, 242) 

Certain previous workers have used a quantity uN in the above equation 

instead of ue where LS is the velocity resulting from isentropic 

expansion of the jet from the supply duct total pressure to the free- 

stream static pressure, rather than the local surface pressure. C 
u 

can be related to Oot: by 

a uw a 1 S) er
a:

 o
o
 

N we 

ble yu Q 

for incompressible flow through the nozzle. 

This result shows that the momentum coefficient, re will 

correlate blowing-type boundary layer control results only to the 
eps 

extent that changes in the quantity Cy i can be neglected. The 
cy 

influence of a velocity dependent term was also discovered in Dunham's 

(21) analysis of the NGTE results At high supply duct pressures, the 

momentum coefficient is an adequate parameter. Kelly 35) and 

Attinel1o (0) showed that good correlations of experimental results at 

low duct pressures are obtained with the parameter Chic as defined by 

equation 2.3. 

For an over-choked convergent nozzle, an approximate jet velocity 

Ue may be obtained by assuming a non-isentropic free expansion to the
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local static pressure. Simple momentum consideration gives for this 

velocity: 

  

if mixing losses at the jet boundary are neglected. The definition 

of momentum coefficient, equation 2.2. yields: 

U P. = Po. 
C= 2 dt oh EE 

yu Qu - y2°¢ 
SF Pon Mos 

which is the same relationship as that given by equation 2.3 for sub- 

sonic jets. 

It appears, therefore, that the same correlating parameter is 

satisfactory for both subsonic and choked blowing nozzle flows. Kelly, 

in verifying the suitability of the parameter C by comparison with 
‘ble 

experimental data, commented that there was no apparent significance 

associated with the attainment of sonic jet velocity. 

2.1.3 Application of Blowing Parameters to Cascades 

The blowing parameters customarily used for isolated 

sections employ the aerofoil chord length as a reference length to 

non-dimensionalise the blowing mass and momentum rates. 

As Sicsermce pointed out, however, the blade spacing, s, 

would seem to offer a more appropriate reference length when applying



the coefficients to a cascade because the momentum coefficient G. 

for example, would then relate the jet momentum flux to that through 

one passage. Such a correlation should give a better guide to the 

deflecting effect of blowing. 

The blade spacing was used by Kresneee) as reference length in 

dealing with cascade jets but as the majority of workers have retained 

the customary chord length, the usual definitions will be retained in 

the interests of consistency. For this reason also the blowing co- 

efficients, when applied to cascades, are based on upstream values of 

flow speed and dynamic pressure. 

2.1.4 The Number and Position of Blowing Slots 

The purpose of tangential blowing is to prevent separation 

of the main boundary layer. It is to be expected, therefore, that the 

most efficient location of a blowing slot is just upstream of the point 

at which the unblown boundary layer would ordinarily separate. Since 

an aerofoil or compressor blade is required to operate efficiently 

over a range of incidence, some degree of compromise is inevitably 

necessary, so that the blowing slot cannot perform at peak efficiency 

under all circumstances. 

One obvious extension of the principle of tangential blowing is 

the use of two or more slots, each to reinforce the effect of the 

previous jet. In such an arrangement, each successive jet would be 

so located as to re-energise the boundary layer just before the pre- 

ceeding jet was about to lose its effect.
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North (25) performed some numerical computations to compare the 

effectiveness of one and two slot blowing arrangements to prevent 

separation on the wall of a diffuser. Effectiveness was measured 

in terms of the distance to separation, measured from the first slot. 

He found that for a given total kinetic energy flux, two slots could 

be expected to supress separation for about 1.33 times the distance 

achieved with only one jet. This result was obtained by postulating 

that 63% of the total kinetic energy flux should be supplied from the 

first slot, the apparently optimum distribution. North did not 

perform full calculations for larger numbers of slots, but he deduced 

that three slots, with the total kinetic energy flux properly 

distributed between them, could be expected to give greater separation 

lengths than the best two-jet arrangement. Certainly, Newnaneo’ was 

of the opinion that it may be more economical to blow 'little and often' 

if the engineering complexity is tolerable. 

(32) Allcock and Dunham showed that two blowing slots were generally 

superior to one in terms of lift for a given overall blowing co- 

efficient, when applied to a circular cylinder. The first slot was 

located at the mid-chord position and the position of the second varied 

between 30 and 68 degrees from this first slot. With thirty degrees 

separation, the two slot blowing arrangement was superior at all blowing 

coefficients. As the jet separation angle was increased so did the 

blowing coefficient at which two slots became superior, since the 

minimum blowing coefficient to prevent separation between the slots 

rose with the separation angle.
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2: 
NGTE tests on elliptic cylinders °7) showed that two slot models 

were inefficient compared with single slot models at a free-stream 

Mach number of 0.2. However, the two slot models showed a much less 

sudden loss of lift with blowing coefficient and it seemed that two 

slots became more advantageous with increasing Mach number. It 

certainly appears that design optimization would show two slots to 

have major advantages when applied to elliptical sections. 

Another form of multi-slot blowing arrangement may be termed 

‘opposition blowing', as illustrated in Sketch 2.2. With this slot 

configuration, the position of .the rear stagnation point is controlled 

by differential blowing rates from the two slots. The obvious 

potential advantage of this arrangement is that the stagnation point 

position can be controlled while at the same time suppressing separation 

on both upper and lower surfaces, thus reducing drag more effectively 

than would only one slot. 

Kind and Meuse". in tests on an ellipse, found that for a given 

difference in blowing momentum from the two slots ON - Ci) both 

the lift and the lift/drag ratio decreased with increasing Ce This 

effect was observed at all positive incidences and it was concluded 

that single slot blowing, in contrast to the opposition type, was more 

efficient. 

G 
HI 

C 
H2 

Le 

Sketch 2.2 

Trailing edge configuration for 
opposition blowing.
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2.1.5 The Effect of Nozzle Shape 

Once the pressure of the air supply to the blowing slot 

reaches a sufficiently high value, the flow through a convergent nozzle 

becomes choked. The ideal nozzle for pressure ratios greater than 

the critical should be convergent-divergent, to obtain the maximum 

momentum from the emergent jet. Since a different geometry would be 

required for different supply and exit pressures and since such a 

nozzle would be inefficient for unchoked flows, the convergent nozzle 

results in the better performance and fabrication compromise. 

Attinel1o 2) presented a graph of the ratio of jet momentum co- 

efficients for convergent and convergent-divergent nozzle flows. At 

a pressure ratio of 10, the momentum coefficient attainable with a 

convergent nozzle is 0.93 that which could ideally be obtained with a 

convergent-divergent nozzle. At pressure ratios of 2 to 3, the ratio 

is as high as 0.99, so that the advantages of convergent-divergent 

nozzles are highly marginal, even if the restricted operating pressure 

range and fabrication problems were acceptable. 

Once the flow through a convergent nozzle becomes choked, a free 

expansion occurs at the exit which might be expected to reduce jet 

circulation control efficiency and thus undermine the above conclusion. 

As commented upon in the earlier section concerning correlating 

parameters, such an effect is not observed in practice. 

2.1.6 The Effectsof Slot Width and Surface Curvature 

The phenomenon of jet attachment to a curved surface, the 

Coanda effect, arises because of the normal pressure gradient existing



mio = 

across a curved flow. For a given blowing jet momentum, an increase 

in the ratio of slot thickness to surface radius of curvature, t/R, 

implies a reduced pressure difference across the jet and therefore a 

decrease in jet attachment effectiveness. However, very thin slots 

suffer the disadvantages of greater boundary layer blockage, higher 

blowing pressures for the same G, and an inability to entrain effect- 

ively a thick oncoming boundary layer. There would thus seem to be 

an optimum slot thickness for any particular application. The 

existence of an optimum thickness was demonstrated by Allcock and 

Dunham‘*2) when using tangential blowing on a circular cylinder. 

The general effect of slot width on the NGTE elliptical cylinders 

is illustrated in Figure 1. It is observed that the finest slot 

(t/ce = 0.003) performed well at low blowing rates, but limited the 

maximum lift available. A large slot width (t/c = 0.0118) performed 

badly since the thick jet was unable to adhere to the trailing edge. 

These results are not entirely consistent, however, because the trailing 

edge curvature was not the same for all tests. 

Kind and Neu 2”) reported low speed tests on a blown ellipse, 

using slot width ratios t/R of 0.0143, 0.0260 and 0.0520 and commented 

that there was no significant difference in section characteristics 

over this range of ratios. 

Landsberg and Krasnoft -~) performed some tests on an isolated 

section to investigate the effect of t/R. They found that for values 

of t/R = 0.04, 0.08 and 0.11, the lift inducing efficiency reduced with 

increasing slot width, while at t/R = 0.166 complete jet detachment 

occurred at low blowing coefficients.
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2.1.7 The Effect of Trailing Edge Shape 

Most tangentially blown aerofoils have been equipped with 

(32) circular trailing edges. Allcock and Dunham reported some results 

which illustrate the importance of trailing edge shape, even when 

perfectly smooth, Figure 2 compares the performance of their ellipses 

with circular-arc and elliptical trailing edges at Mach numbers of 

0.2 and 0.6. A circular-arce trailing edge was found to be beneficial 

at a Mach number of 0.2, above a certain blowing coefficient, but 

caused a serious loss of performance at a free-stream Mach number of 

0.6. This finding proved consistent on both 10% and 20% ellipse 

models. The effect was apparently related to the absolute value of 

blowing coefficient, since the c. was better for the elliptical 

trailing edge at both M = 0.2 and M = 0.6 at low values of blowing 

coefficient, 

Clearly, comparisons of different surface shapes are subject to 

the direct effect of the local magnitude of surface curvature, 

discussed in the previous section. However, it seems likely that an 

optimum surface curvature distribution would exist in any particular 

case, It is known that boundary layer development exhibits a 'lag' 

effect, whereby the shear layer requires a finite downstream travel 

distance to react fully to a change in the imposed flow conditions, 

e.g. -surface curvature. It may well be possible to enhance jet 

turning angles by exploiting this effect. 

2.1.8 The Effect of Free-Stream Mach Number 

The majority of work on tangentially blown aerofoils 

has been performed at low incident Mach numbers, where the applied



blowing momentum coefficient oC and the generated lift coefficient c 

both reached high values. For example, aerofoils tested by Landsberg 

and Krasnofé (25) reached lift coefficients as high as 5 at blowing co- 

efficients of 0.8. Under these low speed conditions, no peak to the 

lift curve is observed over the range of blowing coefficients reported. 

Similarly, cascades tested at low Mach numbers display a continuously 

increasing Cc with cr 

The NGTE tests on isolated elliptical cylinders in which Mach 

number effects were specifically investigated, suggest that Mach number 

effects can be considerable. Allcock and Dunham (32) found that for an 

elliptic cylinder, the slope of lift against blowing coefficient 

increased substantially with free-stream Mach number while the maximum 

attainable C. fell rapidly. This effect is illustrated in Figure 3. 

The phenomenon is clearly due to a characteristic of the jet itself 

since the maximum lift on a conventional aerofoil does not fall 

appreciably until the critical Mach number is attained. Figure 3 shows 

how, at M = 0.6, the C, against co curve falls sharply after peaking: 
L 

it appears that at this Mach number, breakdown of the Coanda effect is 

sudden and complete. 

2.2 Testing Considerations 

2.2.1 Introduction 

The purpose of wind-tunnel cascade testing is to obtain 

performance characteristics which allow a prediction to be made of how 

a particular blade geometry will perform in a turbomachine. Since 

the range of application of a particular section is likely to be varied 

and not necessarily specified at the time of testing, it is normal
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practice to obtain results under standardized conditions. If required, 

corrections can be made to results obtained under these standard 

conditions to predict performance, for example, at a different Reynolds 

number, although such corrections can only be applied confidently 

within the range of empirical vindication, primarily because such 

corrections are themselves usually empirical. 

Except where the effects of three-dimensionality are specifically 

studied, cascade tests are carried out under conditions of two- 

dimensional flow and the cascade is taken to represent the performance 

of an infinite row of equally spaced blades. 

Figure 4 illustrates the usual British cascade terminology which 

is used in this work. The performance of a given cascade geometry 

is sensitive to the flow conditions, namely the Mach number, Reynolds 

number and axial velocity ratio. Mach number effects are not 

considered here, because this work deals with flows which can be 

considered essentially incompressible. The Reynolds number is an 

important parameter in any flow system and can be expected to exert 

a considerable influence. In an ideal, incompressible flow, the axial 

velocity ratio (AVR) is unity, as dictated by continuity. In practice, 

boundary layer development on the junction between the blade ends 

and the tunnel wall causes a contraction of the centre-span flow 

through the cascade resulting in an AVR greater than unity. This 

effect may be countered by applying suction to the end walls of the 

wind tunnel to draw off the retarded flow and maintain unit AVR. In 

addition to these flow considerations there is clearly a limit on the
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minimum number of blades arranged in a finite cascade for which the 

centre blade region adequately represents the performance of an 

infinitely long cascade. 

The above cascade testing considerations are discussed in the 

following sections under appropriate headings. The majority of 

results referred to were obtained from extensive investigations by 

research workers at Liverpool University under the guidance of 

Professor Horlock. 

2.2.2 The Effect of Reynolds Number 

Observed effects of Reynolds number upon cascade perfor- 

mance have been reported by Rhoden (37) , Horlock et ae Pollard 

(39) (42) 
and Gostelow 5 Hortock >> and Roberts Rhoden tested three 

compressor cascades of camber angles 20, 30 and 40 degrees at Reynolds 

numbers of 3 x 107 tO 3x 10° based on the inlet air velocity and blade 

chord. The pitch-chord ratio was maintained at unity and the stagger 

angles chosen to give an approximately constant outlet angle. _The 

aspect ratio was three and the tests were conducted over a sufficiently 

wide range of inlet angles to obtain both positive and negative stalling. 

On the convex surfaces at high Reynolds numbers a few cases of turbulent 

boundary layer separation occurred, although the turbulent layers were 

generally able to sustain high pressure rises. As the Reynolds number 

was reduced, the point of transition moved towards the trailing edge 

until reaching the point of laminar separation. Further slight 

reduction of the Reynolds number caused complete laminar separation, 

the position of separation remaining approximately independent of 

Reynolds number.
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Horlock et ai, (38) compared some of Rhoden's results with pre- 

dictions based on the data of Howell who gave a correlation of 

cascade data for the effect of Reynolds number on deflection. 

Howell's data did not compare well with Rhoden's results. The 

results of Horlock et al confirmed the findings of Rhoden that the 

deviation changes rapidly below a Reynolds number of 1.0 x 10° and 

varies only slightly above this value. This Reynolds number appears 

to be a critical value below which laminar separation can occur, 

although the point of laminar separation is also heavily dependent 

upon the blade surface pressure distribution. 

(42) More recently, Roberts presented the results of varying 

Reynolds number tests on NACA 65 profile cascades. The cascades 

displayed characteristics similar to those described above. Roberts 

proposed a method of predicting shear layers across a laminar separation 

bubble, thus allowing the calculation of low Reynolds number flows. 

The above findings applied to cascades of conventional, slender 

(5) compressor blades, Scholz commented that Reynolds number effects 

are considerably less on bluff bodies where pressure drag constitutes 

a much greater proportion of the total drag. Nash et AG in 

testing a square ended thin wedge section, found that doubling the 

Reynolds number from 2.25 to 4.5 x 10° caused an increase in the base 

pressure coefficient of less than one per cent. Since the drag on 

such a body is almost entirely pressure drag, the drag coefficient 

can be expected to have changed by a very similar proportion.



2.2.3 The Effects of Aspect Ratio and Axial Velocity Ratio 
  

The effects of aspect ratio and axial velocity ratio are 

considered together since they are closely related. It is tempting 

to suppose that a cascade of high aspect ratio would a) give accurate 

two-dimensional results in the centre span plane, and b) yield an 

axial velocity ratio very close to wuity in this plane. Pollard and 

( Gostelow =) found that for aspect ratios greater than three, the 

centre span region did indeed exhibit two-dimensional flow over a 

substantial length of the span. However, even for aspect ratios as 

high as five, the axial velocity ratio in the centre plane was greater 

than unity. 

These effects occur because of secondary flows at the junction of 

the tunnel wall and the blade low pressure surfaces. The secondary 

flows twist the main flow aggrevating the corner stalls and producing 

regions of high loss between the wall and the convex blade surfaces. 

Pollard and Gostelow showed that a cascade with an aspect ratio as low 

as two, when tested with solid walls, can cause secondary effects to 

extend across the whole span, thus invalidating any assumption of two- 

dimensionality. At higher aspect ratios, the flow may be two- 

dimensional in the centre region, but the blockage effect of the 

secondary flows causesa contraction of the flow and an axial velocity 

ratio greater than unity. The large contraction of flow occurring in 

cascades of low aspect ratio defers stalling in the mid-span plane but 

gives a lower deflection than is obtained with two-dimensional results. 

Studies of the characteristics and prevention of wall stall in compressor 

(40) (44) 
cascades have been made by Horlock et al. , Hanley and by 

Stratford >) :
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(39) Pollard and Gostelow showed that the effect of an increase 

in axial velocity ratio across a cascade is to reduce the static 

pressure rise and to cause an increase in deviation. Tests on a 

cascade of 10C430C50 profiles at a stagger of 36 degrees and space 

chord ratios of 0.875 and 1.0 exhibited a variation of deviation 

with AVR which could be approximated by straight lines of the form: 

6 = 6' - 10(AVR - 1) 

where 6' is the deviation at AVR = 1.0. Corrections were made for 

the effects of secondary flows in the results for AVR > 1.0. However, 

the gradient of dé/d(AVR) is expected to be a function of the blade 

surface pressure distribution and hence of the blade section as pointed 

(41). out in the reported discussion on Horlock's paper 

aes) that the reason for differences between It is now accepte 

early American and British results on compressor cascades of similar 

section was due to the British tests being conducted at axial velocity 

ratios in excess of unity, while the American tests were made in a 

porous wall tunnel with the AVR maintained at unity. 

The AVR was varied in the tests reported by Pollard and Gostelow 59) 

by use of a porous wall tunnel similar to the NACA tunnel reported by 

on The application of suction to the sidewalls Erwin and Emery 

enabled good, two-dimensional results to be obtained from a low aspect 

ratio cascade. The variation of axial velocity ratio through the 

upstream, downstream and through-cascade regions was measured and it 

was found that nearly all the change in AVR occurred in the cascade 

itself, thus validating the practice of setting a cascade to unit AVR 

based on measuring stations well upstream and downstream,
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(46) Felix and Emery » using the NACA porous wall tunnel, found 

that two-dimensional flow could be established with cascades of 

aspect ratios as low as unity, provided the suction was applied 

carefully. 

2.2.4 Tunnel Configuration 

The NACA instigated an experimental programme to investigate 

aspects of cascade testing. One of the aspects considered was the 

minimum number of blades required to obtain conditions representative 

of the performance of an infinite cascade. Erwin and Emery “47 

found that provided the end and side wall suction was correctly set, 

the centre blade of a cascade of five blades performed satisfactorily. 

They also varied the gap between the sidewalls and the end blades of 

the cascade, but found that this variable had no effect on the centre 

blade. 

2.2.5 The Setting of Blade End Suction Levels 

Accepting that suction is necessary to obtain two- 

dimensional flow in compressor cascade tunnel tests, the obvious 

question that arises is that of how much suction to apply. Suction 

on the sidewalls is set to remove the sidewall boundary layers and 

thus control the inlet flow distribution, which ideally is uniform, 

and may be set by obtaining the most uniform possible distribution 

of upstream static pressure. The end suction is applied to remove 

boundary layers developing in the corner between the blade ends and 

the tunnel wall and ultimately this suction level can only be deter- 

mined by trial and error, analysing properties measured downstream 

of the cascade until unit AVR is obtained.
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Horlock “48) showed that by assuming incompressible flow through 

the cascade and applying Bernoulli's equation to the flow, the 

theoretical static pressure rise is given by: 

AP o 2 

ee eae) ote ay 
x Ua z ur 

where AP, is the loss in total pressure across the cascade, 

Since the static pressure rise is affected by the amount of 

suction applied, the level may be set by use of this formula, Values 

of o2 and AP are required, but approximations may be obtained from a 

preliminary test with a 'guessed' suction rate. 

This procedure was in fact adopted in the present work for some 

early tests on a cascade of C4 section blades, performed to gain 

familiarity with the equipment, and the relationship expressed in 

equation 2.4 was found to be useful and accurate in setting suction 

levels. Unfortunately, the procedure is not so simple with a cascade 

of blown aerofoils, since the blowing air itself affects the static 

rise and the measured AVR. This problem is dealt with in Chapter 3.
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CHAPTER 3 

EXPERIMENTAL WORK AND DATA REDUCTION 
  

3.1 Model Blades 

3.1.1 Design Considerations 

The model blades used in the wind tunnel tests had been 

designed and cast before the author became involved with this project. 

The basic philosophy of the design is easily deduced, however, and 

will be discussed briefly before detailing the blade construction. 

The blade profile was based on an ellipse for ease of manufacture. 

The twenty percent configuration was probably the thinnest section 

which could be fabricated on the required scale, while being slender 

enough to avoid critical Mach number effects over a wide range of sub- 

sonic incident stream Mach numbers. The slot width was required to 

be fine enough not to distort the symmetrical blade profile seriously, 

while allowing the necessary range of blowing momentum coefficients at 

manageable supply pressures. Consideration of referencesdiscussed 

earlier, suggests that the required upper limit on the ci values would 

be between 0.1 and 0.2 at an incident Mach number of 0.3. Figure 5 

shows the ratios of jet supply pressure to anblent pressure to give a 

particular blowing coefficient oi for a series of values of t/c. 

The curves of Figure 5 assume full expansion of the jet to the free 

stream static pressure. Since the loss of momentum coefficient with
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use of a convergent nozzle is only about 7% at a jet pressure ratio 

of 10, the curves are reasonably accurate for convergent nozzles. 

It is seen that the slot thickness employed (t/c = 0.006) requires 

a slot pressure ratio of about 2.5 to give a eC of 0.2. Such a slot 

width is acceptably small from the point of view of profile distortion, 

without creating undue problems of fabrication or supplying the slot 

blowing air. 

3.1.2 Construction 

Drawings of the model blades are presented in Figure 6. 

The profile was based on a twenty two percent ellipse with a trailing 

edge formed by a semi-circle, centred on the origin of the ellipse. 

Each blade was cast from mazak and in two halves, as illustrated. The 

chord length was 25.4 mm and the geometry of the sections was such 

that a slot of nominal thickness 0.102 mm would be formed upon joining 

the blade halves. 

Three of the blades were equipped with seven static pressure 

tappings equally spaced at thirty degree intervals around the trailing 

edge, They were distributed about the centre twenty per cent of the 

span, as shown in Figure 6. The tappings were formed by drilling 

into the trailing edge and inserting lengths of hypodermic stainless- 

steel tube, the ends being finished flush with the curved trailing 

edge surface. Experience with the performance of these tappings 

suggests that it would have been better to leave the ends of the 

hypodermic tubes below the surface and to join them to the measuring 

stations with a fine, plain hole. The routing of the static pressure
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tubes inside the lower blade halves is shown in Plate 1 on page 32. 

Two blades were equipped with a single pressure tapping projecting 

into the slot plenum to record the slot supply pressure. 

The blades were joined using ordinary, commercial ‘Araldite’. 

Despite careful surface preparation, the strength of joint obtained 

was not consistent and instances of parting blades did occur. Some 

of the blades were originally assembled using a special type of 

'Araldite' recommended by the manufacturers but even this adhesive 

did not prove fully reliable. 

Short lengths of stainless-steel tube were inserted into the 

ends of the slot supply ducts. The tubes projected about 3 mm 

into each end of the blade and served as blade rear mounting pins. 

Thin, solid pins were set into the blade ends near the leading edge 

to act as forward locating points. 

3.1.3 Spanwise Slot Flow Distribution 

In compressor cascade tests considerable effort is 

directed towards obtaining two-dimensional flow over the centre span 

region; hence it was necessary to establish that the flux issuing from 

the slots did not exhibit a substantial variation along the span of 

the blades. When the slot is supplied from a large plenum, it can be 

assumed that a uniform slot width will yield a uniform flux along the 

whole length of the slot. In the present case, however, size limit- 

ations dictated that the blowing slot of each blade should be supplied 

from a circular duct of diameter 3.175 mm, giving a duct diameter/slot 

thickness ratio of 20.8 and a ratio of duct diameter/length of 0.125.



  

1: Routing of Static Pressure Tubes Inside Lower Blade Half,  



The latter ratio is obtained by using half the blade length: since the 

slot supply duct was fed from both ends it can be represented by a 

pipe of length equal to half the blade span and closed at one end. 

Attempts to investigate the slot flow distribution with a fine 

pitot probe in still air proved difficult and inconclusive. It would 

have been possible to insert a fine hot-wire anemometer into the slot, 

but an accurate traverse along the whole length of each slot would 

probably not have been practical. As an alternative, it was decided 

to formulate a procedure for predicting the expected flow distribution 

and then to test the prediction procedure on a larger scale experimental 

rig. The theory of the method and the experimental comparison are 

described in Appendix A, together with the application of the procedure 

to the model compressor blades. The important result is that the 

maximum predicted variation of blowing momentum over the centre half 

of the blade span is less than 5% at low blowing pressures and less 

than 2% for choked flows. 

3.2 Blade Slot Flow Calibration 

3.2.1 Introduction 

Before assembly of the cascade, the flow from each of the 

tangential blowing slots in the blades was calibrated. There were two 

reasons for this calibration: 

a) To ensure uniformity in blowing between all the blades. 

b) To avoid the need for metering the supply air to the cascade when 

under test in the wind tunnel, since any small leaks in the supply 

apparatus would give false flow readings.
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3.2.2 Calibration Procedure 

Each of the blades was held in turn in the frame designed 

for use in the tunnel, with all the air supply holes except those 

holding the blade blocked off. The air was supplied to both ends of 

the blade as when in the tunnel. 

A flow meter and pressure tapping were included in the supply 

pipe. A sketch of the apparatus is given in Figure 7. When the 

fully instrumented blades were tested, the pressure indicated by the 

static tapping at the slot exit was recorded. When the two blades 

with a tapping in the slot air supply chamber were tested, this 

plenum pressure was recorded, 

The supply flow was increased in steps over the range of supply 

pressures used in the tunnel tests. Pressure P; marked on Figure 7 

was used as the reference pressure for which the same flow was to be 

expected for all the blades. It was found that all blades could 

be brought to display the same calibration curve by fine dressing of 

the slot: either polishing out with a piece of shim or by a gentle 

rubbing down on the slot lip to close the slot slightly. 

Quantitative values for the slot mass flows were obtained by 

constructing calibration curves for the flow meter at each of the 

supply pressures used. 

3,2,3 Application of Calibration to Blades in External Flow 
  

To enable the calibration to be used for the cascade blades when 

in the tunnel, it was necessary to express the calibration as a function
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of the pressure ratio between the slot plenum and the slot exit plane. 

The static tappings at the slot lip on the fully instrumented blades 

were provided to give the exit plane static pressure, but an extra 

complication arose: due to the curvature of the jet there existed a 

static pressure gradient across the jet, so that the pressure at the 

outside of the jet was greater than that at the surface. Thus the 

mean slot exit pressure would be less than the local external flow 

pressure and the local surface pressure would be lower still. 

The detailed treatment of the slot velocity profile and the 

static pressure gradient is given in the next section. 

3.2.4 Detailed Treatment of the Slot Velocity Profile 

The slot exit velocity profile was assumed to conform to 

a 'power law' and to be of the form illustrated in Figure 8. For such 

a profile, with the density assumed uniform, the coefficient of dis- 

charge C, is given by 

: C.+ 2 
d ‘n+l Bok 

The pressure distribution across a curved flow is given by 

Assumption of the profile shown in Figure 8 gives for the pressure 

difference across the whole jet 

i Qjn t/2  2/n i 2/n 

ane ea (t-y)__ 5.2 
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where PE denotes the pressure at the outer jet flow boundary and 

PL that at the surface boundary. For n + ©, equation 3.2 gives
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= neR   ) For other values of n, the integrals are easily 

  

calculated numerically and Figure 9 shows equations 3.1 and 3.2 plotted 

as functions of n. 

The problem of the spanwise slot flux distribution has already 

been dealt with. The work presented here assumes uniform conditions 

along the whole of the slot supply plenum chamber and a constant dis- 

charge coefficient of 0.85. 

In calculating a theoretical mass flux, another problem arises due 

to the gradient of static pressure across the slot exit plane. This 

outlet pressure gradient is not insignificant: Figure 9 shows that for 

a profile with n = 7, the pressure difference across the slot would be 

expected to have a value of about 9.5% of the dynamic pressure at the 

centre of the jet. Consequently, it is to be expected that better 

agreement with experiment would be obtained by assuming the flow to 

exhaust to an outlet pressure Rn where 

ee Pose, + FD 3.3 

Such a solution requires iteration, since PL is itself a function of U5. 

3.2.5 Results of Calibration and Comparison with Theory 

Figure 10 shows the non-dimensional mass flux from the 

blade slots plotted as a function of the ratio of slot exit pressure 

over the pressure at the blade centre. Three curves are given: 

1. The curve obtained from experiment.
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2. The curve obtained from the assumption that the pressure at 

the blade centre exists as a total pressure throughout the 

plenum, and that the flow exhausts to the ambient pressure 

existing outside the slot. 

Be The curve obtained by calculating the exit velocity a as in 

case 2, calculating the associated PE - Pie then re- 

calculating the exit mass flux taking the exit pressure to be 

Ph as defined by equation 3.3. 

The predictions of the pressure difference across the jet could 

be compared with experimental values obtained from the pressures 

indicated by the slot exit tappings, since the pressure at the jet 

outer surface was known to be atmospheric during calibration. The 

readings from these tappings were not highly accordant, presumably 

due to surface inperfections around the ends of the hypodermic tube 

inserts and the presence of the slot lips. Average values have been 

used consistently in this work. Figure 11 shows the experimental 

Rie or 
values of Sorat plotted against the same abscissa as Figure 10. 

J 

The terms used to non-dimensionalise the measured pressure differences 

were obtained by considering expansion to BS calculated from the 

measured pressure difference. 

3.2.6 Comments on Calibration of Blades 

Figure 10 shows the general agreement between the experi- 

mental curve and the theoretical curves. Neither of the theoretical 

curves is significantly better than the other in approximating to the 

experimental curve, The results suggest that the assumed value of Cy 

0.85, is in fact a little low at pressure ratios below 0.65 and a 

little high at pressure ratios above 0.65.
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This variation in C, is not unexpected, since the exponent n in 
d 

the power law is generally a function of Reynolds number for all 

boundary layer flows. The slot flow Reynolds number at the highest 

blowing rates used in these tests was about 4 x 10°, It is also 

quite possible that the slot expanded slightly under the influence of 

the higher blowing pressures. 

Figure 11 shows that the measured values of pressure difference 

across the jet are somewhat higher than would be expected for a value 

of n in the region of 6. The fact that the P, values are consistently 
I 

high, suggests that the phenomenon is probably a result of the presence 

of the slot lips: tappings insuch a position might be expected to be 

highly sensitive to minute details of the local flow geometry. The 

choked flow results showed that the tappings at the slot lip indicated 

the local external surface pressure, minus the pressure drop across 

the jet thickness, rather than the choked jet pressure. 

In all calculations concerning the cascade performance the slot 

plenum pressure is assumed uniform at the average of the values indicated 

by the two blades with tappings in this duct, and a constant discharge 

coefficient of 0.85 is applied. 

3.3 The Wind Tunnel 

A sketch of the cascade tunnel is shown in Figure 12. It accepted 

blades of 57 mm span and 25.4 mm chord. Rows of static tappings were 

provided at a half chord length upstream of the inlet plane and one 

chord length downstream of the outlet plane. Incidence was varied by 

rotation of the turntable and the sidewalls could be adjusted to extend
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right up to the cascade inlet plane at any incidence. The sidewalls 

could also be moved inwards, to contract the tunnel width. The 

maximum tunnel width (115 mm measured normal to the tunnel axis) was 

generally used, inward adjustment of the sidewalls only being necessary 

to align the walls with the end blades when testing at stagger and 

positive incidence. The sidewalls were extended back to the tunnel 

inlet by strips of spring steel so that a smooth inlet would be obtained 

when the tunnel was contracted. A set of 10 static tappings were 

arranged well upstream of the cascade station to check for flow uni- 

formity when setting the sidewalls. Suction slots were provided on 

the sidewalls, immediately upstream of the inlet plane, to give control 

over the distribution of upstream static pressure. The tunnel end 

walls contained recesses into which were fitted manifolds to supply 

the blowing air to the cascade. These recesses were used to draw 

mainflow air from the blade end region, helping to reduce secondary 

flows and to control the axial velocity ratio. Suction was applied 

to the blade ends and on the sidewalls by a 30 kW exhauster. The 

suction rate from each of the four manifolds could be adjusted independ- 

ently but a pressure tapping was provided in each of the suction pipes 

from the blade ends so that these two rates of bleed could be equalised. 

The general arrangement of the tunnel and some of the associated 

equipment is shown in Plate 2, page 40. Plate 3 on page 41 gives a more 

detailed view of the cascade and the mechanism used to hold and traverse 

the fixed-direction probe, described in Section 3.5. 

The tunnel was supplied with air by a cylindrical settling chamber 

of 0.46 m diameter and 1.8 m in length. The settling chamber itself 

was supplied through a steel hose from a 180 kW radial flow compressor.



 



  
PLATE 3: Detailed View of the Cascade and Probe Traverse Mechanism.



A conical diffusing centre-body was provided at the inlet end of the 

settling chamber. The wind tunnel end of the chamber was fitted 

internally with a three-dimensional contraction to smooth the flow 

into the tunnel. The tunnel flow exhausted to atmosphere. 

3.4 The Cascade Assembly and Blowing Air Supply 
  

The cascade was held in a framework, shown in Plate 4, page 43. 

For the unit space/chord tests, 5 blades could be accommodated within 

the tunnel width and 7 blades at a space/chord of 0.75. The blowing 

air supply tubes, projecting from the ends of each blade located in 

the rear frame, while the forward frame held the small pins set into 

the blade ends near the leading edge. The cascade stagger could be 

yaried by pivoting the forward and rear blade mounting frames in a 

parallelogram motion. Packing was clamped between the ends of the 

two frames to hold the assembly rigid. The blowing air supply mani- 

folds fitted into the blade end suction recesses in the tunnel as 

sketched in Figure 13. Installation of the cascade necessitated 

removal of the top of the tunnel so that the rear blade frame could 

be sealed on the blowing air supply manifolds. 

The blowing air was taken from a 1000 kN/m? supply: main and 

passed through a 3 kW heating tube, a filter and a regulating valve. 

The air was then passed through a drum of silica gel to remove any 

remaining moisture or oil droplets before dividing into two streams, 

each to supply one end of the cascade.



PLATE 4: Cascade held in frame.  
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3.5 The Probe Used for Downstream Measurements 
  

Downstream readings of total pressure and flow angle were recorded 

by means of a fixed direction probe which was slowly traversed across 

the centre-span plane of the cascade. The probe tip was positioned 

at one chord length downstream of the cascade exit plane, above the 

static tappings in the tunnel floor. A static pressure probe was not 

included in the traversing assembly, since Pollard and Gosteloy’) 

found good agreement between probe and wall tapping static pressure 

measurements. 

The probe was of the clustered tube variety, the centre of the 

three tubes having an orifice plane normal to the probe axis for the 

measurement of total pressure and the two yaw sensing elements being 

raked at an angle of forty five degrees. The probe is sketched in 

Figure 14. The tubing used in the probe assembly was stainless 

steel and silver solder was used at all joints. The three tubes 

comprising the probe tip were first joined with silver solder and 

the top and bottom surfaces of the assembly were ground to a fine, 

square finish. The cluster was then held in a jig and the tip was 

ground carefully to the final shape. After polishing, inspection 

under an eye glass showed a very fine finish with clear, sharp edges. 

The sharp angles of this type of probe help to maintain independence 

of the calibration from Reynolds number over a considerable ranges’). 

The probe tip projected freely for a length of about 35 mm which put 

the tip well beyond the minimum acceptable distance from the probe 

support of about three support diameters*°”) , To avoid the problem 

of heat affecting flexible connections, stainless steel tube was used 

for the whole probe assembly. Flexible connections were then used 

to join the three outlet tubes to the differential pressure transdu- 

cers.



The precise volume of the system between the probe tip and the 

transducer and the transducer volume itself was unknown. Using 

estimated volumes, an approximate settling time based on an expres- 

(51) sion given by Larcombe and Petro suggested that a step change in 

pressure from the highest to lowest pressures likely to be encountered 

during a cascade scan would give a settling time of about 0.2 seconds. 

