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ABSTRACT: 

The separation of the boundary layer in a two 

dimensional convergent-divergent nozzle, discharging to 

atmosphere ihas been investigated using an interferometer in 

conjunction with pressure measurements. 

It is shown that the variation in pressure rise across 

the separating boundary layer with Mach number is the same as 

that for separation over steps and wedges in wind tunnels. It 

is also shown that the position of transition in the boundary 

layer relative to the point of separation is the prime factor 

in determining the flow pattern at separation. 

Stable turbulent separation is obtained throughout the 

range of Mach numbers investigated by making the boundary layerb 

turbulent artificially. 

The interferometric studies indicate that separation of 

boundary layers is accompanied by separation of the boundary 

layers on the adjacent glass walls. 

The flow pattern in the region of reverse flow under the 

separated layer is complex, the reverse flow being entrained 

from the atmosphere. 

The silape of the velocity profiles in the turbulent regionE 

of the boundary layer are shown to be dependent on the Reynolth 

and Mach numbers of the flow. 



The flow upstream of the shock waves causing separation 

is not isentropic as the entropy change between the reservoir 

and a given point in the divergence increases with increase 

of the reservoir pressure. 
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A 
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Aeff 

Bt 
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Ps 
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D 
D 
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H 

k 
K 

K 

m 
m 
M 

le 

speed of sound 
stagnation speed of sound 
area 
direction number, defined by A-B=D and ArB=P, in section 

effective area of nozzle, Aeff = (W- za+)(D-2544-  ) 
throat area 

5 and appendix 2 

direction number defined by A-B=D and A+B=P 
heat capacity of air at constant pressure 
pressure coefficient equal to the ratio of the one 
dimensional isentropic static pressure to the measured 
static pressure 

kink pressure coefficient CiDk  = 
-12  ( 13i 
2 

peak pressure coefficient Cpp = 02  
separation pressure coefficient Cps  = Po 

upstream influence defined in fig 5 
breadth of nozzle 
direction of the stream measured from an arbitrary datum 
in section 5 and appendix 2 

one of the parameters used by Crocco43  to define the 
boundary layer _ 	+4 

(St,  
half  width of the nozzle throat 
heat transfer coefficient at the nozzle wall 

hh = g  

+-7 S 

c 
Momentum flux in the boundary layer 1 = knk-1  - dy. - 
coefficient of thermal conductivity ),, o 
one of the parameters used by Crocco'3  to define the 
boundary layer K = t, -V---E,4-+/5",..--E.+  (section +) 

Gladstone Dale constant, nr  - 1 = K 
refractive index 
	where nr  is the 

• cudy mass flow in the boundary layer, m = 
reduced mass flow, m = mao  
Mach number based on the local speed of sound 

Mach number based on the stagnation speed of sound at".--  
Mach number based on the speed of sound 

	ao 
at M = 1, 	Mt = y_ 

at 

(I 	l 
boundary layer

wad 
 shape

w)  factor H = 



n index in the relationship V.2 z" 
V ,F 

n' 	expansion index, p/nn' = constan 
p 	static pressure 	V 
pa atmospheric pressure 
Pk 	kink pressure, defined in fig 5. 
pc 	onset pressure, the free stream pressure just upstream 

of the region in which separation takes place, defined 
in fig 6 for nozzle separations 

Pp 	peak pressure, defined in figs 8 & 9 
Ps 	separation pressure, the pressure at which the boundary 

layer just separates 
PT 	plateau pressure, defined in fig +. 
Po 	stagnation or reservoir pressure 
P pressure number defined by P = 1000 - 0 
q 	heat conducted through the nozzle wall 
Ro 	Reynolds number at the onset point, based on the distance 

from the leading edge or from the nozzle throat and the 
free stream conditions at the onset point 

Rt 	Reynolds number based on the distance from the point of 
transition in the boundary layer 

R 	Radius of the convergent section 
4R 	universal gas constant 
S 	fringe shift in units of no flow fringe, spacing 

t 

S' 	no flow fringe spacing 	

! 
AS 	entropy change, 	S = Cp 	

°) To 
 

T temperature 
Tom, 	atmospheric temperature 
T 	Mean temperature of the boundary layer defined by the 

relationship m = pu  
did' 

To 	stagnation temperature 
Tt 	temperature at the point where M = 1 
Twad adiabatic wall temperature 
Tw 	wall temperatu:e 
u velocity in the x direction 
u velocity in the boundary layer at position y from the 

surface in section 4, 
mean flow velocity in the boundary layer, defined by 
u = I uex. 

y 	distance perpendicular to the nozzle axis. 
y 	when referring to the boundary aayer, distance 

perpendicular 	the wall 
✓ velocity in the y direction 
✓ velocity 
Vy 	velocity in the boundary layer a distance y from the 

surface. 



If 	limit for the difference in glass thickness in the two 
beams of the interferometer for white light fringes to 
be obtained. 
width of nozzle. 
distance along the nozzle axis 
ratio of the half width of the throat to the convergence 
radius9  x' = h 

number of 	Rfringes in the absence of dispersion 
Mach angle 
section 8, upper limit to the refractive index that can 

be measured interferometrically 
ratio of heat capacity at constant pressure to that at 

constant volume, for air 	= 1.4 
boundary layer thickness 
boundary layer displacement thickness 

-4-  
= 	(1 	

ex uex 
	dy 

boundary layer displaceme t thickness at 
boundary layer displacement thickness on 
of the nozzle° 

boundary layer momentum thickness 

deflection angle 
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SECTION 1. 	Introduction 

One of the most important contributions to modern 

fluid dynamics was the introduction of the boundary layer 

concept by Prandtl in 19041. 	The underlying principle of 

the concept is that,for fluids of low viscosity,the viscous 

stresses are small compared with the other terms in the 

equation of motion, except in thin layers adjacent to solid 

boundaries. 	These boundary layers result from the high 

velocity gradients occurring as the fluid is brought to rest 

at the walls. 	Thus the boundary layer concept leads to a 

model in which the flow pattern is treated as though the 

fluid were inviscid. 	These results are then utilized to 

obtain the boundary layer flow where viscous effects are 

taken into account. 

It has been found that there is good agreement between 

experimental results and theory based on this model, pro-

vided the boundary layer is not subject to large pressure 

gradients. Under these conditions the boundary layer flow 

is mainly dependent on the pressure gradients established 

by the external flow, and the free streamlines are displaced 

from the wall by an amount equal to the boundary layer 

displacement thickness. When the thickness of the 

boundary layer is small compared with the other 
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significant dimensions, the presence of the boundary 

layer can be ignored and the entire flow assumed to be 

inviscid. This leads to great simplification and often 

represents the flow adequately. 

When the boundary layer is subjected to large adverse 

pressure gradients, viscous effects within it modify the 

external flow. 	In supersonic flow the boundary layer is 

often subject to large pressure gradients, induced by the 

presence of shock waves. 	The pressure gradients are 

transmitted through the subsonic parts of the boundary 

layer resulting in the propagation of compression and 

expansion waves, which modify the original shock pattern. 

With strong shock waves, the associated large pressure 

gradients cause the boundary layer to separate from the 

wall. 

With the advent of supersonic flight, the study of flow 

separation from a solid body has received a great deal of 

attention. 	It is considered as a scourge to many 

technical devices which depend on the properties of viscous 

fluids for successful operation, as it often limits the 

usefulness of these devices. For example, the maximum 

lift of an aerofoil and the maximum compression ratio of 

an a/ial flow compressor are limited by the onset of this 
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phenomenon. 

Attention was first drawn to the problem of 

separation in supersonic flow by Ferri
2 

who observed 

boundary layer separation near the trailing edge of an 

aerofoil, in a region where the inviscid flow theory would 

predict a favourable pressure gradi3nt in which separation 

would not normally be expected. Further observations3•4•566° 

established the significance of interaction between a shock 

wave and a boundary layer, the experiments carried out by 

Fag° and Sargent3  were confined to the problem of inter-

action of a shock wave with a turbulent boundary layer on 

the flat wall of a supersonic wind tunnel, while Ackeret, 

Feldmann and Rott, and Liepmann5 examined shock wave 

interaction on a curved surface. The results showed that 

the flow pattern at interaction depended critically on 

the state of the boundary layer. 	These results may be 

compared with those of Prandtl79  who found that the 

effect of flow separation on the low speed drag of a bluff 

body in an incompressible fluid was dependent on the state 

of the boundary layer flow. 	As a result of this and other 

work8.9.10.'1.2 the physical nature of the phenomenon 

has been understood and the effects of ack nunber and 

Reynolds number are established. 



A number of theoretical analyses have been 

attempted13 14 see references in 15 but none of these have 

treated the flow in the separated region in detail and 

often simplifying assumptions such as the neglect of heat 

transfer effects are made. 

The work described above has been concerned mainly 

with the field of external flow around an object. Little 

previous work has been carried out on flow separation in 

nozzles, and insufficient data are available to compare 

separation in nozzle flow where the Mach number is con- 

stantly changing and that in external flow where it is 

constant. 

It is the object of the present research to obtain 

data on the separation of boundary layers in an over 

expanded nozzle, and also to investigate the effect on 

separation of artificially altering the state of the 

boundary layer. 

An interferometric technique has been employed to 

study separation in a small two dimensional nozzle with a 

straight divergence of 10°  half angle. 	From interfero- 

grams of the flow in conjunction with pressure measurements, 

calculations have been made of, the pressure rise 

associated with separation, the flow pattern in the region 
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under the separated layer, the boundary layer velocity 

profiles, and the density distribution throughout the flow 

field. 	The state of the boundary layer has been determined 

from shadowographs and from the boundary layer velocity 

profiles. 

The pressure rise associated with separation has been 

found to vary with Mach number in a manner similar to that 

for separation over steps and wedges etc. in wind tunnels. 

As the position of separation moves down the nozzle towards 

the exit, three distinct types of separation occur. 

Initially near the throat, separation is assymmetric with 

low pressure gradients. 	On moving down the nozzle it 

remains assymmetric but the associated pressure gradients 

increase, until it becomes finally symmetrical. 	Com- 

parison of these results with the work carried out in wind 

tunnels show that the three types of separation correspond 

to separation of laminar, transitional and turbulent 

boundary layers. 

It has been found that by fixing fine wires to the 

convergent section walls and causing the boundary layer to 

become turbulent upstream of the throat, stable turbulent 

separation is obtained throughout. 

The flow pattern in the region under the separated 
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layer has been found to be complex, consisting of a 

number of vortices. 

Measurements of the boundary layer velocity profiles 

were carried out only for the turbulent regions downstream 

of the throat. 	It was found that the shape of the 

profiles was dependent on the Reynolds number and Mach 

number, and that they did not correspond to a one seventh 

power law profile. 

The range of Mach numbers over which separation has 

been studied was smaller than expected. 	Calculation has 

shown that this effect was due to departures from 

isentropic flow, the entropy at a given point in the 

nozzle increasing with resevoir pressure. 	Good agreement 

has been found between the velocity distribution measured 

in the throat of the nozzle and that derived from the two 

dimensional flow equation. 	Satisfactory agreement has 

been found between the Mach numbers calculated from 

interferograms and those obtained by Mach angle measurements. 
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SECTION 2. now Cliaracteristics o.fBouridarytayer 
separation induced by S.hocklk.v.es,„  

In many aeronautical problems where the flow is 

supersonic, such as the flow past wings and the flow 

through engine intakes and in nozzles, shock waves inter- 

act with the boundary layers on the surfaces. 	In such 

circumstances a major deviation of the actual flow pattern 

from that predicted by inviscid flow theory is caused by 

the combination of viscous drag in the boundary layer and 

the strong adverse pressure gradient applied by the shock 

wave. An example is given in fig. 1. Here an oblique 

shock wave is generated by a wedge placed on a flat plate. 

In the absence of a boundary layer a shock wave would be 

generated in the corner fig. la. However the actual con-

ditions observed experimentallylfig. lb., are very 

different. Compression of the flow near the wall takes 

place gradually, generating a compression fan which 

coalesces into a shock wave in the main stream above the 

wall. 	The boundary layer has also separated from the wall 

causing a region of separated flow to be formed at the 

corner. 	The important difference between the flow 

patterns is in the rise of pressure upstream of the 

obstacle . 	In the actual case some mechanism exists 
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whereby the pressure can be propagated upstream and 

separation take place. 	Before any mechanism is 

suggested the flow of viscous fluids past solid bounderies 

will be considered. 

When a viscous fluid flows over a solid surface, the 

fluid in immediate contact with the walls must be at rest, 

otherwise infinite velocity gradient anti shear stress would 

exist at the interface. 	The viscous drag at the interface 

is transmitted throughout the whole of the fluid, and sets 

up a velocity gradient. At progressively greater 

distances from the surface, the effect of drag decreases 

until at some point, for practical purposes, it can be 

considered negligible. 	Thus viscous effects can be 

confined to a region close to the surface; this region is 

the boundary layer. 

When the main stream is supersonic, the velocity in 

the boundary layer varies from supersonic to zero at the 

wall. Therefore the boundary layer can be divided into 

two regions, an inner region of subsonic flow and an outer 

one of supersonic flow. The streamlines in subsonic and 

supersonic streams expand and contract respectively when 

retarded by an applied positive pressure gradient. 	There- 

fore the widths of the inner and outer regions of the 
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boundary layer increase and decrease respectively on 

encountering a pressure rise. 

Consider the boundary layer in fig. 2, when it is 

subjected to a pressure rise retarding the flow. 	The 

effect of the pressure rise on any fluid particle is 

dependent on its energy. Thus fluid in the mainstream 

and in the high velocity regions of the boundary layer will 

continue to flow on, while the flow direction of that in the 

low velocity regions close to the wall will be reversed,  

causing the flow to separate and a region of reversed flow 

to be formed. 

The flow pattern shown in fig. 2 can also be considered 

to be the result of a viscous stream meeting a second stream 

at higher pressure flowing in the opposite direction. 	On 

moving upstream the second or reversed stream flows into 

the separated stream and mixes with it, retarding it and 

increasing its pressure. 	The mixing process associated 

with the energy transfer between the two streams, causes the 

reversed stream to be continuously removed. 	However on 

moving upstream the reversed flow region gets progressively 

narrower and viscous forces become progressively more effective 

in preventing the replacement of mixed fluid, and the wall 

pressure falls. 	The process continues until at the 
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separation position S all the reversed flow has been 

absorbed and the wall pressure is equal to the separation 

pressure. 	Upstream of the separation point the pressure 

continues to fall as pressure energy is utilized to retard 

and compress the boundary layer, until at 0 the onset 

point, the pressure has fallen to the undisturbed free 

stream or onset pressure. 

The flow pattern obtained experimentally over a 

wedged shaped obstacle placed on a flat plate is shown in 

fig 3. Compression of the boundary layer and mainstream 

through the pressure rise associated with the corner at B 

takes place over the region of interaction OBQ. 

The fluid in the region of reversed flow moves upstream 

and mixes with the separated layer in the manner already 

described. 	As the mixing process causes the pressure of 

the subsonic regions of the boundary layer to rise, they 

increase in width compressing the fluid in the supersonic 

regions of the boundary layer. 	The pressure rise 

associated with the deflection and compression of the 

supersonic regions is probagated along Mach lines into 

the mainstream forming a compression fan which finally 

coalesces into a shock wave. 
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At some point downstream of the wedge apex, the 

separated layer meets the wedge wall and is deflected to 

flow parallel to it; reattachment of the flow takes place. 

At the point Q, the end of the region of interaction, the 

boundary layer is flowing parallel to the wall at a 

pressure which will depend on the original free stream 

pressure and the angle through which the flow has been 

deflected. When the separated layer flows into the region 

of increasing pressure associated with reattachment, the 

fluid in the low velocity regions of this layer has in-

sufficient energy to surmount the pressure barrier and its 

flow direction is reversed. 	At the same time the sub-

sonic regions are compressed, deflecting and retarding the 

supersonic legions and the mainstream. On moving downstream 

towards the reattachment point the region of reversed flow 

gets narrower and ViSCOU3 forces become progressively more 

effective in preventing the removal of reversed fluid, 

and the wall pressure rises. At the reattachment point 

the flow of reversed fluid ceases and the wall pressure 

continues to rise as uniform flow is established in the 

boundary layer, until at Q the boundary layer is flowing 

undisturbed at the new free stream pressure. 
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The stream reversed at reattachment flows forward 

along the wedge wall and causes separation. 	The flow 

adjusts itself so that there is equilibrium between the 

fluid reversed at reattachment and that removed by the 

mixing process at separation. When the reversed flow 

region is wide, the wall pressure is constant as the 

viscous forces acting on the fluid at the wall are low. 

In view of the importance of mixing between the 

separated layer and the reversed stream, marked 

differences would be expected between the pressure 

gradients and extent of the region of interaction, 

associated with laminar and turbulent boundary layers. 

Such differences have been observed experimentally89. 
The effect of transition from a laminar to a turbulent 

flow is shown in fig. 4, the wall pressure profile for a 

completely laminar interaction is shown together with 

one in which the boundary layer is laminar at separation, 

but turbtaent at reattachment. 

When a boundary layer becomes turbulent the velocity 

distribution charges due to the increased rate of energy 

transfer, resulting in a large reduction in the extent 

of the low velocity regions. 	Therefore when the 

turbulent layer reattaches in fig. 4, the amount of 
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fluid reversed for a given pressure rise is reduced, the 

wall pressure falls more rapidly upstream of the re-

attachment point as the removal of reversed fluid from 

the narrow viscous region and retardation of the high 

velocity regions of the separated layer is facilitated 

by turbulence. 

As the mass of the reversed stream has been reduced 

due to transition, the equilibrium between that reversed 

at reattachment and that removed at separation moves so 

that the pressure rise at reattachment is increased and 

that downstream of separation reduced, causing deflection 

of the flow to be decreased at separation and increased at 

reattachment. 

When the boundary layer is turbulent the pressure 

profile shown in fig. 5 is obtained. 	The pressure rise 

required to cause separation is greater than that for a 

laminar layer as the low velocity regions of the turbulent 

layer have greater energy. 	The length of the region of 

interaction decreases and the pressure gradients at the 

wall increase, due to the increased rate of energy 

transfer -3 e 	The wall pressure does not show a constant 

region in many turbulent interactions8910 as the 

reversed flow region is thin and the fluid at the 
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wall energized by the rapid interchange of energy with 

the separated layer promoted by turbulence. However 

when separation takes place over wedges of large angle 

at low Mach number a large region of reversed flow and a 

region of constant pressure have been observed16. 

The present study is concerned with boundary layer 

separation in a nozzle. 	The associated flow patterns 

and the conditions under which they occur will now be 

discussed. 

In a supersonic nozzle gas is expanded from a high 

pressure reservoir reaching sonic velocity at the throat 

or section of minimum area, and finally accelerating to 

supersonic velocities in the divergent or expansion section. 

As the gas accelerates the wall pressure falls, and at any 

given point in the nozzle is a function of the nozzle 

profile and the reservoir pressure. 	Therefore the exit 

pressure of the jet is determined by the flow in the 

nozzle and the jet will have to expand or be compressed 

depending on whether the ambient pressure is greater or 

less than the exit pressure. 	If the exit pressure is 

less than the ambient pressure, on entering the 

atmosphere the jet and boundary layer are compressed. 

Fluid at atmospheric pressure flows (see fig 6b) into, 
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and mixes with the low velocity regions of the jet 

boundary at the orifice, raising their pressure, causing 

them to thicken, deflecting and compressing the super- 

sonic regions. 	The pressure rise is propagated upstream 

in the subsonic regions of the boundary layer in the same 

way as that upstream of separation. 	The compression fan 

associated with this compression coalesces and forms an 

oblique shock wave in the main body of the jet. 	If the 

atmospheric pressure is increased, a stage is reached 

when the low velocity regions of the boundary layer can 

no longer surmount the pressure barrier and the flow 

separates. 	As the separation position moves upstream 

(see fig 6a) the pressure rise causing it decreases, 

because the wall pressure increases in the wetted flow 

region of the nozzle. Therefore the energy causing 

separation supplied by the reversed stream to the 

separated layer would decrease compared with that of the 

fluid in the slow moving regions of the boundary layer. 

When the energy required to separate the boundary layer and 

that supplied by the reversed stream are equal, 

equilibrium is reached and no further separation takes 

place upstream. 

For long regions of reversed flow, the pressure head 
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loss in overcoming friction can be significant and must 

be taken into account when determining the pressure rise 

causing separation. 

From the foregoing discussion2  the separation process 

in a nozzle would be expected to be the same as that over 

wedges and steps etc, with the same differences between 

laminar and turbulent flow provided,the pressure and 

velocity gradients in the mainstream of the jet do not 

alter the separation process, and that correction is made 

for the pressure head loss in the reversed flow region 

due to friction. 
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SECTION 3. 	Literature Survey. 

It was shown in the last section that the position 

of transition was important when studying boundary layer 

separation phenomena. 	It is convenient, therefore, to 

divide this survey on the work in wind tunnels into three 

categories, dependent on the position of transition 

relative to separation. Separation and the effect of 

transition in over expanded nozzles will be dealt with 

separately. 

3.1. 	Laminar Boundary Layers. 

Results for boundary layers laminar over the whole 

region of interaction. 

A characteristic of the separation of a laminar 

boundary layer over a step or wedge is the region of 

nearly constant pressure termed the plateau pressure k T, 
in the wall pressure profile (see fig. 3 & 7)810. 	The 

separation pressure ps  and the plateau pressure are of the 

order of 15% to 30% greater than the onset pressure 

at the beginning of interaction. Laminar separations 

are steady, no oscillations are presant in the flow6917. 

Gadd et al
10 

defined upstream influence (distance d 
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in fig 3) in terms of the boundary layer displacement 
— 

thickness 6 o at the onset point. They found that the 

value of d 	110 	was independent of Reynolds 
FO- 17  

number Rog  and increased as the shock strength increased 

and free stream Mach number decreased. 	The same 

parameter was found to be greater for separation caused 

by an oblique shock wave generated by a wedge in the main-

stream striking the boundary layer, than for a wedge 

placed on the flat plate producing the same overall 

pressure rise at the wall. 

Other workers8 have shown that the pressure dis-

tribution upto the plateau region is independent of the 

agency causing separation. 	The rise in pressure to 

separation and to the plateau region defined as 

ps 	p0 and bT - po respectively were found to decrease 
Po 	po 

with increasing Reynolds number and increase with increasing 

Mach number. 

The flow velocities of the fluid in the feversed flow 

region under the separated layer were too small to be 

measured18. 

The separation of lamillar boundary layers will be 

discus'ed further in the next section on transitional 

separation. 
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3.2. 	Transitional Boundary Layers. 

Results for boundary layers laminar at separation but 

turbulent before reattachment. 

When a boundary layer is laminar at separation but 

becomes turbulent before reattachment, the flow patterns 

observed are represented in figs. 4 & 8 8 9 10 12. 	The 

pressure distribution upstream of the transition region 

is characteristic of a laminar separation, but when 

transition occurs the wall pressure increases rapidly. 

The type of pressure distribution shown in fig. 4 is 

observed when separation is caused by a wedge or strong 

incident shock wave10, but when the reversed flow region 

is large as in the separation over a step, there is a 

peak in the pressure distribution just upstream of the 

step face (see fig. 8). 	The peak has been attributed 

to a stagnation point being formed in the reversed stream 

flowing down the step face
8 	A considerable variation 

in the pressure over the face of the step has been 

observed8 19, when transition takes place before re-

attacnment. When transition did not take place the step 

face pressure was equal to that in the reversed flow 

region and did not vary. Lange19 attributed the 
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variation in step face pressure to sizeable subsonic 

velocities in the reversed flow region. 

Where there is an extensive region of laminar flow 

downstream of separation, the plateau pressure is de-

fined as the constant pressure at the top of the laminar 

foot (see fig 4). When transition takes place close to 

separation and the region of laminar flow is limited, the 

plateau pressure is defined as the pressure at the first 

point of inflexion in the wall pressure curve, (see 

fig 8). 	The plateau and separation pressures are not 

affected8.9 by the position of transition, provided there 

is a region of laminar flow downstream of the separation 

position. 

Gadd and Holder9  used the experimental results from 

a number of sources to show that for laminar separations 

the pressure coefficient CpT decreases with increasing 

Mach and Reynolds number; the latter variation was 

between Ro-i and Ro- . 	Inconsistencies between the 

different experimental data were attributed to 

differences in the free stream turbulence levels in 

different tunnels. 	As the level increases there is a 

tendency for transition to occur at lower Reynolds 

numbers, shortening the laminar foot. 	The reduction 
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in length of the foot is equivalent to an increase in 

the Reynolds number at the onset point, which causes a 

reduction in plateau pressure and so, in tunnels with 

high turbulence levels, values of CpT are low. 

Chapman et alb found that pT - po and ps - Do  
Po 	po 

were proportional to Ro-*, provided the position of 

transition was not close to the separation position, 

showing that there is a relationship between separation 

and plateau pressure. 	If transition occurred near se- 

paration the flow became unstable. 

The position of separation is difficult to measure 

experimentally. A Stantonl°  or surface tube has been 

used which measures the total pressure of the fluid near 

the wall. 	The total pressure is greater than the local 

wall pressure when the boundary layer is attached, when 

separation takes place it is equal to, or, where there 

is reverse flow taking place, less than, the local wall 

pressure. 	Therefore comparison of the surface tube and 

wall pressures reveals the positions of separation and 

reattachment. The results obtained in this way for Ea 
were 1.141  1.14 and 1.33 at Mach numbers of 

	po 

2, 3 & 4 respectively. 	The Reynolds number was varied 
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between 2 x 105 and 4 x 105 and appeared to have no 

effect on the ratio. 

Chapman et a18 used an oil film technique to find 

the position of separation. 	The oil collects along the 

line of separation as the attached stream and reversed 

stream move it downstream and upstream respectively. 

The technique was claimed to be very accurate. 	ps - po 
po 

was found to vary with Reynolds number as Ro-t. 

At Mach = 2 and Ro = 2.5 x 105 	= 1.10 which is lower 
po 

than the value 1.14 obtained by Gadd and Holder. When 

transition was close to the separation position the 

variation of ps po with Reynolds number reversed and 
Po 

approached the corresponding values of pT po . 
po 

With regard to the various theories for laminar 

separation Gadd209  Ritter and Knoa  predict that the 

pressure increase at separation should vary as Ro-4, 

Donaldson and Lange22  suggest that ps po should vary 

as Ro-1". 	For the value Ea Gadd predicted 1.10, 1.18 and 
po 

1.27 respectively for M = 2, 3 & 4 with Ro = 2.5 x 105. 

Comparison of the theoretical and experimental results 

show that there is reasonable agreement between them. 

Using a modification of the Crocco-Lees method13 Gadd 
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and Holder23 obtained theoretical curves for the pressure 

distribution through a region of laminar separation; 

these have the same overall shape as the experimental 

curves. 	However the theoretical curves exhibit 

negative pressure gradients downstream of separation and 

upstream of the corner producing separation while the 

experimental ones do not. 

In a study of separation over steps of different 

heights, Beastall and Eggink2  observed the characteristic 

pressure distribution shown in fig. 8 for the transi- 

tional regime. 	The peak pressure increased with step 

height for a given Mach number. As the results are not 

complete in the region of the laminar foot, no comparison 

is possible with the results of Gadd25  and Chapman8. 

However the pressure rise to separation was found to take 

place over a greater number of boundary layer thicknesses 

for laminar than for turbulent layers confirming 

Lighthills26 observations on Mair's17 work. 

The effect of surface curvature on separation is cwo 

fold. 	Firstly, the pressure gradients associated with 

the curvature alter the velocity profile in the boundary 

layer upstream of the separated region; secondly, there 

is the effect of the wall curving away from beneath the 
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separated layer. 	Gadd27  investigated the effect of 

convex curvature on separation, using an externally 

generated oblique shock wave as the disturbing agency and 

two different plates, one with a curved region at the 

downstream end and the other flat for comparison. With 

'minar boundary layers the pressure distribution had a 

characteristic laminar foot irrespective of where 

separation took place, but the ratio pt1 was lower when the 

pressure rise upto separation took place entirely on the 

curved region of the plate. 	Beastall & Eggink24  also 

demonstrated the existence of a laminar foot for the 

flow up a convex step. 

Transitional separation is not steady. 	High speed 

motion picture studies8 have shown the flow to be unsteady 

between transition and reattachment. When transition 

takes place at the separation point large fluctuations 

in the flow are observed. Mair17  found that under 

certain conditions the separation point oscillated with 

frequencies upto 6000c/s. 	Wilkie28  observed large 

fluctuations in the flow in nozzles, when the conditions 

are such that transition could reasonably be expected 

to be taking place at the separation point. 

In supersonic flow it is difficult to make a clear 
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distinction between laminar and turbulent boundary layers 

in terms of Reynolds number, as the transition point 

depends on the free stream turbulence level of the tunnel 

being used. 	There also seems to be a Mach number 

effect, as it has been found8 16 2, that)when the 

boundary layer is made turbulent artificially by means 

of trips, 	the transition point moves downstream as 

the free stream Mach number is increased; the Reynolds 

number at transition increases with Mach number. 	It 

also appears30  that transition from a turbulent to a 

laminar boundary layer can take place. A turbulent 

boundary layer at the inlet of a supersonic jet changing 

to a laminar one at the outlet. 
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3.3. 	Turbulent Boundary Layers. 