The x-y plotter traces of the downstream total pressure profiles, for 

example Figures 27 and 28, showed that the pressure recording system 

was sensitive to local turbulent fluctuations so that mean pressure 

settling times were clearly negligible in comparison with the speed 

of the probe traverse, 

The probe was calibrated by carefully setting the wind tunnel 

side walls symmetrically and arranging the probe so that the tip 

pointed directly along the tunnel axis. The probe elements were 

connected to U-tube water manometers. The yaw elements were 

connected differentially across one manometer, while the total 

pressure element gave readings relative to atmosphere. A pointer 

was attached to the probe support to indicate probe rotation on a 

scale which was readable to about 4 degree. The probe was first 

aligned by obtaining a zero reading on the yaw manometer and 

adjusting the pointer to indicate zero degrees. The probe was then 

rotated in increments of 2} degrees over a range of + 10 degrees. 

Since rotation of the probe caused transverse movement of the tip, 

the probe carriage was traversed after each yaw increment to bring 

the tip back to the tunnel centre line. At each increment readings 

were taken from the yaw and total manometers. The readings proved
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consistent and repeatable, The calibration was performed at a 

Reynolds number based on blade chord of about 1.5 x 105. The cali- 

bration has been plotted as the difference in yaw element pressures, 

non-dimensionalised by the dynamic pressure. The original cali- 

bration curve and later checks are plotted in Figure 15. 

The characteristics and sensitivity of this design of probe have 

Co): They concluded that been investigated by Dudzinski and Krause 

flow direction is measurable to within one degree provided that the 

probe is individually calibrated. They also found that the centre 

tube gives correct readings of total pressure over yaw or pitch angles 

of about ten degrees, The calibration performed on the probe used in 

the present tests, suggests that the accuracy figure of one degree 

quoted by Dudzinski and Krause is conservative, and that flow direction 

measurement at a particular flow speed is realisable to an accuracy 

better than } degree. 

3.6 Instrumentation 

All the tunnel static tappings were connected to multitube banks 

of water manometers, reading relative to atmosphere. A pressure 

tapping in the side of the settling cylinder was connected to a water 

manometer in the room from which the main compressor was controlled. 

This manometer was taken to indicate the total pressure at the 

cascade inlet since tests showed no discernable loss between the 

settling chamber and the centre region of the tunnel at the cascade 

station, The mainstream flow total temperature was measured by a 

thermometer inserted into the settling cylinder.
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The centre element of the downstream probe was connected to one 

side of a differential, half bridge pressure transducer (+ 34.5 KN/m?) , 

the other side being connected to the settling cylinder. Thus, this 

transducer indicated directly the loss in total pressure across the 

cascade. The two yaw elements were connected differentially across 

a second pressure transducer. The three pressure leads to the 

transducers were also connected, through solenoid valves, to water 

U-tube manometers. This arrangement allowed easy checks to be made 

on the transducer calibrations. The transducers were connected to 

a converter unit to give a direct voltage output. Calibration of 

the transducers showed a good linear response over the whole range of 

pressures encountered during the tests. 

The probe traverse was driven by a twelve volt motor. Readings 

of probe position were output in terms of a voltage measured across 

a multi-turn potentiometer which was driven by the traverse lead-screw. 

The total and yaw transducer outputs and the probe position 

signal were all input to a data logging system which could scan at the 

rate of ten channels per second. Once a probe traverse across the 

rear of the cascade was commenced the data logging system would 

continuously monitor the input channels, recording the readings on 

punched tape. Successive groups of ten input signals were read in 

the following format; 

4 total pressure readings, 

1 yaw reading 

4 total readings 

1 probe displacement reading.
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The reading rate was sufficient to yield approximately 20 such blocks 

of data across each blade pitch at a pitch/chord ratio of 0.75. The 

output from the total pressure loss transducer was also connected to 

an x-y plotter, thus giving an immediate visual record of the downstream 

total pressure distribution. This facility proved particularly use- 

ful during cascade tests. 

The twenty one static pressure tappings arranged around the 

trailing edges of the three instrumented blades were connected to multi- 

tube manometer banks. Tappings 1 and 2 on each blade were connected 

to a tilting mercury manometer bank and the others to water manometers. 

At low blowing pressures, the two tappings provided to measure the 

slot plenum pressure were connected to the mercury manometer bank and 

at high blowing pressures to gauges. The calibrations of the gauges 

were checked on a dead-weight tester. A thermocouple was inserted 

into one of the blowing air supply hoses and connected in series with 

another in the main settling cylinder. Knowledge of the mainflow 

total temperature thus enabled the blowing air supply temperature to 

be determined. 

3.7 Testing Procedure 

Tests were performed at a nominal Mach number of 0.3 The required 

settling chamber pressure was set by regulating the proportion of total 

compressor flow fed to the tunnel. It has already been mentioned that 

the setting of blade end suction levels to attain unit axial velocity 

ratio was complicated by the use of blade blowing. In early tests, 

readings were taken for two or three different suction rates with the 

aim of spanning the unit axial velocity ratio condition. It was found,
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however, that the blade end suction level had little effect on the 

results and in later tests, the suction rate was set by judgement 

based on experience. 

The setting of sidewall suction rates was adjusted by referring 

to the distribution of upstream static pressure. The objective was 

to obtain as uniform a distribution as possible. The distribution 

became more difficult to control with increasing cascade incidence 

and blowing rate but the variation in upstream static pressure along 

the cascade was generally no greater than 2.5% of the inlet dynamic 

pressure. 

The probe was aligned with the outlet flow direction at mid- 

passage: the centre of a passage flow was most easily found by 

obtaining a preliminary downstream total pressure distribution on the 

x-y plotter. The data logging system was then started and a traverse 

was made across the rear of the cascade in the centre span plane. 

All traverses and movements of the probe saddle during probe calibration 

were made in the same direction, since there was some backlash in the 

traversing system. Immediately after the traverse, readings of 

settling chamber total pressure and temperature, upstream and downstream 

static pressure distributions, the blowing air supply pressure and the 

trailing edge pressures of the three centre blades were recorded. 

After each testing session, spot checks on the transducer 

calibrations were made. Such checks never yielded a discrepancy from 

the original calibrations of more than 2.5%, It was found that some 

degree of zero drift in the transducer converter always occurred during
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a testing session. The total drift at the end of a session was 

recorded and a proportion of this total drift was apportioned to 

each set of results. The analysis of the total pressure records 

allowed this zero drift to be accounted for. 

The pressure leads were tested periodically for leakage and 

the probe calibration was checked when the cascade was removed from 

the tunnel for changes in pitch-chord ratio or stagger. 

3.8 Data Reduction 

3.8.1 Introduction 

It was required to determine the usual cascade performance 

parameters, lift coefficient C,, drag coefficient Cy, total pressure L? 

loss and static pressure rise for the blown cascade. All these terms 

are conventionally inferred by applying energy and momentum consider- 

ations to flow through a control volume encompassing one blade. When 

blowing is applied, modifications to the standard calculations are 

clearly necessary since a proportion of the downstream flow originates 

from the blowing slot: otherwise, for example, a negative drag would be 

calculated at high blowing rates. The reduction of results, therefore, 

was performed with the intention of eliminating the direct contribution 

of the blowing jets to the flow measurements recorded behind the cascade, 

3.8.2 Standard Analysis Procedure 

The downstream total pressure records consisted of many 

readings of total pressure at closely spaced positions across the rear 

of the cascade. The total pressure profile displays a marked 

periodicity for large downstream distances: Pollard and Gostelow (39)



illustrate the decay of such a profile. The momentum analysis 

applied to a control volume assumes uniform flow conditions along 

the upstream and downstream boundaries. Thus, the application of 

the momentum analysis requires the deduction of properties existing 

at some hypothetical station so far downstream that the individual 

blade wakes have become fully mixed with the high energy passage 

flows. 

Consider Sketch 3.1 which shows one pitch length of a total pressure 

profile, A, recorded a short distance downstream of the cascade outlet 

plane and the equivalent fully mixed profile, B, at a hypothetical 

station infinitely far downstream. 
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Sketch 3,1 

Real and Fully Mixed Total Pressure Profiles 

Application of momentum and energy conservation equations yields 

the following implicit expression for the Mach number at Station B:
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Numerical integration of the right hand side of equation 3.4, across 

one pitch length, with values of My calculated from the total pressure 

readings allows My to be found by iteration. The corresponding fully 

mixed static pressure may then be calculated from the momentum equation. 

Having found the fully mixed flow conditions, the expressions 

given by Horlock (48) for lift and drag may be applied. These formulae, 

for a conventional, unblown cascade, may be obtained from those given 

in Appendix B if the slot blowing terms are ignored. 

3.8.3 Modification for Blowing 

It was required to subtract from the experimental results 

the direct contribution of slot blowing to the cascade performance 

characteristics. The necessary modifications to the results obtained 

from the conventional analysis described above are derived from first 

principles in Appendix B. 

In calculating jet momentum coefficients, a peak jet velocity 

was deduced from the measured jet supply pressure and the slot exit 

pressure, the latter corrected for the normal pressure gradient across 

the jet. The entire jet flow was assumed to emerge with this velocity. 

While this definition of jet momentum coefficient is simple and in 

) accord with previous practice, for example Kind? , it may suggest a 

poor performance if results are compared with others in which the loss



of momentum in the slot boundary layer has been accounted for. This 

is particularly so in the present case, where the slot discharge co- 

efficient is quite low. 

3.8.4 The Computer Programmes 

Two computer programmes were written to perform the data 

reduction described above. The programmes were written in BASIC 

computer language and were run on a Hewlett-Packard 9830 computer, 

coupled to a tape reader. The first programme read the data from the 

cascade outlet traverse directly from the punched tape and other data 

were manually supplied. The results output consisted of values of 

inlet Reynolds and Mach numbers, outlet angle, lift and drag coefficients, 

total pressure loss and axial velocity ratio. The outlet angle was 

taken to be the average of all values recorded over a pitch length. It 

is recognised that the yaw probe readings would tend to be inaccurate 

in regions of total pressure gradient, but as the probe was carefully 

aligned with the mid-passage flow, the adjustments to this nominal 

outlet angle made by the yaw probe readings were only small. 

All the above results were calculated as for a conventional cascade. 

Due to computer memory limitations, the total pressure profile integration 

was only performed over one pitch length. Such an integration was 

generally repeated four times over different sections of the outlet 

profile so that good, average results would be obtained, representing 

the performance of several blades. 

In addition to the fully mixed solutions described earlier, the 

programme also calculated results obtained from area and mass flow 

averaged values of downstream total pressure.
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The second programme modified the fully mixed results to take 

account of the slot blowing effect, using the expressions presented 

in Appendix B. 
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CHAPTER 4 

RESULTS OF CASCADE PERFORMANCE EXPERIMENTS 
  

4.1 Cascade Characteristics 

4.1.1 Lift, Drag and Turning Angle 

Table 4.1, page 56, summarizes the cascade geometries 

tested. The majority of tests were performed at a space-chord ratio 

of 0.75 so that more blades could be accommodated within the tunnel. 

With a larger number of blades in the tunnel a better distribution of 

flow over the centre passages could be obtained at high blowing rates. 

Figures 16 to 26 show the lift and drag coefficients and the turning 

angles of the cascade over all the geometries tested. These 

characteristics have been plotted against the customary blowing co- 

efficient, ci The values of lift and drag coefficient have been 

corrected as described earlier, to subtract the direct effect of the 

jet on the downstream measurements. 

Most of the lift coefficient and turning angle curves display a 

characteristic shape. Below a blowing coefficient of about 0.01, the 

slope is generally very small or zero. The curves then rise sharply 

to a blowing coefficient of approximately 0.03, beyond which the curves 

are roughly linear. The most striking characteristic, however, is 

the inflexion which occurs in the majority of these curves for the 

s/c = 0.75 results at a blowing coefficient of between 0.025 and 0.06.



  

  

  

  

      
  

s/c Stagger & Inlet Angle 0 

1,0 0° 0°, +5°, +10° 

0.75 GP -5°, O°, 45°, +10° 

0.75 352 #25°, 430°, +35°, +40°, +45° 

TABLE 4.1 

Summary of Cascade Geometries Tested 

 



These inflexions in the lift and turning angle curves are accompanied 

by a discontinuous fall in drag coefficient by about 50%. This 

phenomenon is not observed in the unit solidity results, although the 

drag is seen to fall as soon as blowing is applied in these cases. 

The discontinuities in the s/c = 0.75 results were generally 

associated with the cessation of a loud, piercing whistle which was 

heard at low and zero blowing rates. An investigation of this 

whistle is described in Section 4.3, the conclusion being that it was 

the result of vortex shedding from the bluff trailing edges. The axial 

velocity ratio was also found to be influenced strongly by this 

phenomenon. In the unit solidity tests, results spanning the unit 

axial velocity ratio condition were readily obtained by varying the 

blade end suction rate, at all blowing coefficients. With the cascade 

set to s/c = 0.75, however, the low blowing results yielded axial 

velocity ratios below unity, even at very low or zero blade end suction 

rates, The axial velocity ratio in these cases could be as low as 

0.91 with no slot blowing at all. The sudden drop in drag coincided 

with a general rise of axial velocity ratio such that varying suction 

would allow the unit axial velocity ratio point to be spanned. As 

might be expected with such a sudden change in characteristics, 

hysteresis in the position of this change was noticed, the blowing co- 

efficient at which it occurred being generally higher when increasing 

C. than when reducing c. Between these limits the flow was inclined 

to jump from one mode to the other. 

Any expansion or contraction of the downstream flow between the 

trailing edge plane and the probe position, one chord downstream, would



give rise to an inaccurate analysis and erroneous axial velocity ratios. 

Inspection of the traverse displacement record and the associated 

total pressure profile, however, showed that there was no consistent 

expansion or contraction of the distance between total pressure minima. 

It would appear that the vortex shedding at low blowing rates causes 

a vigorous mixing action behind the cascade, effecting such large 

energy losses that the downstream axial velocity is lowered. 

Figures 27 and 28 show downstream total pressure profiles 

recorded on the x-y plotter. The traces show a very marked change in 

total pressure profile with stagger angle. At 35° stagger, Figure 28, 

the downstream flow was more fully mixed at all blowing coefficients. 

Figure 23 indicates that a discontinuous fall in drag did not occur 

for the results at & = 35°, a, = 40° but at the same stagger where 

such a drop did occur, such as at a) = 35° , the total pressure 

profiles at low blowing coefficients were very similar to those at 

a, = 40: that is, very much more mixed than at zero stagger. This 

fundamental difference in total pressure profiles between the two 

stagger angles was observed at all incidences. Consequently, it may 

be deduced that the wake flow characteristics were substantially 

different at the two stagger angles, even though well defined vortex 

motion was present in both cases below a certain blowing coefficient. 

In general, the whistle accompanying the vortex creation was found to 

be more sensitive to the slot blowing rate and to the amount of suction 

applied to the blade ends and tunnel walls, at — = 35°. It was also 

observed that under this cascade configuration the whistle sometimes 

became slightly higher pitched and displayed a tendency to 'twitter! 

intermittently when the slot blowing rate was close to that at which
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the whistle vanished altogether. This region of instability was 

associated with an increased local 'jaggedness' of the local pressure 

trace, such as in Figure 28b. Comparison of the traces for the two 

cascade staggers shows that a slightly more jagged profile is 

displayed for all the 35° stagger results, implying a more violent 

turbulence structure. This greater turbulence was presumably the 

reason for the greater mixing behind the staggered cascade. 

The lift coefficient and turning angle curves at zero stagger, 

zero incidence, do not pass through the origin. At unit solidity 

the turning angle is -0.5 deg., with no blowing and at s/c = 0.75 it 

is about +1.0 deg. It is accepted that imperfections in the cascade 

assembly probably limited the accuracy of individual blade alignment 

to about 0.5 deg. Additionally, the typical accuracy of outlet angle 

measurement is considered to have been about 0.5 deg. The zero blowing 

values of turning angle, therefore, probably represent the general 

accuracy limits of the curves. It is likely, however, that the presence 

of the slot just before the upper surface boundary layer would ordinarily 

separate with no blowing, would cause a slight assymetry of the blade 

wakes, so that curves passing exactly through the origin are not necess- 

arily to be expected. 

It is interesting to observe that the drag coefficient curves all 

start at a value of between 0.15 and 0.25 at zero blowing and after the 

drop in drag tend to a constant value of about 0.1. This behaviour 

is in contrast with the results of Kind and Mau11 (2°) for an isolated, 

tangentially blown ellipse. They also applied an analysis to subtract 

the direct effect of the blowing jet from the results of a wake-traverse,
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but obtained drag values which increased continuously with blowing 

coefficient. A clue to this behaviour is to be found in the pressure 

distributions measured around the trailing edges of the three centre 

blades. This will be discussed further in Section 4.1.5. 

Certain curves, for example Figure 22 with a, = 45 deg., are 

terminated at a blowing coefficient well below 0.15. This is because 

the downstream total pressure profile, outlet angle, and the upstream 

static pressure distribution varied considerably across the centre 

blade passages at high blowing coefficients and the data reduction 

was deemed to be unacceptably inaccurate. In no test was there any 

evidence of a breakdown of the Coanda effect or stall as would be 

signified by a peak in the turning angle and lift coefficient curves. 

Figure 29 shows the variation of boundary layer control co- 

efficient, Oe and jet velocity ratio, uu with momentum co- 

efficient for one set of results. The point where ve = 1.0 is 

significant, since it is here that the blowing jet begins to take real 

effect. Other workers have found that for values of this ratio below 

unity, the jet has little effect and may, under certain circumstances, 

be detremental. Reference to Figures 17 and 25 shows that the unit 

velocity ratio occurs in the region where the turning angle and lift 

are increasing most rapidly, so that the jet is effective even for 

ratios less than unity. This is because the boundary layer is very 

close to separation at the slot position, so that even low blowing 

rates impart more energy to the boundary layer than it would have in 

the absence of blowing. The position of unit slot velocity ratio was 

found to lie in the region of most rapid turning angle increase for 

all the curves.
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4.1.2 Reynolds Number Effects 

It was considered desirable to determine whether Reynolds 

number variation had a great effect on the cascade performance, It had 

been noticed in particular that the position of the discontinuity in 

characteristics was sensitive to the inlet total pressure and hence 

the test Reynolds number. The Reynolds number could not be varied 

very much: evidence discussed earlier shows that conventional cascade 

performance becomes sensitive to Reynolds number as the Re is reduced 

towards 1.0 x 10° but it was not believed advisable to raise the inlet 

velocity due to concern about the strength of the blade joints. 

Figures 18, 23 and 26 include points obtained at a Reynolds number of 

Tengen 10%, The corresponding 'standard' results were obtained at a 

Reynolds number of approximately 1.45 x 105. The associated inlet 

Mach numbers were 0.26 and 0.30. The most notable effect of the reduced 

Reynolds number is the shift in the position of the discontinuity in 

drag to a higher blowing coefficient. Beyond this point, it appears 

that the two sets of characteristics tend to converge. On the basis 

of this limited evidence, it might be expected that tests conducted 

at generally higher Reynolds numbers, say Re > 2 x 10°, would be entirely 

free from vortex shedding and the associated inflexions and discontin- 

uities in characteristics: it is well known that vortex shedding is a 

low Reynolds number phenomenon. 

4.1.3 Jet Temperature Effects 

Figures 18, 23 and 26 show three sets of experimental 

points obtained with the slot blowing air heated to a total temperature 

which was within 2 K of the mainstream temperature. These tests were 

performed last of all for fear that the high jet temperature in



combination with a high blowing pressure might cause the blades to part. 

It was considered necessary to establish whether the cascade performance 

was noticeably affected by the difference in jet and mainstream total 

temperatures existing in all earlier tests because certain previous 

workers in the wall-jet field have taken trouble to equalise these 

temperatures (3) . The limited number of experimental points was due 

to the difficulty in maintaining the jet temperature constant over the 

time required to record a full set of readings. 

It is seen that the first two sets of results coincide well with 

the original results, obtained at a jet total temperature about 60 K 

below that of the mainflow. The third result does not correspond so well 

but in this one case problems with the punched tape record severely 

limited the analysis of the downstream total pressure profile. This 

result, therefore, is not expected to be fully consistent with those 

obtained from a normal analysis. The important finding is that the 

previous results do not appear to have been influenced substantially by 

the difference in jet and mainstream total temperatures. 

4.2 Trailing Edge Pressure Distributions 

Figures 30 and 31 show typical trailing edge pressure distributions 

measured at two space-chord ratios and at the same inlet angle and 

stagger. It can be seen that in the case of the unit solidity cascade, 

at zero blowing, there is no sign of the negative pressure peak which 

occurs at 90° on the lesser pitched cascade. Neither did such a peak 

manifest itself at low blowing rates. Beyond a low blowing coefficient 

the pressure distribution on the smaller pitched cascade becomes similar
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to that on the unit pitch configuration: high negative pressures at 

the slot exit and at 30° from this position, then a sudden rise in 

pressure to an almost constant value. 

It is instructive to compare the corresponding drag curves, 

Figures 19 and 20. The relatively flat drag curve at unit pitch 

reflects the fact that the static pressure is fairly uniform around 

the majority of the trailing edge at all blowing rates, save for the 

peak near the blowing slot. At the smaller pitch, a greater drag at 

low blowing rates can be predicted from the observed higher negative 

pressures. The loss of the suction peak at 90° on this cascade, 

with the abrupt increase in trailing edge pressures to an almost 

constant value of about-0.45, coincides with the discontinuous fall 

in drag. 

The observed behaviour of the trailing edge static pressure 

distribution explains the marked difference in drag characteristics 

between the cascade and the isolated ellipse tested at low speed by 

Kaa In the latter case, the drag coefficients rose continuously 

with slot blowing momentum because the trailing edge suction peak was 

maintained over the whole range of blowing rates. 

Unfortunately, the relative sparsity of static tappings between 

the slot exit and the 60° station makes it impossible to observe the 

changing position of jet separation with blowing coefficient. The 

results represented in Figures 30 and 31 indicate that the jet separ- 

ated before the 60° station over the whole range of blowing coefficients.
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It was commented earlier that there appeared to be a marked 

difference in wake characteristics between the staggered and unstaggered 

cascades at a pitch of 0.75. The absence of the negative pressure peak 

at 90° on the trailing edge of the unit pitch cascade at low blowing 

rates, in contrast with the 0.75 pitch configuration, yet again implies 

a substantial dissimilarity in wake characteristics, Clearly, cascade 

geometry exerts considerable influence on flow in the trailing edge 

region. 

4.3 The Nature of Mixing Losses in the Trailing Edge Region 

The characteristics of the mixing process and associated losses 

in the wall jet flow around the trailing edge of a circulation controlled 

aerofoil were considered in some detail by kina?) , based on the works 

of Stratford(2>-77) Stratford showed that the net momentum flux 

excess of a jet which mixes with a parallel stream in a region of low 

static pressure exceeds that of a jet which does not mix, in a sub- 

sequent region of higher static pressure. The converse is true if 

the jet mixes in a region of high pressure and flows to a lower pressure 

region. Mixing losses also occur if the mixing streams are not 

parallel. 

Kind argued that over the attached portion of a trailing edge blowing 

jet the static pressure is lower than the free stream static pressure 

and that the local external flow is reasonably parallel to the jet flow. 

Thus, over this attached region, a mixing gain is to be expected. How- 

ever, in the region of jet separation, the local velocity is lower than 

the free stream velocity and the angle between the jet and the local 

external stream becomes large. Thus mixing losses are expected to be



high in the region where the blowing jet separates. These tendencies 

were verified experimentally by Kind. 

The mixing losses induce drag by two mechanisms: first, the mixing 

losses inhibit the ability of the jet sheet to induce an upwash at the 

leading edge. In an ideal flow this upwash would counteract the form 

drag created by the low pressure region around the trailing edge, which 

exists due to the centrepetal acceleration of the wall jet. Second, 

the mixing process causes a lowering of the static pressure around the 

trailing edge by virtue of the 'sink' effect as discussed by Stratford. 

Simply, the mixing effect of the jet requires the drawing of surrounding 

flow into the jet mixing region, so creating a suction around the jet 

boundary in a manner similar to a sink distribution. 

Kind considered that the primary contributor to drag in his tests, 

with high jet inclination angles, was the reduced form thrust and this 

is likely to be so in the present case, once the blowing jet is 

sufficiently strong to close the wake. 

4.4 An Investigation of the Cascade Whistle 

During the course of tests on the cascade at a pitch chord ratio 

of 0.75, a loud, high pitched whistle was sometimes heard. The 

appearance and disappearance of this whistle generally accompanied a 

notable change in cascade characteristics and so it was decided to 

investigate this phenomenon. 

At first, it was not entirely clear whether the whistle was caused 

by the shedding of vortices at the bluff trailing edges of the blades
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or by the presence of the slot, causing a resonance within the slot 

air supply chamber. It was even possible that the presence of the 

slots might have caused a standing wave to be set up between blades. 

The noise was not created by the jet flow itself, a phenomenon 

treated theoretically by Baker and Manhardt (°4) , because it was present 

when no slot blowing was applied. It was decided to measure the 

frequency of the whistle and determine whether the associated wavelength 

or some meaningful aliquot part of the wavelength corresponded to a 

physical dimension of the cascade assembly. With the cascade set to 

zero incidence, 35° stagger and at a typical test Reynolds number the 

blowing air was set to a pressure just above that at which the whistle 

disappeared. A tape recording of this background noise was taken as 

a reference base. The blowing air supply pressure was then reduced 

slightly to produce the whistle, and another recording was taken. 

The recording system comprised a Briiel and Kjoar condenser microphone 

connected to a Racal Store 4 recorder, giving a frequency response of 

up to about twenty kiloHertz. The recordings were analysed on a 

Spectral Dynamics Real Time Analyser and the resulting frequency distri- 

butions are shown in Figure 32. The effect of the whistle is most 

marked, the first harmonic occurring at about 6 kHz. The second and 

third harmonics are clearly visible. The wavelength corresponding 

to this frequency is about 60 mm which bore no obvious relationship to 

any dimension of the cascade except, perhaps, the span (57 mm). This 

did raise the possibility of the suction slots at the blade ends being 

a cause of resonance, but since the effect was not noticed with a 

different blade spacing or, indeed, with variously pitched cascades of 

conventional blades, the suction slots seemed an unlikely cause.
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It became clear that the audible frequency was generated by the 

shedding of vortices from the bluff trailing edges and this view was 

strengthened by the observation that the downstream total pressure 

profiles recorded on the x-y plotter displayed high fluctuations from 

the mean when the whistle was present as demonstrated in Figure 28b. 

The most common manifestation of vortex shedding in the audible 

range is the well known Aeolian tone produced by a wind blowing over 

awire. This sound is produced by the formation of a Karman vortex 

street behind the wire. For circular cylinders vortices continue to 

be shed regularly up to a Reynolds number of 4 x 10° to 5 x 10°, beyond 

(55] 
which complete turbulent mixing occurs and vortex formation is suppressed 

A dimensionless quantity known as the Strouhal number is used to 

characterise vortex shedding phenomena. The Strouhal number, S, is 

defined by 

oe sai ae 4.1 

where f = the shedding frequency 

d = a characteristic length, usually the maximum width 

presented to the oncoming flow. 

U = a characteristic flow speed, usually the free-stream speed. 

Roshko (9) studied the shedding frequencies of variously shaped 

bluff cylinders and found that by forming a Strouhal number from values 

of d and U characteristic of the wake flow and relating this to a 

Reynolds number again obtained from wake characteristics, a ‘universal’ 

empirical relationship could be established. The combination of this
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result with free streamline theory allows drag to be calculated simply 

from a measurement of the shedding frequency for a particular section 

shape. The calculation requires a value for the width of the wake 

which is a function of the overall shape of the bluff section, so the 

calculation procedure is restricted to sections for which empirical 

data concerning the wake width is available. 

The majority of work on vortex shedding has been performed on 

circular cylinders, although square, rectangular, triangular and other 

geometries of cylinder have also been reported 6757) , Modi and 

Witana(®8) performed tests on isolated elliptic cylinders of two thick- 

nesses, 80% and 60%, measuring the fluctuating pressures and vortex 

shedding frequencies over a range of incidences. The Reynolds numbers 

of their tests varied between 2 x 10" to 10° based on the major ellipse 

axis and they found that the Strouhal number varied linearly with flow 

speed. They showed that the variation of Strouhal number with incidence 

was much less when based on the projected cylinder height than when 

based on the minor axis. At zero incidence, the Strouhal number for 

both ellipses was about 0.215 which corresponds to the asyptotic value 

given by Roshkd °®) for circular cylinders in the Reynolds number range 

10* to. 10%, 

Nash et acs investigated the variation of Strouhal number with 

Mach number for a wedge shape of 10% thickness, at zero incidence and 

with a square trailing edge. The Strouhal number remained constant 

at a value of 0.25 between Mach numbers of 0.2 and 0.9, the corresponding 

chord Reynolds numbers being 0.77 x 10° and 2.5 x 10%,



The Strouhal number obtained from the cascade test using the 

measured frequency, the downstream flow speed and the maximum blade 

thickness was 0.25. The corresponding Reynolds number based on the 

blade chord was about 1.5 x 10°. This Strouhal number compares well 

with the values quoted above, especially as a slightly higher value is 

to be expected as a result of the wake contraction caused by the 

cascade effect. The tendency for the whistle to disappear with the 

application of blowing is easily understood: the jet moves the upper 

surface separation point round the trailing edge contracting the wake 

and suppressing the formation of vortices. What is not so clear is 

the reason for the absence of the whistle during the unit space-chord 

ratio experiments. During these tests no whistle was noticed and 

none of the downstream total pressure traces displayed the large 

fluctuations noticed when the whistle was present in the 0.75 space- 

chord tests. However, when the whistle did occur, it was found to be 

highly sensitive to the slot blowing rate, the wind tunnel end and 

sidewall suction rates and the mainstream flow speed. It is not 

altogether surprising, in view of this sensitivity, that the whistle 

was not present in the unit space- chord tests. It is to be expected 

that the vortex formation would be heavily dependent upon the blade 

surface boundary layer development and hence upon the blade pressure 

distribution. 

None of the previous works studied, concerning the application of 

tangential blowing to either cascades or isolated sections, have 

mentioned vortex created audible noise. This is most probably because 

circulation control tests on circular cylinders have been performed at 

higher Reynolds numbers than the tests described here, while the
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elliptical sections previously used have been less bluff, The present 

findings are of considerable interest and show the importance of 

 



Le 

CHAPTER 5 

POTENTIAL FLOW THEORY 

5.1 Introduction 

Historically, there have been two principal methods of calculating 

the incompressible flow past aerofoils or through cascades: the 

classical method of transformation and the distributed singularity 

approach. 

The classical method of transformation is capable of giving 

mathematically exact results for certain sections which can be mapped 

onto a complex plane by conformal transformation. It is also possible 

to accomplish approximate transforms of shapes for which there is no 

exact transformation. The primary disadvantage of the application of 

this technique to general shapes is the considerable operator inter- 

action required with the computations. Where exact transformations 

are possible, however, 'reference' results can be obtained with which 

other, approximate methods can be compared. This procedure has been 

(59) accomplished by Gostelow who extended the theory of Merchant and 

collar “© to obtain a standard for comparison with approximate methods. 

The principle now most generally used is that of distributed 

singularities, These modern methods are founded upon the works of 

(61) (62) Schlichting and of Martensen The techniques represent the



aerofoil(s) or cascade by a distribution of singularities, which on 

being combined with the incident flow, create a streamline which 

follows the profile of the desired aerofoil shape. 

The Schlichting method involves distributing sources, sinks and 

vortices along the chord line of each blade. This method was used by 

) 69) 
Pollard and Wordsworth” and by Gostelow , the distribution of 

singularities matching the profile at between fifteen and twenty points. 

Some of the assumptions involved in Schlichting's method and the 

importance of data presentation have been investigated by Lewis and 

Pennington eee 4 

A more sophisticated distributed singularity approach was developed 

(62) by Martensen , who distributed vorticity around the profile perimeter. 

(65-69) 
This method, with variations, is now very widely used and can be 

applied to isolated sections, multiple section aerofoils and to cascades 

with an accuracy comparable with experimental data. 

It is the Martensen distributed vortex method, with an extension to 

allow simulation of a wake by the use of sources, which has been used to 

calculate the pressure distribution about the aerofoils and cascades 

treated theoretically in this dissertation. The distribution of vortex 

elements about the section surface follows the method of Wilkinson 69) 

(66) and of Jacob and Riegels , While the use of source distributions in 

the trailing edge region is an approach briefly outlined by ce11er ©) ,



5.2 The Governing Equations 

5.2.1 Development of the Equations 

The section is represented by a continuous distribution of 

vortices around the perimeter of strength y(o) per unit length. Where 

separation is present at a bluff trailing edge, a source distribution 

S(o) is added in this region, (Figure 33). The boundary condition is 

that the sum of the effects of the freestream flow, the vortex 

distribution and the source distribution should yield zero internal 

tangential velocity at all points on the section perimeter. Equating 

the sum of these components to zero at a point e. gives: 

  
yo) 1 ‘ 1 ona 
oa ae Y(O)K, (9) de + ar J S(o) K,(¢,, 0) do 

nL 

a dx P dy 
=- U_(cosa ag. * sino oF ) Si 

m m 

The first term on the left hand side represents the local velocity 

discontinuity, the second the integrated effect of the vortex distribution 

and the third the integrated effect of the source distribution between 

points 9), and ones Keo) and Kc (0.9) are influence coefficients. 
L 

The right hand side of equation 5.1 represents the contribution of the 

free stream resolved parallel to the surface at ont 

A new variable, $, is defined which varies continuously from zero 

at the trailing edge to 2m moving anti-clockwise around the complete 

perimeter. The section can then be represented in parametric form: 

x = x($), y = y(4)
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Transformed vortex and source distribution are defined by 

1 y(d)do 

and De 

S(o) do 

y(a)do 

" S(o)do 

Equation 5,1 becomes 

    

yo) 2m u 
e ma), yo) Le S($) Ko (¢,.o)do 

U,c * on i: U,¢ KG o)do * on f Ue a) 

L 

“S ; ' = (cosa x," + sina y, 4) 23 

where x’ = a y' = ay c is a reference length a6? do? gth, 

and be = @ at separation on the upper surface, 

o, = at separation on the lower surface. 

The y function is represented by 2N discrete points, termed pivotal 

points, and the integration in equation 5.3 is performed by the trapezium 
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and the local discontinuity term has been absorbed into element me 

In the case of the source distribution, the integration covers 

only the points within the separated region: 

@,-D 
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n= (nj +1) “mn 
yt seat do © Bef” SCOR (Gq 8)08 = 

L 

z
+



= 5 1= 

where 

  

and it is implicit that Sat = Sa = 0, i.e. that the source distribution 

vanishes on the separation points. 

The influence coefficients are defined by: 

= oe m4 ' OR) %m! > %ne%n) mn 
ie Ce ee 
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for an isolated section. For the case of an infinite cascade, the 

influence coefficients of isolated vortices and sources are replaced 

by expressions for the influence of infinitely long rows, spacing s: 

i 2m rm) i 2m ' sinh ts te Site (y_-y_) x 
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St 

and K aay are as for the isolated section. 
mm ‘Smm
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The influence coefficients given here are approximate in as much as 

the finite vortex and source elements are considered concentrated at a 

point. Other authors (87508) , in dealing with multi-element aerofoils 

and cascades, have derived expressions which take account of the finite 

length of the elements: however, these expressions are considerably 

more complicated than those presented here. Experience with the 

present solution procedure, applied to single element aerofoils and 

cascades, shows that very good accuracy is attainable and there would 

seem to be no virtue in adding complexity unless particular circumstances 

(68) 
dictate. the need for such: indeed, Seebohm and Newman reported that 

comparisons of their finite-length element procedure with Wilkinson's 

point vortex method 9 for single aerofoils showed Wilkinson's method 

to be the more accurate. 

5.2.2 The Equations in Matrix Form 

Replacing the integrals in equation 5.3 by the summations 

5.4 and 5.5 gives: 

2N et) 
Bary 2K + y Ss. = -2N(cosa x, + sing x 5.8 

1 n=(ny*1) 
asm 

n 

Equation 5.8 applies for each surface point and so represents a set 

of simultaneous equations, which can be written in matrix form 

n=1 an | NG 
m=]} 

‘yin ‘Smn. n R.H.S 5.9) 

2N 2Nx1 

2N x(2N+No) 

(2N+*N,) x1



It is important to note that with the presence of source elements, 

the coefficient matrix is not square. 