Results for boundary layers turbulent over the whole 

region of interaction. 

When separation of a turbulent boundary layer takes 

place the flow patterns shown in figs. 5 & 98,10,11,12,16  

are observed. 	The region of interaction is considerably 

shorter than that of a laminar boundary layer of the same 

initial thickness. 	Compression takes place rapidly and the 

pressure gradients measured at the wall are high. When 

separation is caused by a wedge or strong incident shock 

wave, there is a characteristic kink in the pressure 

distribution. 	The kink pressure is defined as that given 

by the intersection of the maximum and minimum slope 

tangents T1 and T2 in fig. 5. 

The pressure rise to separation is approximately 5 

times8,9110,11 larger than that associated with laminar 

layers. 	The pressure distribution is independent of the 

agency causing separation upto the kink position only. 

It is unusual to find a region of constant pressure8216  

in the reversed flow region, similar to the plateau 

pressure of laminar separation, which is independent of 

the model causing separation. 	The eddying motion of 
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the turbulent layer energises the fluid in the reversed 

stream; Mach numbers of 0.410 and 0.311 have been 

measured in the reversed stream for separations at free 

stream Mach = 3, 

Using a wedge on a flat plate similar to one used by 

Cl-apman89  Kuchn16  obtained a region of constant or plateau 

pressure in the wall pressure distribution, when the free 

stream Mach numbers were low, and the reversed flow region 

large. 	As the Mach number increased the region of 

constant pressure disappeared, followed by the kink in the 

pressure distribution at a point where Chapmanls results 

indicate separation was still taking place. 

When separation takes place over a step it is 

difficult tc define a kink pressure8 9. However when the 

step is greater than a critical height11  there is a well 

defined maximum in the pressure distribution. For a given 

free stream Mach number the peak pressure (see fig. 9) 

increases as the step height is increased11 24 until a 

critical value is reached. 	Bogdonoffll showed that the 

peak pressure is only dependent on the step height, upto 

a height of approximately two boundary layer thicknesses. 

When the step height was less than ore boundary layer 

thickness, the mechanism of separation for the small 
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region of interaction was different from that observed 

for the larger regions associated with higher steps. 

It appears that in the small regions the step interferes 

with the viscous thickening of the boundary layer and 

modifies the flow patterns. 

Gadd and Holderl° 18  found that the upstream effect 

d, defined in fig. 5, measured in terms of the boundary 

layer displacement thickness o, was independent of 

Reynolds number over the range covered (Rt upto 107). 

The quantity d+  appeared to be a function of shock 

strength and Mach number only, increasing as the shock 

strength increased and the Mach number decreased. As 

with laminar separations the upstream effect was greater 

for an external shock, than for a wedge producing the 

same overall pressure rise. 	Gadd and Holder23  have 

pointed out an apparent anomaly between their results 

for upstream influence and those obtained by Bogdonoffll  

and Kuehn16 at Princeton. The results of the latter 

show a smaller upstream influence than those of the 

former. As the Reynolds numbers were different in the 

two tunnels, Gadd and Holder suggested that the 

divergence might be due to Reynolds number effects. 
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An analysis carried out by Gadd and Holder9, of 

the kink and separation pressure results of a number of 

wo-2kers showed that there is a tendency for Cpk  and Cps, 

the kink and separation pressure coeffir'ients respectively 

to decrease with increasing Reynolds number, but as the 

results were few and scattered the magnitude of the 

decrease could not be reliably estimated. For flow over 

a step the variation of Cpp, the peak pressure co-

efficient, was small. 

Chapman et al8  have shown, that for steps there is a 

small but persistent trend for peak pressure to decrease 

with increasing Reynolds number. 122_ - po being proportional 
po 

to ,5f, a coefficient dependent on Reynolds number only. 

The quantity ps po also decreased with increasing 
po 

Reynolds number (cf ref 9) in approximately the same way 

as peak pressure i.e. ps - Do oefif. 	Over the range of 
po 

Reynolds numbers
1 
 investigated Jcf was approximately 

TU 

pro- 

portional to Ro 	. 

The effect of curvature on turbulent boundary layer 

separation is small. Gadd27  points out that as com-

pression upstream of separation takes place over a length 

equivalent to 10 and 211 26 boundary thicknesses for 



3?• 

laminar and turbulent separations respectively, it would 

be reasonable to surpose that the effect of wall 

curvature on a tubulent boundary layer is less than that 

for c. laminar one. 	His results confirmed this. 	He 

concluded that for turbulent boundary layers, data ob-

tained from separations on a flat surface were applicable 

to curved surfaces, provided the radius of curvature of 

the wall under the separating layer was larger than three 

times the distance from the leading edge to the region 

of interaction. 

Turbulent separations are steady8 17  but not to the 

extent of laminar ones. Thomann and Kuehn16  found 

that the flow patterns associated with turbulent 

boundary layer separation were steady, until the region 

of reversed flow reached a critical size, whereupon they 

became progressively more unstable as the size increased. 
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SECTION 3.4. 	Separation in Overexpanded Nozzles. 

When separation takes place in an overexpanded con-

vergent divergent nozzle the flow pattern and pressure 

distribution shown in fig. 6 has been observed28 31 

The pressure given by the intersection of the pressure 

curve for the expanding gas with that for the pressure 

rise in the separation region is referred to by numerous 

authors28 31 32 33 as the separation pressure. 	It is 

apparent lby comparison of the flow pattern shown in fig. 6 

with those for turbulent separations over steps,that the 

pressure defined above approximates to the onset pressure 

and it ,•gill henceforth be referred to as such. 	The true 

value of onset pressure will be greater than that given 

by the intersection of the two pressure curves, as the 

wall pressure cannot undergo a discontinuous rise, but 

will rise gradually as shown by the dashed curve in fig. 6. 

It has not been possible to measure the true onset 

pressure as the experiments have been carried out on small 

nozzles where the pressure rise at separation takes place 

over very small distances. 	As a result, it has been 

physically impossible to obtain enough pressure points 

to make a detailed plot of the first part of the 
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pressure rise at separation. 	Usually only two or three 

points have been obtained on the first part of the 

pressure distribution, PQ in fig. 6. 
Separation of the flow in conical nozzles discharging 

to atmosphere has been investigated by a number of workers. 

Using axisymmetric conical nozzles of 5°  to 30°  divergence 

half angle, Fraser34  found that separation took place when 

the exit pressure of the jet was about half that of 

atmospheric. 	This value was apparently independent of 

divergence half angle. 

Summerfield,Foster and Swan32  and Foster and Cowles33, 

using axisymmetric conical nozzles of 100  to 20° divergence 

half angle, concluded that the flow was one dimensional 

and isotropic upto separation. 	The onset pressure ratio 

212 varied between 0.27 and 0.41 and appeared to be 
pa 
independent of reservoir pressure, divergence half angle, 

and specific heat of the gas used. 

McKenny
31 

studying the flow of nitrogen through a 

straight sided two dimensional nozzle of 15°  half angle, 

found that the onset pressure ratio varied between 0.38 

and 0.41. 	The separation position was assumed to coincide 

with the intersection of the separation shock produced 

and the nozzle wall. 	This position was obtained from 
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shadow photographs, and was on average about 0.2 units 

of area ratio downstream of the initial pressure rise. 

The values obtained for pa in this way were all 
po 

approximately equal to 1.9. 	As separation took place 

between area ratios of -- and 5.6 1the Mach numbers at 

separation were approximately equal to 3. For separations 

over steps
8 11 

.., 2 for M = 3. 	McKenny's value 
po 

appears therefore to be a little low. 	If flow photo- 

graphs8 for turbulent separations over steps in the 

neighbourhood of M = 3 are studied, the separation position 

measured by means of oil films, occurs either at or 

slightly downstream of the intersection of the separation 

shock produced and the wall. 	If separation occurs 

downstream of the intersection; it would account for 

McKennys low result. 

Using axisymmetric conical nozzles of 5° to 33° 

divergence half angle, Scheller and Bierlein35, found that 

the onset pressure ratio n2 varied between G.20 and 0.82 
a 

for different angles of divergence and reservoir pressures. 

In an attempt to define the onset pressure more 

accurately, Green36  tried to correlate the results of a 

number of workers for axisymmetric nozzles of 150 



divergence half ancae. He found no fundamental basis 

for the correlation and the results of nozzles other than 

15°  are still at variance. 

Summarising the work of the Californian Institute of 

Technology, Summerfield37  states that the onset pressure 

is 0.4 of the ambient pressure with3ut the effect of the 

latter being investigated. 	Su1ton38  made a similar 

assumption. 

Wilkie28  investigated three types of nozzle, axisym-

metric curved, two dimensional curved and axisymmetric 

conical nozzles 10° to 20°  divergence half angle. For 

axisymmetric conical nozzles discharging to atmosphere)  

the onset pressure ratio 29 was between 0.33 and 0.43. 
pa 

Mean values of Lo obtained for each nozzle were between 
Pp 

0.37 and 0.40, however the definition of the peak 

pressure pp is not precise. 	In the curved nozzles the 

onset pressure was not proportional to the ambient pressure. 



By attaching extensions to the nozzles and making the 

separated flow reattach, a reversed flow region was formed, 

and Wilkie measured a pressure in this region and assumed 

that the results obtained were the same as those for a 

jet, separating into an atmosphere of the same pressure. 

Wilkie states that his results show that the onset pressure 

is determined only by the ambient pressure. However the 

onset pressure results tabulated for axisymmetric conical 

nozzles discharging to atmosphere show a distinct trend 

to increase as the reservoir pressure decreases, in- 

dicating that RI increases as the Mach number at 
po 

separation increases. 	The same trend is apparent from 

the results of Ashwood et a139  and McKenny31. 

Arens and Spiegler4o studying separation in two 

dimensional and conical nozzles of 7° to 22° divergence 

half angle found that the pressure ratio Ea was equal 
pa 

to the peak pressure ratio 22.  obtained by Chapman for 
po 

turbulent separations over steps, and showed a similar 

dependence on free stream Mach number. 

Tucker41 investigating the flow of air at low 

pressure and high Mach number in a nozzle with an 

adjustable divergence half angle found that the flow 
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separated without E.. characteristic rise in the pressure 

distribution. 	Schlieren photographs of the flow show 

that separation took place in the absence of a shock wave, 

and continued to expand after separation. 	By 

roughening the nozzle walls at the throat the Mach 

number at separation was increased from 3.9 to 5.7. 	On 

the other hand roughening the surface of a nozzle dis-

charging to atmosphere has been found to have no effect 

on separation
42. 	It appears therefore that there is a 

fundamenta difference between the separation process in 

nozzles at high speeds and low pressure, and those dis- 

charging to normal atmosphere. 	The effect observed by 

Tucker is similar to that observed by Green and NaIl43 

in a nozzle discharging to atmosphere. 	They found that, 

by cooling the nozzle wall by injection of nitrogen,the 

pressure rise at separation could be reduced considerably. 



SECTION 4. Theory of Shock Wave Boundary Layer  
Interaction with flow Separation. 

It can be seen from the review presented in the 

previous section that flow separation in over-expanded 

nozzles takes place predominantly in regions where the 

boundary layer is turbulent. As the theory of shock 

wave boundary layer interaction with flow separation has 

been presented to enable a comparison of experimental 

results and those predicted by theory to be made, 

theories dealing with turbulent boundary layer se-

paration only are considered. 

Although a considerable amount of work has been carried 

out on shock wave boundary layer interaction in the experi-

mental field, little progress has been made in determining 

the precise flow pattern in the region of interaction. 

Detailed analysis has been attempted10 11 on a limited 

scale. 	The results show that the flow pattern in a 

region of shock wave boundary layer interaction is 

extremely complicated, and that the usual sirplifying 

assumptions of boundary layer theory, negligible pressure 

and velocity gradients normal to the wall, are not valid. 

Because of the large pressure gradients and the 

small scale of the phenomenon, a detailed analysis of 



'f5 

the flow pattern would involve almost insurmountable 

experimental difficulties. 	Therefore theoretical 

treatments have been carried out by postulating a model 

of the interaction, making simplifying assumptions and 

then testing the results against experiment. 

One modell4  which was used had. the boundary layer 

divided into two parts; an outer layer in which viscous 

effects are neglected and compressibility effects are 

taken into account, and an inner low speed layer in 

which compressibility is neglected and viscous forces are 

taken into consideration. 	The solution is obtained by 

studying the growth of the inner viscous layer, using the 

boundary conditions determined by the flow conditions at 

the inner edge of the outer inviscid layer. 	The results 

for pressure distribution in the region of interaction 

are only in good agreement with experiment upto the 

separation position; further downstream the theory and 

experiment are at variance. 	It appears therefore, at 

first sight, that the theory gives the correct result 

for upstream influence. However the experimental results 

obtained at the N.P.L10  with which the theory was com-

pared, appear to depend on the agency causing separation, 

also they do not agree with those obtained at Princeton  16 
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under apparently similar conditions. 

Although the theory discussed above attempts a semi 

detailed analysis of the flow pattern and gives a result 

for the pressure distribution throughout the region of 

interaction, it is of limitad use from an engineering 

standpoint as it does not predict -then separation will 

take place or the extent of the ultimate pressure rise. 

Greater success has been achieved by assuming that 

the pressure rise at separation is discontinuous. When 

turbulent boundary layer interaction takes place the 

pressure rises very rapidly over a srLall distance, there-

fore a justifiable simplifing assumption is that the 

pressure rise takes place at a shock wave in the main- 

stream. 	The regions of the mainstream adjacent to the 

boundary layer can then be assumed to be compressed at 

the point where the shock wave emerges from the layer. 

By applying the laws of conservation of momentum and 

energy across the discontinuity, results for the 

ultimate pressure rise can be determined, which are in 

good agreement with experiment. A theory of this type 

will be discussed below. 
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4.1. 	Theoretical Analysis of Turbulent Boundary 
Layer Separation by Crocco and Probstein"'. 

In this treatment the boundary layer flow is defined 

in terms of mean parameters chosen so that the relation-

ship between them can be obtained from the transformation 

of the equivalent incompressible boundary layer solution. 

The flow in the boundary layer is then treated as if it 

were one dimensional, and the variation in the velocity 

distribution in the region of interaction taken into 

account by means of the relationship between the mean 

parameters. 	The pressure is assumed to rise discon-

tinuously at a shock wave which extends to the top edge 

of the boundary layer. 

The following assumptions are made -3:_ 

(1) The static pressure is constant across the 

boundary layer and equal to the local static pressure pex. 

(11) Heat transfer between the fluid and solid 

surface is zero, and that the stagnation enthalpy is 

constant across the boundary layer and equal to that at 

y = S (where 2 is the boundary layer thickness) in the 

external flow. 

The mass flux of the flow in the boundary layer is 

given by 	nn 	ekk 	 (1) 



and the momentum flux by 

I 1 
 -3 2  
fu chi 

-0 
The mean flow velocity in the boundary layer is 

defined by:- 
_ 
u = I/ni 	(3) 

and a mean density and temperature by the mass flow 

relationship (4) m :-.... -P 1 a Z r-- lortS 
d'Cr 

By defining a reduced mass flow rate m = mao 

equation 4 becomes qi Zoe 	 (5) 
-.7kT 

 

where ao is the stagnation speed of sound. 

If 6 	and 6 + are the displacement and 

momentum thicknesses of the boundary layer respectively 
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(2) 

at y = 	then 
S

u  = 	- 

	

, 	ci  

S 	
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e.,2: 414 

o ( 6 ) 
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S 	.ac9 (7) 
o fax kk  ex 

and 

where subscript ex refers to quantities at the 

mainstream edge of the boundary layer. 

If K = I 	then by utilizing equations 1,2,6 & 7 
mu ex 

it can be shown that 	.K =  -E- 	(8) 
tie,* 	 E 



K 2  
a 

0 +1. 
Mex.  or 

To = 

and also that 

= 	(  
T- 	Tex 6 (E-54—S.+57) 

by using equations 1, 4, 6 & 8, 

where To refers to the stagnation temperature of 

the mainstream flow. 

Eowever Stewartson45  has shown for laminar layers, 

with Prandtl number equal to unity, viscosityp 

proportional to temperature T and zero heat transfer, 

that any compressible boundary layer flow with prescribed 

variation of the external flow velocity can be reduced to 

an equivalent incompressible boundary layer flow with a 

transformed external velocity distribution. That is2  

from a given incompressible flow a family of compressible 

flows can be generated whose zolutions are related in 

a simple way to the incompressible solution. 

Crocco used this transformation to express equations 

8 and 9 in terms of the equivalent incompressible 

boundary layer quantities i.e.:- 

'1-9. 

(9) 

(10) 

± 2 
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where 	=  (gi - 	)  
tit:112  

	

and 
	

r--  u 
ao 

Crocco13 observed that for every incompressible 

boundary layer flow there is a relationship between f 

and K5  and also for certain low speed laminar boundary 

layers, that a single f K curve could be used to 

represent the boundary layer flow through regions of 

acceleration and retardation. The one parameter des-

cription can then be extended by means of the Stewardson 

transformation to the corresponding compressible flows. 

	

By defining 	a value for 	and using the conventionally 

defined values of oi and tb, , Crocco obtained a 

K relationship, from inccaipressible laminar boundary 

layer solutions for accelerated and retarded flow. The 

f K curve obtained showed that K decreased and f 

Lncreased steadily as the boundary layer was retarded 

until at separation K remained constant as f increased. 

Hence Crocco reduced the boundary layer equations to a 

simple form involving mean temperature and velocity and 

found a simple relationship between the mean parameters 

which held for the pressure distribution in the region 

of interaction. 
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While in the case of laminar boundary layers Crocco 

found it possible to describe the flow involving 

separating and reattaching regions as a particular curve 

in the f K plane from theoretical considerations. He 

found that nothing of the kind could be done in the 

turbulent case, as the effect of compressibility on 

turbulent boundary layers is not known. But by making 

the assumption that every turbulent dissipative flow 

involving separated and separating regions can be des-

cribed as a particular curve in the f= K plane, a curve 

was obtained from the very limited low speed data available. 

The curve started from K = 1.0 f = 1.0, passed through 

the zero pressure gradient flat plate point, K = 0.89, 

1 = 1.022 and rose steadily to the separation value of 
K = 0.72 f = 1.295 after which it continued as the line 

K = 0.72. This curve was then used to compute the peak 

pressure rise for a separating turbulent boundary layer. 

The model adopted is shown in Fig. 10. 	The main-

stream is deflected sharply at the point at which the 

shock wave emerges from the boundary layer. The boundary 

layer is considered at stations 1 and 2 which are at 

positions such that the pressure across the boundary layer 

can be assumed constant. 	Separation is assumed to take 
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place between the two stations. The model is inde-

pendent of the agency causing separation provided the 

peak pressure is reached before other effects interfere 

with the separation process. 

It can be shown from equations 5 10 and 11 that 

frg Ar2„4 

SiK 

The further assumption is made that the interaction 

takes place over a sufficiently small distance, so that 

the effects of skin friction, pressure gradient and mixing 

between the boundary layer and mainstream can be neglected. 

Since the pressure rises to the peak pressure over 3 5 
boundary layer thicknesses the assumption is justified. 

	

It follows that 	ml = m2 	(13) 

for the boundary layer between stations 1 and 2. 

Taking a momentum balance 

	

tn~ M4 — "11112 	6t (1'2 i>4 ) 

and from the Hugioniot relationships across a shock wave 

(12) 

6+1 
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and 	M = of, 	 (17) 
— 	ttli+zxl  

If it is assumed that all quantities at station 1 
+ 

are known, then there are seven unknowns Text, Mex2, 

p2, i2, K2, f2 and /;2, and only six equations 12, 13, 

14, 15, 16 and the graphical f K path. But when 

separation takes place K2 = Ksep = constant and the pro-

blem is reduced to six unknowns and five equations 

apparently leaving the boundary layer thickness ratio as 

a parameter of the problem. However by using equation 12 

in the form rTi t  0-1 1'16+ t and making 

    

the appropriate alegebraic combinations of equations 12, 

13, 14, 15, 16 and 17 it can be shown that 

    

I)}2  KI  
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which can be solved as a quadratic in Mi 

If equation 12 had been used in the form 

/ = 	
e-4e-„ 
	2 
J.2/1(2,  XI  

an analogous expression to equation 18 would be obtained 

i:wolving the ratio 	s 	and 42. Hence by moving the 
52_ 

assumption that K2 is constant in equation 18 implies that 

for separated flow the variation in 52  is equal and opposite 

to that of 

Crocco knd from the limited data available that the 

original estimate of Ksep = 0.72 was 4-.00 low when comparing 

experimental and theoretical results. However by 

choosing another value Ksep = 0.76 and using the flat plate 

point fl  = 1.022 K1  = 0.89)good agreement with 

experimental results was obtained. The peak pressure 

values titillated below ere therefore based on Ksep = 0.76. 

TABLE I. 

Change in the pressure rise across 
a separating turbulent boundary 
layer with Mach number, calculated 
from Crocco's theory. 

P2 
141 P1 

1.7 1.422 
1.8 1.587 
2.0 1.911 
2.2 2.242 
2.4 2.583 
2.6 2.952 
2.8 3.324 
3.0 3.795 
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SECTION 5 The calculation of the flow properties  

in the nozzle. 

The calculation is conveniently divided into two parts; 

calculation of the flow pattern in the divergence and in the 

throat region. 

5.1. Calculation of the flow pattern in the nozzle by 

the method of characteristics 

These calculations relate specifically to the nozzle 

described in section 7.2, which is a two dimensional nozzle 

with a designed convergence radius of one inch, tangential 

to a straight divergence of 10°  half angle. 

During preliminary experiments with this nozzle inter-

ferograms of the type shown in fig 11 were obtained. Each 

fringe ir the wetted flow region corresponds to a line of 

constant Mach number. It can be seen that the flow is two 

dimensional as the Mach profiles are curved. 	The 

measured wall pressure ratios corresponding to the flew 

in fig 11 were higher than values calculated from one 

dimensional isotropic flow theory (see fig 12). 	Other 

workers28,359 42  have found the same effect. 	It has been 

6 Chap 8 shown 	that the wall pressure ratio obtained when 
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friction and drag are taken into consideration is greater 

than the corresponding isentropic value. 	Therefore the 

divergence between the one dimensional and the measured 

wall pressures can be attributed to friction and two 

dimensional effects. 

As it was not possible to estimate the error in the 

pressure ratio)determined on the assumption of one 

dimensional flowby qualitative mean: the flow pattern in 

the nozzle had to be calculated. 	This was done by using 

the method of characteristics (see appendix 2). 

5.1.1. Boundary conditions for the characteristic net. 

It was decided for simplicity to assume that at the 

throat plane, the fluid in the nozzle was moving uniformly 

at Mach number 19  that is a straight sonic profile was 

assumed. 	The more exact Mach number 1 profile obtained 

by solving the two dimensional flow equation in the limited 

throat region (see part 2 of this section) has been used 

by Erdmann47  and Harrop48'49' as the boundary condition for 

a characteristic net. 	The resulting net while more exact 

is considerably more complicated than that obtained by 

using a straight sonic profile. 	However the extra 

complication was not warranted here, since the flow in the 
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Aozzle was not isentropic. 	The solution therefore which 

is based on the assumption of isentropic flow was only 

required for qualitative comparison with the experimental 

flow pattern. 

The dimensions of the actual nozzle were measured and 

u3ed in the construction of the characteristic net. The 

method of measurement and the dimensions are presented in 

appendix 1. 

The characteristic net was constructed by assuming 

that the flow in the nozzle was symmetrical. Therefore 

the theoretical flow pattern was obtained by considering 

the flow between the axis of the nozzle and the bottom wall 

only. For the purpose of calculation the curved region of 

the nozzle wall downstream of the throat was assumed to be 

made up of a number of incremental deflections of 0.5°. 

The coordinates of the deflection points were calculated 

by assuming that the actual wall was circular. 

The equation to the wall at the throat was assumed to 

to (x-a)2+(y-b)2  = R2, where a is the distance from the 

throat plane to the exit plane of the nozzle, b the distance 

from the origin to the line y = o, and R the profile radius. 

The agreement between the calculated and measured points 

was satisfactory (see table 2) 



TABLE 2, 

Comparison of the measured coordinates, x and v 
with those calculated for the bottom wall of  
the throat. 

X CMS 	3.7 3.8 3.9 4.0 4.1 4.2 4.3 4.4 4.5 4.6 

y calc 	4.112 4.129 4.142 4.150 4.154 4.153 4.148 4.138 4.124 4.106 

y mean 	4.112 
measured 

4.129 4.142 4.150 4.155 4.155 4.149 4.138 4.125 4.107 

TABLE 3. 

Coordinates of the deflection points used in the 
construction of the characteristic net. 

Deflection°  x ems y cms Deflection point No. 

o 4.134 4.154 0 
0.5 4.114 4.154 1 
1.0 4.094 4.153 2 
1.5 4.074 4.153 3 
2.0 4.054 4.153 4 
2.5 4.034 4.152 5 
3.0 4.014 4.15o 6 
335 
.g 

3.994 4.149 7  
. 3.974 4.148 8 
4.5 3.954 4.147 9 
5.0 3.934 4.145 10 
5.5 3.915 4.1Y1 11 
6.o 3.895 4.142 12 
6.5 3.875 4.139 13 
7.5 3.835 4.134 15 
8.o 3.815 4.132 16 
8.5 3.796 4.129 17 
9.5 3.756 4.122 19 
10.0 3.736 4.119 20 
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when 	R = 2.29cms. 

b = 1.864cms. 

a = 4.134cms. 

The coordinates of the deflection points calculated 

from the equation given above are tabulated in table 3. 

5.1.2. 	Graphical Construction of the Characteristic net. 

The outline of the bottom wall of the nozzle was drawn 

twenty times full size using the measured coordinates 

presented in appendix 12  except in the throat region where 

the deflection points were used. 

The net was constructed (fig. 13) using th3 method of 

points described in appendix 2. 	The angle of each 

individual characteristic line to the datum was found by 

using the scheme presented in fig. lla appendix 2. 	The 

calculation of the first few points represented in fig 14 

is presented in detail in table 4. 	The mach angles 

corresponding to the mean Pressure numbers were obtained 

from reference 50. 

5.1.3. 	The Mach number profiles: 

The Mach number profiles are shown in fig 13 in 





1 Bot wall exp,of 0.5c)fainitial 499.5 500 	999.5 _0.5 -999.25 -169.58 
A 

_0.25 A = 
conditions 

21 Top wall exp. of 0 . 5°fm 1. 499.5 499.5999.0 0 

2 Bot wall exp.of 0 . 50fm. 1. 499.0 500 	999.0 -1.01 998.75 ;5.90 -0.25 B = 
A 

22 Top wall exp. of 0 .5°fm. 2. 499.0 499.5998.5 -0.51  998.75 65.90 _0.75 C = 
A 

3 Bot wall exp.of O. 5°fm _ 2. 498.5 500 	998.5 -1.5) 998.25 
1 

63.16 -0.75 D 

23 Top wall exp. of 0 . 5°fm. 3 498.5 499.5998.0 ...1.01. 998.25 6.16 -1.25 E = 

+69.33 

= 

66.15 

65.15 
63.91 

61.91 

TABLE 4. 

Method of calculating initial points in characteristic net, 
fig 14 for angles A.B.C.etc. 

Point Method A 	B D Mean P 
P Mean 

Mean Angle to 
D datum 

see 
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Fisj . J4. Representation. of angles used, to table 4. 



TABLE 

Mach numbers and pressure ratios corresponding  to  the 
deflection  angles  in  Fig 13 from reference 52)  

Deflection Mach number P/po angle 	M 
ID 
0 

Deflection Mach number P/Po 
angle 

0 1.000 0.5283 22.0 1.844 0.1626 
1.0 1.082 0.4790 23.0 1.879 0.1541 
2.0 1.133 0.4496 24.0 1.915 0.1459 
3.0 1.177 0.4249 25.0 1.950 0.1381 
4.0 1.218 0.4029 26.0 1.986 0.1306 
5.0 1.257 0,3827 27.0 2.023 0.1234 
6.0 1.294 0.3640 28.0 2.059 0.1165 
7.o 1.330 0.3464 29.0 2.096 0.1100 
8.o 1.366 0.3298 30.0 2.134 0.1037 
9.0 1400 0.3140 31.0 2.172 0.0977 
10.0 1.435 0.2991 32.0 2.210 0.0920 
11.0 1,469 0.2848 33.0 2.249 00866 
12.0 1.503 0.2711 34.0 2.289 0.0814 
13.0 1.537 0.2581 35.0 2.329 0.0765 
14.0 1.571 0.2456 36.0 2.369 0.0718 
15.0 1.605 0.2336 37.0 2.411 0.0673 
16.0 1.63? 0.2222 38.0 2.452 0.0630 
17.0 1.673 0.2112 39.0 2.495 0.0590 
18.0 1.707 0.2006 40.0 2.538 0,0552 
19.0 1.741 0.1905 41.0 2.582 0.0516 
20.0 1.775 0.1808 42.0 2.626 0.0481 
21.0 1.810 0.1715 
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increments of 10  turning angle, the corresponding Mach 

numbers and pressure ratios are tabulated in table 5. 