5.2.3 Lower Mean Values 

The trapezium integration is fairly accurate at all points 

except where two vortices lie opposite each other on the upper and 

lower surfaces, near a cusped trailing edge. At this point, the 

integration curve has a high and narrow peak. Following Wilkinson, 

a lower mean value of K. ‘ym, 2N-m is used, derived from the condition of 
> 

irrotationality. Each column, n, of the matrix San represents the 

effect of one vortex at each point m,, m2, m3,..... »M2y on the section 

surface. From the condition of irrotationality, the integral of the 

surface velocity component induced by any one vortex around the closed 

section, not including that vortex, is zero: 

2N 
= XK. = 0 

m=) ™ 

This allows the K element to be replaced by a lower mean value: 
‘ym, 2N-m 

2N 

Kym,2N-m ~~ 4 Xp ,2N=m 5.10 

pém 

5.2.4 Treatment of Separated Region 

The inclusion of source terms in equation 5.9 is to simulate 

the separated region and wake of a bluff section. It has been well 

established, experimentally, that the surface pressure in a separated 

region is uniform and this fact allows a set of relationships to be 

deduced between the vortex and source strengths in this region.



At each point on the section surface, the vortex density is identical 

with the tangential velocity and the source density is identical with 

the normal velocity on the outer edge of the sheet. The condition 

of constant pressure, equivalent to the condition that the geometric 

sum of tangential and normal yelocities should be equal on the surface 

in the separated region, therefore gives rise to a set of quadratic 

equations of the form: 

y7(o.) + S?(0.) = A? 5.11 
n n 

where n refers to all points within the separated region and A is a 

constant. Since the source distribution vanishes on the separation 

points, 

lal = ly@,21 = yen)! 5.12 
and 

Yor) = =vo) 

5.3 The Solution Procedure 

5.3.1 Introduction 

Two potential flow programmes were constructed. The first 

directly follows the work of Wilkinson in dealing with the unseparated 

flow about cusped or bluff aerofoils, either isolated or in cascade. 

The second programme is an extension of the first, allowing consideration 

of the wake effect on the pressure distribution about a bluff section. 

Although calculations concerning circulation controlled aerofoils and 

cascades require a representation of the wake effect due to the 

formation of a separation bubble on the trailing edge, the first of the 

two programmes proved useful in verifying the accuracy of the general 

procedure. Also, the second programme is applicable, strictly, to 

bluff sections only, so that the two programmes together form a package
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capable of calculating flow over two-dimensional sections, isolated 

or in cascade, with a cusped or bluff trailing edge and no separation, 

and bluff sections with separation, The only restriction placed on 

profile shape is that it should be of finite thickness. 

The solution of the general matrix, equation (5.9), is quite 

different in the two cases and so each is described separately. The 

description of the solution for the first case, with no separation, 

is brief and affords a useful introduction to an outline of the 

second procedure. 

5.3,2 The Case with No Separation 

Consider equation 5,9 but without the source terms ho 

and Sat The coefficient matrix Kaan is then square. This matrix 

is singular, since by equation 5.10 any one row is a linear sum of 

all the others. This situation arises due to the well known result 

that the potential flow about any body is indeterminate until the 

circulation is specified. Wilkinson eliminated row and column 2N 

from the system of equations 5,9, implying Yon = 0 and thus that the 

trailing edge point is a stagnation point. This is an expression 

of the Kutta Joukowski condition that the velocity at the trailing 

edge is zero. However, Wilkinson showed that for sections with a 

cusped trailing edge the resulting (2N-1)x(2N-1) matrix may still be 

singular. This is a consequence of the use of the angular variable 

and the fact that setting Limy(¢) = 0 leaves Limy(o) indeterminate 
o>0 o+0 

unless the trailing edge angle t= 7, Wilkinson solved this problem 

by setting Yoner = 7 Y2 which imposes a 'zero trailing edge loading'.
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By subtracting column 2N-1 of equation 5.9 from column 1 and eliminating 

row and column 2N-1 the result is a non-singular matrix of dimensions 

(2N-2)x(2N-2). This specification of zero loading at the trailing 

(67,68) 
edge has been used by other workers as a convenient device for 

defining circulation. 

The matrix in the first programme, POTFLO1, is reduced in the 

manner described above. The equations are then solved for two 

separate right hand sides, -2Nx' and -2Ny'. Consideration of equation 

5.8 shows that these two solutions may be combined after factoring by 

cosa and sina respectively, to yield a solution for the vortex 

densities at any incidence(s). These values for A must then be 

converted back into functions of 0 by equation 5.2 to give the local 

surface velocities and hence the pressure coefficients: 

  

2 + ys 

When dealing with a cascade, the set of infinite vortex rows 

comprising each surface point of the section induce a resultant 

velocity at infinity upstream and downstream. This velocity combines 

with the specified incident flow to create a net inlet velocity which 

is different in both magnitude and direction from the incident flow. 

Solutions for the two right hand sides enable an incident flow angle 

to be calculated such that the required inlet angle is obtained. 

The resultant inlet velocity magnitude may then be determined so that 

the pressure and force coefficients can be based upon the required 

flow velocity.



5.3.3 The Case With Separation 

When source terms are present in equation 5,9 the solution 

procedure is complicated by the need to solve simultaneously the 

matrix equation and the set of quadratic equations 5.11. The procedure 

adopted is as follows: 

Consider equation 5.9 with the left hand side of the coefficient 

matrix reduced to an upper triangular form by Gaussian reduction to 

produce 

a IR
 

RHS* 

  

where the superscript" refers to a quantity modified by the Gauss 

reduction. Rearranging and writing out the right hand side in its 

two components gives 

KR 

= |(-2Nx')* e alee ae ( 2Nxt) cosa + | ( 2Ny!) sina Kt [un
 

  

5.14 

Now, for the reason given in consideration of the case with no separation, 

the KY matrix is singular with a rank of (2N-1) for a bluff section. A 

more general expression of equation 5.14 is given by
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5.15 

where the new term on the right hand side, © represents an homogeneous 

system and C is an arbitrary constant. Non-trivial solutions of the 

homogeneous system exist by virtue of the singularity of the matrix Ae 

In hydrodynamic terms, the homogeneous system corresponds to a pure 

circulation. 

The solution of the y vector may be regarded as the sum of the 

solutions for the four terms on the right hand side of 5.15: 

¥ = Yireosa + yesina + Cy3 - Yu 

Particular solutions to the first two terms, excluding factors cosa 

and sina, may be determined immediately by back substitution, having 

set Yon = se Similarly, a non-trivial solution to the homogeneous 

system ® is obtained by setting Yon = i The remainder of the 

solution procedure is an iterative process. A first approximation 

to S is made and a solution for y, obtained. Taking a first value 

for a, solutions yicosa, y»sina and yy are summed. It then remains 

to determine the factor C by which the circulatory solution y3 is 

multiplied before addition, Factor C is calculated from the condition 

expressed by equation 5,12: 

(yicosa + y2sina - Yap tYanp = -(yacosaty2sina-Y4),-CY3, 5.16



Since this relationship expresses equal and opposite surface velo- 

cities at the separation points, it is necessary to factor the summed 

solution and y3 by ca before applying equation 5,16, thus converting 

the vortex densities to speeds, Once the factor C is found, the 

full solution is obtained in adding Cy; to the existing summation. 

Now that a solution for y has been obtained, the assumed values 

of S can be checked by equations 5,11 and 5.12. If these equations 

are not satisfied to the required degree of accuracy, a new approxi- 

mation to S can be obtained from them and the above cycle repeated. 

If a cascade is considered, the necessary incident flow angle 9 to 

produce the required inlet angle, a; is calculated in each cycle, 

since this angle a, is a functionof the solved set of vortex and 

source strengths. 

Once convergence to a solution of sufficient accuracy is obtained, 

the pressure coefficients are calculated according to equation 5.13 

with an allowance for the sources in the separated region. 

It was mentioned in Section 5.3.2 that the imposition of Yon = 0 

does not necessarily leave the KY matrix non-singular for sections 

with a cusped trailing edge. For this reason the procedure here is 

applicable, strictly, to bluff sections only. However, it seems 

likely that a minor smoothing of the trailing edge point of a cusped 

section, with separation just before the trailing edge, would make 

little difference to the resulting pressure distribution, The 

procedure is probably, therefore, of very general applicability. 

A more detailed description of the mechanics of the programme and 

a listing are given in Appendix C.
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5.3.4 Calculation of the Incident Flow Angle 

It is easily shown that the velocities induced at x = -» 

by the infinite rows of vortices and sources along the y-axis, 

representing the cascade, are 

Vv. Vy qe . : 0 1 
iS 4 2
a
 

n
o
 

<
 

u 
(es =0 
tLe 

Vv, 
Ss: 

coe 

2
a
 

s) 

os 1 
fie aa ze X=-0 

Consider such components which, in combination with the incident 

flow, are to yield the required inlet angle. The problem is most 

clearly expressed by drawing the components in vector form 

  

  

Sketch 5,1 

Composition of Inlet Velocity Vector q



From Sketch 5.1 the following expression for ®@ is obtained 

A cos® - sin@ = B 5,18 

where A tana) 

B Vente tl 7 tana 

Solutions to equation 5.18 are given by 

~BtAV1-B? +A? 

(+A?) 
sind = 

The two solutions for sin® may be substituted back into equation 5.18 

to find which is correct, The magnitude of the inlet velocity is 

given by 

qe Yu, + U cos0)* + (vy 40 no)? 5.19 

The magnitude and direction of the outlet velocity is found from 

similar expressions in which Vy Vay and Me 58 

XS X=-00 Xsto 9 -x=-00 

5.4 Computer Programme Verification 

Since the potential flow programmes are quite complex, it was 

decided to test for correct working and accuracy by applying them to 

a series of flows for which exact or accurate results were available. 

Because most exact or accurate solutions pertain to unseparated flows, 

the first potential flow programme, POTFLO1, was used for the majority 

of tests. The two potential flow programmes have identical profile 

building routines so these tests served as a check of a large part of 

both programmes. The cascade nomenclature used in the Figures 

referred to below is defined in Figure4.
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Figures 34 and 35 show results for the simplest two-dimensional 

cylinder of all; the circular cylinder. Figure 34 shows the exact 

and predicted pressure distributionsabout a circular cylinder for two 

magnitudes of circulation, zero and 41. Figure 35 is a comparison of 

the variation of lift coefficient with incidence for a fixed rear 

stagnation point. With this simple geometry, incidence can be applied 

either by varying the position of the rear stagnation point or by 

keeping it fixed and varying the true incidence of the free-stream flow. 

A comparison of the exact and computed variation of lift coefficient 

with incidence for a very thin ellipse of only 5% minor chord is given 

in Figure 36. Considering the extremely high negative pressure co- 

efficients developed around the leading edge at large incidence, these 

results are remarkably good and show that very thin sections pose no 

problems for this solution procedure. 

Figures 37 and 38 show comparisons of predicted results with the 

exact values given by Gostelow (9) for a cascade obtained by conformal 

transformation. Thus, this calculation provides a direct test of the 

programme against exact results for a conventionally shaped aerofoil 

with a finely cusped trailing edge and in cascade. The accuracy of 

the prediction is seen to be very good even although the pivotal point 

distribution in the trailing edge region was not modified: a closer 

point spacing near the trailing edge can be used to reduce inaccuracies 

introduced by the zero trailing edge loading assumption. 

It is hardly fair to compare directly predictions made by the 

potential flow programme alone with experimental results, since the 

potential flow programme POTFLO1 does not pretend to take account of
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(69) the viscous effect existing in real flows. However, Wilkinson 

found that good predictions of experimental results were obtained for 

the flow about cascades of NACA primary turbine blades. These blades 

might be expected to give reasonable agreement between theory and 

experiment, since the pressure gradient through turbine blades is 

favourable and boundary layer development only slight. Figures 39 and 

40 show comparisons between theory and experiment for cascades of these 

blades at different staggers and agreement is again seen to be good. 

A test of the programme POTFLO2 was performed by comparing a 

predicted pressure distribution with that measured Pate1‘79) on a 

circular cylinder. The reported separation points, which defined 

the extent of the source distribution in the computer programme, were 

represented to an accuracy of 2°. The comparison is shown in Figure 

41. The prediction is seen to be a great improvement on the exact, 

unseparated potential flow solution. This example represents an 

extreme case with the flow attached over only about 3/5 of the 

entire surface. It may be concluded that the use of source distri- 

butions to represent separated regions yields a good portrail of the 

effect of separation on the surface pressure distribution. 

5.5 Possible extensions to the Solution Procedure   

The inclusion of a wake effect in the calculation of blade surface 

pressure distributions adds considerable realism to the basic, pure 

vortex solution when = bluff section is considered. There are further 

ways in which greater flexibility or accuracy might be obtained, but 

which have not been attempted in the present work. Two of the more 

obvious potential extensions of the calculation procedure are briefly 

discussed below.
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Perhaps the most obvious extension of the present method would be 

the inclusion of further source elements on the surface points to 

simulate the displacement effect of the boundary layer. This procedure 

would not necessitate a corresponding increase in the number of unknowns, 

since the source strengths could be defined from a knowledge of the 

displacement thickness, 6*, at each surface point. These sources would 

therefore form an extra right hand side of the matrix equation. 

However, it would seem that on bluff bodies in particular, the wake 

effect has a greater effect on the pressure distribution than does the 

(65) main surface boundary layer This is why the extra sources have 

not been added in the present work. 

The second extension would be the inclusion of compressibility 

effects, Such effects can be predicted by linear theory, based on the 

assumption that all perturbations on the inlet velocity vector are 

1 (105) 
smal It follows that it is inaccurate for any but very thin 

blades at low incidence. The simplest application of this theory is 

direct use of the Prandtl-Glauert rule, factoring the pressure co- 

efficients obtained from an incompressible flow analysis by 1/v1-M’. 

1 Gs) Mikolajczak et a used the Prandtl-Glauert factor to transform the 

blade surface coordinates, stagger angle, flow angle and gap between 

slotted compressor blades, The incompressible pressure distribution 

on the transformed aerofoil was then assumed to be that on the untrans- 

(67) formed aerofoil in compressible flow. Minassian 

1 (206) 
applied the semi- 

empirical method of Labrujere et a to include the nonlinear 

influence of surface slopes. This procedure again involves the 

calculating of the incompressible flow about transformed profiles. The 

resulting surface velocities are related to the compressible flow about 

the original profile and isentropic relationships are used to determine 

the pressure coefficients from the compressible flow velocities.
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‘The present work is confined to the consideration of flows at or 

below a Mach number of 0,3, which is about the upper limit of Mach 

number for which compressibility effects may reasonably be neglected. 

Do ae Li: tes ; 

 



pS 

CHAPTER 6 

BOUNDARY LAYER AND WALL JET THEORY 
  

6.1 Introduction 

The attempt to model theoretically the cascade performance 

required calculation of boundary layer development on the upper and 

lower blade surfaces and also of the wall jet blown onto the curved 

trailing edge. While the former part of the calculation is 

accomplished relatively easily, the wall jet calculation, especially 

with severe curvature and pressure gradient effects, represents an 

extreme and difficult case. 

Wall jets are merely one particular variety of the general 

turbulent wall boundary layer; however, they merit particular attention 

because they display more extreme variations in flow properties across 

the thickness of the boundary layer. When used to suppress separation 

of an external flow, the resulting profile incorporates features of a 

conventional boundary layer in the outer region with the wall jet 

creating a high energy inner region. Figure 42 shows the ways in 

which a boundary layer can develop downstream of a blowing slot, 

dependence being on the slot geometry, the blowing momentum, the thick- 

ness of the upstream boundary layer, the local surface curvature and 

the pressure gradient, When a wall jet develops without a minimum 

in the velocity profile the wall jet is said to entrain completely the
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upstream boundary layer, The physical properties of wall jets haye 

been studied by many researchers and various calculation approaches 

have been presented ©>? de) 

Integral techniques have been applied frequently to the calculation 

of wall jets: Allcock and Dunham (32) used Spalding’s Unified Theory (7°) 

for the wall jet calculation in their investigation of a circulation 

controlled circular cylinder. Kind(77) followed the approach of 

Allcock and Dunham in analysing his circulation controlled ellipse, 

but introduced extensive modifications to their method, since the 

earlier analysis had proved inaccurate. Gartshore and Newman (78) 

described an integral method of calculating a turbulent wall jet in an 

arbitrary pressure gradient. Their method involved a two-part 

representation of the velocity profile by functions of distance from 

the surface and the use of a turbulent viscosity to calculate shear 

stresses at three points across the profile. This method, however, 

like the majority of wall jet calculation procedures, is applicable to 

profiles with a velocity maximum only. 

When calculating wall jet development by solution of the usual 

boundary layer momentum equation, the problem becomes one of defining 

an 'effective' or 'eddy' viscosity. The distribution of eddy viscosity 

) through a wall jet profile is known to be complex. pvorak ‘79 attempted 

to represent the nature of turbulence by employing an intermittency 

model of eddy viscosity, which is described later in this Chapter, in 

a finite difference calculation procedure, Using empirical functions, 

he deduced expressions for calculating the eddy viscosity distribution



across conventional boundary layers, wall jets with a maximum and 

minimum point in the velocity profile and wall jets with a maximum 

velocity only. The general shapes of the resulting eddy viscosity 

profiles are illustrated in Figure 43. 

It is Dvorak's work which has been used in the present study to 

calculate the development of blowing jet profiles. For computational 

efficiency, main blade surface boundary layer calculations have been 

performed using a simple mixing length representation of the eddy 

viscosity. 

The boundary layer equations, the concept of intermittency and 

the eddy viscosity model are described in the following sections. An 

outline of the finite-difference procedure used for solving the boundary 

layer equations is presented in Section 6.6. 

6.2 The Boundary Layer Equations 

In calculating boundary layer flows with small longitudinal 

curvature most authors have applied a plane surface boundary layer 

equation with curvature effects incorporated into a modified mixing 

or other length scale. The justification for this is discussed in 

Section 6.5.1. 

Because it was required to calculate flows with fairly severe 

curvature, it was decided to use an angular momentum equation for the 

mean motion as well as modifying the Reynolds stress term, This 

) ey) and approach was adopted by Dvorak ‘79 » Wilson and Goldstein
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others, The full boundary layer equations for curved flow in curyi- 

(3) linear coordinates are given by Schlichting nee The angular 

momentum equation used in the present work is 

a d(ur) re oP. d(ur) 19 3, 09 
U #22 STi? poy Hey Go! p ox oy x 

with the associated continuity and radial equilibrium equations 
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Distance x is measured along the surface as indicated in Sketch 6.1. 

(80) The above equations are those used by Launder et al. in calculating 

curved flows with a kinetic energy model of turbulence, except that 

they replaced dx by rdo, 

Once values for the eddy viscosity, Up» are provided, the above 

equations may be solved, The representation of the eddy viscosity 

term and the adopted solution procedure are discussed in the following 

sections. 

  

Sketch 6,1 

Nomenclature for Flow over a Curved Surface
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6,3  Intermittency 

In a fully developed turbulent shear flow the inner region, near 

the wall, is generally fully turbulent, while at the free boundary the 

flow fluctuates strongly with time between that of a turbulent and 

that of a substantially irrotational nature. Hot wire investigations 

of turbulent boundary layers (81-85) have shown that the outer region 

turbulence is instantaneously confined within a sharp boundary, termed 

the turbulence front. This front is highly irregular in shape and 

varies continuously with time. Such turbulence occurs also in jets, 

wakes and in pipe flows over the transition region and is a fundamental 

feature of turbulent flow. 

The degree of intermittency at a point in a turbulent shear layer 

is defined by the intermittency factor, y, which is a function of 

position and represents the fraction of total time during which the 

flow is turbulent. Hence, Y = 1 corresponds to continuously turbulent 

flow and y = 0 to continuously laminar flow. Experiments have shown 

that the distribution of intermittency through the thickness of a 

boundary layer can be represented accurately by the expression 
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vy) =  expt- G2} ay 
ovan ¥ 

where y is the value of y for which y = 0.5 and represents the mean 

position of the turbulent front, The standard deviation of the 

measured intermittency profile, 0, is a measure of the width of the 

intermittency distribution and as such characterizes the size of 

the large eddies. Formally, 0 is defined by
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where Y is the instantaneous position of the turbulence front. 

6.4 The Effective Viscosity Model 

6.4,1 Introduction 

The model employed is basically that due to pvorak ‘79) 

but with slight modifications where the work of other authors suggests 

that superior results are obtainable by simple extensions. 

In the near wall region, Dvorak applied the very widely used 

(84) Van Driest modification to Prandtl's mixing length theory. The 

outer region model is based on the results of an experimental study by 

Wygnanski and Fiedler 8) , They showed that by considering the 

instantaneously turbulent fluid only, an eddy Reynolds number, C, 

could be formed where 

pe 
v 
th 

Veg is the local eddy viscosity in the turbulent fluid only and Uy 

is a velocity defect representative of the outer or wake portion of 

the boundary layer, Wygnanski and Fiedler found C to lie between 

14 and 15 in a zero pressure gradient turbulent boundary layer, while 

Dyorak showed that measurements by Bradshaw and Ferriss °°) in an 

adverse pressure gradient gave an eddy Reynolds number in the same 

range. He assumed this Reynolds number to be applicable to general 

turbulent shear layer flows, including wall jets.
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The values of U, and o are heavily dependent upon the present 

state and the history of the boundary layer. Dvorak proposed three 

different correlations for these quantities depending on whether the 

boundary layer is of the conventional type, a wall jet profile with 

velocity maximum and minimum or a wall jet profile with a velocity 

maximum only. An outline of the treatment of each flow is given in 

the following sections, 

Although the intermittency representation of a conventional 

boundary layer is included in the computer programme described in 

Appendix D, it has not been used in the present work, since the 

classical mixing length approach is able to cope with this relatively 

simple case and is considerably more efficient in terms of computer 

time. Because part of the wall jet intermittency model uses aspects 

of the conventional layer model, however, this latter work is described. 

6.4.2 The Near Wall Region 

All turbulent boundary layers exhibit a region near to 

the wall where the flow is fully turbulent and response to changes in 

the energy supply is immediate. Following Dvorak and many other 

workers, Prandtl's mixing length theory as modified by Van Driest is 

used, 
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While the value of K has been assigned values yarying between 

0.40 and 0.45 by various authors, it has been found to remain constant 

(100,101) 
even in low Reynolds number flows The Van Driest parameter 

A has also been shown to be independent of Reynolds number t°) 

(102) 
although a proposal has been made by Horstman to express A as a 

function of pressure gradient, 

In the present work, following usual practice, both A and K 

are taken to be constants of the values quoted above. 

6.4.3 The Outer Region of a Conventional Boundary Layer 
  

A value for 0, the standard deviation of the intermit- 

tency profile, is calculated from 

o/6* = 0,245 + 0,189/(H-1.176) 2) 

which is an empirical relationship for developing boundary layers, 

deduced from the results of Fiedler and Heads H is the boundary 

layer shape factor, the ratio of displacement thickness, §*, to the 

momentum thickness, 6, 

The velocity defect, Ug is the difference between the local 

freestream velocity and the velocity in the boundary layer at the 

point where the mean velocity profile departs from the law of the 

wall. The point of departure, y = Yg was tabulated as a function 

of H and 6* by Dvorak for developing andmildly relaxing flows. This 

tabulation is well represented by the following function 

Y4/5* = 0,018 + 0.157/(H-1.227) 6.4
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Once o and Uy have been deduced, equation 6,1 may be applied to obtain 

the local maximum turbulent viscosity, Veg: 

Dvorak applied a diffusion equation to account for the effect 

of upstream history on this value of Vig giving a modified value, 

v. . 

thax 

  ) 6.5 

where K; = 0.02, X = 6*, 

If Veg were independent of x, then equation 6,5 could be 

integrated to show that ve approached Veg in an exponential manner. 
max 

In practice a difference formulation was used to approximate to equation 

6.5, so that ve is found from: 
‘max 

K dx 
2 = Px v, = X Og v)t+ ve 6.6 

where v_ = Vv on the previous step. 
thax 

The mean position of the turbulent front, y, which is the value 

of y where y = 0.5, is found from 

y/5* = 2,226 + 0.962/(H-1.158) 6.7 

which Dvorak again deduced from the results of Fiedler and Head. 

The intermittency distribution can be calculated from.an error 

function
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x 
where erf(x) = see { exp(-u?) du, 

7 

A tabulation of values of this error function by Kreyeuig 2) 

shows that the error function can be represented closely by the 

polynomial 

erf(x)=1.1061x+0,1557x7-0,7635x°+0,44x"-0,1056x*+0.0095x° 

Finally, the distribution of turbulent viscosity through the 

outer layer is found by factoring the local maximum value by the 

intermittency distribution 

VEO) EO) 6.9 
max 

6.4.4 Wall Jets with a Velocity Maximum and Minimum 
  

Wall jets with a maximum and minimum in velocity occur 

because the jet is unable to entrain the upstream boundary layer. 

Dvorak treated the inner region, marked A in Sketch 6,2 by the same 

two layer model as for a conventional boundary layer except that the 

effect of intermittency was excluded as the flow is fully turbulent. 

Because the calculation of eddy viscosities in area A outside the 

‘ear wall region' by this method is complex and was found to be 

computationally time consuming, a conventional mixing length model 

was applied in this region, The eddy viscosities thus calculated 

were found to be very similar to those computed from Dvorak's more 

complex model.
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The outer region, C in Sketch 6,2 represents the remnant of the 

upstream boundary layer and has a large value of shape factor, H. 

The measurements of Fiedler and Head indicate that the standard deviation 

o and the mean position of the turbulent front, y, approach asymptotic 

values at large shape factors, Dvorak reported similar behaviour 

for the velocity defect Uy The asymptotic values are 

= Uy 

o/8 = 0.127, p= 0.93, 7= 0.76 

Equation 6.6 is applied again to express the effect of upstream history 

but the displacement thickness §* is replaced by the actual boundary 

layer thickness 6 as a more appropriate length scale. The constant 

K,; is also changed, to 0.2. The behaviour of vy, in region B, 

Sketch 6.2, is complex and uncertain. Following Dvorak a cosine 

fairing is used to join regions A and C. 

  

Sketch 6.2 

Division of Wall Jet Profile,
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6.4.5 Wall Jets with a Velocity Maximum Only 

Wall jets with only a maximum in velocity occur when the 

blowing jet has sufficient momentum to entrain completely the upstream 

boundary layer within a short distance of the blowing slot. The 

inner region eddy viscosity profile is calculated in the same manner 

as described in the previous section. 

The velocity defect in this case is simply Ug = Gea > Us 

Dvorak plotted profiles of o/x and y/x against a jet shape parameter 

from the measured intermittency profiles of Gartsnere =>) However, 

the present work has suggested that more general relationships are to 

be obtained by non-dimensionalising o and y by a length typical of 

the local velocity profile. Theresults of Gartshore suggest the 

use of Yq? the distance to the velocity maximum. The following 

representations have been used 

V5 = 9.53/(UMD + 0.823) - 0.726 

G/y, = 1.35 - 0.281 UMD UMD > 0.5 6.11 

o/y,, = 1-06 + 0.091/(UMD + 0.104) UMD < 0.5 

where UMD = U/(U fax ~ U) 

The effect of upstream history is represented by equation 6.5. 

A cosine fairing is used as previously to join the inner and outer 

region viscosity profiles.
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6,5 The Effects of Surface Curvature 

6.5,1 Survey of Previous Findings 

Surface curvature has an appreciable influence on the 

development of both conventional boundary layers and on wall jets. 

pe, in 1916 showed that for flow on a convex surface, an Reyleigl 

increase in angular momentum of the fluid with distance from the 

centre of curvature is required for stability. By this criterion, 

the outer region of a wall jet which does not fully entrain the 

upstream boundary layer on a convex surface will be unstable. 

Traditionally, boundary layers developing on curved surfaces 

have been treated as flat wall layers developing in the appropriate 

pressure gradient and the specific effects of curvature have been 

neglected. However, it is well known that the entrainment rate of 

a wall jet flowing over a surface of convex curvature exceeds that 

(85582) showed that even for values of a flat wall jet. Bradshaw 

of 6/R as small as 1/300, turbulence characteristics may be altered 

significantly. He pointed out that at such a low degree of curvature, 

the static pressure change across a typical boundary layer is less 

than one half percent of the free stream dynamic head, so that the 

effect of curvature on turbulence greatly exceeds the effect on the 

mean motion, Further, in his comprehensive review of experimental 

data and theoretical models concerning curved boundary layers, 

Bradshaw (2) found that the effect of curvature on the turbulent 

stresses was greater by a factor of about ten than would be expected 

from the addition of curvature terms in the equations of mean motion.



The parameter governing curvature effects is (u/R)/(du/dy) which 

is half the Richardson number, Ri, as discussed by Bradshaw, Basically, 

curvature increases the turbulent shear stress when Ri < O and decreases 

it when Ri > 0. Thus, the effect of curvature depends upon the local 

velocity gradient as well as the surface curvature. 

Experiments on channel flow round curved ducts have been 

(90) (98) 
performed by So and Mellor and by Ramaprian and Shivaprasad 

The order of the ratio of boundary layer thickness to local surface 

radius of curvature (S/R) was 0.1 in the former case and 0.013 

in the latter, Both experiments showed that the inner region of flow, 

usually characterised by a logarithmic variation of u with y, was 

unaffected by convex curvature, although Ramaprian and Shivaprasad 

observed that the extent of the region in which the logarithmic law 

was valid was reduced by the curvature, They found that the 

logarithmic law applied for 25 < es < 250, which is in general 

agreement with So and Mellor's upper limit for the logarithmic profile 

et < 200) under stronger curvature, It was found that the outer 

region of the boundary layer was affected significantly by wall 

curvature, convex curvature increasing the relative strength of the 

wake component. Bradshaw suggested that the logarithmic law should 

be valid in the inner region of curved wall jets, as well as boundary 

layers for all practicable flows, 

The concept of a Richardson number correction to turbulent length 

scales has been applied by many authors and some have investigated 

theoretically the dependence of turbulence parameters on the 

Richardson number, Irwin and Smi tn 92) deduced that for negative Ri,
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turbulence becomes less sensitive to curvature with increasing 

curvature, the shear stress becoming virtually independent of Ri 

for Ri<-0,3, For Ri > 0, the opposite was found to be true, there 

being an upper limit of Ri = 0.2 beyond which turbulence cannot exist 

which can be compared with the experimental findings of So and Mellor, 

who obtained a value of Ri = 0.3 as the Richardson number beyond 

which turbulence cannot sustain itself. 

Richardson number corrections to turbulent length scales have 

generally been applied in a linear form 

1" = 19(1.0-6 Ri) 

where 1p is the length scale of the corresponding plane flow. The 

(93) 
linear form of this correction has been shown by Sawyer to be 

deducible from mixing length arguments. The value assigned to 8 

has varied somewhat: Bradshaw advocated 6 = 4.5 for unstable flows 

(Ri < 0) and 8 = 7.0 to 10,0 in stable conditions. He used a value 

8 =7 to modify a dissipation length parameter in calculating the flow 

over the aerofoil of Schauber and Klebanore”*?,, and obtained better 

agreement with experiment than by ignoring curvature effects. 

(95) Johnson and Eide tried various values of 8 in modifications to a 

mixing length to obtain the best fit with experiment for four sets 

of curved wall experimental data. A value of B = 6 was generally 

found to give best agreement. Other puthors 2 have assumed a 

direct analogy between the molecular and eddy viscosities, which 

yields ® = 1.0, Wilson and Goldstein©”? suggest that 8 = 1 is 

valid only for isotropic turbulence and this value certainly seems 

low in comparison with the findings of other authors,
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The effects of curvature cannot be modelled precisely by 

application of the simple Richardson number correction: the effects 

of curvature are highly complex and any useable correction, especially 

in the context of a mixing length can be, at best, only a crude 

approximation, 

Ramaprian and Shivaprasad described the observed characteristics 

of the boundary layer passing over a transition from a straight wall 

to a section of uniform curvature. They found that although the 

convex wall boundary layer had a strong wake component, the rate of 

growth of momentum thickness Reynolds number Ro diminished initially 

and then later grew at a faster rate than the corresponding flat 

plate layer. The skin friction initially increased, then fell 

continuously, being lower than the flat plate value for the majority 

of the curved section, They concluded that the effects of curvature 

could be divided into three constituents: 

ie The initial effect of the application of curvature 

("dR/dx effect"). 

> The effect of the local normal pressure gradient brought 

into existence by curvature ("dR/dn effect"), 

3 The effect of sustained curvature ("'R effect"). 

Constituents 1 and 2 were considered to be dominant in the 

region immediately following the start of curvature, 

The findings described ahove illustrate the way in which 

curvature influences the turbulence structure and thus displays 

considerable effects of development history. Bradshaw suggested
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the use of a lag equation of the form 

d Rice 
ts dx 

phot 9 
Ri Ri eee 6,12 

where Ri cee is the effective curved flow Richardson number and Ri 

is the calculated local value. X represents the time constant of 

the lag effect: Bradshaw recommended X = 105 for a conventional 

boundary layer and about 26 for a wall jet with no external stream. 

6.5,2 The Representation of Curvature Effects 

The earlier discussion of curvature effects on the 

development of shear layers demonstrated the complexity of this 

influence. Bradshaw argued that there is little justification in 

using any correction to a length scale or eddy viscosity more 

sophisticated than a simple linear function, F, of the Richardson 

number: 

F=1-8 Ri 6.15, 

which was to be considered valid for the approximate range 

0.5 < F< 1.5. For conventional boundary layers, the corresponding 

limit of curvature is about |6/R| < 0,015. Following many previous 

workers, the F-factor is applied here to flows of considerably more 

severe curvature with large values of Ri. 

The wide variation of values assigned to 8 has already been 

mentioned, If the linear form of equation 6.13 is assumed to apply 

up to the point at which turbulence is suppressed, the predicted 

results of Irwin and Smith and the experimental results of So and 

Mellor give values for 8 of 5 and 3 respectively. The values of 8
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for negative Richardson numbersappear to be generally less than for 

positive Ri. In the present work the following values of 8 have 

been used: 

B=4 Ri > 0, 

B= 2 Ri <0, 

with the obvious limit F ¢ 0, and the somewhat more arbitrary limit 

Blaze 

A lag equation for curvature effects is also applied, as 

recommended by Bradshaw. The lag equation used is equation 6.12, 

using the same lag constants as were used to express the effects of 

flow history on Veg: 

6.6 The Solution Procedure 

6.6.1 General Description of the Procedure 

The solution procedure adopted is that due to Patankar 

(99) . Their finite-difference method was specially and Spalding 

developed for the solution of the two dimensional boundary layer 

equations and is highly efficient as a result. The cross-stream 

variable y is abandoned in favour of a dimensionless stream function 

, which allows the grid to expand with the growth of the calculated 

boundary-layer. To allow economy in treating the steep gradients 

which occur near walls special 'wall function’ formulae are used. 

These equations are derived by integrating simplified boundary layer 

equations to obtain algebraic expressions relating conditions at the 

wall to those in the fluid adjacent to the wall. The finite difference
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equations are obtained by expressing each term of the momentum equation 

as an integrated average over a small control volume with the assumption 

that the unknown,ur, varies linearly with w between grid points. 

Full details of the procedure are provided by Patankar and 

Spalding. Their complete procedure allows solution of equations for 

conservation of chemical species and stagnation enthalpy in addition 

to momentum. The present work is concerned primarily with momentum 

calculations, although the equations for conservation of stagnation 

enthalpy are included in the solution procedure to allow consideration 

of varying jet temperatures. Various other simplifications to the 

method presented in reference 99 have been adopted for greater 

efficiency: for example, it is assumed that the boundary layer is 

always on a solid surface adjacent to a free stream, so that the outer 

boundary of the grid can be treated more expeditiously. The central 

core of the numerical solution procedure has been taken directly from 

the computer programme listing given by Patankar and Spalding. This 

section comprises only a small proportion of the whole programme: 

the majority is concerned with ancilliary routines for providing the 

effective viscosities, calculating the pressure gradient, generating 

starting profiles and the like. 

6.6.2 Some Particular Details of the Procedure 

The wall jet calculation proved to be the most difficult 

part of all the computing performed in the present study. Many 

problems arose during the development of this procedure and the measures 

employed to overcome some of them are outlined below.
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With the type of wall jet flow being considered, the jet usually 

entrains the upstream boundary layer rapidly so the profile changes 

from being one with both a maximum and a minimum velocity to one with 

a maximum only, Once the upstream boundary layer has become almost 

fully entrained the profile may be regarded as falling into either 

category, In the present work, the change in eddy viscosity 

calculation was triggered when the quantity (U - t)/U fell below 0.1. 

Once the upstream boundary layer had become entrained, the 

predicted eddy viscosities fell to low values in the outer region 

where the velocity gradient was small. It was found that in strongly 

adverse pressure gradients a new velocity minimum tended to form in 

this outer region and in very strong gradients a stalling of the flow 

in the outer region was predicted. This effect was unrealistic 

because it was simply a consequence of the definition of the outer 

edge of the shear layer which at this stage of the calculation was 

quite arbitrary. To correct this behaviour, the velocity-radius 

product ur was not allowed to fall below that at the outer edge of 

the shear layer once the entrainment criterion given above was 

satisfied, 

In certain cases, the calculated velocity at the outer edge 

of the boundary layer fell to a very low value as separation was 

approached, As the outer region flow retarded, so the overall thick- 

ness of the calculated boundary layer rapidly increased and it was 

felt that the pressure gradients calculated in the inner jet region, 

being dependent upon integration from the outer edge, tended to 

become inaccurate, To prevent this, the outer edge velocity of the 

shear layer was not allowed to fall below one half of the free stream 

velocity.
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6,6.3 A Test of the Wall Jet Calculation 

It was decided to test the computer programme on the 

most complex flow that it would be required to calculate when later 

incorporated into the overall solution procedure, namely a wall jet 

development. The experimental data of Kina?) were the obvious 

choice for the test, because his wall jet flows were measured in 

detail and it was for the prediction of precisely this type of flow, 

involving large pressure gradients and curvature, that the programme 

was to be used. 