The pressure ratios obtained from the intersection of 

the Mach number profiles with the bottom wall of the nozzle 

ar4; tabulated in table 6 together with the values, 

calculated from the measured area ratios (see appendix 1) 

using the one dimensional isentropic theory, and measured 

during the test in which the interfelogram in fig 11 was 

taken. 

It can be seen from fig 12, that the wall pressure 

ratios calculated by the method of characteristics are in 

better agreement with the experimental results than those 

obtained from one dimensional theory. Comparison of the 

theoretical and experimental flow fields will be carried 

out in more detail in section 10. 



TABLE 6 

Comparison  of the theoretical and measured pressure 
ratios in the nozzle. 

Dist from Exit P/P0 from 	P/Po from 	P/Po from test 
plane cm. 	characteristic Measurement shown in fig 11 

solution fig 	of A 
13 	It 

Appendix 1 

1.1 	0.0505 
1.2 0.0528 0.0499 
1.3 0.0547 
1.4 0.0568 
1.5 0.0589 
1.6 0.0605 0.0589 
1.7 0.0633 
1.8 0.0659 0.0687 
1.9 0.0683 0.0711 
2.0 0.0713 0.0713 0.0738 
2.1 0.0746 0.0765 
2.2 0.0780 0.0800 
2.3 0.0820 0.0835 
2,4 0,0865 0.0878 
2.5 0.0920 0.0929 
2.6 0.0990 0.0990 
2.7 0.1073 0.1065 
2.8 0.1168 0.1151 0.1150 
2.9 0.1275 0.1255 
3.0 0.1397 0.1342 0.1375 
3.1 0.1532 0.1506 
3.2 0.1687 0.1581 0.1655 
3.3 0.1838 0.1825 
3.4 0.2005 0.1928 0.2002 
3.5 0.2183 0.2218 
3,6 0.2390 0.2434 
3.7 0.2685 
3.8 0.3145 0.3232 

0.3685 0.3746 
9  .0 0.4230 0.4287 
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5.2. Calculation of the Sonic Profile at the mhroat. 

When a nozzle is designed by the method of characteristics 

it is customary to use either a straight sonic profile28 51  

or one obtained".49.52 by a series solution of the two 

dimensional flow equation as the boundary condition at the 

throat. As the actual sonic profile at the throat can be 

obtained from the interferograms of the flow, the 

theoretical profile was calculated from the two dimensional 

flow equation to ascertain whether it was a better 

approximation to the actual conditions than a straight 

sonic profile. 

Consider the nozzle throat shown in fig 15. 	Let the 

coordinates of the centre be 0.0, then the profile is 

symmetrical about the axes x 	y. The fluid flowing in 

the convergent section will accelerate upto the throat and 

if sonic velocity is not reached will decelerate on 

entering the divergent section and the pressure will rise. 

The flow will then be symmetrical about both axes. But 

as soon as sonic velocity is reached in the throat, the 

fluid can either decelerate or accelerate on moving down-

stream depending on whether the exit pressure is greater 

or less than the pressure in the throat. If the latter 
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condition pertains the flow will become supersonic and be 

asymmetrical about the y axis. 

Taylor53  used the properties of nozzle flow described 

above to obtain a solution to the potential flow equation 

in the throat region. He described the velocity potential 

in terms of a polynomial in x and y and determined the 

unknown coefficients by applying the equation of motion 

and the boundary conditions. 

For asymmetrical flow about the y axis the expression 

for u or 40 must contain all pcwers of x and only even 
Si 

powers of y. 	The further condition that v or )1.4)  contains 

odd powers of y must also be fulfilled as the flow is 

symmetrical about the x axis. The general form of the 

solution satisfying the above requirements is given by:-. 
0 = alx+a2x4a3x3+a4x4i-c2y4c3xy2+c4x2y2+1574 	(1) 

For potential irrotational flow in two dimensions it can 
be shown that:- 

—6)0xx.+(i—  t.,t19saz  — (2.) 

But 

and equation 2 becomes 

0xx 	chTi 921  (0x ofsi+2.+ chazri) 
2a \  
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By integration of Eulers equation 
f
q 

a  
+ v)-  = 0 

for isentropic flow where .
11)jr/ 	

p

i)t) 	
the subscript 

t refering to the throat conditions, it can be shown that:- 

1' 	-±(-1)(r14-2- i 
Tt t ce- 

Therefore equation 3 can be written 

tay,e x 
/ , 

expanding 
P.  

for -t <x s 

g 2  0 
By substitution of 0 (eqn. 1) in the equation of 

motion (eqn 5) and in the boundary condition (eqn 6), two 

identities are obtained in x and y. Eight equations can 

then be obtained in the unknown coefficients by equating 

the coefficients of x and y upto the second power. This 

has been done in appendix 3 and equations for M+  obtained 

for a value of h = 0.1111t where h is the half width of the 
R 

throat. The value of h chosen corresponded to the actual 
R 

nozzle used for the calculation of the characteristic net 

in the first part of this section. 

tot 

%WO-1 
931 56  92-! i-11-0-1X1142-7r10);- k, 	6x U9 

4-1  
} (5  ) 

The flow at the walls must be t&ngential, then with 

reference to fig 15 

neglecting terms x5 and above 
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When h = 0.1111 ie. 2h = 0.5090 ems and R = 2.29 ems. 
R 

M4-2  = 0.9650 - 0.4471 x+0.1654 z2-1.584 x3+0.1110i y2  
h 	h2 	h3 	h2 

- 0.08471 ze 

When sonic conditions are reached M
+2 

= 1 and equation 7 

can be solved for y by choosing a value of x. This has 
h 	 h 

been done and the results tabulated in Table 2."/ section 10, 

together with the variation of the Mach number le along 

the axis x = 0, 	Comparison of the experimental and 
h 

theoretical sonic profiles will be carried out in section 10. 

h. (7) 
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SECTION 6. 	The Mach Zehnder  Interferometer. 

Optical techniques possess several distinct advantages 

for the investigation of high speed gas flows. 	They are 

f,'oe from inertia lags, do not require the introduction of 

mechanical probes into the field, and record conditions 

throughout an extended flow field rather than the conditions 

at one point. 	The principal techniques are the inter-

ferometric, schlieren and shadow graphic; these all detect 

changes in refractive index associated with changes in 

speed of a compressible fluid stream. 

Consider a stream of compressible fluid confined by 

glass windows, through which a parallel beam of light 

passes, and eventually falls onto a screen. 	Then if the 

stream is supersonic or near supersonic, the density changes 

and associated changes in refractive index corresponding to 

changes in speed of the fluid will be large and can be 

easily detected. 	The changes in refractive index retard 

the light beam and deflect it. 	The retardation is 

measured by the interferometric technique, the deflection 

by the schlieren, and changes in deflection between two 

adjacent points by the shadowographic. 

In the interferometric technique, the density in the 
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test section is obtained by meacurring the change in time of 

arrival of the beam in relation to -e'tecond beam which does 

not pass through the test section. In the schlieren method 

the flow pattern is obtained by observing the deflection 

caused by density gradients normal to the light beam, and 

in th• shadowographic technique by the variation in deflection 

caused by changes in the density gradient. 

Of the three methods the interferometric technique is 

the mly one capable of yielding accurate quantitative 

results, the others are extensively used to show the 

position and type of density disturbance in the stream 

under investigation. 

The type of interferometer commonly used for the study 

of gas dynamics is the Mach Zehnder, originated in 1890 by 

Mach54  and Zehnder55  working independently. The basic 

arrF.7.gement is shown in fig 16. 	Light from a source is 

colli.mated by a lens system L1, the collimated beam is 

spli Into two beams of equal irtensity by a semi 

reflecting plate S1 (fig 16). 	The reflected beam passes 

through the test section and is recombined with the trans- 

mitted beam at the second semi reflecting plate S2. 	The 

recombined beam passes through the camera lens system and 

falls onto a screen or photographic plate at P. 	This 



61:141WANTkOril •Ac 11.11.1.2S 

-Dana 'CaMu-1z° 	tkolpas rxxixosu.,d tmoa \-• 

d 

MM. vilm ~Mt 

AorpA luras -tw 
14087-05 15,1 

AOAnW 

-oxakuto 

Aaptuo4A-a4tv? 
ADrutn TIN -Dtp~o lusu.OuVAitil liS09 2111. 91 gtj 

uxbAsc%s 

•AfIcr3s 

\1/  



73 

arrangement fulfils the necessary condition for interference, 

namely that the two interfering light beams originate at the 

same source.. 

The theory of the instrument is complex and incomplete 

in most treatments. Fairly complete surveys have been 

carri -  out by Winkler Kinder57  and Tanner58, the latter 

includes a review of the methods of setting up two beam 

interferometers. Ladenburg and Bersharder59  gave a brief 

accr,,  at of the theory adequate for a working knowledge. 

Details of the sensitivity application and evaluation of 

interferograms are also given. Weyl
6o 

Winkler61 and 

Schardin62  describe methods by which interferograms of two 

dimensional and three dimensional phenomena can be carried 

out. 

Various applications of the Mach Zehnder interferometer 

to 	study of three dimensional high speed gas flow have 

been discussed by Winkler61.63  and Ladenburg59'64'65° 

Bersh-,2der51 investigated the flow in two dimensional 

nozzles to determine whether it was feasible to apply 

interferometry to wind tunnel studies. The results 

showed that accurate density determinations could be made 

by this technique. 	In ]ater work by Bershader66 a method 

of calculating the refraction error due to density gradients 
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in the flow was given. One result of the calculation was 

that if the focal plane of the camera is D from the exit 
3 

window, where D is the breadth of the test section, then the 

error due to refraction is negligible. 

6.1. 	Description of the interferometer employed. 

The Mach Zehnder interferometer (see fig 17) used in 

this work was designed and constructed by the German firm 

of Lutz for the study of the flow through wind tunnels. 

The Y shaped base was constructed of heavy gauge steel 

tube 6" diameter. This in turn was supported on three 

springs to eliminate vibrational coupling betwe3n the nozzle 

and the instrument. 	The springs were designed for a 10" 

depression giving a calculated natural frequency for the 

whole assembly of 1 c.p.s.67. 	These springs completely 

elim ,-ated all vibration from the concrete floor on which 

the nozzle stand and interferometer were mounted. 

TI-va 6" diameter optical elements of the interferometer 

were mounted on the corners of a 60°  parallelogram in 01 12" 

diameter steel tube, matt black finished on the inside. 

The assembly containing the optical elements was mounted 

on an axis between two pillars fixed to the 'Y' shaped base, 



PostIton of Rua. VeSE 
Section (Mk on) 

Semi. rejlectov S4 

To c_ozenero.. 

Awls about 
winch Caw._ 

CA:Thrall11149 
optical prates 
can be nzbattd 

Coontey wetikt 
support • 

Corv-vdte 	turrile stayd 
Wooden poor' 

Ceencreit`loon 

-75 

Plan of the lriStYlarient 

)••••
41=0 	NMI. 411. 

- 
Device joy Centering and levelltyn 

opttioK byn.ch 

Ft9 17 The interieYometir used_ 



76 

so that it could be turned through 60° bringing the optical 

plates into the horizontal plane. 	The compensating plates 

were slightly wedge shaped, the angle being approximately j). 

The optical plates were mounted in gimbals, permitting 

rotation about an axis in the optical surface of the plate. 

Rotat: - to very fine limits could be carried out by means 

of micrometer screws acting through lever reduction gears, 

The screws were connected to a control panel by means of 

flex-Ible drives, so that very fine adjustments could be 

carried out while observing the fringes in the emergent beam. 

6.2. 	The Light Scource. 

The light from the scource should be as monochromatic 

as possible as the number of observable fringes decreases as 

the bend width increases. 	The number of observable fringes 
.1  

obtained with a source of half band width A and peak 

wavelength 	varies between * 
XP 

to 
X 

63 58 68 

depending on the amount of stray light, the photographic 

process and the acceptable minimum contrast between fringes. 

The brightness of the source should be as high as possible 

to get maximum intensity from minimum size. If the source 

is too large the light entering the interferometer will not 

be in phase and the number of observable fringes will be 
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reduced. 

Critera for -w-the angular opening of the source has 
68o, 

been given as 	7-; r 	--‘,4-‹ 10-2 69 where 	is 

the focal length of the collimating lens. 

The speed of the source must be high, to prevent any 

blurri of the fringes due to standing vibrations in the 

jet51 66 

The most satisfactory source for filling the above 

requirements has been found to be a condenser discharge6l 

65 68 69 70 71 between metal electrodes in air, a 

monochromator or filter being used to make the light 

monochromatic. 

The condenser size and voltage varies widely with 

different observers, as it is not possible to give a 

rating to a condenser in terms of light output, as the 

inten,:1.ty and duration of the spark are functions of the 

energy stored in the condenser, its inductance and the 

circuit construction. 	The light required also depends on 

the optics of the interferometer and the photographic 

technique used. 	Therefore a satisfactory light source 

was obtained by selecting the smallest condenser which 

gave a spark of sufficient luminous energy and speed when 

discharged through a low inductance circuit
71 72 

• 
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After several attempts with different condensers the 

arrangement shown in fig.18 was found to be satisfactory. 

The source consisted of two steel electrodes held in a 

Tufnol shield. 	A third electrode was placed approximately 

- in. above the earthed electrode. The four low 

induct. lce condensers, 0.1)/LLF. 	11 Kv. working, were 

packed between two circular copper plates, which caLcied 

the steel electrodes through their centres. 	The spark was 

firoc_ by discharging a spark between the third and earthed 

electrodes. 

6.3. 	The Ancillary Optical Equipment. 

The arrangement of the ancillary optical equipment is 

shown schematically in fig. 19. The light from the spark 

source was condensed onto a slit, by means of a f.2., 7 in. 

lens of good optical quality. 	Monochromatic light was 

obtained by means of a dielectric filter placed after the 

slit. The filter had a peak transmission of 18.6% at 

OA,  and a half band width of 100°A. The green light 

was collimated by a f.6.3, 19.5 in. lens. 

The light source, slit and filter, etc. were mounted 

on an optical bench fixed to the base of the interferometer 
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(see fig 17). 	The bench could be adjusted in the 

horizontal and vertical planes to align the optical axes 

of the source and interferometer. The emergent beam of 

the interferometer was condensed onto af.4.5, 14 in. 

camera lens by a plano...convex lens of good optical quality. 