The wall pressure distribution measured by Kind (Flow II) was 

supplied as input data and the subroutine used to calculate the 

variation in 2 across the layer thickness was accordingly modified, 

see Appendix D. The measured upstream boundary layer profile was 

supplied to the programme and the calculation was started at the 

blowing slot by allowing the programme to generate a jet profile. 

The profile was assumed to be of the form depicted in Figure 8 and 

on the basis of jet slot momentum loss curves given by Kind, the 

index n of the power law profile was set to 25. 

The resulting jet development is compared with the measurements 

of Kind in Figure 4 4. The programme predicted rapid entrainment 

of the upstream boundary layer which is in agreement with the 

measured results. Beyond an angular distance of 32° from the blowing 

slot, the predicted profile is seen to develop a rather unrealistically 

sharp peak, The shape and size of this peak was found to be sensitive 

to the geometry of the fairing used to join the inner and outer jet 

regions. Fortunately, gross features of the flow such as separation
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distance, were not found to alter substantially with modification of 

the fairing, so no great trouble was taken to prevent the persistence 

of this peak. The prediction of negative ze values towards the outer 

region of the jet profile is a consequence of preventing the product 

ur from falling below that at the outer edge of the profile as discussed 

earlier. The measured profiles show that this product actually grows 

with increasing r. 

Kind does not specify a separation point for his measured flows 

but examination of the pressure distribution suggests separation at 

about 107° around the trailing edge. The programme predicted an 

earlier separation at 101°: experience with the theoretical model shows 

that the rate of change of separation distance with blowing coefficient 

increases as the ‘correct! separation point, corresponding to the 

pressure distribution is approached. On the basis of later work, 

the 6° difference in separation positions would be reduced to zero by 

increasing the blowing coefficient in the computer programme by less 

than 10%. Thus, for the purpose of predicting a blowing coefficient, 

given a trailing edge pressure distribution and an upstream boundary 

layer profile, the programme may be considered to have yielded a 

satisfactory result for the case considered. 

The suitability of the wall jet model will be discussed later in 

the light of predictions made by the complete solution procedure. The 

example described above served to illustrate that the model would at 

least give a qualitatively satisfactory prediction of the gross 

features of the type of wall jet flow to which the calculation 

procedure was to be applied.
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CHAPTER 7 

RESULTS OF THEORY AND COMPARISON WITH EXPERIMENT 
  

7.1 Combination of Potential Flow and Boundary Layer Programmes 

The overall solution procedure was constructed so that a full 

calculation could be performed for any particular blade geometry without 

user interaction. By a "full calculation" is meant the prediction of 

the blowing coefficient required to produce a particular lift. By 

solving for the blowing coefficient at several lift coefficients, the 

lift-blowing momentum characteristic could be established. 

Figure 45 is a flow chart of the macro used to run the potential 

flow and boundary layer programmes. The position of the upper trailing 

edge separation point is supplied with the geometrical details of the 

section. Iteration between the potential flow and boundary layer 

programmes is required to establish the position of the lower separation 

point. Once convergence is obtained, the upper surface boundary layer 

development is calculated up to the blowing slot lip. A blowing jet 

profile is then added below the incident boundary layer, using a first 

approximation to the jet momentum coefficient. The jet is calculated 

to separation and this point is compared with the position of 

separation specified in the potential flow programme. The blowing jet 

momentum is altered by an amount dependent upon the distance between 

these separation points and the wall jet development re-calculated. The 

jet calculation is repeated until convergence to the correct separation 

position is obtained.
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The potential flow and boundary layer programmes used in the 

solutions presented here are those listed in Appendices C and D 

respectively. The macro also ran two small link programmes which 

were used to manipulate data files. All computations were performed 

on an I.C.L. 1904A digital computer and 64 pivotal points were used to 

represent each aerofoil surface in POTFLO2. 

7.2 Comparison of Theoretical Results with Experiment 

The solution procedure was tested on the experimental results of 

te2) and of Landsberg and Krasnofe 25) before applying it to the Kind 

experimental data obtained in the present investigation. It ds 

emphasised that the testing of circulation controlled sections and 

cascades is extremely difficult and that experimental results should 

be viewed with some caution if a quantitative comparison with the 

predictions of a theoretical model is to be made. For example, Kind 

corrected his results for the effect of downwash induced by three- 

dimensional effects. The correction was made by calculating the 

effective incidence at which the aerofoil was operating, deduced from 

the measured pressure distribution. The difference in blowing co- 

efficient required to give a particular lift at the same geometric 

and corrected "effective" incidenceswas of the order of fifty percent. 

Although Kind considered the effective incidences to be correct to 

within about + 3°, the above observation illustrates the magnitude of 

inaccuracy that can occur in experimental results. 

In Figure 46, predicted values of blowing coefficient are compared 

with experimental curves given by Kind, The experimental curves are 

those corresponding to Kind's corrected incidences. Although only
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three points were obtained for each incidence, the agreement with 

experiment is seen to be good. The changing gradient of the experimental 

curves is not reflected but the theoretical points indicate a realistic 

average rate of change of C. with Cc. over the range of c, considered. 

The theory also predicts realistically the effect of incidence, which 

Kind's theory failed to do. An attempt was made to obtain theoretical 

results for a lower value of c, at each incidence. However, the 

boundary layer model predicted that the upper surface boundary layer 

contained insufficient momentum to allow entrainment by the jet and 

stalling of the outer region flow was predicted before separation of 

the jet. This prediction may have been a true reflection of reality: 

Kind did not measure wall jet profiles at such low blowing rates so it 

is not possible to expand this point further. 

Figure 47 compares computed solutions with the experimental curve 

of Landsberg and Krasnoff for a cascade of unstaggered elliptical 

aerofoils. Once again, attention is directed to the general accuracy 

of the experimental results. For example, Figure 6 in reference 23 

shows that the flow deflection varied by 4° or 16% across the outlet 

stream of the cascade when operating in the jet flap configuration. 

The turning angles of the tangentially blown configuration were 

considerably larger and so the corresponding variation in outlet angle 

across the width of the cascade was presumably greater. Landsberg 

and Krasnoff do not appear to have recorded any static pressures on 

the aerofoil surfaces and so it is assumed that the blowing coefficients 

were calculated by considering jet expansion to mainstream conditions. 

The jet air was metered, however, so the correction made to the computed 

Cc, values was based on a modified 2 rather than u;?: in fact, the
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necessary corrections were found to be small. The theoretical 

treatment of their tests was additionally complicated by the need to 

allow the boundary layer programme to predict transition of the upper 

and lower surface boundary layers, since no transition device was used. 

Their tests were also conducted at the rather low Reynolds number of 

about 1.6 x 105, These problems were not undesirable, however, 

because the same difficulties applied to the prediction of results 

obtained in the present research. The computed results are seen to 

compare well with experiment and the changing gradient of the curve 

is predicted, An effort was made to obtain a result at a blowing 

coefficient of about 0.8, but the calculation of pressure gradient 

around the trailing edge became unstable due to the extreme variation 

in pressure coefficient from point to point in this region at such a 

high blowing coefficient. It is believed that this problem could be 

overcome simply by increasing the number of pivotal points used in the 

potential flow programme. This would be more costly in terms of 

computing but is probably inevitable where high lift coefficients and 

the associated sharp surface pressure gradients are to be considered. 

The solution procedure was applied to two configurations of the 

cascade tested in the present investigation. Figure 48 shows a 

comparison between theoretical and experimental turning angles for 

the staggered cascade at a pitch-chord ratio of 0.75. The agreement 

is apparently excellent in this case, in contrast to the much poorer 

agreement displayed in Figure 49 for the unstaggered, unit pitch 

geometry. These results will be discussed further in the following 

section.
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Figure 50 shows a comparison between measured and predicted 

pressure distributions around the trailing edge of Kind's ellipse. 

The particular case shown was chosen because the theoretical results 

happened to coincide reasonably well with specific experimental 

conditions under which a full set of surface static pressure readings 

were recorded, The sparsity of measured pressures at the outer 

boundary of the wall jet, Coe? gives a rather ill-defined curve, but 

the theoretical curve is seen to be a good approximation to this outer 

boundary pressure distribution. 

7.3 Discussion 

The results presented above illustrate the general suitability of 

the calculation procedure for predicting the performance of tangentially 

blown aerofoils and cascades. The agreement between theory and 

experiment for the results of Kind and of Landsberg and Krasnoff is 

probably as good as is possible for a complete solution procedure: 

Allcock and Dunham(52) point out that changes in the shape of the jet 

blowing slot can cause changes in lift of as much as fifty percent on 

a circular cylinder. In view of this evidence, little more than order 

of magnitude agreement with experiment can be expected from any 

solution procedure of the flexibility aimed at in the present study. 

The agreement between theory and experiment for the cascade tested 

in the present investigation is not consistently good. In the 

staggered configuration the agreement probably is better than the 

accuracy of the theoretical model, For the unstaggered cascade, the 

agreement is worse than the previous results would lead one to expect.
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The experimental drag curve, Figure 19, shows that vortex shedding 

was a predominant influence at low blowing rates, while the drag 

curve for the staggered geometry, Figure 23, indicates that where the 

agreement between theory and experiment was good, vortex shedding was 

not in evidence even at low Ci This leads to the suspicion that 

even when vortex shedding had apparently been suppressed by the wake 

closing effect of the jet, the wake flow of the unstaggered cascade 

was still not behaving in a manner similar to that of the staggered 

cascade, The fundamental difference in wake flow characteristics 

between the staggered and unstaggered cascades has already been 

commented upon in Chapter 4. A detailed experimental investigation 

of the flow behind circulation controlled bodies of comparable bluff- 

ness would be necessary to clarify this point. However, it is 

gratifying to reflect that the theoretical model gives grounds for 

such surmise. 

The comparison of theoretical and experimental pressure distributions 

around the trailing edge of Kind's ellipse shows that the potential flow 

theory, with the representation of a separation bubble, realistically 

models the effect of circulation induced by a tangential jet. it 2s: 

pleasing to note the very accurate prediction of separation pressure 

which exists throughout the separation bubble, Figure 50. The develop- 

ment of this flexible potential flow model greatly increases the extent 

of possible theoretical investigations of circulation controlled aero- 

foils or cascades: previous work has been confined to circular or 

elliptical sections so that theoretical surface pressure distributions 

could easily be calculated. With the present model, this restriction 

is lifted.



- 118 - 

The boundary layer calculations on the upper and lower aerofoil 

surfaces is considered to be quite adequate: some trials on Kind's 

ellipse showed that changes in both the thickness of the starting 

boundary layer velocity profile and in the position of the start of 

the calculation, made very little difference to the predicted position 

of lower surface separation. In this case, however, the boundary 

layer was assumed turbulent from the start because Kind used trip wires 

near the leading edge of his ellipse. The need to predict transition 

in the other cases considered, introduced an extra degree of uncertainty, 

particularly in view of the relatively low test Reynolds numbers. The 

wall-jet calculation is believed to be the least satisfactory part of 

the present theoretical model, although it coped well in the present 

study. This section of the model proved by far the most difficult to 

commission and it requires relatively large amounts of computing time. 

Because the use of an eddy viscosity model or the usual parabolic 

boundary layer equation becomes highly dubious in the case of wall-jet 

flows, it is believed that a simpler model may well be capable of 

yielding comparable results. The employment of an integral technique 

for the wall-jet calculation would appear attractive, although the use 

of such methods in the past have not met with very great success when 

applied to problems of circulation control. Moreover, the current 

finite-difference method has the advantage of flexibility, allowing 

the calculation of heat transfer and chemical reaction phenomena by 

relatively simple extensions of the computer programme. It was largely 

because of this potential flexibility that the present model was adopted. 

If these extra facilities are not required, then a thoughtfully 

constructed integral approach could be more efficient.
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CHAPTER 8 

SUGGESTIONS FOR FURTHER WORK AND CONCLUSIONS 

8.1 Suggestions for further work 

8.1.1 Experiment 

The purpose in developing any numerical calculation procedure 

of the type presented in this dissertation is primarily to avoid the 

need for extensive experimentation during aerofoil design stages. Once 

sufficient empirical data are available to test new calculation 

procedures, attention is better directed to the development of better 

theoretical models. At present, there are few data available on the 

performance of circulation controlled cascades and further, carefully 

obtained experimental results would be of use in testing theoretical 

models. Quite apart from the obtaining of general data on such cascades, 

it is felt that two distinct investigations are called for. 

First, the dependence of vortex shedding phenomena on Reynolds 

number for circulation controlled sections. This relationship is a 

function of the section bluffness and in the case of cascades, probably 

strongly influenced by the cascade pitch and stagger. Secondly, it was 

mentioned in Chapter 2 that mainflow Mach number has been found to 

influence substantially the performance of isolated circulation controlled 

sections: a similar effect is to be anticipated for cascades and may 

prove to be of considerable importance since the maximum attainable 

turning angle is likely to fall rapidly with increasing Mach number.
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8.1.2 Theoretical Work 

The solution procedure developed during the present work 

has been only cursorily tested and much computational work is necessary 

to determine the full potential of this model. Apart from the testing 

of the procedure on further circulation controlled aerofoil experimental 

results, it would be of interest to discover how well the model 

performs when applied to problems concerning blown trailing edge flaps, 

where the large separation bubble present on the bluff trailing edge of 

circulation controlled aerofoils does not exist. Additionally, the 

capacity of the boundary layer procedure to solve problems of heat 

transfer has not yet been explored. 

At a more detailed level, the complete solution procedure may be 

used to investigate the likely effects of varying the position and width 

of the blowing slot(s) on circulation controlled aerofoils, since 

substantial improvements in blowing efficiency may be obtained by 

optimising these variables. The calculation of the blowing jet devel- 

opment, however, is believed to be the least satisfactory part of the 

present solution procedure, simply because of its complexity and the 

need to generalise several empirical relationships, It may well be 

that a simpler model, perhaps of the integral type, could yield 

comparably accurate results with considerably reduced computing times, 

The usefulness of the potential flow model without a blowing jet 

calculation should not be overlooked: the programme can be used to 

optimise profile shape by viewing the blade surface pressure distributions 

resulting from various geometries, while only a relatively crude boundary 

layer calculation is necessary to establish the approximate position of 

lower blade surface separation.
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8.1.3 The Practical Application of Circulation Controlled Cascades 
  

The above discussion has centred on the possible direction 

of future experimental and theoretical research. Ultimately, the use- 

fulness of the principle involved is determined by the feasibility of 

applying it to practical situations. The potential applications of 

circulation controlled cascades were outlined in Chapter 1. There are 

now sufficient experimental data to consider in broad terms the 

practicability of using such cascades at low Mach numbers. The deciding 

factor is the necessary quantity and supply pressure of the blowing air: 

the bleeding of high pressure air from late compressor stages is generally 

a wasteful process and requires careful design to minimise power loss. 

8.2 Conclusions 

The experimental characteristics obtained for the cascades of bluff, 

circulation controlled compressor blades were influenced strongly by 

vortex shedding at low jet blowing rates, The experimental evidence 

suggests that even when a degree of wake closing has been achieved by 

the action of the blowing jet, the nature of the wake flow is sensitive 

to cascade geometry. This phenomenon is likely to be a common feature 

of the low Reynolds number performance of aerofoils with a comparable 

degree of bluffness and is thus an important design consideration. 

In no test was an upper limit to the turning effectiveness of the 

blowing jet reached. The limits in the present investigation, at a 

Mach number of 0.3, were imposed by considerations of pitch to pitch 

flow uniformity.
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The complete solution procedure has been shown to be capable of 

producing realistic predictions of the performance of circulation 

controlled aerofoils and cascades. The potential flow model, with 

its allowance for the separation bubble which occurs on circulation 

controlled sections, is likely to be useful on its own in preliminary 

design stages where knowledge of likely surface pressure distributions 

is required.
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APPENDIX A 

AN INVESTIGATION OF THE DISTRIBUTED PIPE FLOW PROBLEM 

NOTE 

The nomenclature in this Appendix differs slightly from that 

used in the main text. Definitions are provided as necessary.
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Al. Theory 

Al,1 The Governing Equations 

Consider an element of pipe length, Ax, as illustrated below 

in Sketch Al, with some quantity of the pipe flow mn Ax exhausting 

through the element of slot, width h: 

  

Sketch Al 

Flow from Slotted Pipe 

Application of the energy equation to flow from the interior of 

the pipe, "i'', to the slot outlet at "e'', gives 

  

where y is here the ratio of specific heats of the gas in question, 

and if the flow through the slot can be considered isentropic: 
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It is assumed that the flow emerging from the slot retains its 

momentum in the direction of the pipe axis, Thus, the component of 

velocity of the emerging flow, normal to the pipe axis, Uy? isi 
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and the mass flow rate per unit length of the slot is: 

A2 

  

Consideration of equationsAl and A2 shows that the momentum flux in a 

direction normal to the pipe axis is 

ay PhGED 2-GD Y) y-1 i Ps Pi 

per unit length of the pipe. 

The equation of continuity for flow along the pipe is 

as AS 
a 7 "y 

while the energy equation can be expressed as 

eos ae =o M4 
2 Ver p 

for the main pipe flow. 

It is easily shown that provided the main pipe flow is large in 

comparison with the local slot flow, an obvious condition in any case, 

the momentum equation for pipe flow with friction retains its usual 

form: a 

dP + 2f£pu2 = = -pUdU AS
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where f is the pipe friction factor, and D is the pipe diameter, 

Al,2 Equations in Difference Form 

Considering the element of pipe length shown in Sketch Al, 

properties at the upstream end of the element are denoted by the 

subscript "-" and the properties at the downstream end by the sub- 

serapt +t". 

The equation of continuity, A3, may then be written as 

OU = pu - Te Ax 

where A is cross-sectional pipe area. 

The momentum equation, AS, can be expressed as 

_ Ax AP, - P_) = MWU_ - U, - 2fU *) 

and the energy equation for the main pipe flow, A4: 

A6 

  

Quantities which do not specifically pertain to one end or the 

other of the element are set to a mean value over the interval. 

Denoting mean values by a bar, the continuity and momentum equations 

become 

M4 
Ko pu, + 2U) AT 

and 

. M - Ax. Roo Pee, LU 2s A8
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Al,3 Equations in Functional Form; The Solution Procedure 

The unknown "U"" may be eliminated by use of equation A7 

with A8; 

2M p. pk He + Go ee Ws ee. 0 1 7 " 
e
l
s
e
 

u)]} a9 

The quantity p, is found from equations A7 and A6: 

  Al10 

  

Now, =- > U_ so the expression under the square root is always > P.. a A P: y! % 

Thus, the negative root solution is of no consequence. 

Over a small step, dx, equations A9 and Al0 may be solved 

iteratively. Initial assumptions for downstream values are used to 

calculate n, the flow through the slot over the interval. The 

solution for eo from equation A9 is applied in equation Al0 to give O,+ 

New mean values over the interval can be calculated and the cycle 

repeated to give convergence. 

A2. Description of the Computer Programme 

The computer programme utilising the expressions presented in the 

previous section will solve for any of three cases: 

des It will solve for the exit mass flux, momentum flux and pipe 

pressure distributions corresponding to a specified pipe and 

slot geometry.



i)
 It will solye for the momentum flux, pressure and slot width 

distributions for a specified constant exit mass flux and 

pipe geometry. 

3a It will solve for the exit mass flux, pressure and slot width 

distributions for a specified constant exit momentum flux and 

pipe geometry. 

The solution procedure is of the forward stepping variety, with 

iteration necessary in cases 1 and 3 to establish the mass flow at 

inlet to the pipe. 

As basic input data, the pipe length, diameter and, where 

appropriate, slot width distribution are specified, together with the 

inlet static pressure and temperature and the pressure at the slot 

exit. 

If the ratio of external pressure to the local total pressure 

falls below the critical ratio, the local slot flow will be choked. 

At each step, the local total pressure is calculated and if the 

pressure ratio is below the critical value, the local slot exit 

_ 20 e : 
pressure is set to Cw times the local total pressure. 

The effect of a slot discharge coefficient is included very simply 

by multiplying the calculated exit mass flux by the coefficient in the 

cases of specified slot width distribution and specified momentum flux, 

or by dividing the calculated slot width by the coefficient in the case 

of a specified mass flux. The discharge coefficient can be defined 

as any function of local conditions or, of course, as a constant.
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Units of the Systéme International are used throughout and all 

pressures and temperatures are absolute. The computer programme is 

written in BASIC and at present up to 50 step lengths can be taken. 

The results presented in this Appendix were obtained with either ten 

or twenty steps, larger numbers being found to make little difference. 

A3. Experimental Method and Results 

The slotted pipe, constructed to test the prediction procedure, 

was designed to allow variation of the slot width and length, although 

only the slot width was varied in the tests described herein. 

Illustrations of the slotted pipe and the air supply apparatus are 

shown in Figure 51. 

The slot width could be varied by the use of different shim 

thicknesses and the slot length was defined by the depth of insertion 

of the supply pipe and the blanked-off stub pipe. These pipes were 

secured with silver solder. In the tests reported here, the slot 

length was maintained at 127 mm and slot widths of 0.762 mm and 

1.397 mm were used. The slotted pipe was of 15 mm diameter with 

a 0.762 mm shim and the slot lip thickness was 0.79 mm. The supply 

pipe, of length 1 m to ensure a fully developed turbulent profile at 

inlet to the slotted pipe, was chamfered to give a smooth inlet flow, 

although some degree of step was inevitable with the larger of the 

two shim thicknesses. 

Five static pressure tappings were drilled at intervals of 

25,4 mm along the slotted pipe and a further tapping was situated in 

the blanked-off stub pipe.
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The flow to the settling pipe was supplied through a 50.8 mm 

diameter pipework including a Rotameter to allow measurements of flow 

rate. A seventh static tapping was provided a short distance from 

the rotameter outlet to allow calibration and a thermocouple for 

measurement of total temperature was positioned near the contraction 

to the settling pipe. 

The seven static pressure tappings were connected to a seven way 

pressure switch, enabling each one to be connected in turn to a 

0-100 kN/m? transducer, giving an output display on a digital voltmeter. 

Static tapping 7 was also connected to a mercury U-tube manometer 

allowing calibration of the transducer. 

Measurements of flow rate and pipe pressure distribution were 

recorded for three different flow rates at each of the two slot thick- 

nesses. The slot flow was sonic for the third test on the narrower 

of the two slots. 

A calibration chart was drawn up for the rotameter at each of the 

six supply pressures, and the mass flow rates calculated. It was 

suspected, and subsequent examination of the results confirmed, that 

the pressure readings given by the first static tapping were all low, 

since the end of the supply pipe projected virtually to this hole. 

These readings, therefore, have been ignored. 

The pressure profiles haye been plotted as distributions of 

ra against fraction of distance along the pipe, where Pi 
@ L
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represents the pressure at the closed end of the pipe, Thus, the 

solid curves of Figures 52 to 57 depict the distribution of pressure 

drop across the slot. 

A4, Theoretical Results and Comparison with Experiment 
  

The primary difficulty in calculating the theoretical results was 

the specification of unknown quantities. In the interests of realism, 

the calculation procedure allowed the inclusion of a pipe friction 

factor and a slot discharge coefficient. However, these factors are 

applied here to a complex flow and it is not altogether reasonable to 

assume that they retain their usual relationships with the properties 

normally used to non-dimensionalise their characteristics. For 

example, the friction factor, normally employed to express the 

influence of shear stress at the pipe walls for conventional flow, must 

here also represent the effect of redistribution of flow within the pipe 

as the main pipe flow is continuously reduced. Similarly, the local dis- 

charge coefficient is likely to be a function of the local main pipe flow 

velocity as well as the usual parameters of pressure drop across the 

slot and slot geometry. 

The majority of computing trials were conducted on the first 

three sets of results, obtained with the narrower slot width. First 

of all, a fourth order polynomial was fitted to the experimental curve, 

to give an extrapolated value for the pressure at the start of the 

slot. This was the pressure specified in the programme, As a first 

approximation, a friction factor was selected, based on the inlet 

Reynolds number and a roughness ratio typical of steel, using a 

conventional friction factor chart. This gave a value for f of about
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0.007 and it was assumed to be a constant along the whole pipe length. 

Having defined the inlet static pressure and friction factor in this 

manner, the discharge coefficient was assumed to be constant and was 

determined by trial and error, altering the value until the predicted 

pressure at the closed end of the pipe corresponded closely with the 

measured value. 

This procedure yielded the results marked by triangles on 

Figures 52, 53 and 54. Although the resulting pressure distributions 

are in good agreement with experiment, the predicted mass flows were 

of the order of 10% too low, see Table Al, on page 133 . As a result, 

and because of anticipated effects of flow redistribution on the 

effective friction factor, the factor was raised to 0.015 and the co- 

efficients of discharge found again by trial and error. The new 

distributions are marked by dashed lines on Figures $2, 53 and 54. 

The pressure distributions are only marginally worse than those 

predicted using the lower value of f but the disagreement between 

measured and predicted flow rates was considerably reduced, that at 

the highest flow rate being only 2.5%, within the usual limit of 

accuracy of the type of flowmeter used. 

The comparison of experiment and theory for the larger slot width 

is generally less satisfactory. On the basis of the earlier 

experiences, the friction factor was set to 0.015, since the range of 

inlet Reynolds numbers covered by all the tests was not large. It 

was found that the pressure distribution curves could not satisfactorily 

be fitted by a polynomial as before and so the inlet static pressure 

together with the discharge coefficient were selected by trial and



  

Result 

  

                  

1 2 3 4 Ss 6 

Slot Width/Pipe Diameter 0.051 0.051 0.051 0.091 0.091 0.091 

Slot Width/Pipe Length 0.0059 0.0059 0.0059 0.011 on 0.011 

Measured Flow (kg/s) x 10? Hs 22.0 38.7 wes $3.3 49.0 

Predicted Flow (kg/s) x 103 10.1 20.0 35.8 = - = 

f = 0,007 

Predicted Flow (kg/s) x 10? 10.6 201 S7e7 11.0 34.2 S153: 

f = 0.015 

TABLE Al 

Measured and Predicted Mass Flow Rates in Slotted Pipe Experiments 
  

= 
e
S
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error to obtain reasonable agreement with the measured values of end 

pressure and inlet mass flow rate. It can be seen from Figures 55, 

56 and 57 that the resulting predicted inlet pressures appear to be 

somewhat high and the general agreement of curve shape is not as good 

as for the narrower slot. 

AS. Prediction of Blowing Slot Performance of the Cascade Blades 

The blowing slot geometry of the model compressor blades was 

supplied to the programme and the theoretical pressure, mass flux and 

momentum distributions calculated for a range of supply pressures. 

A friction factor of 0.010 was specified and on the basis of the 

experimental slot flow calibration, the discharge coefficient was 

set to a constant 0.85. 

Figure 58 shows the slot pressure drop distribution for four 

supply pressures while Figure 59 illustrates the corresponding 

distributions of momentum deviation. It can be seen that the 

uniformity of both the pressure and momentum distributions improves 

continuously with increasing supply pressure. Figure 59 forms the 

focus of this Appendix. It can be seen that even at the lowest 

blowing supply pressure, the maximum predicted variation of blowing 

momentum over the centre half of the blade span is less than 5% and 

the variation for choked flow is less than 2%.
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APPENDIX B 
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B,1. Momentum Considerations 

Consider flow through a cascade of bluff aerofoils, as illustrated 

in Figure 60a. From the trailing edge of each blade a mass of air, my 

is ejected. A control volume is drawn, encompassing a full blade, the 

blade surface constituting an inner boundary of the control volume. 

Stations 1 and 2 indicate planes sufficiently far upstream and downstream 

that flow conditions can be considered uniform. The control volume is 

considered in more detail in Figure 60b. 

Forces X and Y represent the components of force exerted on the 

control volume by the blade. Incompressible flow through the cascade 

is assumed. 

Considering momentum in the x direction gives: 

(Pi - Po)s +X = m2U2. - m0 5 - m1, 

Now, m2 = ny, + m 

(P, - P2)s + X = mi(U2, - Ur,)- Hee - U2.) B.l. 

With the addition of the nozzle flow, the axial continuity equation 

becomes: 

Uz, = Ui, + R) Bees 

where 
m, 

t= 
psUi



On substitution of the above in equation B,1, the axial component 

of blade force is given by: 

U, 
X = (Po - Pa)s + [(24R) - 7 lest, 7R BS 

x 

Consideration of momentum in the y direction gives: 

Y = mUj, - m2, + m.U, 
pe ys ejay 

which can be written 

Ue 
= =z é = 2 Y psa (Ua U2, [Cl+R) tana 0, R B.4, 

by use of equation B.2. 

The term (P2 - Pi)s in equation B.3. can be replaced by: 

3ps(Ui? - U2)- AP*s B.S. 

where AP* represents a loss in total pressure across the cascade and 

will be discussed later. Substitution into B.3. gives: 

U. 

Ys dosti, °[tan7a -(14R)*tan7a2 - 2R - R?]-AP*s+[2+R - 7 Jost, 
1 a 

and if R? can be neglected in comparison with R, then 

U, 

Xs SpsU, [tan “o1- tan?aq2 +2R(1-tan7a2 - i. cosa;)]- AP*s B.6. 
x 

The term pU;_s(U;. - Uz) in equation B,4, can be replaced by eee gyros 
oUr 7s (taney -(1+4R)tana,) to give:
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UE 

Y = psUs,?[tanoy -(1+R) tanoia]-PsRUr,?[ (+R) tanaz- 77%] 
x 

or 

U, 

Y = psUi,7[tana; -(1+2R)tanay + R ne sino. ] Baz 
1 S j 

by neglecting terms in R? as before. 

The expressions derived above, give the total force exerted on the 

control volume by each blade, there being an equal and opposite reaction 

on the blades. The blade around which the inner control surface of 

Figure 60 was drawn is considered in Sketch Bl below 

x 

ou) 
7 

Ti 
Vv 

/ 
oy 

% r Y 

hoa" Ti 
5 / Total reactions on 

— blade surface 

(Ppt 7% 

Sketch Bl 

Forces Acting on Cascade Blades
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The total force acting on this control surface is comprised of 

two components; the profile drag (skin friction plus form drag), and 

the force resulting from any pressure drop at the blowing slot exit. 

This latter force will only occur when the slot flow is choked. 

Consideration of Sketch Bl shows that 

x n X - (P - P,)t cosa. CEP) ; 

and 

ea " y+ (P= Pt sing. ( : Sis 

where Xp and Yp are the x and y components of profile drag. 

B.2. Coefficients of Lift and Drag 

The coefficients of lift and drag are conventionally the lift and 

drag forces (perpendicular and parallel to the mean velocity vector) 

divided by the mean dynamic pressure and blade chord (40U,,7c) . In the 

case of blown blades, the "mean velocity" does not have quite the same 

significance, due to the addition of mass from the blade nozzles and 

the resulting increased downstream velocity. The "mean velocity" is 

here defined as 

U_ = U, seca 
m Vy m 

where tana, = (tana, + tana2) as usual. 

Using this definition of the mean velocity, the coefficient of 

lift can be written: 

z , 
C= pel? {Xpsino, + Ypcosat, }



esc 

AP*s sina cos*a, 
c = m m Ss We COO CeaNaa 7 \EBNG 2) = ae reas 

We 
5 cos? =tan® : 2 ae si : + 2Re cos a fa tan 2) sino, 2tana2 cosa, tr, sina, a) 

(P= P.)t 
5 2 - 0, pea? sin(G, a )cos 

and the coefficient of drag 

Che elie {Yp sina, - Xp cosa, } 

AP*s cos*a, m 
Cy = Fev, ze0s2a, 

U. 
= RE 2 i -tan? pers g aR cos a1, [2tanc2 sina, +(1-tan G2) cosa, thy cos — oJ] 

@ = Pt - 
poh, costs. - a )cos On 

These expressions for lift and drag are identical with those given 

by Horlock (48) if the terms multiplied by "R" and the slot pressure drop 

terms are neglected. 

B.3, The Pressure Loss Term 

With a conventional cascade, the term AP* equals APg, the loss 

in total pressure across the cascade, When blowing is applied, the 

term is complicated by the effect of the blowing air. If incompressible 

flow is assumed everywhere, including the slot flow, then:



= LAL 

7 2 Po 2 
i: a ee a a Sr Po S 

P Pp 12 p “=e 

where Lp is the total pressure energy loss of both the main flow and 

the blowing slot flow. Rearranging gives: 

1 S 2 U2? 
Po — Py =p = Us" )- ROP a + Si beg oe B.8.   

where the total pressure loss has been expressed as an energy 

loss per unit mass of the mainstream flow. Equation B.8. shows 

that the term AP*, introduced in equation B.5., is given by: 

L U22 0 
apt = RCP, + AR Post Ly where L, = <>   

Ly ais a pressure loss term which absorbs the effects of both the 

conventional pressure loss and the extra blowing air mixing losses. 

It is not possible to resolve these two components of the pressure 

loss in terms of overall cascade characteristics.
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B.4, Summary of Modifications to Cascade Characteristics   

  

  

  

  

          
  

Parameter Usual expression |Modification necessary if blowing 
employed 

U2, 

AVR irae Divide by (1 + R) 
axe 

Total Pressure 
Pressure APo 

loss ¥pu,2 Add A 
koefficient pur 

s 
es 

c =APg § SUM %qcOS Gp , 
L tpu,2 c e085 Add B+ Csin(a, o,,) 

3 Pos cos*a, 

cy $0U12 ¢ cos*a; Add -D + pcos = me) 

R(Po. - Poa) 

<> §pui2 

7 " 

U. 
Scos% -tan? ina. - aa ot = 2Rqcos a fC tan G2) sina, 2tanae cosa, th, sin(o, a5)] 

(e - Pat : 
Cs peu, cos a 
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= 2R2 4 -tan? 2 i esol e D aRe cos af tan G2)cosa,, + 2tanog sina, - 7 caste a] 
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C.1, Introduction 

The theory on which this programme is based was outlined in Chapter 5. 

This Appendix presents details of the computer programme written in 

FORTRAN IV, with sufficient information for a potential user to implement 

calculations readily and with confidence. 

Basically the programme progresses in a stepwise fashion, from 

block to successive block, so that the sequence of operations is easily 

followed. For this reason, the programme has been divided into Chapters, 

each Chapter corresponding to a significant operation. Chapter 10 is 

the longest and the only one in which a loop of significant size and 

complexity is employed. 

C.2. Preliminary Outline 

The FORTRAN programme was constructed with maximum flexibility as 

a prime objective. Two alternative data input sections are available: 

1. The section may be specified by camber and half-thickness values 

at various fractions of chord length. This is the form of 

profile definition used by the NACA. 

2. Alternatively, the section may be defined by providing surface 

coordinates of an already cambered section. This method of input 

is used, for example, when surface coordinates are generated by 

conformal transformation. 

All the necessary variable quantities are specified in the input 

data, together with the stagger and pitch if a cascade is considered, 

and up to twenty incidences/inlet angles. The positions of the upper 

and lower separation points are defined,
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For each incidence/inlet angle, the corresponding pressure 

coefficients are calculated and the resulting force coefficients, c 

and C_, are determined by Simpson's integral method. If required, 

the programme then calculates distances around the section of each 

pivotal point from the forward stagnation position, in preparation for 

a boundary layer calculation. 

So that all geometrical details concerning a section can be input 

together, the geometry of any tangential blowing arrangements are input 

to this programme. These details concern the positioning and thickness 

of the blowing slots and the position and curvature of the bluff 

trailing edge. Up to ten blowing slots on the upper and lower surfaces 

can be accommodated. 

Figure 61 is an outline flowchart of the whole programme.



- 146 - 

C.3. Description of Programme 

Chapter 1 

All preliminary data is read in this Chapter. The precise order 

and format of the required data is given in Figure 62 and the meaning 

of all the terms in Section C4. The input data is also printed out in 

Chapter 1 for checking. At the end of the Chapter, various quantities 

are defined for use later in the programme. The more important 

quantities are defined in Section C,4, 

Chapter 2 

In this Chapter, the remainder of the input data is read, this 

data comprising the detailed definition of the section shape. Depending 

on the value of ICAMB, subroutine CAMPROF or CAMTHIK is called, the 

first being used when coordinates of a ready cambered section are 

supplied and the latter when a camber-thickness distribution is 

specified. These subroutines are described later. On return to the 

main programme, arrays XSURF and YSURF contain the 2N surface coordinates 

of the unstaggered profile. Using arrays DXDFI and DYDFI for temporary 

storage, the surface coordinates are smoothed using 

(-£_) + 4£_1 + 6£) + 4£, - £,) 

which is equivalent to fitting a least squares parabola through five 

points and replacing the centre point by the coordinate of the parabola 

at the centre, The surface points corresponding to subscripts -2, -l, 

1, 2 are determined by a small subroutine 11234, briefly described later. 

The smoothed surface coordinates are then written out,



= 147 = 

Chapter 3 

If a cascade is being considered, this Chapter staggers the profile 

coordinates by an amount STAG (&): 

xt xcos— - ysing 

xt yeos— - xsin& 

If slots and trailing edge limits have been specified in the input data, 

the x-coordinates of these are staggered. The y-coordinates do not 

need to be adjusted, since the positions of these points in terms of 

distance around the surface are later defined by interpolation in x. 

The staggered surface coordinates are output. 

Chapter 4 

2 2. 

Arrays containing 3 * i a Se 5 ae are constructed using: 

es ee Pep Se cee Seen 

Chapter 5 

An array BOT is built, which contains conversion factors from 

vortex and source densities to surface speeds, e.g. 

y 
¢ 2 

2 oe i= J Usuréace, = BOT) where BOT(i) + 

An array NSOU is then constructed, where NSOU(i) contains the number of 

the surface point on which source number (i) lies, see Figure 63. 

Both of these arrays prove useful in later Chapters.
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Chapter 6 

At the beginning of this Chapter, the calculation is directed to 

one of two blocks, depending upon whether an isolated section or a 

cascade is being considered. In the relevant block, the K matrix is 

i i i i -6 for K and ; constructed, using the terms defined in equations 5.6 for a and Kenn 

The matrix is constructed in the manner depicted in equation 5.9, the 

source terms occupying the last NS columns. 

Chapter 7 

Lower mean values are first substituted for the K matrix 
‘ym, 2N-m 

elements. 

The two incident flow vectors, terms @ and @ in equation 5.15, 

are added to the K matrix. Their inclusion in the matrix simplifies 

the Gaussian reduction implemented in the next Chapter. 

Chapter 8 

In a very short loop, the left hand side of the K matrix, i.e. 

the KY component, is reduced to an upper triangular form by Gaussian 

reduction. Equations5.6 show that the Kann terms are considerably 

larger in modulus than the off-diagonal elements, so row interchange 

is unnecessary. 

Chapter 9 

The matrix is solved for the right hand sides @ 5 @ and ® 

in equation 5.15, The back substitution is carried out in Subroutine 

SOLVE, described later. On return to the main segment, the three 

solution vectors are contained in GAMA(1-2N,i), i = 1,2,3.
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Chapter 10 

This is the longest Chapter and the most complex, There is one 

"DO" loop covering the whole Chapter, which is repeated for each 

incidence. Within this Chapter there is an iterative loop, required 

for convergence on a solution at a particular incidence. The Chapter 

has been sub-divided into the sections below. 

10/A 

The incidence/inlet angle ALPH1 is set and preliminary values 

are assigned to the outlet angle and the upstream and downstream flow 

speeds. All these quantities remain unchanged if an isolated section 

is considered. 

10/B 

This is the start of the iterative loop. The first approximation 

to all the source strengths is zero, so values are not assigned initially 

to array SOU. The right hand side @ of equation 5.15 is constructed 

using the latest values contained in SOU. 

10/C 

Subroutine SOLVE is called to obtain a solution vector GAMA(i,4) 

for the right hand side due to the sources, constructed in 10/B. 

10/D 

Solutions ®, @ and @ in equation 5.15 are summed to give a 

particular solution to ‘oo contained in GAMA(i,5).
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10/E 

To impose the condition implied by equation 5.14, solutions 

contained in GAMA(i,3), GAMA(i,5) and SOU(i) need to be converted into 

surface speeds, This is effected by calling Subroutine SPEED. 

10/F 

Equation 5.14 is applied to yield a value for C, the factor by 

which the circulatory solution is to be multiplied before adding to 

the existing sum of solutions, GAMA(i,5). This addition is performed. 

10/G 

At this point, a test is applied to determine whether sufficient 

convergence on a solution has been achieved. The test is simply one 

of the degree of uniformity of pressure in the separated region. If 

all points within the separated region satisfy the limit imposed, the 

trigger quantity IENDIT is set to unity. 

If convergence has not been attained, new source strengths are 

calculated using equations 5.11 and 5.12. 

10/1 

The values in SOU(i), GAMA(i,3) and GAMA(i,5) at this point still 

represent surface speeds. In this section, subroutine SPEED is called 

again to re-convert these quantities to source and vortex densities.
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10/3 
This section is only traversed if a cascade is being considered. 

With every new set of surface vortex and source strengths, the incident 

flow angle, 6, necessary to yield the required inlet angle, a, has to 

be re-calculated and thus forms part of the iterative process. The 

value of @ (THETA) is calculated according to equation 5.18 and the 

resultant upstream speed by 5.19. 

10/K 

This is an output section, traversed on every iterative cycle 

and it writes out the latest approximations to the source strength. 

If IENDIT has not been set to unity, representing convergence, 

the programme jumps back to section 10/B. An upper limit is set on 

the allowable number of iterations, If this limit is exceeded due 

to some error, the programme terminates with an appropriate comment. 

10/L 

This section is encountered once convergence has been achieved, 

but is bypassed if an isolated section is being considered. The 

outlet angle, a2 (ALPH2) and the downstream speed are calculated. 

10/M 

The pressure coefficients for the converged vortex solution are 

calculated with the source components added in the separated region. 

The force coefficients Cy and o are then obtained by integrating the 

pressure components using Simpson's method.
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The pressure and force components are based on the upstream flow 

speed. It would be a very simple matter to arrange for, say, the 

mean flow speed to be used as the reference value. 

10/N 

The flow angles and pressure and force coefficients for the 

particular inlet angle/incidence are written out. If the trigger 

value NSTOR is set to unity, Subroutine DISTANCE is called to 

calculate distances around the section surface. 

At the end of this segment, control returns to the start of 

Chapter 10 to loop for the next inlet angle/incidence. 

Chapter 11 

After solving for the last inlet angle/incidence, the programme 

is terminated.
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Subroutine CAMTHICK 

This Subroutine is called in Chapter 2 if the profile is to be 

built from a given camber and thickness distribution, The Subroutine 

has been divided into segments to aid comprehension. 

Since the thickness of a section is added normal to the camber 

line, it is necessary to calculate gradients of and distances along 

the camber line. To avoid difficulties in gradient calculations at 

the ends of the camber line, extra points are added at each end, to 

give an odd function about x/L=0 and x/L=1.0. 

CT/A 

The data is read according to the format detailed in Figure 62. 

The values read into arrays CHORD and YCAMB start at element 5, to 

allow inclusion of the "dummy" points for gradient calculations. 

The four dummy values at each end of arrays CHORD and YCAMB are then 

added and the input data is written out. 

The data is read starting at the trailing edge point. 

CT/B 

Gradients of the camber-line at each of the input data points 
dy, dy, dx. 

are calculated by taking the quotient ae oa fae 

derivatives are also found, D2YCDX. At the end of this segment, all 

Second 

arrays to be used in future calculations are arranged such that the 

quantity contained in each element pertains to the corresponding 

point in the input data,



CT/C 

The distance along the camber line, 1, of each input point is 

calculated and each distance is then divided by the total camber line 

length, L. Distances are measured from the leading edge. 

cT/D 

Values of } at the input points are calculated, using 

1'/L = 4(1 + cosd) 

where 

RY = 2(1.0+(1.0-k)2(1.0-2)) 

This latter expression, given by Wilkinson, allows a modification of the 

pivotal point spacing near the trailing edge. In general, the value 

of k is set to unity which leaves the point spacing unchanged. 

Wilkinson suggested that there is a minimum allowable value, k20.03N. 

CT/E 

Arrays XFI, YCFI, YTFI, and DYDXFI are constructed for equal 

increments of > ; $ = ~ oh Ode. 

routine LAGINT is called to interpolate in terms of 6. The first 

ons For each @-value, Sub- 

  

element of each of the arrays corresponds to the trailing edge point, 

so that a total of N+] points are defined. 

CT/F 

It remains to add the calculated half-thicknesses, YTFI, to the 

camber line to yield the final 2N surface coordinates XSURF, YSURF. 

This final numbering system corresponds to that shown in Figure 33. 

Control returns to the main programme segment.



Subroutine CAMPROF 

This Subroutine is called in Chapter 2 if the profile is input 

in a cambered form, that is, as a set of actual surface points. 

New surface points are obtained by interpolation, and care is 

taken to arrange that points m and 2N-m should lie approximately 

opposite each other on the normal to the mean line. This condition 

improves the accuracy of the lower mean values calculated in the main 

programme segment. 

CP/A 

The data is read according to the format detailed in Figure 62. 

The data consists of pairs of x,y values for the upper and lower 

surfaces, starting at the trailing edge point. Although the first 

and last pairs of coordinates should be (1,0) and (0,0) respectively, 

for both the upper and lower surfaces, it is permissible for these 

points to be slightly inexact. This flexibility has been allowed 

since profiles obtained by conformal transformation can exhibit small 

numerical inaccuracies. 

The input data is written out. 

CcP/B 

Equal increments of 4, in i=1,2,3...N-1 are taken and the 

corresponding x-coordinates calculated from x = 4(1 + cos). Inter- 

polation for each y-coordinate is performed by a four point Lagrange 

interpolation, effected in Subroutine LAGINT. This procedure is 

carried out first for the upper surface and then the lower surface to 

yield a set of y-coordinates in array YSURF. The x-coordinates are
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stored in XFI but while point 1, at $ = P corresponds to the first 

element in YSURF, it corresponds to the third element in XFI. This 

shift is employed to facilitate mean-line gradient calculations. XFI 

is treated as an odd function about 9 = 0 and $ = 7. 

Gradients of the mean-line are calculated. Array MEAN is built 

to correspond with array XFI, with an extra point at the leading and 

trailing edges. Gradients DYDXFI are calculated and the elements in 

this array correspond to the surface point numbering system, Figure 33. 

cPe/D 

The x-coordinates of the upper and lower surface points are then 

moved by an amount DX to lie opposite each other on the normal to the 

mean-line, see Sketch Cl below. 

Upper Surface    
Old Point 

™“,     
byw HEED Line 

Lower Surface 

  
DX = AysinBcosB 

Sketch Cl 

Movement of Surface Points in Section CP/D



The corrected x-values, contained in XSURF, are used to re- 

interpolate for y-coordinates, YSURF, using the original input data. 

Thus, any inaccuracies introduced in the above sections do not affect 

the accuracy of the final profile, 

Control is returned to the main programme segment. 

Subroutine DISTANCE 

This Subroutine calculates distances around the section surface 

of each pivotal point in order to create a data file suitable for 

access by a boundary-layer programme, The Subroutine is called from 

Chapter 10/N if the trigger value NSTOR is set to unity. 

Distances are calculated around the upper and lower section 

surfaces, starting from points M-1 and M+l respectively, where M is 

the point nearest to the position of forward stagnation. If blowing 

slots and a curved trailing edge have been specified in the input 

data, the positions of these are also recorded in terms of surface 

distances. 

The "upper" and "lower" surfaces are defined here as shown in 

Figure 63, The geometrical upper and lower surfaces, of course, 

are those separated by the camber line.
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The following assumptions are made: 

Es Any slot input as lying on the geometrical lower surface, 

but which lies on the upper surface as defined above, is 

assumed to blow in a clockwise direction. 

2. The start of the trailing edge curvature does not lie 

between points 1 and 2N, 

Be The upper separation point does not lie beyond the start 

of the curved trailing edge on the lower surface. 

DS/A 

The point which lies nearest to the front stagnation position, 

Mis found. 

DS/B 

This section is comprised of one large DO loop. The first 

half of the loop considers the upper surface, starting at point M-1. 

The distance DLU between adjacent surface points is calculated. A 

check is made to see whether the start of a curved trailing edge or 

a blowing slot has been stipulated to lie between the surface points 

being considered. If so, a linear interpolation in x is made to 

define their position in terms of surface distance. A similar 

procedure is carried out for the lower surface in the second half of 

the loop. 

To allow accurate pressure gradient calculations in the boundary 

layer programme, lower surface distances are calculated as far as the 

geometrical trailing edge, point 2N, or to the upper separation point 

if this lies below point 2N, The calculations of upper surface distan- 

ces is extended as far as the lower separation point,
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DSs/C 

If the upper separation point lies beyond the trailing edge, in a 

clockwise sense as in Figure 63, then some of the geometrical lower 

surface points lie on what is, for the present purposes, the upper 

surfaces. This section of the Subroutine considers points lying in 

this region. Whatever the location of the upper separation point, 

this section is necessary to allow the calculation of upper surface 

distances right around to the lower separation point. Any slots 

that are encountered before the upper separation point, having been 

defined originally as lying on the lower surface, are included on 

the new “upper surface", 

Surface gradients and distances are written out. Data necessary 

for a boundary layer calculation are then stored in a data file. The 

format of these output data is shown in Figure 64. Control is 

returned to the main programme segment. 

Subroutine SOLVE 

This Subroutine is called in Chapters 9 and 10 to perform back 

substitution in matrix K. When called to solve the right hand sides 

nunbered(1)(2) ana) in equation 5,15, the right hand side, array RHS, 

is transferred from the appropriate column in ARAY. For the source 

solution, right hand side 4 in equation 5.15, the RHS array is built 

in Chapter 10 and transferred to the Subroutine.
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Subroutine SPEED 

This Subroutine converts vortex and source densities into tangential 

and normal surface speeds, or vice-versa, according to the value of 

subscript NTRIG. The conversion factors are contained in array BOT, 

built in Chapter 5. 

Subroutine LAGINT 

This is an interpolation Subroutine employing the standard 

Lagrange method, for four points. The Subroutine is called by Sub- 

routine CAMTHIK and CAMPROF for interpolation in $ or in x respectively. 

Hence the use of FIORX for the array name in LAGINT. 

Subroutine 11234 

This very short Subroutine called to determine the points to be 

used for the calculation of surface gradients in Chapter 4. The 

routine is only necessary because of the discontinuity in numbering 

at the trailing edge.
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C,4. Principal Variables and Arrays Used in the Programme 

DEDTE 

DSTTE 

ICAMB 

ISEC 

N1 

NINC 

NS 

NSEPL 

NSEPU 

NSL 

NSTOR 

NSU 

NXL 

NXU 

RK 

STAG 

XEDTE 
YEDTE 

XSTTE 
YSTTE 

Distance, along lower surface, to start of trailing edge curvature. 

Distance, along upper surface, to start of trailing edge curvature. 

1 if a cambered section is input, 

0 if a camber-thickness distribution is input. 

1 for an isolated section, 2 for a cascade. 

Surface point lying nearest to leading edge stagnation. 

Half the number of pivotal points on the section surface. 

Number of chord positions at which data is input in the case 

of camber-thickness input, OR, 

Number of upper and lower surface points given, in the case 

of a ready-cambered section input. 

Number of incidences to be solved for. 

Number of source elements in separated region. 

Lower separation point in terms of final surface point numbering. 

Upper separation point in terms of final surface point numbering. 

Number of lower surface slots. 

1 is data for boundary layer calculation is to be stored, O if not. 

Number of upper surface slots, 

Number of points on lower surface, 

Number of points on upper surface. 

Factor to control point spacing at trailing edge. RK<1.0 for 

closer spacing. 

Cascade stagger (Radians). 

Cascade pitch (Fraction of chord), 

X-Y coordinates of end of trailing edge curvature. 

X-Y coordinates of start of trailing edge curvature.



Arrays 

CHORD 

CPL 

CPU 

DSL 

DSU 

GAMA 

KARAY 

RINC 

SOU 

TSL 

TSU 

XL 

XU 

XLS 
YLS 

XUS 
YUS 

XSL 
YSL 

XSU 
YSU 

YCAMB 

YTHICK 
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Chord fractions at data input points for camber-thickness data input. 

Lower surface pressure coefficients. 

Upper surface pressure coefficients. 

Distance of lower surface alots along lower surface. 

Distance of upper surface slots along upper surface. 

Two-dimensional array containing vortex density solutions. 

Two-dimensional coefficient matrix. 

Incidencesfor which the pressure distributions are to be found 

(Radians). 

Densities of sources in separated region. 

Thickness of lower surface slots. 

Thickness of upper surface slots. 

Distances of lower surface points along lower surface. 

Distances of upper surface points along upper surface. 

Lower surface input coordinate for cambered section data input. 

Upper surface input coordinates for cambered section data input. 

X-Y coordinates of lower surface slots. 

X-Y coordinates of upper surface slots. 

Camber values at data input points for camber-thickness data input. 

Half-thickness values at data input points for camber- 

thickness data input.



MASTER PFLOZ 
DIMENSION RINC(20)e¢¥YSU(10) sYSL(10) 
COMMON XSURE(64), YSURF (64), PION 
COMMON/A/NT2M4 FARAY (64190) sNTOTM4 INT2sGANA(64,5) 4 

* NTOM2¢NSEPULNSEPL, JP sBOTP BOT (64) sRHS (64) 
COMMON/B/NSOUC30) 4S0UC30) 
COMMON/C/CP 664) ,DXDF1 (64) sDYDFI (64) ,D2XDFI (64) .D2YDEI (64) 

‘ XSuUC109 -XSL640),TSLE10) -TSUCIO) & 
2 REALNGNM1 sXSTTESXEDTEs TERADSNSLINSU 

PROGRAMME TO SOLVE THE POTENTIAL FLOW 
ABOUT AN ARBITRARY TWOmDIMENSTONAL BODY 

EITHER ISOLATED 
OR IN CASCADE 

THIS PROGRAMME ALLOWS CONSIDERATION OF THE WAKE 
CRRATED BY A BLUFF TRAILING EDGE 

BY THE USE OF SOURCE DISTRIBUTIONS 

CeCe e etek eee ee eee eee tee aA REM CHAPTER 1 
INPUT OF BASIC DATA AND CONTROLS 
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READ(1,100)N,RK,NINC, ISEC,NSEPY,NSEPL 
400 FORHATCI3sF4,074613) 

READC1s105) €RINCCI) TET eNING) 
103 FORMAT¢6R12.0) 

TFCISEC.EQ,4 26070120 
READC12440)8TAGLT 

110 FORMAT(2E12.0) 
WRITEC2 4159S TAG. TARK 

115 FORMATCVON, ICASCADE'/! ','SraGGeR 31,F12.801X,IRADI/ 
4 "UL PryCH a! 612,8/' "aK =1,66,46) 
GO70430 

120 WRITEC2,1259RK 
129° FORMATCHON, HISOLATED SECTIONI/I tyetk wt, F6,4) 
430 READ(1¢435)nN4.TCAMB,NSUsNSLANSTOR 
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435 

150 

2170 
473 

180 

182 
184 
186 
188 

1990 

FORMAT(613) 
WRITEC2,450)NSEPUsNSEPL 
FORMATO! 'y'tSEPARATED REGION BETWEEN POINTS'.14,'4!,14) 
TE(NSU,#0.09G070175 
READ(14180) ¢XSUCT) sVSUCI) sTSUCT) 6184 ,NSU) 
001701 44,NSU 
WRITEC2,188)XSUCI),.YSUCT) ,TSUCT) 

CONTINUE 
TFCNSL,£Q.036070184 
READC10480) CXSLCT) sYSLOT) s TSLOT) 0194 NSE? 
FORHAT(3 58,0) 
00482194 ,NSL 

WRITE (2e188)XSLCL) eYSLCT)»TSLET) 
CONTINUE 
READC1s186)TERAD XSTTEsYSTTEsXEDTEVYEDTE 
FORMAT (5#8,0) 
FORMATO! ',tSLOT AT XB',F8,6.2X,1VS', FB, 674Xs THICKNESS=! FA. 6) 
WRITE (2,190) TERADsXSTTEsYSTTEsXEDTE, YEDTE 
FORMATO! ',tPRAILING EDGE RADIUS 8!,68,4/ 

* t V,USTARTING AT X at, FB.603X0'Y 89068. 6/ 
* " USTENDING AT X slskB. be 3Xet Vel FG. 6/ 
. ' ',10N UNSTAGGERED SECTION!) 
REALNSFLOAT END 
NT2524N 
NM4aNe4 
NT2M2SNT202 
RNT2nFLOAT(NT2) 
P1835 .141592654 
POSN=PI/(3,0eREALN) 
ONPT SREALN/PI 
NT2M4NT2=4 
NSSNSEPUSNSEPL=4 
TF (NSEPU.LT.N)NS@NSEPU*NT2M4 =@NSEPL 
NTOTENT20NS 
NTOTMIANTOT 4 
NTOTPI=NTOT a4 
N2MaNnTZeNSESU 

= 
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NMP4ENTOTSNSEPUS4 
NMBNT2-NSEPL 
NSUM4=NSEPUm4 
NSLPISNSEPLe4 

¢ 
Cette att eeuenew ena e et eee en eee eee eee EMCHAPTER 2 
& BUILD Up PROFILE AND SHNOOTH SURFACE COORDINATES 
¢ 
¢ 

TFCICAINBL EQ. 4 CALL CANPROFCREALN,NT,RK,NT2) 
IFCICANBLEQ@.O)CALL CANTHIKCREALNINT RK ANT2) 

CeesUSE DXoFI AND DYDFI AS TEMPORARY STORAGE 
DOZ00181.NT2 
DXDFI C1 SXSURFE CI) 
DYDFI CL BYSURECI) 

200 CONTINUE 
00205184 ,NT2 

GALL I1423KQNT2,Te11012¢13.14) 
XSURFC1) eee OXDFT 611244, 0" OXDFI C12) 46, 0*DXDFI CT) 

q Hh. OWDXDELCI3)=DXDFICI4G))/12,0 
YSURF C1) S¢=DYOEICI12 #4, 0envoF1 (12) 46,0*D0YDF ICI) 

1 #4, UenyDEICIS) @DVDFICI4)9/12,9 
209 CONTINUE 

WRITEC2,210) 
210 FORMATC'QO',!UNSTAGGERED SURFACE CODRDINATES'//25X,'X'e45x,tV¥t/) 

D0215134,NT2 
YRITE(2,220)3,xSURFCI),YSuRFCI) 

215 CONTINUE 
220 FORMATC13¢97XeF9.6¢8X0F9.0) 

CmmeANJUSTMENT OF SLOT AT TRAILING EDGE (rf ANY) 
TF (HSU. 8Q.09607T0300 
IFCXSUCNSU) NE-4.0)G0T0300 
XSUCNSU) &XSURFCNT2) 
YSUCNSU)BYSURECNT2) 

¢ 
Cote teat ee ee eee eee eee EEC HAPTER 3 

¢ APPLY STAGGER 

So
t 

=



G-*sROTATE PROFILF ABOUT LEADING EDGE FOR STAGGER 
¢ 
€ 
300 TFC CISEC,EQ-1),0R, (STAG, EG, 0,0))G070400 

CSaCOS (STAG) 
SNASIN(STAG) 
003051 a1,NT2 
XqaXSURF Cr) #ComYSURE CID *SN 
Ya aYSurP(y) *Cs#XSuRFCI) 4SN 
XSURF C1) ex4 
YSuRF¢1) 8y4 

305 CONTINUE 
Cem*"STAGGER SLOT weCOORDS AND TRAILING EDGE LIMITS 

DO341O144,NSU 
ASUCL SXSUCTI wCSH¥SUCT) *SN 

310 CONTINUE 
DO0345154,NS1 

XSLOL) aXSLOL) wCSAYSLO1) SN 
345 CONTINUE 

XSTTESXSTTEwCS*YSTTE*SN 
XEDTESXEDTEaCS#VEDTE*SH 

€m-"PRINTOUT STAGGERED SURFACE COORDINATES 
320 WRITEC2,325) 
325 FORNATCIQO's "STAGGERED SURFACE COORDINATES'//25x,'X',45X,1V'/) 

DO330134 NTA 
WRITE (2,220), XSURF CI) ,YSURF(T) 

330 CONTINUE 
¢ 
CARRE eee eT REM CHAPTER 4 
¢ OXDFI,OY¥ORL en2xDEl2re02YOFI2 
¢ 
c 
400 00405184 ,NT2 

CALL 1423GENT2,1011032,13,14) 
DXOFI C1 wEDNPT/12.02*(XSURE (14993, O*XSURF C12) 48. 0*XSURE C14) 

4 =XSHRECT4S)) 

DYDFI C12 S¢ONPI/12.0) #(YSURE C14) #3, 9*¥SURE (12) 46, 0#VSURFCI3) 

- 
9
9
1
 -



4 nwYSURECI4)) 
405 CONTINUE 

00440184,NT2 
CALL 14234 (NT2,1011012,13,14) 
D2XDFICT) @CONPI/12.0) #CDXDET C1428, 08DXDFI C12) %8, 040Xne1 (13) 

1 “DxXpel(14)) 
D2YDFICI) SCONPI/42.0) #COYDEI (14998. O#DYDFIC12)%8, ouDVmEI (13) 

=DYDeT(14)) 
410 CONTINUE 

WHER HN ee eee RR ACHAPTER 5 
CONVERSION FACTORS RELATING SOURCE AND VORTEX 

DENSITIFS To SURFACE SPEEDS 
AND SURFACE POINT IDENTIFICATION OF SOURCES 

BUILD ARRAY FOR CONVERSION FROM VORTEX DENSITIES TO SPEEDS 

a
a
n
a
a
a
2
e
 

DOS500134,NT2 
BOT(T) eSQRTCDXDFI CL) *DXDFI CI) +DYDEICI)*DYDFI(I)) 

500 CONTINUE 

¢ RECORD POSITIONS OF SOURCES IN NSOU 
C#**HeNOTE ORDERING Of SOURCE ELEMENTS atau 
Cee ACY AROUND SURFACEs STARTING ae 
C+* Ay POINT 4 we 

J30 
DO510154,NT2 

TFCI,LE.NSEPL.AND.1,GE.NSEPU)GOTI510 
TFECI,GE.NSEPL. AND. 1.GE.NSEPULANDs NSEPUsGT.NIGOTOS19 
TFCI,LE.NSEPLLAND. I, LE.NSEPULAND «NSEPU,GT,NIGNT0S4 9 
Jase4 
Nsous)aT 

510. CONTINUE 
C 
CORRE RENN eR ENCHAPTER 6 
¢ MATRIX ELEMENTS 
¢ 
e 

- 
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G070(600,625).1SEC } 
CrrsTSOLATED SECTION 
600 

60> 

615 
620 

D0620184,.NT? 
JTaNT2 

DO615ue1 N72 

TFCT.EQ.U9GNT0665 

RIRXSURECI)=XSURE CS) 
R2SYSURE CI) mvSURE CJ) 
TF(J.EQ_NT2e1)GOTU610 
ARAY (TJ) CRY *DYDFI CI) @R2*DXDFI CID) /CR1#R4 oR2*R2) 
GOT0610 
RSADXDFICL) *D2YDEI (1) 7DVDFI¢1) *D2XDFI CI) 

ARAY C104) 300.S*R3/CDXDFICT) wDXDEICID *DYDE TCI) *DYnFIC1))) 
REALN 

TF Cy .NE.NSOUCJ4=NT241))G0T0415 
31595444 
TF ¢1.EQ.J)G0T0615 
ARAY (1, ST) BCR2#DVYDFI CT) Hei wDXDPICT))/ CRI MRT eR2eR2) 

CONTINUE 
CONTINUE 

GOTO 46590 
Ce--INFINITE CASCADE 
625 PDTapl/Y 

PONTSPI/(CREALN®T) 
PO2NTSPONT#Q.5 
PY2DT=PoTH2 0 
00645154,NT2 

Jdant2 
D0640sa4 pNT2 

R14(XSURFCIT)=XSURFCJ))*PT2pr 
RZACVSURE CT) -YSURF CJ) ePT2pT 
TEQJ.LEQ.NT2=1)G0TU635 
IFCT,EQ_ J)GOTN630 
RSSEXP(R1) 
R454 .0/23 
R590. 5#¢R3"R4) 
R680, 5e¢R3eQ4) 

= 
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630 

635 

640 
645 
650 

c 

R7APDT#CRS*DVDF ICL) A OXDEL CI) #SINCR2)? 
ARAY C194) 3R7/(R6=COS(R2)) 
G9T0635 
ROBO. Se DXDFI CT) *#D2YDFI CI) =DYDFI GL) *O2XnFI1¢1)) 
ARAY CT J) SRB/COXOFI CL) WOXDEI CI 4oYDF ICI #pvnFy (1) ) =REALN 
TFCJ.NE.NSOUCJT4NT244))G0T0640 
JVauae 
1F61,EQ.U)G070640 
$130.54p4 
$290, 54n2 
TFCABS(QIN(S2)).LT.4.0E=30)S251,0F 930 
SS#EXP(s4) 
$451 .0/83 
$540,5(§38s4) 
IF (ABS (95), L7.1.06#30)5521 0E#30 
S40 5¥¢S34s4) 
7486/85 
S8aS74S7 
s9scoS(e2)/siN(s2) 
S1QeS9#s9 
STL apDTa(2S9e (1, 0598) *DvDEr 1) #574614 9%S10) HOKE 1 (1)) 
ARAY(1,31)3511/¢S84S10) 

CONTINUE 
CONTINUE 

CONTINUE 

Cette edt eee eee eee EERE RRA CHAPTER 7 
peek MEAN VALUES 

70U 

DO74O1 a4 NT2 
REes0,0 
DO7LOITBIINT2 

1FCCt. EQ.NT2), AND. (11,EQ.NT2))G070700 
1F¢14.EQ.NT291)GOTU700 
RERSREPSARAY(I4,12 

CONTINUE 
TF CL. 8Q.NF2°GOT0705 

= 
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TFCL,8Q,N%2)G0T0705 
ARAY(NT2-151) aeREP 
Gord 740 

705 ARAY(NY2eNT2) aeREP 
710 CONTINUE 

¢ BUILD U VECTORS INTO ARRAY 
DO745144.NT2 

ARAYSI,NTOT#)) = “RNT2*OXDFI CT) 
ARAYSLTSNTOTP4 4425 -RNT2*DYDFI CI) 

oe CONTINUE 

Coktcattteedtnrteu deere tinkenae eee eee eHCHAPTER 8B 
GCersUPPER FRIANGULARISE LHS OF MATRIX 
¢ ROW INTERCHANGE UNNECESSARY SINCE LEADING DIAGONAL 
: ALWAYS LARGE 

00810144,NT2M4 
Tpisle4 
Do8OSsn1P4 NT2 

RAUL PSARAY (J sT)/ARAYCI ST) 
DOSoOK al NTOTP4 ee 

ARAY Crs KV) SARAY CIs K1 D@ARAV CT K1) #RNULT 
800 CONTINUs 
805 CONTINUE 
810 CONTINUE 

€ 
Cetteetteeetenee densi eae de aha e eee ee AWEACHAPTER 9 

es FOR TWO INCIDENT FLOW RHS'S AND HOMOGENEOUS SOLN 

00900 4a1.3 
CALL SOLVECI4) 

oo CONTINUE 

Caterer treatiaat take teat eeee ere eee eee RECHAPTER 10 

€ 
DAMP2O,? 
WRITE(2.9509 DAMP 

= 
OL
) 

=



950 FORMATO! tetDAMPING FACTOR 31,F6.4) 

¢ 
¢ 
Caterer nner e ntact nent eennnnmnmeneenntt0/A 
Cen-7HIS CHAPTER LOOPED FOR EACH INCIDENCE 
£ 

DUVO88IZe1 ,NINC 

¢ 
ALPHISRENC(T2) 
THETASALPH' 
ALPH2ALPH1 

VELuS#{.0 
VELDS=1.0 

¢ 
1729 

€ 
c 
Cette tne gen see teen ae teeta ewe {(/B 

9000 ITsrted 
c BUILD RHS nUE TO SOURCES 
CrwsLET FIRST APPROX TO SOURCES BE ZERO 

DO 1014911 NT2 
RHS (1) 20,0 
DU10O5J5N7241 ,NTOT 

RHS C1) SRHS(1)-ARAY( I ,d) #SOUCJ-NT2) 
1005 CONTINUE 
1010 CONTINUE 

¢ 
Cette nein e tenes rane tant enenn wenn a} /C 
¢ 
¢ SOLVE FOR THIS RHS 

CALL SOLVE(4) 
SNTABSINCTHETA) 
CSTA=COS(THRTA) 

¢ 
Cone eer nent erence nent e nent resent} 0/D 
e 

= 
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¢ SUM SOLUTIONS 142 AND 4 
DOFOTSI a4 Nv2 

GAMAC 1s 5) 2GAMACT #1) *CSTA*GAMAC1s2) #SNTAGAMACI 4) 
1015 CONTINUE 

¢ 
Cort ncn nner t wenn ee etn ann nennmonanenmennay )/E 
¢ 
€ CONVERT SOLUyIONS 3 AND 5 AND SOuRCES INTO SPEEDS 

CALL SPEED(4) 
¢ 
Corte enn med en nn eee tan ween aeanananwne==40/F 
¢ 
Cemm FIND CIRCULATION 7O BE ADDED 

CE~(GAHACNSBPL #5) *GAMACNSEPULS))/(GAMACNSEPUs3) #GAMACNSEPL13)) 
001020] m1 sNr2 

GAMAC 1.5) GAMACT 452 *C#GAMACI,3) 
n° CONTINUE 

(rete e tenant aan teen teen eee ewen enn st} 0/G 
¢ 
Ce-sTEST FOR CONVARGENCE 

TENDIT90 
DOVO25SIa4uNg 

TF CABS (GAMACNSOUCT)«5) #*2eSOUCT) tH 29GAMACNSEPU,S) we2) 
* -67.0,001960704030 

1025 CONTINUE 
TENDIT=4 
GOTO1040 

€ 
Cen ee nt nner ee tenn nnn cenenewnenet] O/H 
¢ NEW APPROX To SOURCE STRENGTHS 
10S0 001035tet NS 

DIFSGAMACNSEPU,5) w#2"GAMACNSOUCI) 5) wed 
TFCOTR.LT.0.0)DIF 20.0 
SOUCT  SDAMPeSQUCT) 461, 0nDAMP) wSQRT (DI) 

1035) CONTINUE 
¢ 

CL
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Cae eneceqwontncn sewn tenetannnennennpece=@40s/1 

CersRECONVERT SOURCES AND GAMAS 3,5 INTO VORTEX DENSITIES 
4049 CALL SPEED¢2) 

CmmsCALCULATE NEW INLET ANGLE 

1065 

1066 

1047 

1049 

TFCISEC.E9,4)60701050 
d89 

SSUH#0,0 
GSUM#s0,0 
094045154,NT2 

GSUM™GSUMSGAMA(1,5) 

TFCUNEWNSOUCJ#19)G0T04045 
vayed 
SSUM™SSUMeSOU Cy) 

CONTINUE 
VGAMUS=PD2NTeGSUM 
USOUUB=po2Nr#SSUM 
TNAL4STANCALPHY) 
TNAL{S2TNAL4@TNALT 
UTTMVSVGANURTNAL4 #USOUU 
TERMS1 ,O-UTTMVSUTTMVSTHALTS 
TFC TERN.GE,0.0)G0T01046 
THETASTHETA=P1/10.0 
UFCTHETA.GT_P1/2.0)G0T01090 
SNTHESINCTHETA) 
GOT01049 

TERMETNALT #sQRTCTERN) 
SNTHI=(CeUTTMVETERM) / C1. 0¢TNALIS) 
SNTH23(mUTTHVeTERM) /(1,0*TNALIS) 
RESTOV®TNALG #SQRTC(1 .O"SNTH4 #SNTH4 )=SNTH1“UTTMY 
RESTD257NALT eSQRTC1.OMSNTHZaSNTHZ)“SNTH2"UTTMV 
TF (ABS (RESIN1),GT,ABSCRESID2))G0T01047 
RESID>RESID4 
SNTHSDAMP4SYN (THETA) + (1. 0-DAMP)#SNTH4 
GOTO1049 
RESTo=ResID2 
SNTHSDAMP*SINC THETA) #(1 .O-DAMP) #SNTH2 
THETASASINCSNTH) 

2
5
6
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CSTHESQRT C4 O@SNTH*SNTH) 
VELUS=SQRTCESNTHOVGAMU) wH2e(CSTHOUSOQUN) #*2) 

c 
(eee s en maneananngecunacensennasnesseaseestOik 
¢ 
1090 WRITE(2,4054)17T 

1097 FORMATC! Hy tLTERATIONT 15 ¢5XeIPOINTI 61 9OXe SOURCE STRENGTHS!) 
DOVOSSTatsNs 

WRITE C2¢4060)NSOUCT) SOUT) 
1095 CONTINUE 
1060 FORMATCH 1,20X,13413X0F10.6) 

THETADSTHETA#480.0/PI 
WRITE(2, 1062) THETAD, VGANU,USOUU 

1062 FORMATCH ',1 INCIDENT FLOW ANGLE THETA =',F8,4/ 
* 1 UetVGAMU S1,F8.4,3X,'USOUY #', FS, 4) 
WRITE(2,1063)€ 

1063 FORMAT(! ',tCIRCULATION CONSTANT C 31,F3,4) 
TECIT.GT.305G0701064 
Te CLENDIT.E9,0)60T04000 

GOT01068 
1066 WRITE(2,1066) 
1066 FORHATC! t,+MOQRE THAN THIRTY ITERATIONS ATTEMPTED!) 