6.4. 	MetJod of MailltaLning the Orientation of the  
Interferometer Relative to the Test Section. 

In a two dimensional nozzle the flow properties vary 

in the x and y directions and are 3onstant in the z 

direction. 	Therefore to obtain an interferogram from which 

changes in property along the x and y coordinates can be 

calculated, the light beam must be parallel to the z axis; 

that is perpendicular to the test section windows. 

The depression of the antivibration springs was found 

to cha.age slightly with time, altering the position of the 

interferometer so that the light beam was no longer per- 

pendicular to the test section windows. 	Therefore a method 

wus devised for checking the position of the interferometer 

before each run. 

When the interferometer had been set up, the lengths 

of the spring retaining bars (see fig. 20) were adjusted 

until there was 0.02 in.clearance with the base plates. 
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The pointer on the optical bench was centred on the 

corresponding one on the floor with 0.02 in. clearance. 

Immediately before each test the clearances were checked 

and any lateral swing detected by the non coincidence of 

the pointers. 

T counterweights shown in fig 20 were found to be 

necessary to distribute the load on the springs evenly and 

also to make adjustments possible. 

6.5. 	Density Determination and  Fringe Orientation. 

Atmosphere density prevails in the test section before 

the flow takes place. While gas is flowing through the 

nozzle a density distribution exists which is in general 

different from atmosphere. 	Therefore the optical path 

of a light ray passing across the channel will change when 

flow takes place. 	The object of the interferometry is to 

provide a means whereby the change in optical path length 

can be measured. 	Two methods have been used to do this; 

the infinite fringe and fringe shift methods. 

In the infinite fringe method the optical plates are 

parallel and the fringe width infinite, ideally one fringe 

covering the whole field of view. When flow takes place 
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fringes appear which represent lines cf constant density. 

Then if c)c is the density on one fringe and c313 that on the 

next, c = b 	 LR,where ,K is the Gladstone-Dale constant. 
"KD 

The method was only used, as in fig 11, to obtain a 

picto:Aal representation of the flow. It was not used for 

densi y determination, because it suffers from the dis-

advantage in that corrections cannot be made for optical 

defects in the interferometer plates and for refraction and 

boundary layer effects within the test section. 	In the 

fringe shift technique, the change in optical path caused 

by the flow causes a shift of the interference fringes. 

Then as the index of refraction and hence the density at any 

point in the channel depends on x and y only, the fringe 

shift s(x,y)can be easily converted to the density((x.Y\ 

by the relationship 

e(x.y) = a Az) 	A P.5996°  where c)a. is the 
KD 	atmosphere 

density. 

The fringe shift at a point in the flow field, measured 

in units of no flow fringe spacing, is independent of the 

spacing and orientation of the fringes in the no flow 

condition59' 60,65 However the fringe spacing should be 

as small as possible61 and in studies involving boundary 

layers51 73  it is convenient to orientate the fringes 



perpendicular to the axis of symmetry as it is then possible 

to follow a fringe through a boundary layer. 

6.6. 	Reference Regions. 

The methods of linking density change with fringe 

position have been discussed, but to be of any practical use 

it must be possible to measure fringe position and changes 

in it. In the relationshipry =pa + SxyXp the cal- 
KD 

culation of the density ?xy depends on a knowledge of the no 

flow density a ands xy the fringe shift. 

The atmospheric density a can be easily obtained. 

To calculate the fringe shift the fringes in the flow and no 

flow interferograms must be correspondingly numbered. 	To 

do this a region must exist in which the fringes remain in 

tne same position before and during the test; this is called 

the reference region. 	The reference regions used in this 

study were in the stagnant air at the end of the nozzle 

blocl'q (see fig 25). 

It must also be possible to follow a given fringe 

through a discontinuity like a shock wave. 	In many 

interferometric studies59 66 71 the five or six fringes 

given by a white light source have been used to follow 



85 

fringes across shock waves. 	This could not be done in 

this research as it was not possible to obtain white light 

fringes. With white light 60 fringes were obtained of very 

low contrast. 	Tanner58  has shown that any difference in the 

thickness of glass in the two beams of the interferometer 

reduce, fringe contrast and increasestheir number due to 

dispersion. 	He gives as the limit for the difference in 

glass thickness as:- 

w = 	cms where z is the number of fringes 
6200 

in the absence of dispersion. With white light the 

maximum difference in glass thickness is therefore 

approximately 4.0 x 10-3cm. 	The value for the instrument 

used was approximately 5 x 10-2cm. which exceeds the limit 

and hence white light fringes could not be obtained. 

6.7. 	The Method of Increasing the Density Range Covered 
by the Available Fringes. 

If the maximum positive and negative fringe shifts 

produced by the flow in the nozzle are -N and + MI  the 

number of fringes required is N M, and when there are No 

fringes in the no flow field the number of fringes required 

will in general be increased by No. 	In a high speed wind 

tunnel of breadth D and stagnation density 
1
o, the range of 
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densitic,s encountered in the flow will usually be a large 

fraction of co. 	The corresponding fringe shift Kr IV AID 

together with the No fringes in the no flow field represents 

the approximate minimum number of fringes recrtired. 

Using the interferometric system already described 70 

distin_t fringes could be obtained. Therefore the maximum 

pressure that could be used was approximately 50 p.s.i.g. 

As this pressure is considerably below the pressures used 

in this work a method of utilizing the available fringes 

more effectively was developed. 

By using the compensating plates to set up the fringes 

as described in appendix 5 fringe shifts upto 90 could be 

obtained by making the fringe sequence reverse. In fig 21 

the usual type of flow and no flow interograms obtained using 

the fringe shift technique are shown;  with corresponding 

fringes numbered. 	In fig 22 the range of fringe shifts 

has been increased by causing the fringe sequence to reverse 

in the flow interferogram, increasing the range of density 

measured. 
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SECTION 7. DESCRIPTION OF APPARATUS. 

The interferometer and its associated o)tical equipment 

were described in the last section. 	The no2zle with its 

associated equipment and the method by which it was mounted 

will now be described. 

7.1. 	The Compressed  Air System. 

The air supply system is shown schematically in fig 23. 

The oil and water were removed from the air obtained from the 

compressor B in four separators CDEF, at a pres3ure of 130 atm, 

maintained by the needle valve G. The dried 	passed into 

the storage bottles HH having a total capacity of 135cu.ft. 

at a maximum pressure of 120 atm. 

The water content of the stored air, approximately 

1.4 x 10-41b water/lb of dry air was below the maximum75  

that could be tolerated if condensation shocks were to be 

avoided in the nozzle. 

The air in the storage bottles passed by way of stop 

valve I and 100 ft of 11 in. bore pipe to a quick opening 

valve J.76 The pressure immediately upstream of the nozzle 

was maintained by two diaphram reducing valves L and K. 

When the stagnation pressure in the nozzle was small 
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compared with the storage pressure, and only one reducing 

valve used, it was found that the valve seat chattered causing 

the downstream pressure to fluctuate rapidly. The problem 

was overcome by reducing the pressure drop across the valve 

by incorporating a second valve. 

Tht. second valve was connected to the settling chamber 

M2 where the pressure and temperature of the air were 

measured immediately before it expanded in the nozzle. 

7.2. 	Design of the Nozzle. 

A nozzle was required in which the Mach number at 

separation could be varied by changing the stagnation 

pressure. 	It was also important that the flow should be 

as close to one dimensional flow as possible, as then the 

assumption of constant pressure across the boundary layer 

could be made, and hence pressure gradients other than those 

in the stream direction would have no effect on the 

separation process. 

It has been shown theoretically by Taylor53  and Sauer52, 

and practically by Fraser and Rowe76 that the flow in the 

throat of a nozzle approaches one dimensional flow as the 

ratio of convergent section radius to throat width 
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approaches infinity. Hence for uniform flow at the entry 

to the divergent section, the convergent section radius 

should be as large as possible. However the extent to 

which the radius could be increased was limited by the 

length of the nozzle that could be accommodated in the 

holder available. 

Uniform flow can only be achieved in a divergent section 

of zero half angle, but as the flow in such a nozzle becomes 

choked,the divergence angle should be as small as possible 

consistent with achieving a reasonable degree of acceleration. 

Since the constricting effect of the boundary layer in the 

throat of the nozzle increases as the throat width is 

decreased, the width should be as large as possible. 	As 

the width is increased, however, the flow rate through the 

nozzle increases and therefore a limitation is imposed by 

the air supply system. 

It is apparent from section 6.5. that the sensitivity 

of the interferometric method increased as the breadth of 

the nozzle increased, and so for high sensitivity it should 

be as large as possible. However the breadth was limited 

by the number of fringes available, because the density 

range covered by a given number of fringes decreases as the 

breadth is increased. 
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The nozzle shown in fig 24, chosen as the reasonable 

balance between the conflicting requirements, was one of 10°  

divergence half angle, one inch convergence radius, a throat 

width of 0.2" and a breadth of one inch. 

To obtain symmetrical flow about the axial plane of a 

small 	dimensional nozzle the machining tolerances 

required are too small to be obtainable practically, there-

fore all the static pressure holes were placed on one wall 

of the divergence, and separation on this wall only studied. 

In a small nozzle the pressure gardients in the stream 

direction are large; for example in a two dimensional nozzle 

of 0.2" throat width and a divergence half angle of 15°, the 

variation in pressure across a hole of 0.018" dia, (as used 

by Wilkie28) amounts to ; 2.6% of the static pressure ratio 

at the axis of the hole. 	To reduce this error holes of 

0.005 in diameter were used, these being the smallest that 

could be conveniently accommodated consistent with a 

reasonable response time, 	Twentyone pressure holes were 

used, their position and manner of construction are shown in 

fig 21±. 

The nozzle holder which has been described previously77 

was modified slightly so that two reference regions (see 

section 6.6.) could be accommodated. 	The nozzle holder 
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with the nozzle blocks mounted is shown in fig 25. 

The dimensions of the nozzle and the positions of the 

pressure holes were obtained by the method given in appendix 1. 

Air leaks between the glass windows and the sides of the 

nozzle were eliminated by paper gaskets impregnated with soft 

rubber, cut so that there were no projections into the flow 

field. 

7.2.1_ 	Boundary Layer Trips. 

Th.e cause of the assymmetric separation pattern at low 

stagnation pressures observed in this work (see sectioa 9.2.2.) 

and by Wilkie28  was attributed to transition taking place in 

the boundary layer at the point of separation, as the results 

were similar to those of Chapman et a18. 	If the supposition 

were correct, the assymmetric separation would be 

eliminated by promoting a turbulent boundary layer 

artificially. 	Therefore wires were stuck onto the convergent 

section walls upstream of the throat (see fig 24). 

The Reynolds number based on the wire diameter, 0.0165 in, 

and free stream flow conditions was 1.9 x 105, which was 

greater than the critical value29  required to promote 

turbulence. 
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7.3. 	Mounting the Nozzle. 

The nozzle was connected to the settling chamber by a 

short length of steel lk in. bore tubing. 	The whole rigid 

assembly was mounted on a stand so that the nozzle was in 

the beam of the interferometer. The position of the nozzle 

assembly on the stand was adjustable in the horizontal and 

vertical planes. 

The stand consisted of one inch bore pipe, cross braced 

and fixed to concrete pads on the main floor of the buildings2  

ensuring a rigid structure. 

The air from the nozzle was discharged to atmosphere 

down a 6 in diameter pipe. 

7.1+. Measurement of Stagnation Pressure. 

   

The pressure of the air in the settling chamber fig 26 

was measured by a Bourdon test gauge. The pressure gauge 

was mounted so that the spark source illuminated it, 

enabling photographic recording of the reading. 

Frequent calibration of the gauges were carried out by a 

dead weight tester. 

As the velocity of the air in the settling chamber was 

small ( 	14 ft/sec) the difference between the static and 
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stagnation pressures was negligible, and therefore the 

gauge reading was taken as the stagnation pressure of the 

air in the settling chamber. 

7.5. 	Measurement of the Stagnation Temperature. 

The stagnation temperature was measured in the settling 

chamber by a Stantel F.22 thermistor. The resistance 

element, 0.02 in dia, was incorporated in the sealed tip of 

a glass tube mounted on the axis of the settling chamber. 

The detail of the mounting is shown in fig 27. To avoid 

the necessity of making a radiation correction to the 

indicated temperature, the inside of the settling chamber 

was lined with aluminium foil insulated from the main casing 

The resistance of the thermistor was measured with a Wheat-

stone bridge and by using a mirror galvanometer it was 

possible to detect changes in temperature corresponding 

to 0.01%. 

Calibration was carried out in a small air bath 

immersed In a water bath at different constant temperature 

levels, which were recorded by means of a standard mercury 

thermometer. As the measurement of resistance necessitates 

passing a current through the thermistor, electrical power 

is dissipated in the bead, heating it. 	The degree of 
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heating depends on the rate of heat loss from the 

resistance element. 

As the thermistor was calibrated in stagnant air and 

subsequently used to measure the temperature of a moving 

air stream, where the rate of heat dissipation from the 

resistance element was different, the effect of internal 

heating on the indicated reading was determined. The 

calibration curves presented in fig 28 were obtained by 

maintaining two different potentials across the resistance 

element, such that the power dissipated at 3000 ohms for 

curves I and II were 1.69 and 0.19 milliwatts respectively. 

The curve for zero power dissipation in the bead obtained 

by linear extrapolation is also given. 

In all temperature measurements in the settling chamber, 

the bridge circuit used was identical to that used to obtain 

curve II. All the results were extrapolated to zero power, 

as it was assumed that the moving air stream effectively 

removed the small quantity of heat generated. 

The effect of pressure on the thermistor was determined 

by calibrating at two different pressures 0 and 300 ps.ig. 

no detectable change of indicated temperature was observed. 
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7.6. 	Measurement of Static wall pressure in the Nozzle. 

The pressures were measured on a bank of 22 mercury 

manometers connected to the pressure tappings by means of 

l.mm. bore tubing via a stop valve. The valve consisted 

of a roller pivoted off centre and a steel plate. 

Rotation of the roller clamped the tubes between it and the 

steel plate, so that the manometer pressures could be 

recorded at a later stage. 

Each manometer tube was 10 ft long so that pressures 

up to 60 psia could be recorded if necessary. 
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SECTION 8: Experimental Procedures  

The object of this research was to obtain data on the 

separation of boundary layers in an overexpanded nozzle, so 

that a comparison of the results with those obtained on steps 

and wedges in wind tunnels could be made. 

The data required were obtained using the nozzle 

described in section 7.2. and included the wall pressure 

variation, the density (by interferometory) and the Mach 

angles (by shadowgraphs and schlieren photographs). 	Prior 

to each test the reservoir pressure was adjusted so that 

separation would take place from the walls of the divergence 

of the nozzle. 