GOTU4090 
¢ 
(nen nee e new e nnn eee neem mesnesenentO/L 
¢ 
¢ OUTLET ANGLE 
10608 IF(ISEC,&Q,4)60701072 

TNAL23 (SNTHaAVGAMU) / CCSTH=USNUU) 
ALPH2SATANCHNAL2) 
VEL DS=SQrTCCSNTHAVGAMU) ##24% (CSTH@USQUU)#*2) 
WRITE(2,1070) 

1070 FORMATC! 1,°COEFFICIENTS BASED ON J,9, VELOCITY!) 
¢ 
ee ee ee rr airs! 

¢ 
Ce=sSOLVE FOR cPts AND FORCES 

~ 
H
L
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¢ 

107@ J20 

1076 

1076 

1078 

001076184 ,NT2 
GAMA(1,5)aGAMA¢(1,5)/VELUS 
CPRACTSGAMACT,S)*GANACT,5) 
TECHS. EQ,0)G0701074 
TECISNE.NSOUCJ41))G0T01074 
dased 
SOUCJ)=SOUCU)/VELUS 
CPFACTmCPEACTsSOUCJ) ¥SOUCJ) 
CPFACTaCPRACT/(BOT(I) #BOTC(I)) 
CPCI). OmCPRACT 

CONTINUE 
$1=0.0 
$220.0 
$3=0.0 
$429.0 
DOVO7SIa2sNr2s2 

S{aStacP(r)*DXDFICI) 
S2=S2ecP (194) eDXDFI(1=4) 
S3eS3acP(r)aDyoFI (1) 
S4sS4aCP (101) eDYDFI(I=1) 

CONTINUE 
CXaepD3ne(2.0#S8344.0"54) 
CYS pOSneC2.0#S144, 052) 

Cote e etter mene eee tenet nan tae emenen 4} 0/4 
CeesWRITE CPIS, FORCES, ANGLES 
¢ 

1080 

1082 

ALPH40ALPH40180,0/PI 
ALPH2D#ALPH20480,0/PI 
WRITEC2,4080) ALPHID»ALPH2D,VELUS + VELOSsCXrCY 
FORMATCNON,TALPHAT =',F8.301X,'DEGI/! "eT ALPHAD ©',68,3,41X,'DEGI/ 

' t,VuPSTREAH SPEED 3!,F9,4,5x,'DOWNSTREAM SPEED =1,F9,4/ 

WRITE(@,1082) 
Te MOX SU KES Lbs f 

FORMATO! ',490X, 4 POINT! 45Xe'CB',14X,'SC21=CP)I/) 

VetCY wt, FB.4/) 

=9
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1086 
1086 

1088 

£ 
1090 

c 
¢ 
¢ 

10 

Q
2
a
a
 

$21, 0-¢P(1) 
WRITE(201086)1eCP(1) 4S 

CONTINUE 
FORMATO! 1,8X%¢15¢2613X,F8,4)) 
TECNSTOR.EQ.42CALL DISTANCE 

CONTINUE 

STOP 
END 

SUBROUTINE SPEED(NTRIG) 
CONMONZA/NTIM1 PARAY (64690) sNTOTM1 #NT2¢GAMA (64.5) 0 

* NTAMZ¢NSEPUSNSEPLs JP sBOTPGBOT (64) #RHS (64) 
COMNON/B/NSQUC30) «S0UC30) 
JQ 
DOTO1z1NT2 

FACT=BOT (1) 
TECNTRIG, 20,1) FACTS1,0/F ACT 
GAMAG1 5) eGAHACI 5) *FACT 
GAMACT, 3) eGAMACI 3) *#FACT 
TFCT,NE,NSOUCJe1))GOTO40 
dad] 
SQUC J) aSOUC J HFACT 

CONTINUE 
RETURN 
END 

SUBROUTINE SOLVECIS) 
COMMON/A/NT2M4 FARAY (64190) sNTOTM4 @NT2sGAMA (64,5) 4 

* NT2M2)NSEPU,NSEPL s+ JPsBOTPsBOT(64) sRHS (64) 
TF(15.8Q.4) 607025 
NTOTENTOTHG #4 
bO201=4,NT2 

- 
9L
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RHS( LT) sARAYCI,NTOTSI5) 
20 CONTINUE 

C SPECIEY GAMMA VALUE AT POINT 2n 
25 GAMACNT2,15) 20.0 

TECIS5.EQ.3.0R.15,E9,4)GAMACNT2,152 94.0 
c BACK SUBSTITUTION FOR GAMA VALUES 

DO40154 ,NT2M1 
l4aNT2e! 
SuM=0.0 
DO3Z0L 221141 NT2 
SUNRSUMSARAYCI4,12) *GAMACI 2.15) 

30 CONTINUE 
SUMSRHS(14)=sSUM 
GAMACI4 ce ES2=SUM/ARAY (11014) 

40 CONTINUE 
RETURN 
END 

o
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SUBROUTINE nISTANCE 
Cee=SUBROUTINE TO CALCULATE DISTANCES ALONG 
Cew=sUPPER AND LOWER SURFACES 
¢ 

DIMENSION XU(60)sXL (60) eCPUC60) »CPL (69) OSUC10) «OSL (1G) 
COMMON XSURE(64),YSURF(64) PION 
COMMON/A/NT2M4 FARAY (64990) sNTOTM1 INT2sGAMA (64,5) 4 

* NTOM2¢NSEPUsNSEPLsJP+BOTP/ROT(64) #RHS (64) 
COMMON/C/CP(64) .DXDFI CGA) sDYDFI (64) -D2XDFI (64) ,D2VDFI (64), 

4 XSUCTO>AXSLEVOI ,TSLEVO) -TSUCIAd 

2 REALNeONMTOXSTTEXEDTE,TERADSNSLINSU 
¢ 

ee ee ee eee ew 
¢ 

NSLC=O 
Nsuceo 

OlsTus0.0 

= 
EL
T 

=



DISTUSD.0 
OISTL=9.0 
001 030M=aNM1 ,NTOM2 

TECCCPEM) GT» CPCHet)) AND. COPCM) »GT.CPOM#1))9G0701035 
1030 CONTINUE 

Cm-"CP(M) IS NEAREST TO STAGNATION 
10359 CPUC4)*CR (May) 

é CPL(1)™CP (Mat) 
Cnet ernment een tae stents enee ene nDS/B 
eorreerks SURFACE 

OFT=PI/REALN 
0040601=2.M 

JUsiHare4 
Di sDXDEICIU)*DXDFICIUD#DXDFI (JU) *D2XDFICJU) ene! 

4 90.25eD2XDFI CU) eD2XDFI CU) HDFT eDFI 
D2=DYDFIC JU) *DYDFIC JU) *DYnET (JU) *D2YDFICJU) *DFI 

4 40. 25eD2YOFI CUD #D2YMET CJ) HDPE eDET 
DLuzDFIeSaRT(D14D2) 

TF ¢JU,GT.N)GUTO1050 
TE CCTERAD, £Q.0.0).9R. (COSTTE.NE.V,0)) 60701037 
TREXSURFCJUS1) LT. XSTTEIGITOINS? 
USTTE=OISTUSC(XSTTESXSURF (JU) *DLU/ CXSURE CJUM4 = xXSURE CU)? 

1037 TFENSUC.EQ. NSU) GUTO1050 
TE (JU,EQ,1)G0T01040 
TROXSURECJUR1),LT.XSUCNSUC#4 ) )G0T01050 
NSHCENSUC#4 

DSUCNSUC)FDISTUS(XSUCNSUC @XSURECJU) eOLU/ 
4 CXSURECJU=1)—XSuURFCJU)) 

GO701037 
CormeneenDEAL WITH ANy UPPER SURFACE SLOT BETWEEN 1 AND 2N- 
1040 WSUCENSUCS4 

DSUCNSUC) BDISTUS(XSUCNSUC) =XSURFC(4)) woLU/ 
4 (XSURFONT2)=XSURFE(1)) 

60701037 
1050 DIsTUspDISTU*DLU 

AUCH) sorsru 

S
e
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TECUULEQ, 4 )JUENT 264 
CpucI)=CPejuet) 

CemLOWER SURFACE 
YLaMete4 
TRCQIL.GE.NSEPU,AND.NSEPULGT.N) OR. JL.GE.NT2)G0701060 
DTSOXDFICILI*DXDFICIL) +OXDFICUL) *D2XDFICIL) #DFI 

4 HO. S5eD2XDFTCILYHD2XDEL (SLI eDEleDEL 
D2EDYDFICaL)*DYDFICUL) +DYMEITCIL) #D2VDFI GIL) aDel 

4 #0, 25eD2VOFICULY#D2YDEICIL) HDFT HDF! 
DLLSDFI¥SaQRT (D4 *02) 

TECCTERAD.EQ.0.02.0R. (DEDTE.NE. 0.0) 260701053 
TRCXSURECJL44), LT. XEDTEGOTO105S 
DENTE“DISTLO(XEDTEMXSURF (IL) #DULL/(XSURFCJL 1) =xXSURECJL)) 

1033 TBENSLC.EQ,NSL)GOTO10S5 
TF EXSURFCUL41) LT, XSLONSLC414))GOTO1055 
NSLC=NSLC44 
DSLCNSLO) SDISTL#(XSLCNSLC) =XSURF (UL) #DLL/ 

1 CXSURE CU) #1) *XSURFCIL)) 
GOr01053 

1055 = DISTLaDISTL#DLL 
XLT) sDISFL 
CPLOID SCP CJL O4) 

10600 CONTINUE 
Cott tere nner en teen e weet n nena tne nena DS/C 

NsvUsa 
Cem-CONSIDER 'UPPER SURFACE BEYOND T. Eee 

DOVO7OTRI,NT2=eNSEPL 
NSaNT2nl44 
D1 SDXDELONS) *OXDFICNS) #DXNFI CNS) *D2XDFICNS) nel 

1 40225#02XDFI CNS) #D2XDEI CNS eNFIeDEL 
D2=DYDEI CNS) #DYDFI CNS) #DYNET ONS) *D2YDFICNS) opel 

1 $0.254D2YOFI CNS) *#D2YDEI (NS) MDF I MDE! 
DLUSDFI#SoR? (D4 *02) 

1065 IBENSL.EQ, (NSLC#NSLU)) GOT91065 
TROXSURECNS=1) .GTUXSLENSLANSLU) 2G0T01065 
NSUCBNSUC#4 
DSUCNSUCISDISTUSCXSURE CNS) aXSLONSLENSLU) *DLU/ 

=
1
6
L
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 =



DSUCNSUC) SDISTUS(XSURE CNS @XSLONSL@NSLU)) #DLU/ 
4 CXSURE CNS) =XSURECNS@4)) 

TSUCNSUC) STSLENSLANSLUD 

NSuNSuU41 
NS, USNSLUe4 
60701063 

1065 = DISTHapISTU+0LU 
XUCH#1ya0rSTU 
CPUCHM1) SEP (N54) 

1070 CONTINGs 

NSLANSLANSLU 
NXUSHANTZeNSEPL 

NXLaNT2eH 
TFCNSERU.GT,NINXLSNSEPUSH . 

ISEPUSHaNSEpU 
IFCNSEPU.GT.N) [SEPUSM*#NT2“NSEPU 
ISEPLSNSEPLAM 
WRITE (2.1080) 

1080 FORMAT CIHOt st SURFACE DISTANCES'/# 'e4QXet AUT, OX, CPU SX, 
* "XLt, 10x, 'CPL'/) 
001110} at NxU 
WR1TEC261120)7,XUC1) /CPUCT) «XL OT), CPL (I) 

1110 CONTINUE 
1120 FORMATO HE Vp 2XeT3,10X0 FS, 405% 1 FB. 401 0X0 F314 5Xe F814) 

WRITECG,4130)NXL,NSLeISEPL 
WRYTECG,4440) CXLCT) LRT NXL) A CCPLOL) TST ONXL)  CDSLOT) e1T=4eNSL), 

* CYSLCT),121,NSL9 
WRITE(G, 1140) TERAD,DSTTE, DEDTE 
WRITEC6, 4130) NXU,NSU, ISEPU 
WRITECG,4160) CXUCT) LET eNXU)s CCPUCT) s Tat eNXU) se COSC ly slat eNSU)e 

* (TsuCl) «184 ,NSU) 
1130 FORMATCH 1,373) 
1740 FORMAT(? ',89F10,6) 

RETURN 
END 
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SUBROUTINE 172360NT2,1,11,12,13,14) 
TFCCILNEL1) AND. CIL,NEs2) 145102 
TFCLL EQ. 42 14 sNT201 
IPCI EQ. 2) 14=NT2 
TECINE. 1) 128184 
TRCT EQ. 1) 12aNnT2 
IFCLLEQ.NT2y 1354 
IBCLNENT29135164 
TFCCL,NELNT2) AND, CINE NT2m1)) 142] 42 
TFCLLEQ_NT2y 1482 
IBCLLEQNT204) 1424 
RETURN 
END 

FOR INPyy OF PROFILES DEFINED By CAMBER AND THICKNESS 
SUBROUTINE CAMTHIKCREALNI N41 sRKSNT2) 
COMMON XSURE(64),YSURF (64), PION 
DIMENSION CHORD(58) sYCANBC5A) sYTHICKC5O) POXCONCS4) »DYOKEY(33)e 

4 OYCDX654) pn2¥Cnx (50) eCAMBLO50) sPHIINGS 2 eYCFIC33),YTFI(33), 
2 Xe1(33) 
NP aNe4 

NUP2aN142 
NIBGaN1 ad 
NIPGBY146 . 
READ (17410) CCHORD(I) TS5,N1 PS) 
READ (1,140) ¢VCAMB(I),145,N4P4) 
READC1¢140) CVTHICK (C1) 6 1a40N4) 

W190  FORHATCSE12.0) 
00420174,.4 

CHuRD¢1)82,09eCHORD(10-1) 
CHURD(NI Pha!) SeCHORD(NT P4mT) 
YCAMB (1) ==VCAMB (1081) 
YCAMB (NG PGel) Ea YCANBCNTP Oat) 

qéu CONTINUE 

= 
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C=eLIST INPUT COORDINATES 

150 

140 
130 

WRITE(2,4305 
FORMAT CG 2XetX' 7 2QXe!CAHBER' 8X, 14 /2@ THICKNESS! ,/) 
00140141,N4 
WRITE(2, 150) CHORD(1 m4) ,YCAMB( 144) sYTHICK(I) 
CONTINUE 
FORNATCE47,6,°23.67F17.6) 

CrreCAMBER GRADIENTS AT INPUT PUINTS 

160 

170 

180 

DO1601*3,N1p6 
DXCONGT=2)= CHORD(I=2)=8*CHORD (181) #8HCHORD(144)=CHORD( 142) 
OYCDN B YCAMBC 192) =8*YCAMB C124) #8#YCAMB(164)-YCAMB(1+2) 
DYCOX¢r=2) aDYCDN/DXCON(I=2) 

CONTINGE 
D0} 701e3,N1 02 
Ga DYCOXC Iw 2)@8HDYCOXC 11) #8*DYCDXC141) "DYCOXC142) 
O2YCOX(1=2)2G/DXxXCDNCI) 

CONTINUE 
001380191,N4 
DYCDAL1) =DYCDX (142) 
CHORDGIYRCHORD( 144) 
YCAMB¢T)SYCAMB( 144) 

CONTINUE 
Cae=CALCULATE LENGTHS ALONG CAMBER LINE AT INPUT POINTS 

165 

185 
190 

RL50.0 
00190154 .N4 
Jani ated 
TF(J.NE.N1)G0T0183 
DXs0,0 
OL=0.0 
6070185 
OXSCHORD (dy CHORD (J41) 
DLateQ*DYCnX Coq) #H2eDX* DYCDX CIF] eD2YCDX Cy 44) 
OLSDL*o.25HD0X*DX*D2VCDX (344) eD2VCDK (44? 
OLapX*sarTeoL) 
RLsRheol 
CAMBL(J) RL 

CONTINUE 

= 
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200 

DO2001 84.N4 
CAMBL CI) SCAMBLOID/RL 

CONTINUE 
GemsCALCULATE VALIIES OF PHI AT INPUT POINTS 

210 

220 

00220154.N4 
CAMBL¢ TD =CAMBLCT) #04.0%(1,0eRK) #CAMBLOCI) # (1.9 CAMBLOI))) 
CSPHIS2.0#fAMBL(1) "1.0 
TR(CSPHI.NFL©1,02G0T0210 
PHIING I) aPY 
69T0220 
PHIIN GL) SATAN (ABS ((SQRT (1, 9=CSPHI*CSPHI))/ (CSPHI41,0E=50))) 
TRCCSPH1.Ge.0.0960T0220 
PHIINCL IEP r-PHIINGD) 

CONTINUE 
CeesINTERPOLATE IN PHI FOR YC, YT,DYDX.X 

23u 

240 

00255124 ,NP4 

PHI@FLOAT(1=4)#PI/REALN 
D02451452.N4 

IFCPHIINGE1=4) NEPHI)GOTO230 
XFUCT) =CHORD (11-4) 
YCRICI) sYCAMB(141=1) 
YTFICL) sYTHICK (1471) 
DYOXFI (1) 30Y¥COXC14=4) 
GoTo255 
TF (CpHIENCI1) NE, PHI) GOTN240 
XFIC) =sCHORD(11) 
YCRICI) =YCAMB¢11) 
YTFICL) =SYTHICKCI4) 
DYDXeI (Cr) sDyCDX (19) 
GUTO25S 
IF CPHIIN G11). LT. PHI,OR,PHIINGI191),G1T.PHI9GOTO245 
CALL LAGINT(I1+PHIIN, PHI.S4sS2¢S3eSG0N1sL) 
XFICI) sS4ecHORD(L-4) 4S 2*CHORD(CL™3) *S3*#CHORD( Lea) 

*S4eCHORDCL m4) 
YTFICI) aS4eyYTHICK(L=4) 4S 2eVTHICK (L932 +S 3eVTHICK (LA?) 

*S4eVTHICK(L a4) 
YCFICI) = aS4#Y¥CAMB(L“&) *S2eVCAMBCL-32*S3*YCAMB(L=2) 

= 
S
a
r
 =



it *S4*YCAMB( LAT) 

DYDXFIC 1) sS4*DYCOX6L=4) #S2enYCOX(L=3) +S 3*nVeoX{L=2) 
4 *SG*DvCOX(L@1) 

GOT0255 
24> CONTINUE 
255 CONTINUE 

C-"7AD0 THICKNESS NORMAL TO CAMBER 
00260132.N 

ATNSATAN(NYDXELC(I)) 
XSURF CT eq YSXFLCLIsVYTFICI)SINCATN) 
XSURFQNT2n141) 52, 0#XFI CI) axSuRECIA1) 
YsuRF(tetyeyCrr(LyeYTFICL) eCos cat) 
YSURPENT2nT41)52,00YCFICI)@YSURF (191) 

260 CONTINUG 
XSYRECN) 0,9 
YSURF(ND 30.9 
YSURECNT22=0,0 
XSURFCNT2) 84,0 
RETURN 
END 

Cc 
C 
¢ 
CemelINPUT OF CAMBRRED SURFACE CUORDINATES 

SUBROUTINE GAMPROFC(REALNGN4 «RK INT2) 
CONMON XSURR(64),YSURF(64),PIUN 
OIMENSTON XUS659)rYUS C50) eXLS C50) sYL9 650) - YMEAN (37) »XFI(35), 

. DYDXF1¢32) 
NMVaN#4 

READ (1440) (XUS( I) sYUS(I) -184,N1) 
READC1,4902 (xLSCI)/YLSCI),154,N1) 

10 FORMAT (2F12.0) 
WRITE(2.42) 

re! FORHATCHONSUINPUT DATAT/T ON AIX, XUN, TOKE YUN SA SXIXL st aXetVLI/) 
0014121,N1 

WRITE (2.16) XUSCI) ,YUSCI) SXLSCIDsYLS C1) 
146 CONTINUE 

= 
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 =



16 

20 

30 

40 

55 

60 

70 

80 
90 

FORHATCH '42€7X,810.822X%5F19.8)) 
NPTONeT 
NP2Zane2d 
DO5S131,NH4 
PHISFLOAT OI) #PI/REALN 
Xa0.50¢1*A0S (PHI)) 
XFiC a2) ey 
DOsOT1s20N4 
IRCXUS(r4e1) NE. X)GOTO20 
VSURECTysyYUS (T1481) 
Gotoss 
TF (XUS (11) .NE.X)GUTO3O 
YSURFCITysYUSC(I1) 
GOT055 
TF CEXUS¢11) .GT.X).OR. (XUSECT 11) LT. XI GOTOLO 
CALL LAGINTCI1¢XUSeX S51 sS2eS3eSG NI pb) 
YSIRF CL) SST#YUS(LE4) +S2HYUSCL&3) +S3¥*YUS (Lez) 4S4¥VUS (191) 

GaToss 
CONTINUE 

CONTINGE 
DO9OTSaT.NM4 

XaXFIC1#2) 
Do80is2,N4 

TF(XLS 11-1) .NE.X)G0T060 
YSIRE(NT2e])zYLS C1141) 
GUT090 
TFCXLS(14),NE.X)GOTO70 
YSWRECNY2-})aYLSC11) 
GoTtA90 Z 
TP CCXLS (14) .GTeX)eOR. (XLS C1181) LT.X) GOTOBD 
CALL LAGINTCI4¢XLS¢XsS41S22830S4,N4,b) 
YSURECNT2e]) sS4aVLSCL94) +S2eVLSCL-3) *SS*#VLS(L-2)4S4aViS(L=4) 
GUTO90 

CONTINUE 
CONTINUE 
XFU(2)3xuS 4) 
XFICNP2)aXUs(N1) 

- 
S8
T



XFIONP2)=XUS ONT) 
XEIC1) 52, Oye (2) 9Xe1 3) 
XFIT (y43) 92, 08XFI ONP2)-XFI CHP) 
YSURF(NT2) SVUS (4) 
YSURECN) sYUS(NT) 

Cem2MEAN LINE GRANIENTS 

100 

115 

00100154.N 
YAEAN( 1 #2) 80, 5eCYSURFCI) #¥SURFCNT2e1)) 

CONTINUE 
YMEAN(N®3)32,0#YMEANC(NP2)=YMEANCNP1) 
YMEAN(4) 32, 0#YMEANC2)=YNEANC3) 
YMEANC2) 8YSURECNT2) 
DOV101S3,NP4 

DXDNSXFIL (192)98, 0#XFI C1549 48, OWXFI CL at mXFI (142) 
DYDNSYMEAN C12) "3, 0#YNEAN(CI01) 43,04 YMEAN (I 44) =YMEAN (142) 
DYDXFr¢la2>=DYDN/DXON 

CONTINUE 
00120154,NM4 

ALFSATAN CDYDXFIC1)) 
DXaCYHEANCI #2) mYSURFCNT2m1) )wSINCALF) *COSCALB) 
XSURF CT) Sy FI CL e2) 40x 
XSURPENTZ=T)SXp1 Cree) +0X 

CeesCHECK THAT Dx DOES NOT MOVE THE POINT 7OO FAR 

4120 

TF CCXSURE(T) .GTLXFICI*3)) AND. CXSURE CT) LT AXFICT+#1)) 9 GOTO12N 
OXs0,759eDX 

GOTO419 
CONTINUE 
XSURE CN) eXUS ONT) 
XSURECNT2)#xUS (4) 

Cem=sREeINTERPOLATE pOR YIS 

430 

00160154,NM4 

XsxXSURecly 
D01501182,N4 
TECXUS C1401) ~NE.X)GOTO130 
YSURF Cr) svus(14941) 

GOTO460 
1R(XUS (11) ,NE.X)GUTO440 

=<
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140 

170 

180 

190 
200 

c 
¢ 
¢ 
¢ 

10 

YSURR(T)sYUS¢(11) 
G0T0460 
IP EEXUS (14). GTX) OR. CXUSCI461).LTXI)GOTNISO 
CALL LAGINTC11¢XUSIXeS4eS2eS3eShrNtrb) 
YSURECTY SS} HVUS (L4G) +S2HVUSCL73) +S3#YUSCLw2)+S4HYUS (194) 
G070160 

Continue 
CONTINUE 
DOZ00384.NM4 

XaXSURe(NP2sT) 
D04901482,N4 

Ip OXLS(rie1).NE.X)G0T0170 
VSURFQCNT2e2) ayVbS(I1"1) 
GOT0200 
TF (XLS (11) eNE.X)G0T0180 
YSURECNY2e] )sYLSCI1) 
GOTO200 
TPCCXLS (11) GTX) eOR. (XLS CF191).LT.X2)GOT0190 
CALL LAGINTCIV XLS ¢XeS4sS2,83094,N1 4b) 
YSURFCNT2-1)aS4eYLSCL-4)4S2eVLSCL=3) *S3S*VLS(Le2) +S4eVLSCL=4) 
G070200 

CONTINUE 
CONTINUE 
RETURN 
END 

wembAGRANGE INTERPOLATION FOR DATA INPUT SECTIONS 

SUBROUTINE LAGINTCI4 + FIORXsVARsS4sS2sS3eS4sN14L) 
OIMENSTON FrORX(50) 
MB2 
1F611,NE.2)607010 
Ms3 

GOTO20 
1F(14.NE.NT)GOTO20 
Met 
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20 

30 

32 

34 

36 

40 

eete 

$=1,0 
St#1 0 
$234,9 
$3=1.0 
$674.0 
Lelien 
0O30N=1,4 

S2s*(VAR=EIORX(L4J~-5)) 
CONTINUE 
00403=1.4 

TF(d,80.4)G0T032 
S18 CRIORXCL=4)-FIORX CL =U) #84 
Tr), 8Q.3)G0T034 
S2mCFIORXEL=3)=FIORX(L-J) 9482 
TR (d,8Q.2)G0T036 
S32 CPLORXEL=2)=FLORACL=J) 9483 
TF CU .8Q.19G607040 
S4m(PIORXEL=1)-FIORX( Lad) e846 

CONTINUE 
$94(S/81)/(VAR@FIORX(L=4)) 
S22(S/92)/(VAR=FIORX(L=3)) 
S3a(S/S3)/ (VAR~BLORX(L=2)) 
S$42(S/$4)/CVAR=FIORXCL=1)) 
RETURN 
END 
FINISH 

= 
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=
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APPENDIX _D 
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D.1. Introduction 

This Appendix describes the computer programme constructed to 

implement the boundary layer calculation method outlined in Chapter 6. 

The programme, written in FORTRAN, was constructed specifically to 

calculate boundary layer development on aerofoil surfaces, although 

the model is flexible and could readily be applied to other flows. 

D.2. Preliminary Outline 

An outline flowchart of the boundary layer calculation procedure 

is given in Figure 65. The FORTRAN programme relies heavily on the 

use of subroutines, the section controlling the process depicted in 

Figure 65 being quite short. Units of the Systéme International are 

used throughout. 

All details concerning the surface pressure distribution, starting 

conditions, surface curvature and the position of any tangential blowing 

slots are input as data. The pressure distribution under which the 

boundary layer develops is defined by a set of discrete pressure co- 

efficients and the associated distances along the surface. The 

calculation of pressure gradients is performed in the programme. If a 

tangential blowing slot is present, an iterative calculation is 

performed to find the blowing momentum necessary to maintain flow 

attachment up to the specified separation point. 

A starting velocity profile is generated using the wake function 

070" values of boundary layer thickness and displacement of Coles 

thickness at the starting position need to be provided in the input 

data, although the resulting boundary layer development is not usually 

very sensitive to the starting profile.
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When the computer programme was constructed, the facility to 

calculate stagnation enthalpies was included, This would enable, 

for example, the prediction of heat transfer from a hot boundary or 

the effect of using a hot blowing jet. The expressions for wall 

functions and the solution of the stagnation enthalpy conservation 

equation which are included in the programme have been taken from or 

constructed with reference to the text of Patankar and Spalding | 

It is stressed, however, that this aspect of the programme has not 

been tested and may yet require development. No further reference 

to the sections of programme dealing with this calculation will be 

made in this Appendix. 

The programme controlling segment and the subroutinesare described 

in the following sections,
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D.3 Description of Programme 

MAIN 

This main section controls the overall programme operation as 

depicted in Figure 65. Data is read according to the format of 

Figure 66 and definitions of the variables are included in Section D4. 

Flow conditions in the free-stream are defined by the Reynolds number 

(RE), Mach number (RMACH) and total temperature (TO). The Reynolds 

number and surface distances contained in array XS are based on unit 

chord. The free stream speed on which the pressure coefficients 

are based is given by U,, = MYYRTjand various other quantities, T,, 

Px.» P are calculated from normal compressible flow expressions. When 

interpolating for certain fluid properties from tabulated values, 

it is assumed that the flow temperature T,, lies in the range 

300 < Tos 400 K. The free-stream laminar viscosity, VISCL, is calcu- 

lated from Sutherland's equation, see Scniichting » p.339. 

The free-stream properties are written out and values are assigned 

to the slot blowing momentum coefficient, CMEW (a first approximation), 

and the slot air total temperature, SLTTO. The pressure coefficients 

are converted into pressures. Headings are then printed to define 

quantities printed out on each step forward if these values are required. 

The overall thickness and displacement thickness, Y(NM1) and DISPT, of 

the starting profile is read. These values are later used in Subroutine 

COLES to generate a starting profile. The variable NPOS defines the 

current position of the calculation within the set of input data. 

Values of distance along the surface have already been input in array 

XS and the starting value of x (XST) has been specified. NPOS is the 

element of array XS which lies closest to x, with the condition XS(NPOS)<x.
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The initial value of NPOS is found in MAIN, and is updated in Sub- 

routine PGDT when the calculation reaches the next data input point, 

The starting value of pressure coefficient, CPST, is calculated by 

linear interpolation in XS and CPST is then used to obtain the local 

surface flow speed, USTART. 

Subroutine COLES is called, to generate a starting profile. 

Subroutine DMS is then called to calculate integral profile parameters: 

displacement and momentum thicknesses and the shape factor, H. 

The next section is looped on each forward step. The step length 

DX is governed by a factor DXF provided in the input data: 

Y(N-1)_DXF 
dx = 

  

latest calculated wall stress, a " 

pe " previously calculated wall stress. 

Thus, the step length is linked to the overall boundary layer thickness, 

Y(NM1). This in itself is not sufficient, however, since the layer 

thickness increases rapidly near separation where small step lengths 

are required because of the rapidly changing layer properties. There- 

fore the step length is also factored by a term dependent upon the 

magnitude of change in the wall shear stress. 

The trigger value IPOINT is set to zero or unity: the latter value 

is assigned if the step length is such as to carry the calculation
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beyond the next input data position, XS(NPOS+1) . If IPOINT is unity, 

the step length is modified so that the step brings the calculation 

to the next input data point. 

A test is then made to see if the selected step length brings the 

calculation to a blowing slot. If so, Subroutine SLOT is called to 

set the new profile. Subroutine PGDT is called to calculate the 

longitudinal pressure gradient over the forward step. A test is made 

to check if the surface is curved at the downstream station, i.e. if 

X + DX2DCURV. If so, Subroutine NORPRES is called to calculate the 

variation of pressure and of longitudinal pressure gradient across the 

shear layer thickness. A call is made to Subroutine SOLVE which 

takes the forward step and sets all the boundary layer properties to 

their new values. If the new position of the calculation coincides 

with an input data point, i.e. if IPOINT=1, Subroutine DMS is called 

to calculate the profile integral parameters. This subroutine is 

called on every step if the intermittency representation of effective 

viscosity is being used. 

The final section comprises a series of tests on whether separation 

has occurred and the resulting course of action to be taken. In cases 

where high flow accelerations and decelerations occur, such as on the 

leading edge of an aerofoil developing high lift, separation may be 

predicted in this region. If this occurs, the whole calculation is 

re-started at the predicted separation point. This final section is 

best described by a flowchart, sketched in Figure 67.
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Subroutine SOLVE 

This subroutine performs the actual forward step, solving the 

finite difference equations which govern the boundary layer development. 

Before the step, however, various ancillary calculations are performed 

and subroutines are called to supply quantities required for the step. 

The first section is concerned with predicting transition and is 

only accessed if the boundary layer is currently laminar (LT = 1) and 

transition is to be allowed (NTRIG3 = 2). The prediction of transition 

utilizes data given by Seyicehene First, a shape factor, A 

2 

(SHAPEA) is calculated A = oT # =f The local critical Reynolds 

number, RCRIT, is plotted as a function of this shape factor by 

Schlichting. The relationship has been represented by a polynomial 

for the present purposes. The actual local Reynolds number, RBL, is 

calculated, where RBL = iS a The point of laminar instability, 

XINST, is taken to be the first point at which RBL2RCRIT. The distance 

between the point of instability and transition is represented by the 

difference between the momentum thickness Reynolds numbers at the two 

stations. Schlichting gives a plot of this difference as a function 

of the parameter K where x 

FS &t 6? ap ns 
tee ae ca ae > 

Sere de MLSs 
m 

x, = XINST and Xtp is the position of transition. The integral K 

is added to on each forward step afer the point of instability has 

been reached and the corresponding value of momentum thickness Reynolds 

number at transition calculated. If the actual local value exceeds 

this transition value then transition is assumed to occur.



Velocity gradients are calculated and the subroutine for 

calculating laminar viscosities, LAMFLO, is called, Provided the 

flow is turbulent, one of the two effective viscosity routines, MLH or 

TURB is called, The viscosities in array EMU are then factored by 

r/dy and transferred into array EMURDY. 

The entrainment rate, characterised by the quantity Catia! in 

the nomenclature of Patankar and Spalding is calculated from the 

  

expression 

— Uy a LL ©: 

ho) Gs tee es NN-1/ "E NoYN/27YN/2+1 E 

which is of a form suggested by the above authors. Since it is 

convenient to be able to treat grid line N-1 as characterising 

properties at the outer edge of the boundary layer, i.e. where y = 6, 

the entrainment is factored by 

(0.99 + 

  

This arrangement maintains the conditio Uy = 0.99 U, fairly well. 
N 

A call is made to Subroutine WF which supplies the wall functions 

used as boundary conditions to the main calculation. The remainder 

of the subroutine deals with the solution of the finite difference 

equations, Almost all the nomenclature in this section has been taken 

directly from the listing given by Patankar and Spalding who provide 

a comprehensive programme description. The only changes of significance
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which haye been made to their solution procedure concern modifications 

to certain coefficients, These modifications arise because the 

equations being solved here concern angular rather than linear momentum 

and the unknown radius x velocity product ur is being solved for, 

rather than the velocity u. The necessary changes to the finite- 

difference coefficients correspond to those given by Patankar and 

Spalding for the solution of the equation governing the swirl velocity 

of an axi-symmetrical flow. Other minor alterations occur as a 

logical consequence of the change of variable and are best appreciated 

by reference to the text quoted above. 

Subroutine WF 

This subroutine supplies wall functions to be used as boundary 

conditions for the main solution procedure. The functions used are 

quite simple and pertain to a smooth wall. ‘Two alternative sections 

are provided, depending on whether the outer boundary of this wall 

region extends into the turbulent flow or if the flow can be considered 

wholly laminar. Experience shows that better results are obtained by 

grouping the grid lines sufficiently densely near the wall that laminar 

functions can be used. 

The magnitude of the local couette flow Reynolds number, RE, is 

used to decide whether laminar functions are used, or if the logarithmic 

law for turbulent flow is to be employed. The expressions used to 

calculate the wall functions may all be found in the text by Patankar 

and Spalding.
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Subroutine PGDT 

This subroutine calculates the longitudinal pressure gradient 

from the discrete pressures supplied as input data. The gradient 

is calculated from four Taylor expansions about the mean position 

over the step, that is at x + 4dx. The four data points used are 

comprised of two on either side of the station x + 4dx except near 

the start or end of the input data, when it becomes necessary to use 

three points on one side of x + 4dxandone on the other. The 

resulting 4 x 4 matrix of the simultaneous equations is solved by 

Gauss reduction to give P and dP/dx at x + 4dx. 

If IPOINT has been set to unity in MAIN, signifying that the 

step will bring the calculation to the next data point, NPOS is 

incremented by one. 

Subroutine NORPRES 

The longitudinal pressure gradient corresponding to the input 

pressure data is calculated in subroutine PGDT, described above. 

Subroutine NORPRES calculates the distribution of pressure and 

longitudinal pressure gradient across a curved boundary layer. The 

expressions used are 

ap _ pu 4 2p put 
ay xr aud Ge, R, ax : x 2) 

42 
pus QUE or Pi = PE i = dy 

where subscript 'E' refers to conditions at the outer flow boundary.
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On the first occasion that this subroutine is accessed, preliminary 

array values are set and the opportunity is taken to set the values or r, 

the radius of curvature of each grid line, On the first call to this 

subroutine, therefore, no gradient of pressure is calculated. 

Subroutine SLOT 

This subroutine is provided to generate a tangential blowing jet 

profile and to add this profile underneath the oncoming boundary layer. 

Because the required blowing rate generally is not known in advance 

and this routine is used several times in an iteragive loop, the on- 

coming boundary layer profile has to be stored on the first cycle. 

This storage is performed in the first section of this subroutine, 

the stored values being suffixed by '0'. N2 is the number of grid 

lines to be used for the blowing jet profile, so that the total number 

of grid lines become N = NO + N2 where NO is the number of grid lines 

used to calculate the upstream boundary layer. The grid line numbering 

system is sketched below. 
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Sketch D1 

Grid Line Numbering at_a Blowing Slot



The blowing jet profile is set according to a power law, as shown 

in Figure 8. In the programme, Q represents the exponent, n, and is 

supplied in the input data. The grid spacing across the slot width 

is set by a cosine profile to group the grid lines most closely near 

the regions of large velocity gradient. 

The remainder of the subroutine is concerned with re-assigning 

all the variables to their new grid lines. One forward step is 

made from within the subroutine so that all the boundary layer 

properties are calculated for each grid line ready for the printing 

out of properties in the call to Subroutine OUTPUT. 

Subroutine COLES 

The starting profile is generated in this subroutine. Values of 

boundary layer thickness and displacement thickness have already been 

read from the input data and the surface speed at the starting position 

of the calculation, USTART, has been derived in MAIN. These quantities 

are used to generate a starting profile using the function derived 

by Coles (197) | 

The remainder of the subroutine assigns starting values to all 

the necessary variables. 

Subroutine MLH 

This subroutine calculates an eddy viscosity distribution using a 

simple mixing length representation. In the near-wall region, Van Driest's 

damping factor is applied, If the surface is curved locally, Subroutine 

CURVE is called to factor the eddy viscosities by a curvature correction.
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Subroutine TURB 

This subroutine can be used to calculate the distribution of eddy 

viscosity across a conventional boundary layer or across a wall jet 

profile. At present it is only used for wall jet profiles, since 

ordinary boundary layers are coped with quite adequately by the mixing 

length model which is also more computationally efficient. 

First, the type of velocity profile is identified, JET being set 

to 0, 1 or 2 depending on whether the profile is a conventional boundary 

layer, a wall jet with a maximum only in velocity or a wall jet with a 

maximum and a minimum in velocity. 

The velocity defect, Uy is then found for the relevant profile. 

For a conventional boundary layer, the point of departure from the law 

of the wall, YD, is found first. All the expressions used are given 

in Chapter 6, The inner region viscosities are calculated using the 

mixing length model with the Van Driest damping factor. Values are 

assigned to gd, SIGMA, the standard deviation of the intermittency profile. 

The diffusion equation parameters, K and X in equation 6.5 are set. 

These quantities are defined by RK1 and DEL respectively in this sub- 

routine, The position of the mean turbulent front, y, is calculated 

from the relevant equation, 6.7, 6,10 or 6.11. 

The error function defined by equation 6.8 is calculated at each 

grid point in the appropriate region. A polynomial representation of 

the error function is used. The effective viscosities are then set 

according to equation 6.9. If the surface is curved, Subroutine CURVE 

is called to factor the calculated eddy viscosities by a curvature 

correction,
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If JET = 1 or 2, a cosine fairing is used to join the inner and 

outer eddy viscosity profiles, Sketch D2 below illustrates the nomen- 

clature used to 'fair' in the JET=2 profile. The procedure used for 

the Jet=1 profile is very similar. 

Finally, some of the quantities generated in the subroutine are 

printed out. 

PER 
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        Y(IMAX) 1} Y(IMIN) i 
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Sketch D2 

Cosine Profile Used to Join Inner and Outer Eddy Viscosity Regions
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Subroutine CURVE 

The curvature correction described in Chapter 6 is applied to a 

calculated eddy viscosity when this subroutine is called from MLH or 

TURB. A lag equation is applied to the curvature effect, using the 

same lag equation constants as are applied in TURB to the development 

of the maximum eddy viscosity. The curvature factor itself is 

limited to an obvious limit of zero when reducing the eddy viscosity 

and a limit of 2.0 when increasing the eddy viscosity. 

Subroutine DMS 

Integral profile parameters are calculated in this subroutine. 

The displacement thickness, DISPT, and momentum thickness, TMTM, are 

chtained by numerical integration across the latest profile. The shape 

factor, SHAPE, is the quotient of these two quantities. 

Subroutine LAMFLO 

This subroutine simply assigns laminar viscosities to each grid 

point, using Sutherland's equation. The values are then modified so 

that EMU(i) represents the mean viscosity between grid points i and i+]. 

Subroutine OUTPUT 

This subroutine is called from various points within the programme 

to provide an output of current variables. If the argument NTRIG is 

set to zero, one line of values is output. If NTRIG = 1, a full 

output of the current profile properties is given. There is also an 

automatic full output every twenty five steps.
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D.4. Principal Variables and Arrays Used in the Boundary Layer Programme 
  

Variables 

CMEW Jet momentum coefficients. 

CPST Pressure coefficient at starting position of boundary layer 

calculation. 

DCURV Distance along surface of start of curvature. 

DISPT Displacement thickness of boundary layer. 

DX Step length, 

DXF Factor to control step length. 

IENTH 1 for solution of heat transfer equations, 

0 for no calculation. 

IPOINT 1 if step brings calculation to next data point, 

otherwise 0. 

ISEP Position of specified separation in input data 

(for blowing jet calculation). 

N Number of grid lines. 

NM1 N-1, 

NPOS Position of calculation in input data 

(see discussion of MAIN). 

NS Number of blowing slots 

(currently assumed to be 1 or 0). 

NTRIG1 1 for use of mixing length representation of eddy viscosity, 

2 for intermittency. 

NTRIG2 Currently unused. 

NTRIG3 1 for calculation of laminary boundary layer only, 

2 to allow transition. 

NTRIG4 1 for storage of displacement at each data input point, 

O for no storage. 

NTRIGS 1 for laminar start to calculation, 2 for turbulent start.



NX 

Q 

RE 

RMACH 

SLTTO(zero) 

TO(zero) 

TERAD 

USTART 

VISCL 

ie 

XST 

Arrays 
cP 

DPDX 

DS 

DUDY 

EMU 

HO(H zero) 

OM 

P 

PREF 

RHO 

RUR 

TS 

- 205 - 

Number of input data points at which pressure coefficients 

and surface distances are given. 

Exponent n in power law representation of blowing jet profile. 

Mainstream flow Reynolds number. 

Mainstream flow Mach number. 

Total temperature of blowing jet. 

Mainstream flow stagnation temperature. 

Radius of curvature of surface 

(set to zero if no curvature). 

Local free-stream flow speed at start of calculation. 

Laminar viscosity in free-stream. 

Current x-direction position of calculation. 

Starting position of calculation. 

Pressure coefficients at data input points. 

Pressure gradient at each grid point. 

Distance of each slot along surface. 

Velocity gradient at each grid point. 

Effective viscosity at each grid point. 

Stagnation enthalpy at each grid point. 

Omega value at each grid point. 

Static pressure at each grid point. 

Effective Prandtl number at each grid point. 

Radius of curvature of streamline at each grid point. 

Fluid density at each grid point. 

Product of radius of curvature, flow speed and density 

at each grid point. 

Width of each blowing slot. 

Flow speed in x-direction at each grid point.



Product of flow speed and radius of curvature at each 

grid point, 

Distance along surface of each blowing set. 

Distance, normal to surface, of each grid point. 
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Cetenaeowrenwean SEGMENT MAIN 
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DIMENSION DS(10),TSC610) ,-XS(70),PSC70O), 

4 DELTC70) CP C70) 

COMMON/A/DUDY(75) ,EMUC?5) -HOC7S) -OMC75) ¢PREF (75) »RHOC7S) »RUC75) + 

TEMP (75) 1 UC75) s¥675) sEMURDVC7S) FTAUCTS) @RE75) pURC75S De 
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c BP, OMI, PEI, TAUL¢YI/R25¢KRADs TRAD 

c /B/DPDX C75)» PCPS) (CAERs DX, HOINTTOLENTHe LT eNeNM4 eNPOS PNSTEPY 

c PI, PRe RUS, TERAD/VISCL/X/DCURVESLTXrSLTTeNSCANDLAG 
C fC/DISPT+ SHAPE, TMTM 
C /D/AKrALMG,FR 
C /E/NTRIG1  NTRIGZNTRIGS 

Ceee teeta deren ie dei ew HW PROGRAMME CONTROL#H RFRA AH eee 

¢ CONSTANTS AND DATA INPUT 

c 
ComesenmmdeREYNOLNDS NO, BASED ON UNIT CHORD 

¢ ASSUMeD TEMP RANGE = 300"400 kK. 

FReO.04 
ALMGE0,09 
AKa0.435 

Ce-"REAR STORED DATA 
READE 1117 INXsNS,LSEP 
READ(1/10) (XS(1) p TET @NX) e COPEL) + TST NX) 2 CDSCTD. TEI GNS)e 

* (rs¢l>,184,NS) 
READ(1710) TERAD,DCURV 
READC1/10)Xs7 
READ(1/102 DXF RE, TO,RMACH 
TFONS.NE.Q)READ(1,/1098 

10 FORMATC5F1076) 
c NTRIG1#1 FOR MLy 2 POR INTERMITTENCY 
c 3m1 FOR LAMINAR LAYER ONLYs 2 TO ALLOW TRANSITION 

¢ Gal ROR STORAGE OF DISPTS, 9 FOR NO STORAGE 

c Sat OR LAMINAR START. 2 FOR TURBULENT START   
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READ(1/17N, TENTH SNTRIGY NTRIGZ.NTRIG3SPNTRIGGNTRIGS 
17 -FORMATS713) 

NMfeNet = 
TINFmT0/€0, 2#RMACH*RMACH#4 0) 
VELBRMACH#SORT(4, 4#287,0eTINE) 
VISCL20, 000019624 ((325,04110.0)/¢TINE#119,0)) eCTINE/325,0)401,5 
ROBVISCL¥RE/VEL 
RUSQH30,5*VEL*VEL*RO 
PINFRROQ*287_O*TINE 

POMPINE*(1,0#0,2*RIACH*RMACH) WHO. 2857 
PR#0.7074(0.688-0,707) *(TINF@300,0)/100,0 Creeenmemmm=e TAKE TURBULENT PRANDTL NO, = 0.9 
PRT=0.9 
CATRS10046.9461013,5=1004,9) #CTINE™300.0)/100.0 
HOINITSCAIR#TO 
EMU(4)sVISCy 
WRITE (6,20) RE,TO,RMACHs TINE, VEL, RO,PINF»PRePRTLCAIR 20 FORMATC' ','RE =',610,0,/' "170 39, F6.14/' 1,"MACH NO @!,F6.3, 

i 7) Y,9TSTATIC 8',FO.4./' ",/"UOSTREAM VEL w!,F6,2, 
2 J)", tOEWSITY 81, FG.3,/' ',"STATIC PRESSURE =',F8.0, 
3 /* ',*PRANDTL NO 3',F6.4,5X," TURBULENT VALUE &!,66,4, 
4 2 0, 9CR 8 Or R 804) 
TFCNTRIG1.£0.2)G0T024 
WRITE(6,22) 

22 FORMATC'O', "MIXING LENGTH USED FOR TURBULENT FLOW!) 
GOT028 

24 = WRITEC6,26) 
26 FORHATC! ',)tINTERMITTENCY USED FOR TURBULENT FLOW!) 

Cem-"SLOT BLOWING MOMENTUM COEFFICIENT AND TOTAL TEMP 
26 CMEWs0.05 

SLTTORTO 
c 
Ge-=CONVERT Cp VALUES INTO SURFACE PRESSURES 

DOSO1=1,NX 
TECI.GT.S. AND. 1.LT.NX"3)G0T020 
PSCI)=PINE+RUSQH*CP(I) 

an GuTo30 

= 
80
2 

-



29 PSCL) SPINE +RUSQH* (HCPC IR 2044. 08CPCIM1)*6,08CP (1944, OnCp (L441) 
* mCP(14#2))/12.0 

30 CONTINUE 
WRITE(6,35) 

35 FORMATC'O', "SURFACE PRESSURES'//10X,'X's9Xe IP) 
DO4O01TS1,NX 
WRITE(6,50)1¢XS(1) sPSC1) 

40 CONTINUE 
50 FORMATC® "412¢3X,F70414X,F10.9) 

WRITE (6,55) TERAD, DCURV 
55 FORHATC'O', "SURFACE CURVATURE 3'4F6.4+2X0'AT', F6.6,2Xr 

4 "ALONG SURFACE’) 
TF(NS.EQ.0)G0T058 
DO58181,NS 

WRITE(6,62)DS¢1)+TSCI) 
58 CONTINUE 1 

6e FORMATC'O', "SLOT AT X 8',F8.4,5X,'N1DTH 3", F 8.6) 3 
c 
CarenmersmedRITE QUT HEADINGS 
c 

WRITE(2,65) 
65 FORMATC'O's *NSTEP' 1 SXe'X"e3X,'DX'G 7X, 'TAUT!, 6x, 1DPDX' 6X, I PEN, 

1 SX.'SHAPE',SX,'DISPTC!L/! §/55K,'JET', Sx, tH, AX, UDt, 
2 SX-'YDC' + 3Xe'SIGHAC', 2X,'YDIC'.4X,"UDI',4Xe'SIGMAIC', 
3 2xXo'H1'.4xX,'PEI') 

c 
Ce-"SET SURFACE STARTING VELOCITY PROFILE 

READ(1,10) YON) ¢DISPT 
EMU(4)aVISCL 
LTs4 
X=XsT 
TFCX.GE.pCURV)KRAD#=4 
RCV) STERAD 
TFCR(1).€8,0,0)R01)51,0 
TFCNTRIGS.E0.2) L782 

70 = pOF5352,50 
TFCXS(1),.6T.X)G0TO80



75 
80 

85 

90 

CONTINUE 
NPOSSI—4 
CPSTHCP(NPOS) +(X=XSCNPOS)) # (CPR CNPOS#1 )=CPC(NPOS)) 

4 7 (XS CNPOS#1)=XS(NPOS)) 
USTARTAVEL*SQRT(1, 9=CPST) 
UCN) SUSTART 
CALL COLESCTINF,PSsNXrXS) 
CALL Dits 
DELT(1)sDISpT 
WRITE(2,90) 
FORMATC'O',*! STARTING PROFILE') 

Cen“STEP LENGTH To COINCIDE WITH SURFACE POINTS 
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95 

400 

405 

de i i 
THIS SECTION LOOPED FOR EACH FORWARD STEP 

FRO RII 

OXS( YON) #DXEI/ (61,0410, 0HAUS (CTAUORTAUI)/TAULD) 
ITF CNSTEP.EQ.0)DxX=DI SPT 
TAUOBTAUI 
IPOQINTSO 
TFC CX#Dx) LT, XSCNPOS4#1))G0T0100 
DX4XS(NPOS#4)=-K 
IPOQINTS4 
TFCISLT.€Q.NS)GOTO105 

IPVSISLT+1 
TFC CX#DxX). LT. DS¢1P1))GOT0105 
SLTARDSCIPT) 
SLTTSTSCIP1) 
UJHINSO.S*VEL 
CALL SLOTCVEL-CHEW/ISLT,SLTTO+RO,DXF,Q) 
CALL PGDT (PS sNX,XS+1POINT) 

TF TERAD 1S A FUNCTION OF Xs INSERT FUNCTION HERE 

TF((X*DX).GE,DCURV.AND,TERAD.NE.O,O9)CALL NORPRES 

= 
OR
G;
 

=



CALL SOLVECO,UUMIN) 
TF(NSTEP.EQ.1) CALL OUTPUT(1) 
TFCIPOINT.EQ.1,OR NTRIG1,EQ.2)CALL DMS 
IFCIPOINT.EQ,1)DELTCNROS) SDISPT 
TFCTAUI.LE.0,0)G0T0115 
CALL QUTPUT CO) 
TF CABS (X#XSCISEP)).GT.1,0E"08)GOT095 

c 
Cc OI itt 

c 
CoreenersasDECISION TO BE MADE WHEN SEPARATION PREDICTED 
Corenwcensant-m-=-0R END OF SURFACE REACHED 

WRITE66,110) 
110 FORMATC('O', NO SEPARATION') 

IFCISLT.EQ,0)G0T0135 
CMEWaCHEWRO_ 0075 
IF (CMEW,LT.0,005)G0T0135 
X®DSCISLT) 
ISLTSISLT=1 
GOTO100 

11> PSEpePp(1) 
DOXSEPSXSCISFP) =X 
WRITEC6,120)PSEP,X+NSTEP 

120 FORHATC1O';*SEPARATION PRESSURE ='7F3,4,/9Xe'AT X 3',F8,4, 
1 5X,'NSTEPR', 14) 
CALL OUTPUT (1) 
IFCISLT.EQ,0)GOTO12S 
IF (ABS (DXSEP).LT.0.001)G0T0125 
CMEWSCMEW* (41,0425, 0*#DXSEP) 
X®DSCISLT) 
ISLTBISLT=1 
GOT0100 

12> IF CDXSEP.LT.0.8.AND.LT.EQ.2)6070135 
WRITEC6,130)X 

130 FORMATC'O', 'PREMATURE SEPARATION PREDICTED! , 5x, 
1 "CALCULATION RESTARTED AT X 3!',F3,4) 
LTs2 
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GOTU70 
13> NDELaNPOS 

IFCNTRIGG.NF.12G0T0160 
WRITECG,140)NDEL 
WRITECA,150)(DELTCI) -151,NDELD 

140 FORMATC' ',13) 
490) FORHMATC' ',5610.6) 
160 STOP 

END 

SUBROUTINE TO TAKE FORWARD STEP 

SUBROUTINE SOLVECNTR»UJMIN) 
DIMENSION AN(75),BUC75) ,CUC75) ,SUC7?5) »-SD675), 

4 AH(75),BH(75),CH(75) 
COMMON/A/DUNY (75) eEMUCP5) ¢HOC?S) .0NC75), PREF (C75) sRHOC75) »RUC75)¢ 

c TEMP (75) 2UC7S) 2 ¥675) +eEMURDY(75) ¢ TAUC7S) »RE75) -URCT5 De 
c BP1,OMT, PET. TAUI + Y1,R25,KRADs TRAD 
C /B/DPDXC75) -PC75)/CAIRs OXsHOINITSTENTHs LT eNeNM1 »NPOS/NSTEP, 
c PI, PReRUS+ TERAD,-VISCL/XsDCURVsSLTX+SLTT»NSCANSLAG 
C /C/DISPTsSHAPE,TMTM 
C /E/NTRIGI +NTRIG2-NTRIGS 
IFCNTR.£Q.1)9G0T0267 

Seg ae Prenat eennnewntmemn TRANSITION CRITERION 
150 IFCLT.EQ.2,0R.NTRIGS.EQ,12G0T0150 

CALL Dits 
DELAY (NMA) 
TFCXINST.NE.0.0)60T0134 
SHAPEAS@DEL eDEL*DPDXCN) /CUCN) MEMUCT) > 
RCRITR10. 04 (2,820340.24654wSHAPFAS), OGD *SHAPEAHH2 

4 =0,0022*SHAPEAw#3) 
LF (SHAPEA.GT.8,0)RCRITS12000.0 
TF CSHAPEA. LT. 76.0) RCRITS100.0 
RBLSUCN) #DISPT*RHOCND /ENUCT) 
TRCRBL. LT. RORIT)GOTOISS 
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WRITE(6,133)X+SHAPEA 
1535 FORMATC'O', *START OF INSTABILITY X 3! ¢F6e4e¢3X,1SHAPEAS!',F8.4) 

XINSTSX 
RTHETIRUCN) #TMTM#RHOCN) /EMUCT) 

134 SUMKESUMKRDX#THTM*THTM*DPDX ON) /CUCN) WEMUCT)) 
TFCXINST.EQ.X)G0T0138 
BARKASUNK/ (X@XINST) 
DELTKXAG37, 1423834. 2*HARK*6B4720. S*BARK*BARKSS, GGED6*BARKWHS 

DELTXSUCN) #TMTH*RHOCN) /EMUC1@RTHETI 
IF CDELTX.LT. DELTKX) GOTO133 
LTs2 
WRITE (6,136)X 

136 FORMATC'O', ' TRANSITION AT X =',F6.4) 
158 CONTINUE 

Cr rer nn tte nnn nnn nnn =DU/DY. 
190 DO4V60142,NM1 

DUDY CII BCUCI HI SUCTII/ CV CL e1 aVCT)) 
160 CONTINUE 

Cnt treet een erent nent n=AVISCOSITY AND PRANDTL NO. 
Ce-=CALCULATE SHEAR STRESSES 

DO16S152,NM4 
TAUCT) SEMI CI) #DUDY CI) 

16> CONTINUE 
CALL LAMFLO 
TFC(LT.EQ@.1)60T0170 
TFCNTRIG1.EQ,2)CALL TURBCRME) 
TFCNTRIG1.EQ,1)CALL MLHCRME)D 

Corr r ees se tener newest necmnesai|ODIFY EMU ARRAY, 
170 DO180122.NM4 

EMURDY CI) sEMUCT)/ CY CI #1 eV CTD) 
EMURDYCI) REMURDY (I) #0, 5 (RCT) eR 1 41)) 

180 CONTINUE 
Corer ence neem nnn n ENTRAINMENT CONTROL, 
Cite ket eee HENTRAINMENT CONTROL SPECIFIED HERE wktewe 

RMESmENURDYONNT) 290,.5¥EMUCN/2) #RON/2)/CY (NI MY ON/2)9 

RMESRNE#(0,09+ABS(CURCN)@URCNM1)/URCN)) I #82 
TFC LT. EQ. 1) RMEB<ENURDY CNT) # C1 OOMURCNITI/SURC ND) Ho2 
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Coren wren emma een mWALL FUNCTIONS 
CALL WECT1,FDIFI,TIF) 
TFCLENTH.EQ@.0)G0T0206 

Corer nme n nen meme ="SOURCE TERHS FOR ENTHALPIES 
Comat eernaen nena ne==USE SD FOR TEMPORARY STORAGE 

DOZOSIa2,NM4 
SSBUCI) UCT) 
SOmUCTo1) #UCT +1) 
S DCL) SEMURDY(1)*(S69S5) 

20S CONTINUE 
S D¢1)30.0 
DOZ05182,NM4 
T=(1,0"1,0/PREFC(I) 240.5 
SUCT) BCS pCT)=s D¢tel))#? 

205 CONTINUE 
DO2061=2,NM4 

$D¢€1)50.0 
206 CONTINUE 

C 
Corer n ne nner e nnn enna PRELIMINARIES FOR COEFFICTENTS, 

PXSPEL/DX 
GEsRME 
PD8=0.125*PX 
PD430.254PX 
PGRPX4G 
PGD8n0,.125"pG 
PODGEPGD8+PGD8 
GD4=0,254G 
BONPaON (3S) mom (2) 
PCOMPSPGDG*RONP 
PSOMPSPDG*BOMP 
TPGD480.75ePG 

Cre enan ene e nnn enn ae en BOUNDARY COFFFICIENTS FOR VELACITY, 
HLPs=Gp4#(0M(C2)40M(3)) 

AHL PRABSCHLP) 
THL Psd LP+HLp 
TPSEMURDY(2) 

P
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TTP=TR+AHLP+ABS (TPRAHLP) 
ADBTTP#(R25/R(3)) #¥2eTHLPHT1#(R612/R25) **2ePGOMP 
BDR2,0*T4 

{COnPGONP ACS. O#UR(2)+UR C3) mOPDXC2) #0. 5#VI*(RC1D+R25) 
#(RC1)#R25) 

" punraee nee sn ye eeatreeyiceealoueaon? 
RPRR2S 
AUC2)8AD/DU 
BUC2)8BD/DU 
CuCc2)8Co/ouU 
TFCTENTH.EQ.0)G0T0207 
ence mamnnn nent mernOUNDARY COEFFICIENTS FOR ENTHALPY 

Cwm trent mene nn een FOR ZERO ENTHALPY FLUX ACROSS SURFACE 
TPF2RTP/PREF C2) 
TTPFaTPR2eAHLP+ABS(TPFQ=AHLP) 
ADFaTTPFmTHLP=PGOMP+0,5#S0(2) 
DFRADFePX*BOMPH2,0*S0(2) 
TT#3.0%H0(2)4H0C3) 
COFS=PGONP*TT42,0#SUC2) 
AWC2)SADF/DE 
8H(2)30.0 
CH(2)8CDF/DF 

Crm enn enn nnn wien neem mene GENERAL COEFFICIENTS. 
Corre nnn enn nen ene VELOCITIES 
2u7 DO2Z081a35,NM4 

BOMM=sBOMP 
BOMPsOM(1#1)~oM(1) 
BOMSBOMM#ROMP 
BOMT3aBOM43,0 
PGOMM=PGOMP 
PGOMP=PGD4e60MP 
PBONSPX*BOM 
THLMSTHLP 
HLPR=GD4" COM C141) 40/1019) 
THLPRHLP#HLP 
AHLP BABS CHLP) 

= 
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TIMATTP 
TPBEMURDY(I) 
TTPHTP*AHLP+ABS (CTP=AHLP) 
RMBRP 
Read, Sw(RCI)*ROL41)) 
ADBTTPa(RP/RC141)) #2 THLP@PGOMP 
BDSTTH#CRM/R(Ie1)) #e2eTHL Me PGOMM 
COBPD4e (BOMTS*UR (I) #BOMPHUR(T41) #BOMMRUR CT @4) )o 

DPOXCL) *CYCI#1 AV CIm1) HRCT)#ROT) 
DUBTT Pe (RP/ROVIT)) wH2*TIM*CRM/IR OL) ee 24 THLP=THLMOTPGD4eBOM 
AUCI)SAD/puU 
BUC) sBD/nU 
CUCI)scD/pu 

IF CLENTH.EQ.0)G0T0208 (nner e nen nnn nee nnn ENTHALPIES 

206 

TIMPSTTPF 
TPRRENURDY CID /PREF CI) 
TIPRFRTPFeAHLP+ABS (TPFRAHLP) 
ADB TTPRRTHLP=PGONP 
BDSTTNF*THLM=PGOMM 
CD=PD4w(BOMT3S*HOCT) *BOMPWHO CT 41) #B0MNMHHOCTH19) 
CdaCD+2.0%SUC1) 
DFRAD+RDepBOMN=2,0*S0(1) 
AHCI) SAD/DF 
BHCI)=BD/nF 
CHOI) SCD/nF 

CONTINUE 

= 
OT
e 

= 

(otter etna e enn en ne enenenSOLVE FOR D/s U'S 

210 

UR CH) BURCN) =DPOXCN) *ROND #RON) #DX/RUCND 
TFCURCN) LT. USNIN®RON)D DURCH) SUUMIN®R CH) 
BUC2)apUC2) eUR(1) +CUCe) 
0O210133.NM4 

Tat, Qn-pU(1)*AUCI=1) 
AUCT) sAUCT)/T 
BUCT) RCBUCT) *BUCT=42 #CUCT) 77 

CONTINUE 
NEGVad



00220J52.NM4 
]sNeue+t 

URCL) sAUCT) *#URCI#1) *BUCT) 
LF CURCT) .GE.9.0.0R.1.60.2)60T0220 
WRITEC6,215)1 

215 FORMATO! ', "NEGATIVE VELOCITY. 18',13) 

NEGVA1 
URCI)sURC¢T41) 

220 CONTINUE 
IF (NEGV.EQ,0)60T0240 
WRITE(G,2350) 

250 FORMATC'O', *TAUL SET NEGATIVE TO TERMINATE CALCULATION") 

TAUIB=#1.0 
240 IFCLENTH.E@.0)G0T0265 

Came peeewwnorenenteent=aSOLVE FOR D/S ENTHALPIES 

BH(2)sBHC2)eHOC1#CH C2) 
0O2S01aS,NM41 

THY. OnBH Cr) eAHCIM1) 
AHCL) sAHO1)/T 
BHCL) S(BHCT)*BHCL@12 *CHCLDI/T 

250 CONTINUE 
202601142. N41 

T2aNw14 +4 
HOCL2) BAN (12) eHOCT2"1) +BHCT2) 

260 CONTINUE 
Corer eet nawnnnernennADJUST HOGI? 

HO(4)#FDIFI60. 5% CHOC 2) *H0(3)) 

2605 PETSRPETeRME#DX 
(er er neem s enn en nee nen anaeeCALCULATE RHOwUMR ES 

267 = DOZ701a1,N 
RUC) sRHOCT) *URCT) 

270 CONTINUE 
RUSRRUC3) 
DOZ8OT a2, NMA 

RUCT) #0. 5e(RUCT) #RUCI +12) 
pa CONTINUE 

ae
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r
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TF(RUC2).NE.0.9)G0T0300 
WRITE(2,290) 

29U  FORMATC'O', *RUC2)30.0. JUMP TO END OF SOLVE') 

RETURN 
300 CONTINUE 

¢ 
Creer neta ennw nent aman @NORMAL DISTANCES, 
c NOTE THAT NORMAL DISTANCES ARE CORRECT WHETHER 

c FLOW 1S CURVED OR NOT 
YUspel#onl/¢BPI*RUC2)) 
YO3) BY L#PELwOM63)/(CRUC2)+RUS) 
Y¥(2) m2, 08Y1T@¥ 63) 
DOS10Is4.N 

VCD) a¥ (Let #PEL* COMCT)=OMCI41))/RUCTH1) 
310 COHTINUE 

TFCKRAD.EQ,0)G0T0330 
DOS20TS2.N 
RChaRCTd+¥ C1) 

3Beu CONTINUE 
R255R61) eV 

Conc n ene wnenneneesOLVE FOR D/S TEMPS AND DENSITIES 
330 D0340151.N 

UCL) sURCTO/R OT) 
ENTHSHOCT) #0. 5eUC1) *UCT) 
TEMPCIDSENTH/CAIR 
RHOCT) eP C1) / 6287. 0#TENP CID) 

340 CONTINUE 
NSTEPANSTEP +4 
XEX+DX 
RETURN 
END 

= 
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SUBROUTINE To SUPPLY WALL FUNCTIONS 

a
o
 

SUBROUTINE WECT1,FDIFI, TIF) 
CONMON/A/DUDY (75) sEMUC75) »H0075) 04075) »PREF (7S) ,RHO(7S) ,RUCTS)» € TEMP (75) ©UC75) + ¥ C75) sEMURDY (75) Pe TAUC75) ORE75) ,URCPS), 

c UPLT,OMT, PET, TAUL+YI¢R25,/KRAD, TRAD 
C /B/DPDXC75)4P675) sCAIR+DX+HOINITeLENTHs LT +NeNM4 sNPOS,NSTED, 
c PI, PReRUS+TERAD SVISCL+X+DCURVASLTX+SULTTNSCANSLAG 
C /D/AK + ALNG, FR 
DATA SHALFrEWALL/0.04,9.0/ 
RHOREFSO.5#RHO(1) 49,25" (RHO(2)#RHO(3)) 
YREFSYI 
UREFS0,5«(UC2)#uUC3)) 

N FeO ,5*#(DPDX (2) *DPOX(3))*YI/ CRHOREF *UREFWUREF) = 
RESUREF wRHOREF*YREF/ENU(1) ; 
TFCRE.LT.120.02G0T0195 

Carew wen nme inenn enamel OG LAW 
ERSREWEWALL 
NITsO 

191 SHALFITSSHALE 
SHALFRAK/ALOG(ER*SHALF) 
TF CABS (SHALF*SHALF1).L7.0.0001, OR NIT.GT+10)G070192 
NITSNIT #4 

GOTO194 
192°  SESHALF*SHALF 

BPI=4.0=SQRT(S*F)/AK 
EMURDY (2180. 25*RHOREF*ABS(UC3)mUC2))« (AK/ BPI) ww2 
WRITE(6,190)X,NSTEP-RE 

190 FORNATC! ',*NON LAMINAR WALL FLOW AT Xe! eF6.4,INSTEPS!, 14, ; 'REe!,F6,2) GoT0196 
Camm n eee LAMINAR FLOW 
19D $=4.0/RER0,5«F



196 

IT 
ft 

BPI=0,5RE#F/12.0 
TF CKRAD.EQ,4)BP120.083354(3.0#R(1)/R25) 
EMURDY (2) FEHU(1) #R25/ABS(YC3)e¥(2)) 
TISSHRUC2) 
TAULaT1 URE R/R(1) 
TFCTAUI.GT,9,0)60T0198 
WRITECG,197)TAUI,UREFSRESF 
FORHATC'O', 'TAUL NEGATIVE', F8.4,2X/4UREF 8',F8.402X,9RE st, FB. by 

2x,'F #',F8.4) 
Cam mn nets mennmemeen=nWALL FUNCTIONS FOR ENTHALPIES 
19% 

Coane nenaaee 

1 

IF CTENTH.EQ.0)GOT0201 
HEPREF (C2) 
IF CRE.LLT.120960T0200 

wemen---TURBULENT FLOW 
PRRATSPR/PREF(2) 
PJAYSS3. 68% (PRRAT*1,0)/PRRAT##0.25 
RESSAK*AK*RE 
$$0=4,0/RES=0.1561/RES*#0,4540.08723/RES**0,3 

+0.03713/RES*%0.18 
SS408SS0/(1_0+PJAYS*SS0*#0.5) 
FORO. 25#RES#F/CAK*AK# (1,040, 0625*RES)) 
SS4159(1.725/RES#*0,3333)/(PJAYS#6,3) 441,165 
SS1=S95104(4.0-Fp)+FD#SS1S 
S*SS1*AKWAK 
FOL FISCHR1,0)*9, 5wURER UH? 
TIFSSHRUC2) 
GOT0204 

  

= 
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= 

Crea ene n nnn new een na LAMINAR FLOW 
200 

201 

S#1.0/(CRE*PR) 
FOLFIA(HR1,0)*0, S#UREFSUREF 
TIFSS*RUC2) 
RETURN 
END
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40 

THIS ROUTINE USES THE POWER LAW TO REPRESENT THe BLAWING PROFILE 

a
a
a
a
n
f
0
 

4 

AT EXIT FROM THE SLOT 

SUBROUTINE SLOTC(VEL, 
CONMON/A/DUDY (75) +EMUC75) +HOC7S) -OMC75) + 

TEMP (75) /U(75) /¥ 075) sEMURDY (75) 

CHEW, ISLTsSLTTO,RO,DXF+Q) 
PREF C75) /RHOC75) -RUC75), 
+ TAUCPS) 2RO75) URC 756 

BP1,OM] PELs TAUIs YI» R25 + KRADe TRAD 

/B/DPDXC75)¢P675) eCAIR DX, HOINTT/IENTHe LT +NeNM1+NPOS¢NSTEP, 

PI, PR» RUS, TERAD/ VISCL¢X,DCURVESLTXsSLTT/NSCANGLAG 

/C/DISPTs SHAPE, THTH 
/D/AK, ALG, FR 
JE/NTRIG1 NTRIG2NTRIGS 

DIMENSION H00C€50).0N0(50) +RHOO(SO) + 
R050) e TEMPO (50) ,U0(50) p¥0 C50) »DPDKO(50) ,PSI(75) 

ISLTSISLT+1 
NITSNIT#4 

TFONIT.LT.~5)GOTOS 
WRITE(6,3) 
FORMATC'O', ITERATION STOPPED") 
stop 

IFCNIT,GT.1)GOTO 13 
LTa2 
NPSSaNPOS 
DXSSLTX#X 
CALL SOLVEC,0.0) 
WRITEC2,10) 
FORHATC' ',*UPSTREAM PROFILE AT SLOT") 

CALL OUTPUT CT) 
DOV5IS1,N 

HOOCI)#HOCI) 
QNOCT) ROMCI) 
RHOOCI)SRHOCT) 

= 
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TEMPOCT) STENPCI) 
Yotrysucly 
Yottayv(l) 
DPDXOCII BDPDXCI) 

12 CONTINUE 

BPIOsBPI 
OMTOsOMI 

PELOSPEI 
PlOspI 
YIOsyI_ 
NOSN 
NOM1aN—4 
NOP1aN+4 
NOP2aN42 
NSTEPOSNSTEP 
PEQsPE 

RUSUaRUS 

HSLTTSO.5*SLTT 
18 — SLTHTM30.5#CMEWxRO*VEL*VEL 

SLTROSRO 
CPSLT31005.0 
SLTHOSCPSLT*SLTTO 
SLTUMXSSQRT(O. S#VELHVEL*CHEN/SLTT) 
NPOSSNPSS 
NSLTSNU+40 
NENSLT 
NM SNe1 

N@SNSLT=NO 
NeP1ana+t 
Nepean2ae2 
N2PSan2e3 
Ne{i{aN2n4 

(Cenc e nn enewnennaTRANSFER EXISTING VALUES TO OUTER PART OF NEW GRID 

DO201S2,NUP4 
JENUP2e1 
JPN2ss4N2 

= 
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=



20 
CoreeneenennennSET VELOCITY PROFILE ACROSS SLOT ACCORDING TO POWER LAW 

30 

YCSPN2) 5YOCJ)+SLTT 
UCUPN2)8U0(d) 
RHOCJPN2)=RHOOCI) 
HOCJPN2) #HOOCJ) 
TEMP (JPN2)STEMPOCJ) 
DPDXCJPN2)=DPDXO(J) 
PCJPN2)5P10 

CONTINUE 

DOZOLES,N2 
FACTHO.5#¢1.0-COS(3.1416HFLOATCI)/FLOATCN2P4))) 
FACTSFACTwCFLOATCID/FLOATCN2P1)) 440,5 
Y¥CIISFACTeY(N2P1) 
Yasy(r) 
TFCYCT) GT, HSLTT)VASSLTTeYVC1) 
UCL) SSLTUMX* CYA/HSLTT) #*04.0/0) 
RHOCI)SSLTRO 
DPDX (1) sDPOX(N2P1) 
PCI) SPIO 
HOCT)SSLTHO 
TEMPCIISCSLTHORO.5#UCI) *UCT)/CPSLT 

CONTINUE 
VIO, 6*¥(3) 
U@SsSLTUMX#CYI/HSLTT) #4 (1,0/0) 

VALUES AT NEW GRID LINES 1 AND 2 
UC2) #2, 0#U25=U03) 
RHOC2)8SLTRO 
¥(2)92,08VT=¥(3) 
OPDX¢2) =pPDx(N2p1) 
PC2)aPlO 

HOC2)8SLTHO 
TEMP C2) S¢SLTHOM0. SwUC2)*UC2))/CPSLT 
RHOC1) SSLTRO 
OPDX(1) =sDPDx(NeP1) 
PCT) =PIO 
HO(4)SSLTHO



TENP(1)=SLTHO/CPSLT 
TRADRO 
KRADa0 
IF (X,GE.DCURV. AND. TERAD.NE.0.09G0T036 
0034151,N 

R¢1) 81.0 
34 CONTINUE 

R2551.0 
GOTO39 

36 = -KRADAN 
DO37141,N 

RCL STERADFY 61) 
37 = CONTINUE 

R2SSTERAD+YI 
RUC2)80.5% (R62) #U(2) #RHOC2) R63) #UC3) wRHOC3)) 
CALL WECTT + RDIFI, TIF) 

Corer mes anesmmen CALCULATE DISTRIBUTION OF OMEGA VALUES ACROSS WHOLE GRID 
39 PSTiaBPL¥VI wU25*SLTROWR2Z5 

PSI(32 50.25% (U2Z54+U(3) we (R254R63) HCY CS) AYID eSLTRO#PSTI 

DO40TR4.N 
PSICL) RPSTCIM1) 40,1254 ( RCD HRC TOT) Me CUCL FUE eI) DeCY (rev Creat)? 