Tests were carried out at a series of intermediate 

points in the stagnation pressure range of +5 - 165 ps.ia.)  

corresponding to a range of boundary layer separation 

positions just downstream of the throat and at the end of the 

divergence respectively. 

Interferograms, focussed and direct shadowgraphs (see 

section 8.1.2.) and schlieren photographs with simultaneous 

wall pressure measurements were taken at each intermediate 

pressure. 

A series of tests were carried out over the complete 
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pressure range with the boundary layer trips fitted in 

the convergence of the nozzle, in which focussed shadow-

ographs and wall pressure measurements were obtained. 

8.3. 	Optical Methods  

8.1.1. Interferometry. 

The position of the test section or nozzle with respect 

to the interferometer is shown in fig 17. The nozzle 

holder (see fig 25) was arranged on the nozzle stand so that 

the axis of the nozzle was horizontal and normal to the light 

beam passing through it. The camera was focussed on an 

object plane in the nozzle at a distance equal to one third 

of the nozzle breadth from the window nearest the camera 

(see section 8.3.1.) and fringes of the desired spacing and 

oriontation brought into focus by manipulation of the 

compensating plates (see Appendix 5). 

Before each test the orientation of the interferometer 

relative to the test section was checked (see section 6.4.) 

and the barometric pressure, temperature and the wet and 

dry bulb temperatures obtained 

As soon as the no flow interferogram had been taken, 

air of predetermined pressure was discharged through the 
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nozzle, 	When the resistance of the thermister and the 

levels in wall pressure manometer had reached steady values, 

the manometer valve was closed and the stagnation pressure 

recorded simultaneously. 

After approximately one hour the air in the test 

section was assumed to be at room temperature once again and 

a further no flow interferogram was taken. 	If this did not 

match the previous one, or if the room temperatures before 

and after the test differed by more than one degree 

centigrade, the test was rejected as far as interferometric 

results were concerned. 

All the interferograms were photographed using Ilford 

5G91 recording film developed in 1D.33 for five minutes at 

70°F. 

8.1.2. 	Schieren and Shadowvaphic Methods. 

The main use of the schlieren and shadowgraphic 

methods are the direct visualization of the flow so that the 

positions and shapes of regions of density variation such as 

those that occur in shock waves expansion waves and boundary 

layer can be determined. Both methods were used to find 

the point of transition from laminar to turbulent flow in 

the boundary layers. 
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a) Schlieren Method. 

This method has been used
51 

to determine whether a 

boundary layer is turbulent or laminar, the turbulence in 

the layer showing up as a small flocculent detail. 

Schlieren photographs of the flow (see fig 29) were 

obtained by blocking off the second beam of the interfero-

meter at the compensating plates and by placing a knife edge 

at the focal point of the camera lens which was focussed on 

the same image plane as used for the interferograms. The 

height of the knife edge was adjusted until the illumination 

of the screen was reduced approximately by half. White 

light was used and a slit size 0.4 mm square. No other 

alterations were made to the spark source or the collimating 

optics shown in fig 19. The film used was identical to 

that used to photograph interferograms. 

b) Direct shadowraphdc Method. 

Direct shadowgraphs (see fig 29) were obtained by 

blocking off one beam of the interferometer at the com-

pensating plates and placing photographic plates parallel 

to and directly behind the test section windows. For sharp 

shadowgraphs the scmrce should be small
59 60

; a slit 

C.2mm square was used with the filter removed and with no 

other alterations to the collimating optics. 
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c) 	Focussed Shadowgraphs. 

This method differed from the other shadowgraphic 

technique in that the camera was used. The system used 

was identical to that for schlieren studies except that the 

knife edge was removed. As the camera lens had a finite 

depth of focus, the image illumination did not correspond to 

that in a plane as in the direct shadowgraphs, but was the 

integrated result along the light beam for a distance 

corresponding to the depth of focus of the camera lens. 

The final image was identical to that formed by the direct 

shadowgraphio method in that the positions of shock waves 

and Mach lines were the same, but the boundary layers were 

different in appearance and the focussed shadowgraphs were  

usually less sharp in detail (see fig 29). 

The focussed and direct shadowographs were obtained 

using 5G.91 film and Ilford H.P.S. plates respectively. 

8.2. 	Measurement and Evaluation of Interferograms. 

It can be seen from section 6.5. that the density at 

any point in the nozzle can be calculated from the fringe 

shift. 	Therefore to calculate the fringe shifts, the 

positions of the no flow and flow fringes must be measured. 
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The positions of the fringes were measured with a 

comparator, which consisted of a microscope and cross wires 

which could be traversed by two micrometer screws at right 

angles to each other. 	The same instrument was used to 

measure the nozzle profile (see appendix 1). 

Measurement of the fringe position with a densitometer 

was not practical as it was found that the effects due to 

the grain of the film could not be eradicated. 

The fringes of the no flow and flow interferograms were 

measured on a number of traverses parallel to the axis of 

the nozzle. 	They were usually one millimetre apart so 

that the fringes could be represented graphically twenty 

times full size. 	The outline of the nozzle on the inter-

ferograms was also obtained so that the magnification of 

the image could be determined by the method given in 

appendix 6. 
The no flow fringe width was obtained by taking the 

average of the values obtained on the traverses across the 

nozzle. The variation between the mean and the measured 

values was between 1. 10% of the mean or 7. 0.1 fringes. 

Referring to fig 30, it can be seen that the fringes 

in the wetted flow region curved sharply on passing into 

the boundary layer. The width of the boundary layer was 
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assumed to be the difference between the position of the 

nozzle wall and the point where the fringes first started 

to bend. 

The position of the bend was measured on each fringe 

in the walled flow region and plotted together with the 

nozzle profile so that the boundary layer width could be 

obtained at any point. 

Corresponding fringes in the no flow and flow 

interferograms were numbered by plotting the measured points 

for the fringes in the reference regions (see fig 31). 	Then 

as there was a slight increase in density in these regions 

due to slight leakages of high pressure air underneath the 

nozzle blocks, the fringes moved in a direction corresponding 

to a density increase. 	Hence it was possible to number a 

pair of corresponding fringes (see fig 32):Followed by the 

fringes in the regions of reversed flow. 

It was not possible to use white light fringes (see 

section 6.6) to follow the fringes across the shock waves 

associated with separation. However the fringes could be 

traced through the boundary layers underneath the shock 

waves into the wetted flow region (see fig 33). 	Therefore 

the fringes could be numbered throughout the flow field 

(see fig 31). 
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If the optical elements had been ideal, the fringes in 

the no flow interferogram would have been straight and 

parallel. 	But it can be seen from the curved no flow 

fringes of the interferogram in fig 31 that the optics were 

not perfect. 

It was therefore necessary to make corrections to the 

fringe shifts for the imperfections in the optics. 	This was 

done by plotting the no flow fringes twenty times full size, 

together with straight ideal fringes separated by the mean 

fringe width. 	Then the correction to the fringe shift for 

optical imperfections, represented by the distance between 

the actual no flow fringe and the corresponding idealized 

fringe could be mapped throughout the flow field. The 

density was then calculated from the corrected fringe shift 

using the relation, 

=?. a 
LLD 

with the Gladstone Dale constantIC = 0.2269
63 

 cm-J
Q  
, the peak 

gm 
wavelength of the filter used >.p = 54610A and the breadth 

of the nozzle D = 0.9594 in. 	The reference density c)a was 

calculated from the measurements of atmosphere pressure and 

temperature with a correction for the water vapour present. 



115 

8.3. 	Errors. 

8.3.1. Errors due to refraction of light in the nozzle. 

In regions of rapidly changing density such as those 

that exist in the boundary layers on the walls of the nozzle, 

there are refractive index gradients normal to the light 

beam. 	These gradients cause the beam to be refracted and 

hence the density calculated on the assumption of 

unrefracted light may be in error. 

Wachtell66 assumed that the path of a light ray through 

a boundary layer could be represented by a series. Then 

by assigning a density distribution to the boundary layer, 

he showed that for both turbulent and laminar boundary layers 

evaluation of an interferogram focussed one third of the 

nozzle breadth from the exit window gave the true density 

distribution. 	In accordance with this result all 

ini;erferograms obtained in this research were taken with the 

camera focussed on a plane one third of the nozzle width 

from the exit window 

A more detailed analysis of the same type as Wachtell's 

has been carried out by Howes and Buchele78 79. However 

this suffers from the same disadvantages as the previous 

enalysis in that it is laborious to apply and is only 
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suitable for specialized cases of one dimensional flow where 

only small flow areas are to be interpreted. 

Tanner58  gives a criterion for the upper limit to the 

refractive index gradient which can be measured with little 

error as 01C= 	Ap/D where CK = )‘...2 where s' is the fringe 
s' 

spacing. 	This was established by considering the equality 

of the linear deviation of the light in passing through the 

tunnel and the fringe spacing at the point of interest. In 

this research the refractive index gradients present in the 

flow field were all below the upper limit given by Tanner's 

criterion. 

8.3.2. 	Errors due to intersecting boundary layers in the  
corners of the nozzle. 

The boundary layers on the glass and profile walls of 

the nozzle coalesce at the corners, with the result that the 

density distribution in the boundary layers on the metal walls 

is not uniform in the direction cf the light beam. Also as 

the boundary layer surface is probably rounded off in the 

corners, the position of the top edge of the boundary layer 

is uncertain. 

Calculations5l 66 78 carried out by assuming a flow 

pattern in the corner suggest that the error caused by the 
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coalescence of the boundary layers is negligible. As no 

experimental data is available to check the flow patterns, 

it has been assumed that the errors are in fact negligible. 

8.3.3. 	Correction for the boundary lavers on the glass walls  
of the nozzle. 

Because the density in the boundary layers on the glass 

walls is not equal to that in the mainstream, the density across 

the breadth of the nozzle is not constant. 	Thus the density 

measured by interferometry is the average of the densities in 

the boundary layer and mainstream, and to obtain the latter 

a correction for the boundary layers must be made to the 

measured values. 

It can be shown that the thickness of a layer at density 

mainstream which has the same optical retardation as the 

boundary layer is 	t where 

is the boundary layer thickness and [? (z)] is the 

density variation in the boundary layer. 

Hence correction for the boundary layers on the glass 

walls can be carried out by reducing the nozzle breadth by 
2t , then 

rainstrearn = reasured 	or 
D-2t) 

t = 	c 	mainstream -?(z)dz,  2  

	

0.0 	rainstream 
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()mainstream = D ( sAl) ?a) 
D-2t KD 

As the magnitude of the correction never exceeds 2% 

in this research, the thickness t can be calculated with 

little error by replacing rainstream by measured. 

Furthermore the density variation in the boundary layer on 

the glass walls has been assumed to be the same as that on 

the profile walls. 	This assumption was justified as 

Bersharder
51 

using a Laval nozzle showed that the density 

variation in the boundary layer on the profile walls just 

below the orifice was in good agreement with that on the glass 

walls just above the orifice. 

The correction curve shown in fig 34 was obtained from 

boundary layer measurements on interferograms taken at 

different pressures, and was used to correct the densities 

tabulated in section 9 unless otherwise stated. 

8.3.4. 	Errors due to oscillations in the jet. 

Various observers51 61 64 have found that the flow 

pattern in a supersonic jet oscillates rapidly about a mean 

position, as high speed drum camera studies have shown that 

the fringes can oscillate with an amplitude of upto 2 fringe 

shift anits64. 	The period of oscillation varying between 
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500051  and 800065c/sec. 

In the cas:-.) of the nozzle used in this research, the 

flow pattern oscillated as the fringes became slightly 

blurred when the nozzle was running. In the absence of high 

speed drum camera records2  the error caused was estimated from 

the results obtained with a divergent nozzle by Bersharder5l, 

who found that the fringes oscillated with an amplitude of 

0.4 fringe shift units at a reservoir pressure of 4 

atmospheres. 	An oscillation of the same amplitude in the 

nozzle used in this research causes an error which never 

exceeds T 2%. 

8.4. 	Interpretation of Wall Pressure Measurements. 

Owing to the small scale of the separation phenomenon, 

the pressure holes in the nozzle were not close enough 

together to obtain an accurate estimate of the onset 

pressure po (see section 3.4.). 	Therefore at each 

intermediate pressure point a series of tests were carried 

out at slightly different reservoir pressures. 	The wall 

pressure ratios obtained for each such series of tests were 

plotted and the pressure profiles corresponding to the 

pressure rise to separation (PQ fig 6) were drawn parallel 
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to each other. 	The assumption made was that the pressure 

gradients at separation were the same for each test in the 

series (see fig 56 ). 

It can be seen from the results in section 9, that when 

the region of reversed flow was long, the pressure head loss 

in overcoming friction was significant and must be taken into 

account when determining the pressure rise causing separation. 

This was done by expressing the wall pressures in the region 

of reversed flow as ratios of atmospheric pressure. 	The 

ratios were then plotted against distance from the onset 

point. 	The points obtained for one series of tests are 

plotted in fig 35 and it can be seen that they lie on a 

common curve. The same property was exhibited by all those 

series of tests in which symmetrical separation took place 

fig 36. 	The gradient of the curves decreased continuously 

at first on moving downstream from the onset point, finally 

reaching a constant value at a distance of 0.6 cms from the 

onset point. 	It was assumed that the entire pressure rise 

due to the shock had taken place when the pressure gradient 

became constant and accordingly the peak nressure pp  was 

somewhat arbitarly defined as the pressure 0.6 ems from the 

onset point. 
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SECTION  9. 	Experimental Results. 

For convenience in presentation the results have been 

divided into three sections, potential flow ir the nozzle)  

flow separation and the boundary layer. 

9.1. Flow in the wetted region of the  nozzle. 

The flow region considered in this section is the region 

of wetted flow bounded by the reservoir, the edges of the 

boundary layers on the nozzle walls and the shock waves 

associated with boundary layer separation, (see fig 11). 

The wetted flow regions of the interferograms for tests 163, 

152, 146,4143 at stagnation pressures of 168.2, 128.2, 100.2 

and 99,2 p.s.i.a. respectively, were evaluated. 	The 

interferograms are shown in fig 37 and the atmospheric con-

ditions etc. under which the tests were carried out are 

presented in table 7. 

The fringe sequence was made to reverse and repeat in 

tests 143 and 152 by using the method described in appendix 5. 

In this way it was possible to determine the density in the 

convergent, throat and divergent regions for test 143 and in 

the throat and divergent Legions for test 152. 



Flow 

No ,low 

Flow 

Test 1b3. Sta9rkation_ ressu 144- 182  p s '-a.  