4 #CRHOCT) #RHOCTs1)) 

40 CONTINUE 
PEITSPSICN) 
DOGOTSSIN 

ONCT)sePSICI)/PEL 
60 CONTINUE 

OMI s0.5#0N(4) 
RUC2)90.5*(RHOC2) wUC2)#RHOC3) #UC3)) wR25 
DO74Ia1,N 

URL) suCTy#ROT) 
74 = CONTINUE 

0X80, 01*Y CN) 

a
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80 

= 

CALL SOLVE(1,0+0) 
XESLTX 
NTRIG152 
NSCAN#O 
LAGa4 
SLTPOSPI/(1.0-0.1429*SLTUNX*SLTUMX/ (287*SLTTO) #435 
WRIVE(6,75)NIT 
FORHATC! 'y tI TERATION', 14) 
WRITE(6,80)QMEW,SLTPO,SLTTO,ISLT 
FORMATC' ',tBLOWING COEFFICIENT =',F8.6,/' ', 

TYSENTROPIC PO 8',F8.0,4xX,'TO S's F6.10/' Vy 
"sLor!,13) 

CALL ONS 
CALL QUTPUTC1) 
OXF20,04 
RETURN 
END 
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SUBROUTINE TO CALCULATE NORMAL PRESSURE GRADIENT 

RESULTING FROM SURFACE CURVATURE 

SUBROUTINE NORPRES 
DIMENSION OMDIF (75) ,ARINT(75) sPSIC75) 
CONNON/A/DUDY (75) -EHUC75) »HOC7S) .0M (75) p PREF CPS) »RHOC7S) ,RUC7S) 

TEMP (7S) -UC75) 0 ¥ 675) pENURDY (75) #TAUCP5S) 2RO75) URC 75)» 
BP1,OML, PET, TAULS¥1I,R25eKRAD/ TRAD 

/B/DPDX(75) +P(75) ,CAIRs OX HOINIT® TENTHS LT» NNM1 ¢NPOSsNSTEPS 
PIs PReRUS+TERADs VISCL+X+DCURVrSLTXe SLT T+ NSCAN, LAG 

IF (X@SLTX.LT.0,001)G0T090 
NM3aNe3 

TFCIRAD.E@,1)GOT025 
KRAD#1 
TRADA1 
OOVOTSIIN 

RCL) BTERAD*Y CT) 
URCI)suCTo#R OT) 
RUCT) sRHOCT) *URCT) 

CONTINUE 
0015152,NN1 

RUC1) 30.5*¢CRUCT) #RUCT41)) 
CONTINUE 
R25aR¢1)4Y1 
U25=0,5"¢U(2)+UC3)) 
BPJ30,083353%(3,04R(1)/R25) 
PSLISBP IYI #U25*RHOC2) #R25 
PST(3) 50.256 (UZ54UC3) #CR254R 03) HCV CS) HVID eRWOCSIHPSIT 
DOR2Z1S4,N 

PSECT) SPSTCI=1) RUCI ATI RCV CL av CT e1)) 
CONTINUE 
PELSPSI(N) 
DOR4Ta1NIMN3 

Jane] 
OMDIF CJ) 20M Cd 41) OM Cd) 

9
t
z



24 

25 

30 

90 

RMSO, SH (RCI EROIH1)? 
RMSQSRM*RM 
ARINTCJSARINT CUFT) #PETHO. SwCUCS) eC Je12) eOMDTF CJ /RMSO 

CONTINUE 
OM] s0,.5#0N¢3) 
GOTO9D 
TFCDXO.L7.0.2000005)G0T090 
DOS01R1,NM3 

JaNel 
Rus0 Se (ROS #RCI41)) 
RMSQSRMWRM 
RINTRARINTCS4+1) #PET#O.5# (CS) +UCJ41)) #OHDTF ES) /RNSO 
DPDOXJADPDX (NI RCRINTSARINT (J) )/DXO 
DPDXCJSOPDKC Jd *(DPOXI=DPDK 6S) *1000.0*DX0 
PCJIAPCN) @RINT 
ARINT (J) SR INT 

CONTINUE 
PC2)8P(3) 
DPDX(2) anPDx¢3) 
PCT) RP (3) 
DPDX(1) spPDxK (3) 
Plap(1) 
OXOsDX 
RETURN 
END 
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SUBROUTINE TO CALCULATE LONGITUDINAL PRESSURE GRADIENTS 

SUBROUTINE PGDT(PS+NX¢XS,IPOINT) 
CONNON /B/DPDX675) eP C75) eCAIR + DX,HOINIT, TENTH, LT +N, NM1 eNPOSNSTEP? 

PI,PR,RU3Z,TERADs VISCL,XaDCURV,SLTX#SLTT,NSPANSLAG 
DIMENSION AC4,5),XS(70) ,PS¢70) 
XMBK#0,5#DX 
H1SXS(NPOS#1)-XM 
TFCH4/ (XS (CNPOS#1) 8XSCNPOS)).LT.0.015)G0T970 
PIaPS(HPOS+1) 
TFCNPUS.NE.12G0T020 

H2=KS(NPOS$2) =XM 
H3BXS(NPOSS3)—XM 
H42KS(NPOSY =XM 
P2=PS(NPOS*2) 
P3=PS(NPOS*3) 
P4=PS(NPOS) 
G0T040 

TFCNPOS.NE. (NX™1))GOTU30 
H2=XS(NPOS) 9XM 
H3SXS(NPOSe1) =x 
HGSXS(NPOS@2)=XM 
P2=PS(NPOS) 
P3=PS(NPOS@1) 
P4SPS(NPOSm2) 
GoTL40 
H25XS (NPOS#2) =XM 
H3=XS(NPOS)HXM 
H4=XS(NPOS#1)=XM 

= 
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P2=PS(NPOSe2) 
P3=PS(NPOS) 
P&SPS(NPOS@1) 

DOSOTS1.4 
vshel 
ACi rl) stand 
AC2sT) BH2weJ 
ACB 1) sH3aeJ 
AC4el) sHbewd 

CONTINUE 
AC1,5) ap4 
ACQ,5)=p2 
A(3,5)sp3 
AC4,5) apa 
DOGOKR2,4 

DO6UTaK.4 
D0608K,5 

ACT ed BACT SRA CKR1 J WACT R91) /ACK@ 1 Ket) 
CONTINUE 
PISAC4,5)/AC4.4) 
DPDX19(AC3 45) =A( 314) *P1)/AC3.3) 
DOZOTAILN 

DPDXC1)SDPDX1 
PCI) SPY 

CONTINUE 
IF CIPUINT. EQ. 1) NPOSSNPOS+4 
RETURN 
END 
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SUBROUTINE FOR GENERATION OF VELOCITY PROFILE USING 
COLES WAKE FUNCTION 

SUBROUTINE COLESCTINFsPSsNX.XS) 
DIMENSION PSILO75)+xXS(70)/P5¢70) 
COMMON/A/DUDY 675) e EMUC75S) 1HO075) -0HC75) pPREF C75) -RHOC75) ,RUC75), 

TEMP (75) 1UC75) 6 V¥675) sEMURDY (75) #TAUCTS) 2RO75) LURES) & 
BP1,OMT, PEL, TAUI, YI, R25-KRAD, TRAD 

7B/DPDXC75) 4 P675) (CATRe DX HOINITS TENTH, LT eNeNM1 eNPOS/NSTEP, 
PL» PRsRUS,TERADsVISCL eX + DCURVESLTXsSLTTsNSCAN+LAG 

C /C/DISPT«SHAPE,TNTM 
C /D/AK,ALMG,FR 
WRITE(¢2,10) 
FORMAT(' ' ,'COLES WAKE FUNCTION USED FOR STARTING PROFILE!) 
XSTSX 
NSTEPSO 
DXSO,1*YCNM4) 
CALL PGDT(PS,NX,XSr+IPOINT) 
ROJ=PI/ (287. 0*TINF) 
CR5.4 
PIFSO,5 
UTAUSS,0 
TRYSUCNI/ (6. 598ePIF4C#2.3¥ALOGCYCN) eI TAU*ROT/VISCL)) 
TF CABSCUTAURTRY) /TRY.LT.0.001)G0T030 
UTAUBTRY 
GoTo2s 
WRITEC6,50)P1F,UTAU 
FORMATC' "et P18",F6.405Xe  UTAUSIL FIO. 38) 
RLNSFLOATON) 
DO6U1S1IN 

YOU SY CW) a CFLOAT CID / REN) wH2 

a
o
a
a
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80 

RCT SRO1)+¥ CT) 
IFCKRAD.E0,0)R¢1)51.0 
Yoosy¢1)/y¢n) 
YWALL#Y CIT) *#UTAU®ROI/VISCL 
IFCYWALL.GE.10.0)GOT053 
UCT) BUTAUeYWALL 
GoTuss 
WAKFH0.005298-0.459549 #YDD47, 31 577% VDD*YDD74. 852164 YDDeYDD MYDD 
TECYDD.GE.1.0)WAKFa2,0 
UCL) SUTAUx CCALOGCYWALL)) /AK#C4+PIF RUAKF/AK) 
RHOCI)=ROT 
TEMP CII @TINE 
PREFCI)=PR 
HOCT) aHOINIT 

CONTINUE 
YI30,7#y¢5) 
R2S5an C1) #YI 
IF (KRAD.EQ,0)R2521.0 
BPJ=0.5 
UeSaUCS) CY (3)"¥1)/0C2,0*BP 141) #¥Iay¥¢(3)) 
TFECYI#U25*ROT/VISCL.LT.120.0.0R. BPI. HE,0.5)607080 
YIS0.6%Y(3) 
BPJ=0.8 
GOTU70 
U4) 30.0 
¥C4)20.0 

VC2) 32,0" VI -¥(3) 
RCA BRCVd+F¥ C2) 
UC2) #2, 0#U25-U63) 
DOS4TE1,N 

URCT) SUCT)#ROT) 

“
t
t
c



o
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84 

86 

90 

100 

RUCT) sRHOCT) #uRCT) 
CONTINUE 
RUSSRUC3) 
DO86152,NM1 

RUCT) 20.54 (RUCT) #RUCT #12) 
CONTINUE 
EMUC4 avIseL 
CALL WRCT1,RDIFI,TIF) 
PSI25SROI*BpI*U25¥YI*R25 
PSTLC3) =PST25#ROT#0. 25H (R254R(3))HCUZ5HUCS) HCV CSI VT) 
dO901S4,n 
PSILCIDSPSILG1HT) #RUCT a1) CV CT mV Cr94)? 

CONTINUE 
PETSPSILCN) 
DOVOOTS3,N 

ONCT)SPSTLCID/PET 
CONTINUE 
CALL PGDT(PS,NX,XS/IPOINT) 
OMJ20,5#0N(3) 
0M(1)50.0 
OM(2)80.0 
CALL SOLVE(1,0.0) 
NSTEPAO 
X8XsT 
RETURN 
END 

c
z



¢ SUBROUTINE TO CALCULATE EDDY VISCOSITIES USING 
c HIXING LENGTH HYPOTHESIS 

SUBROUTINE HLHCRME) 
CONMON/A/DUNY (75), EMUC?5) »HOC75) 040675) -PREF (75) -RHOC(7S) ,RUC75), 

c TEMP (75) -UC75) ¥675) sEMURDY(75) ¢ TAUC7S) 2RE75) ,URC?5 Ds 
c BPr,OMT,PET,TAUI¢YI,R25,KRAD,+ TRAD 
C /B/DPDXC7S) »P6 75) +CAIRe DX HOINTTs TENTH s LT oN + NM4 ¢NPOSNSTEP, 
c PL, PR»RU3Z+TERAD, VISCL*X+DCURVeSLTX+SLTT+NSCANDLAG 
C /D/AR,ALNG,FR 
NMQSNa2 
DIFSUCN) #FR 

C cermwesmenwme FINO POSITION AND INTERPOLATE LINEARLY FOR CHARACTERISTIC LENGTH 
JaN 

VU JBla4 
UJ RUN eUC)) 
TF(UJ1.GE.01F)GOTO120 
GOTO110 

120 VLAY CJ) HOV CST mV CS) *CUCN OT FRUCJDI/ CUCU ed es?) 

= 
f
c
 ~



Comer nnmnmmnnmmnman CALCULATE EFFECTIVE VISCOSITIES USING MIXING 
Corecwerananenenemensaannannawenananamnmnm LENGTH THEORY 
Coram emam APPROXIMATION TO VAN DRIEST FACTOR 
Co=- m-nEMUCT) ALWAYS LAMINAR 

UTAURSQRTCTAUI/RHOC1)) 
DO1501s2,NM4 

ALBALNG*YL 
RHOMSO.5*(RHOCT) #RHOCT+1)) 
YusO.S# (VCD) *Y¥CI41)) 
TECYM.LT. AL/AKY ALSARHYM 
D=CYM#RHOM*UTAU/ CEMUCT)*26.0)) 
1F(0,67T.5.0)G0T0130 
ALBAL*(1,0°7EXP(70)) 

130 EMUTYSRHOMWAL*AL*ABS(DUDYCT)) 
Coma merenmannnene APPLY CURVATURE CORRECTION TO EMUtS 

TFCX.GT.DCURV. AND. TERAD.NE.O.O)CALL CURVECU,YsReDUDY C1)» 
4 EMUTY,160.10YCNM1)) 

ENUCL) SEMUCI) +EMUTY 
190 CONTINUE 

RETURN 
END 
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SURROUTINE FOR TURBULENT VISCOSITIES 
USING DVORAK'S INTERMITTENCY REPRESENTATION 

m
o
a
n
a
 

SUBROUTINE TURBCRINE) 
DIMENSION GAMAC75) 
COMMON/A/DUDY (75) ,EMUC75) -HOC7S) ,OM C75) pPREF (75) -RHOC7S5) ,RUC?S), 

c TEMP (75) eUC75) -¥(75) »-EMURDY (75) # TAUCTS) »RO75) ,URC7?5) 
c bPr,OMT, PEI, TAUIsYI,R25sKRAD, TRAD 
C /B/DPDXC7S),P675) +CAIR«¢DX,HOINITs TENTHS LT eNeNM4 »NPOS+NSTEP, 
c PI,PR+RU3S,+TERAD-VISCL+XsDCURVeSLTX + SLTT,NSCANDLAG 
C /C/DISPT-SHAPE, THTM 
C /D/AK,ALHG,FR 

c 
CremmnmwenmmmnmsHApE FACTOR H IS USED IN THIS ROUTINE 
¢ 

NSCANANSCAN#4 a 
HESHAPE c 1 

Carer r mer nae me mee DETERMINE FORM OF VELOCITY PROFILE 
c JET 3 0 FOR PLAIN BLL. 
c JET 3 1 FOR MAXIMUM IN PROFILE 
¢ JET 8 2 FOR MAXIMUM AND MINIMUM IN PROFILE 

3 NM2eNa2 
JET=0 
MAX=0 

MINSO 
IMAX=0 
IMT N&O 
BO1O1S3,NH2 

TFCDUDYCT) .LT.0.0.0R,DUDY (141) .GE.0.0, 
* UR. MAX.EQ.1)G0T03 

UMAXsUCL#4) 
MAX31 
THAXS1 41 
YMAXBY (144)



OMAXSOM( 141) 
5 TF CDUDY(1).GT.0,.0.0R,DUDV(141).LE.0.0, 

* OR.MIN.€9.1)G0T010 
IF CISIMAX.LT,59G0T010 
IMINSI +1 
HINe4 
UMINaUCT #4) 
YMINay (1e4) 

10 CONTINUE 
TFCMAX,EQ.1)JETS1 
TFCMAX,EQ.1. AND. MIN EQ,1)JETS2 
IFCIABSCIMAX@ININ) LES) JETHO 
CRITSCUCN) MUMIN) /UCN) 
IFCJETLEQ.2 AND. CRIT.LT.O.1)JETS1 
IFCJET,EQ.2. AND. JETO.EQ,1,AND.NSCAN.NE, TI JETS4 

25° TLAYERSYCNM41) 
CommmmmrmCALCULATE VELOCITY DEFECT AND POINT OF DEPARTURE FROM LAW OF WALL 

TFCJET.NE.1)GOTO4O 
UDBUMAX=UCN) 
UMD=U(ND/UD 
TFCUCN) /UD,6T.4, 5) JETRO 

40 TFCJET.EQ.0)¥D2(0.136/(H=1.269))#DIspT 
TFCH.GT.2.4 AND JET. EU. OD YDS0.15e0I SPT 
TFCHLLT.1.4. AND, JET. EU.0)YD3(6.935794, 212*H) #OISPT 
TFCJET,BQ.2)UD080. 76*UC(N) 
IPL RIET #4 
GOT0(45,78,78) PI 

92
0)
 

= 

c 
Crm"PLAIN BOUNDARY LAYER 
45 D050153,N 

TECY(1).GE. YD) GUTO60 
50 CONTINUE 
60 UDSUCN aCUCT HT) #CUCTIRUCT M1) DeCyDev (rat / Cv Cre VC 184)» 

c 
CommnnnenmmammenmenCALCULATE INNER REGION VISCOSITIFS 
Coceenee nna em nnn ennnenmmenVAN DRIEST MODEL



78 - UTAUBSQRT(TAUI/RHOC1)) 
DIFSUMAX#FR 
JEIMAX 

80 VEdn4 
UJTRUMAX UCI) 
1F(UN1,GE.D1F)GOT0382 
GOTOR0 

82 YLAY CJ) CUMAX@UCJSDIFI HCY Clad av CJ) /CUCI OT UCD) 
DO8STa2.NMI 

Yia0 Se (¥CT+1)4¥C1)) 
RHONSO.5#CRHOCT) *RHOCI41)) 
ALBALMG*YL 
TF CCJET.EQ.0+AND.YM.GT.YD) OR. CJET.NE,9,AND.1.G7, IMAX) )G0TO90 
TFCAL.GT.AK*YM) 

* ALSAK#YM# (1, OPEXPCRYMWRHOM*UTAU/ CENUCT) #26.02)) 
EMUTYSRHOM*AL*AL*ABS(DUDY(1)) 
EMUCI) SEMUCI) +EMUTY 
TECEMUCI) LT. EMUCI=1) )EMUCT) sEMUCT=1) 

85 CONTINUE 
90  IDEpTSL 

Comet neenna SIGMA VALUES 
TFCJETLEQ.0)SIGMA2(0.24540,189/(H"1,.176)) *DISPT 
TFCJET.EQ.1 AND. UMD.GT,0.5)S1GMASC1 ,35=0.281 UMD) #YMAX 

TFC JET. EQ.1 AND, UMD. LE.0,5)SIGMASC1,0640.094/ CUMD#D,104))« 
1 YHAX 
IFC JET, EQ.2)SIGNASO.127*TLAYER 
ENUTLSUD#SIGMA/15,0 

C LOCATION OF HEAN TURBULENT FRONT 
95 IFC JET. EQ. 0) YBARE (2, 22640 .962/ (HH1,158)) *DISPT 

TFCJET.EQ.1)YBAR=(9.53/ (UND40. 823270. 726) *YMAX 
IFCJET, £Q.2,YBAR=0,93*TLAYER 

Corr n neem tenn ee GAMMA DISTRIBUTION 
¢ 

1G89 
UMP=0,5*(UMAX#U(N)) 

Camm--<"APPROXIMATION TO ERROR FUNCTION AT GRID POINTS 
DOVOOLSIDEPT,N 

£
5
0



EXsABSCY(1)-YBAR)/CSIGMA#1 414) 
ERFS1.10641#EX4#0, 15S 7MEXMEX=0, 2635S wEXHHSHO, OhWEX awd 

+ “0. 10564EX e540, 0095 ee XH Hs 
TFCABSCEX) .GE.3,0)ERFS1.0 
TF CYCT). LT. YBAR) ERFRRERF 
GAMACT)30,5* (4, Om ERF) 
TFCGAMACT).LT.0.0)GAMACI) 0.0 
TE CGAMACT).GT.1,0)GAMACI) 31,0 
IFCUCT). LE. UMP. AND. 1.GT.IMAX. AND. IG, EQ.0)1GaE 

100 CONTINUE 
Comm mere ennnerene DIFFUSION EFFECT 
c ANn SETTING OF INITIAL TURBULENCE LEVEL 

TFCNSCAN.EQ.1.0R.JET.NE.JETO) ENUMXSENUTL 
RK150.02 
DELSDISPT 

Cmmm=-ALTERNATIVE DELTA AND K1 FOR JET#1,2 PROFILES 
IFC JET, 20.0960T0105 
RK120.2 
TF QJETLEQ.19RK150.5 
DELSTLAYER 
IF(JET,EQ.1)DELa2,0#¥ (1G) 

105) ENUMXSRK1*Dx* CENUTL®ENUMX) /DELSENUMX 
Crreennenm enna mer EFFECTIVE VISCOSITY DISTRIBUTION 

DOT2Z01SIDEPT,NM4 
RHOMSO.S#(RHOCT) *RHUCT 412) 
GAMI120 5 (GAMACT) #GAHACI#4)) 
EMUTYSENUMX*GAMM*RHOM 
TFOX.GT.DCURV. AND, TERAD.NE.O.O)CALL CURVECU,Y,R,DUDY(I), 

4 EMUTY, Te RK1 DEL) 
Caee-==PREVENT GROWTH OF LAHINAR OUTER LAYER 

TFCURCI) .LT_URCN) AND. JET. EQ.1.AND,1.GT,IMAX) 
* uRC1)=UR CN) 

118 ENUCT) SEMUCI) +EMUTY 
4¢0 CONTINUE 

Cer-"=COSINE FAIRING TO JOIN REGIONS FOR JeT#1 OR JETs2 
6OTOC150.126+136) -dP4 

c 

Sh
e 

=



126 
128 

130 

13¢ 

134 

156 

200 

FACT#0.8 
YIQINSFACT# CY CLG) @YMAK) #YMAX 
JETMAX 
JEL +4 
TFCY (J) .GE,YJOIN)GOT0132 
G0T0130 
1G4sJ 
TFCGAMACIG1),.GT.0.9.0R,FACT.LE.0.1)2G0T0154 
FACTSFACT-0.1 
GOTO128 
ENUASO,S#(EMUCIG1)/RHOCIG1) 42, 0#EMUCTHAX? /RHOCIMAX) ) 
PERSYCIG1) ev CIMAX) 
YASYC(IHAX) #0, 5*PER 
LIMLAIMAX 
LIMUSsIG1 
AMPLSEMUCIG1)/RHOCIG1) RENUA 

GOT0138 

ENUASO, Sw CENUMX42, OwENUCIMAX) /RHOCIMAX) 
PERSYCIMIN) @Y¥CIMAX) 
YARYCINAX) #0, 5*PER 
LINLRIMAX 
LIMUSIMIN 
AMPLSENUMX@ENUA 
OOT40TSLINL, LIMU 

RHOMSO.5*#¢RHOCT) +RHOCT41)) 
EMUCT) SC ENUA*AMPLHSIH( 3.1462" (VC1) 4VA)/PER) )wRHAM 

CONTINUE 
YOCs¥D#1000.0 
YOICaYD1I#1000.0 
SIGICSSIGHAI#1000,0 
SIGHACSS1GHaw19000,0 
WRITE(2,200)JET.H»UDsYDC+SIGMAC,YDIC, UDI ¢SIGIC HI, PE! 
FORMATO! "p56Xe 11 FG.20F 7. Se F 8. Se Phe Foe SFO. Ar Foe 5.2, F 8.5) 
JETORUJET 
RETURN 
END 

= 
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THIS SUBROUTINE FACTORS EDDY VISCOSITIES BY A 

CURVATURE CORRECTION 
A LAG EQUATION ITS ALSO APPLIED 

SUBROUTINE CURVECU,Y,ReDUDYI,EMUTY+1,RK1¢DEL) 
DINENSION UC75),¥¢75),RI0675),R075) 
CONMON/B/DPDX(75) + P(75) CATR, DX. HOINI T+ TENTH + LT+NeNM1 +NPOS + NSTEP, 

4 PI, PReRUS+TERAD VISCLsXeDCURVs+SLTX+SLTT»NSCAN, LAG 
DUDYsDUDYI 
UMBRO, Se (UCT) #UCI41)) 
RMAO, Se (RCT) *#R C1412) 
TF CABS CoUDY),.LT.10,0)0UDY810.0 
RIS2,0(CUN/RM)/DUDY 
TFCRI.GT.G,25)R120,25 
TFCRILLT.“0.5)R1270,5 
TFCLAG,EQ.0)R10¢1) BRI 
TFCNSCAN.EQ.1)R10¢61)80,0 
RIARTOCI)+CRIARIOCT) #DX#RK1/DEL 
RIOCI) art 
BETA34,0 

IFCRILLT.O,0)BETAS2.0 
FACTR1,OmBETA*RI 
EMUTYSENUTY* FACT 
LAG=4 
RETURN 
END
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THIS SUBROUTINE CALCULATES DISPLACEMENT AND MOMENTUM 
THICKNESSES AND SHAPE FACTOR 

SUBROUTINE DMS 
_ SO ae ON(75) + PREF C75) +RHOC75) RUC75), 

TEMP (75) 0 UC75) 6 ¥ 075) eEMURDY(75) ¢ TAUCZS) @RE75) -URE?5S De 
BPr,OMI,PET,TAUL+Y1,R25+KRAD TRAD 

¢ 4B/DPDXC75) ,PC75) CATR DX HOINI T+ TENTH s LT eNoNM1 eNPOSINSTEP? 
c PIL, PR»RUS+TERAD VISCL+X + DCURVeSLTXsSLTT»NSCANGLAG 
C /C/DISPT»SHAPE,THTM 
SUi430.0 
suHi2s0,0 
DOTOIS3,NM4 

DYSY (141) -Y(T) 
RHONAO, 5#¢RHOCT+1)+*RHOCI)) 
UMaO, Se CUCT+1)4UC1)) 
S71 =RHOM*UMeDY 
SUM13SUN14S1 
SUM23SUM24S1 *UM 

CONTINUE 
RHO2530.5*(RHOC2)+#RHOC3)) 
U2550.5*(U(2)+U(3)) 
SUN13SUN41+0. 3335 #RHO25S*U25*YI 
SUNZRSUMZ+RHOZ2S*UZS #UZSaV 190.2 
$130 .25*CRHO25+RHOCS) *CUZ5HUC3) HCY CS) RYT) 
SUMN73SUM1+S4 
SUM2sSUM2+S14#(U25+U(3)) 40.5 
STSRHOCN) UCN) 
DISPTAY (CN) @SUM1/81 
TMTHeSUN1/S1=SUM2/ CS1#UCND) 
SHAPESDISPT/THTM 
RETURN 
END 
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400 

110 

c 
c 
c 
Cc 

LAMIHAR VISCOSITIES AND PR FOR CELL BOUNDARIES 

SUBROUTINE LAMFLO 
COHMON/A/DUDY (75) -ENUC75) -HOC75),04075),PREF(75),RHOC75) ,RUC7S), 

TEMP (75) 6UC75) 6 ¥675) eEMURDY C75) #TAUCTS) »RC75) URCPSY» 
EP1, OM], PEL, TAUI+YI.R25.KRAD, TRAD 

/B/DPDXC75) + PC75) +CAIRsDAHOINTITeTENTHs LTeNeNM41 @NPOSPNSTEP, 
PI,PR/RUS,TERAD,VISCLsX,-DCURVsSLTX+SLTT,NSGANS LAG 

DO400181,N 
EHUCT) 30,000019624(435,0/¢TEMP C1) 4110.0) eC TEMPC1)/325.0) 401.5 
PREF (1)50_707—(0,019) #(TEMP(1)9390,0)/100,0 

CONTINUE 
00410182,1M4 

EUUCT) 30, 5*(CEMUCT) #ENUCT$1)) 
PREF (I) 30.S* (PREF CI) #PREFCIO1)) 

CONTINUE 

RETURN 
END 
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SUBROUTINE FOR OUTPUT 

SUBROUTINE OUTPUTCNTRIG) 
COMMON/A/DUDY (75) -ENUC75) «HOC75) ON C75) ,PREF (7S) ,RHOC7S) ,RUC75), 

TEMP (75) -UC75) e¥(75) sEMURDY C75) #TAUC?5) »RE75) URC PS)» 
BP1,OM1,PEL,sTAUI¢¥1,R25-KRAD, TRAD 

/B/DPDXC7S) -P675) eCAIR + DX-HOINITSTENTHs LT No NM1 eNPOS/NSTEP, 
PI,PR»RUS+TERAD VISCL/XsDCURVsSLTXsSLTTsNSCANSLAG 

C /C/DISPT., SHAPE. TMTH 
DISPTCaprsPre19000,9 
WRITECZ,100)NSTEP/X/DXe TAUL/ DPDX C1), PL SHAPE DISPTC. PEI 
FORMATO! "e4X eT 311.67 F10.6,F 8.45 F10,1, F111, B84, 

F10,4,36X,F11.5) 
Corerenescew=-FULL OUTPUT EVERY 25 STEPS 

IFONTRIG.EQ@.1)G070110 
IFCELOATCHSTEP) /25.0.EQ.FLOATCENSTEP) /25)GOTO110 

105 
1410 

145 

120 

150 
zuu 

eee 

4 

o 

4 

4 

RETURN 
WRITE(2,115) 
FORMAT C1O' 5X2 OMEGA'sGXs'¥H1000' + 7X, "UT FBX RHO' LOX, 'T', 5X, 

TENUxt0¥#6' + 3X,'PREF'L6X,'DPDX's7Xe'DUDV'7X,IP', 8X, 
'TAUN) 

0O150151.1 
YTTCcs ¥¢1) «1000.0 
ETTQ3EMUCT)*1000000.9 
WRITEC2,200)T,OMCL)sYTTC, UCT), RHOCT) ,- TEMPCI) ,ETTQePREFCI), 

DpDXC1) -DUDYC1d + PCT) FTAUCI? 
CONTINUE 
FORMATO! 'pt2eF9 Se F131OeFO.36FO. SFB. FI1 2,894, 

RETURN 
END 
FINISH 

F491, 20F10.1 + F 1001, 710.4) 

= 
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Figure 1 

The Effect of Slot Width 

on a 20% Ellipse 

( Taken from Reference 32 )
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Figure 2 

The Effect of Trailing Edge Shape 

at Two Mach Numbers 

on a 20% Ellipse 

(Taken from Reference 32 )
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0° incidence 

Single Slot, t/c = 0.004 

  
Figure 3 

The Effect of Mach Number 

on a 20% Ellipse 

(Taken from Reference 32)
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Figure 5 

Slot Pressure Ratio 
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for Various Slot Widths
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Wind Tunnel
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Figure 14 
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Upper Surface Lower Surface 

X - X Y 

1,0000500)9 9,009099909 1,90900000 0,00060000 
0,9964748) 0,00161919 0.99859530 900038560 
09912063) 0,0025968u 9.99459390 000144330 

0,98710930 9,003833u0 0,98307240 0,90305600 
9,9821363) 0,0053440y 0.97908210 0,90522830 
096929630 0,0072745U 9.96764540 9,0077R8450 
0V,95198050 9,0145782u 0.75576369 0,01066760 
0,94133570 9,01782590 0.93741890 0,01378790 
0,92908749 0,02153079 0.91857500 0,01705230 
0,914696000 0,02575490 0.89717450 9,02036310 
0,89854499 9,05058519 9.57514690 0,02561690 
0,8792122)0 9,05615049 0,54638460 0,02670360 
0,85599170 0,04266140 9.51675640 0,02950500 
0,8266065)0 0,09051860 0,78408640 0,03189260 
0,78605900 0,00073359 0.76813840 0,05372410 
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0,7105268) 9,07759100 0,69165900 0,05504320 
0,65007929 0,083893409 9,664964609 9,035046860 
9,59461922) 0,09763750 0.01556780 0,05412030 
0,56850420 0,1010401u 0,96225440 0,03174200 
0,521744%) 0,10628246) 0,49995700 0,0274,010 
0,45415810 0,11125019 0.42313580 0,02033090 
0,40305550 0,1130230) 0,52198019 0,0077R400 
0, 38089100 9,11318610 9.27985270 000079470 
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0,18403670 0,0949930y 0.16643930 =-.01579150 
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0,02563970 9,0556556u 0.03089410 =,01922260 
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=,0001444) 9,00214370 9.09996940 0,00214370 

TABLE 1 

Surface Coordinates of Merchant and Collar Cascade Blade 

Used in Computer Programme POTFLOI to Generate Results of 

Figure 37.



x 

1.000000 
0.950000 

0.900000 
0.850000 
0.800000 

0.7500u0 
0.700000 
0.050000 
0.600000 

0.550000 
0.500000 
0.450000 
0.400000 

0.550000 
0.300000 
0.250000 
0.2u00u0 
0.150000 

0.100000 

0.050000 

0.025000 

0.012500 
0.000000 
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CAMBER 

0.900000 
9,914130 
0.026190 
9,037620 
0.948430 

0,958700 
0,068250 
0,0770920 
0.084900 
0,091710 
0,997230 
9.101460 
0,104000 
0.104690 
9,103210 
0,099170 

0,092010 
0.081080 
0,965060 
0.041610 
0.025190 
0.916740 

0.900090 

TABLE 2 

V/A THICKNESS 

0,0v0n00 

0,005510 
0,0U6040 
0.009450 
0,012n50 
0.015440 
0,019240 
0.023310 
0,0¢7500 
0.051700 

0.055760 
0.039570 
0,042070 
0.045550 
0.046070 
0,049500 
0,00000 
0,049140 

0.045040 

0.054590 
0,026R60 
0.017350 
0.000000 

Camber and Half-thickness Values of Primary Turbine Blade 

Used in Computer Programme POTFLO1 to Generate Results of 

Figures 39 and 40,