Test I52. btapatkoti pvessuve las.a p 

No slow 

Fu3 37 I 1-tkYY2f Orkvv-tb of itke_ slow k-4 IiicL, %NC& evil tea 



No Stow 

124 

Test 146 Stalricitcrx 	00.2 p 

No Slow 

Flow 

Test- 143 Sta9tbakort prcssuve 99 a p s 

RA3 37 contkrtuca 



TABLE 7. 

146 143 

Experimental Constants. 

Test 	163 	152 

Stagnation pressure, 
Po, 	p.s.i.a. 168.2 128.2 100.2 99.2 

Stagnation density, 
oo7 	gm/litre 13.64 10.77 8.751 8.560 

Stagnation temperature, 
Ta,°K 296.3 286.7 275.9 289.0 

Atmospheric density, 
pa, 	gm/litre 1.160 1.183 1.278 1.212 

Atmospheric pressure, 
pa, 	p.s.i.a. 14.76 14.64 14.61 14.54 

Atmospheric temperature 
Ta°K 	305.0 297.0 286.7 279.2 

Mean no flow fringe 
width cm. 0.1915 0.1540 0.1573 0.1456 

Relative Humidity 49% 53% 6+% 61% 

Peak wavelength of 
filter.cms. 5461x10-8  5461x10-8  5461x10-8  5461x10-C' 

Gladstone-Dale 

Constant63cm3 	0.2269 	0.2269 	0.2269 	0.2269 
gm 
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9.1.1. 	Flow variables in the wetted flow region 
determined by the interferometric method 
and by wall pressure measurements. 

The density ratios measured on the edges of the top and 

bottom boundary layers and on the centreline and corrected for 

the boundary layers on the glass walls are tabulated in 

tables 9 - 12 for tests 143, 146, 152 and 163, together with 

the pressure ratios measured on the bottom wall of the nozzle. 

The pressure and density ratios calculated from the measured 

density ratios on the edge of the bottom boundary layer, and 

measured pressure ratios respectively, assuming isentropic 

flow, have also been presented in tables 9 - 12. 

In the regions 2.0 - 3.5 cms and 1.6 - 2.7 cms from the 

exit plane of the nozzle in tests 143 and 152 respectively 

the widely spaced fringes associated with reversal of the 

fringe sequence did not permit accurate measurement of the 

density and therefore the density ratios in these regions 

have been omitted. 

The measured value of the density ratio in the convergent 

region in test 143, 6.4 ems from the exit plane was 1.0005 

compared with the value of 0.998 calculated by assuming one 

dimensional isentropic flow. 	As the velocity in this region 

was low, approximately 50 ft/sec. the good agreement between 

the one dimensional and measured density ratios indicated 

(Continued on page 132.) 



TABLE 8. 

The measured pressure and density ratios for 
test 852  stagnation pressure 96.2 p.s.i.a. 

Dist. from Moasured density ratio Dist from 
the exit 	Bot. 	the exit 
plane cm. 	b.l. 	01 	1°.3.. 	plane cm. 

Measured 
P/P0 

4.1 0.5695 0.6018 0.5683 1.8 0.0684 
4.15 0.6008 0.6270 0.6008 1.9 0.0704 
4.2 0.6310 0.6538 0.6310 2.0 0.0731 

40.). 
0.6846 0.7023 0.6846 2.1 0.0761 
0.7286 0.7472 0.7286 2.2 0.079 

4.5 0.7710 0.7858 0.7710 2.3 0.083 
4.6 0.8095 0.8205 0.8095 2.4 0.0875 
4.7 0.8427 0.8520 0.8427 2.5 0.0926 
4.8 0.8780 2.6 0.0987 
4.9 0.8998 2.7 0.1059 
5.0 0.9190 2.8 0.1144 
5.2 0.9465 2.9 0.1247 
5.4 0.9642 3.0 0.1365 
5.6 0.9758 3.1 0.1496 
5.8 0.9839 3.2 0.1642 
6.0 0.9910 3.3  0.1818 
6.2 0.9948 3.4 0.2014 
6.4 0.9979 3.5 0.2208 
6.6 1.0006 
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TABLE 9. 

The density and pressure ratios for test 143, stagration 
pressure Po = 99.2 p.s.i.a. together with the values  
calculated from them by assuming isentropic flow.  

Dist.from 	Measured density 	P/p bot.b.l. T/To bot.b.l. Dist from p/po 	F/00calc T 
the exit 	ratio 	cal8. from 	talc. from 	the exit measured 6om 	To talc. 
plane 	 r /F. 	f /fa 	plane 	bot.b.l.p/po  bot, from 
cm. Bot.b.l. t Top.b.l. 	 cm. 	b.l. p/Po 

bot.b.l. 

1.8 0.0679 
1.9 0.0701 
2.0 0.0729 
2.1 0.0761 
2.2 0.0795 
2.3 0.0830 
2.4 0.0872 
2.5 0.0926 
2.6 0,0990 
2.7 0.1060 
2.8 0.1150 
2.9 0.1251 
3.0 0.1365 
3.1 0.1/i95 0.2572 0.5811 
3.2 0.1632 0.2769 0.5958 
3.3 
3.4 

0.1800 
0.1990 

0.2939 
0.3156 

0.6127 
0.6305 

3.5 0.2196 0.3386 0.6485 
3.6 0.2446 0.3658 0.6688 

0.7 0.1104 
0.8 0.1085 
0.9 0.1073 
1.0 0.1069 
1.1 0.1073 
1.2 0.1084 
1.3 
1.4 

0.1106 
0.1140 

1.5 0.1181 
1.6 0.1226 
1.7 0.1276 

3.1 0.2502 0.2537 0.1436 0.5744 
3.2 0.2692 0.2576 0.2701 0.1593 0.5905 
3.3 0.2898 0.2739 0.2890 0.1766 0.6093 
3.4 0.3113 0.2953 0.3083 0.19 2 0.6270 
3.5 0.3335 0.3250 0.3280 0.21 9 0.6445 
3.6 0.3563 0.3665 0.3473 0.2358 0.6618 
307 0.3822 0.4116 0.3667 0.2601 0.6806 
3.8 0,4123 0.4575 0.4003 0,2893 0.7017 
3.9 0.4675 0.5000 0.4530 0.31 1)17 0.7376 
4.0 0.5213 0.5527 0.5125 0.4016 0.7706 



4.1 
4.15 
4.2 
4.3 
4.4 
4.5 
4.6 
4.7 
4.8 
4.9 
5.0 
5.2 

5.6 
5.8 
6.o 
6.2 
6.4 

0.5673 
0.5890 

0,6010 
0.6258 

0.5741 
0.608 

0.4522 
0.4766 

0.7971 
0.8091 

0.6115 0.6518 0.6348 0.502 0.8215 
0.6519 0.6990 0.6837 0.5494 0.8428 
0.7245 0.7446 0.7285 0.6369 0.8790 
0.7695 0.7847 0.7698 0.6867 0.8987 
0.8063 0.8192 0.8083 0.7399 0.9042 
0.8416 0.8497 0.8420 0.7859 0.9335 
0.8706 0.8758 0.8716 0.8236 0.9460 
0.8937 0.8978 0.8952 0.8544 0.9561 
0.9130 0.9172 0.9160 o.8804 0.9643 

0.9427 
.633 0

.9

.9
767 0 

0.986 
0.9929 
o9 
0..10

9
00
73  
5 



 

TABLE 10. 

 

The density  and pressure ratios for test 146 sta nation •re 
Po = 100.2 p.3.i.a. together with the values calculated from 
them by assuming isentropic flow. 

sure 

 

     

Dist from 
the exit 
plane 
cm 

Measured density 
ratio 

4 

Bot.b.l. 	kJ/ 	Top b.l.  

p/po  bot.b.l. 
calc. from 

/? 

T/To  bot.b.l. P/p0  
calc. from 	measured 

bot.b.l.  

f/I?c, calc. 
from 
P/Po bot. 

b.l. 

T 
To calc 
from p/Po 
bot.b.l. 

0.1084 
0.1061 
0.1046 
0.1048 
0.1066 
0.1094 
0.1133 
0.1176 
0.1221 

0.1366 0.1270 0.1375 0.0616 0.4510 0.0657 0.1430 
0.1403 0.1323 0.1418 0.0640 0.4558 0.0679 0.1464 
0.1442 0.1379 0.1464 0.0665 0.4609 0.0702 0.1499 
0.1484 0A.441 0.1508 0.0692 0.4662 0.0731 0.1544 
0.1534 0.1508 0.1554 0.0725 0.4724 0.0764 0.1593 
0.1581+ 0.1578 0.1605 0.0758 0.4785 0.0798 0.1644 
0,1636 0.1655 0.1660 0.0793 0.4848 0.0833 0.1694 
0,1695 0.1737 0.1722 0.0834 0,4917 0.0875 0.1755 
0,1767 0.1822 0.1789 0.0883 0.4999 0.0928 0.1830 
0.1846 0.1912 0.1864 0.0939 0.5088 0.0988 0,1912 
a.1943 0.2008 0.1949 0.1003 0.5193 0.1056 0.2007 

0.8 
0.9 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 

2.5 

27 

0.4594 
0.4637 
0.4681 
0.4736 
0.4796 
0.4856 
0.4916 
0.4980 
0.5070 
0.5162 
0.5261 



0.2058 
0.2192 
0.2342 
0.2514 
0.2697 
0.2888 
0.3113 

0.2110 0.2042 
0.2215 0.2164 
0.2329 0.2345 
0.2)001 0.2529 

0.1093 
0.1194 
0.1310 
0.1447 
0.1597 
0.1759 
0.1952 

0.5314 
0.5449 
0.559 5 
0.5757 
0.5921 
0.6084 
0.6270 

0.1148 
0.1252 
0.1363 
0.1487 
0.1646 
0.1825 
0.2009 

0.2130 
0.2267 
0.2408 
0.2563 
0.2756 
0.2967 
0.3178 

0.5388 
0.5525 
0.5658 
0.5801 
0.5971 
0.6152 
0.6323 

0.2568 0.2695 
0.2734 0.2896 
0.2960 0.3097 



TABLE 11. 

The density and pressure ratios for test 152, stagnation pressure  
Po = 228.2 p.s.i.a. together with the values calculated from 
them by assuming isentropic flow. 

Dist.from 	Measured density 	p/po  bot.b.l. T/To  bot b.l. p/po 	No 	T 
the exit 	ratio 	talc. from 	talc. from 	measured a c from To talc 
plane, 	

Ck(' 	?" e) 	
bot.b.l, p/Po bot. from p/Po 

cm. 	Bot.b.l. 	Top.b.l. 	 b.l. 	bot.b.l. 

-0.2 0.0932 
-0.1 0.0906 
0 0.0880 
0.1 0.0863 
0.2 0.08 6 
0.3 0.08 7 
0.4 0.0864 
0.5 0.0881 
0.6 0.0901 
0.7 0.0924 
0.8 0.0946 
0.9 0.0971 0.1073 
1.0 0.0995 0.1099 
1.05 0„1079 
1.1 0.1095 0.1025 0.1130 
1.2 0,1126 0.1055 0.1161 
1.3 0.1164 0.1089 0.1194 
1.4 0.1201 0.1130 0.1227 
1.5 0.1242 0.1178 0.1262 
1.6 0,1290 0.1297 
1.65 0.1311 
2,/ 0.2011 0.1942 

0.0)013 0.4104 0.0512 0.1197 0.6563 
0.0452 0.4129 0.0525 0.1217 0.6485 
0.0470 0.4175 0.0545 0.1251 0.6308 
0.0493 0.4231 0.0566 0.1285 0.6139 
0.0514 0.4284 0.0587 0.1319 0.5968 
0.0539 0.4341 0.0607 0.1352 0.5809 
0.0569 0.4408 0.0627 0.1383 0.5662 
0.0582 o.)0136 0.0639 0.1403 0.5521 



2.75 
2 , P 
2.5' 
3.0 
3.1 
3.2 

3. 
3.5 
3.6 
3.7 
3.8 
3.9 
1+s0 
4.1 
4.15 
4.2 
4.25 

0.1962 
0.2025 
0.2161 
0.2317 
0.2500 
0.2678 

0.3084 
0.2874 
0.3084 
0.3313 
0.3549 
0.3788 
0.4148 
0.4736 
0.5279 
0.5721 
0.5940 
0.6190 
0.6470 

0.2112 
0.2215 
0.2331 
0.2451 
0.2580 
0.2742 
0.2969 
0.3300 
0.3712 
0.4146 
0.4596 
0.5053 
0.5537 
0.6049 
0.6294 
0.6540 
0.6782 

0.2050 
0.2173 
0.2331 
0.2516 
0,2709 
0.2892 
0.3074 
0.3270 
0.3476 
0.3693 
0.4052 
0.4588 
0.5202 
0.5813 
0.6095 
0.6378 
0.6635 

0.1023 
0.1067 
0.1171 
0.1291 
0.1435 
0.1581 
0.1746 
0.1922 
0.2129 
0.2240 

0.5213 
0.5279 
0.5419 
0.5572 
0.5744  
0.5903 
0.6073 
0.6247 
0.6428 
0.6521 

0.1097 
0.1142 
0,1250 
0.1366 
0.1494 
0.1642 
0.1812 
0.1994 
0.2196 
0.2290 

0.2063 
0,2122 
0,2264 
0.2413 
0.2572 
0.2752 
0.2952 
0.3161 
0.3386 
0.3489 

0.5380 
0.5319 
0. 557 
0.4533 
0.4491 
0.4)018 
0.4402 
0.435 
0.433 
0.4278 



TABLE 12. 

The density andpressure ratios for test 16,1 stamation 
pressure Po = 168.2 p.s.i.a. together with the values  
calculated from  them by assuming isentropic flow. 

p/po  bot b.l. T 
calc. from 	To bot b.1. 

calc. from 

Dist from 
the exit 
plane,  
cm. 

Measured density 
ratio 

Bot.b.l. 	Top.b.l. ?iN  

P/ 	?/ 0 
measured calc. from 
bot. b.l.p/po  bot. 

b.l. 

T 
To calc. 
from p/Po 
bot.b.l. 

0.2 0.0812 0.0757 
0.3 0.0835 0.0786 
0.4 0.0855 0.0804 
0.5 0.0878 0.0823 
0.6 0.0902 0.0846 
0.7 0.0928 0.0867 
0.8 0.0955 0,0892 
0.9 0.0984 0.0918 
1.0 0.1014 0.0947 
1.1 0.1047 0.0977 
1.2 0.1079 0.1012 
1.3 0.1114 0.1048 
1.4 0.1153 0.1087 
1.5 0.1193 0.1132 
1.6 0.1237 0.1179 
1.7 0.1279 0.1231 
1.8 0.1322 0.1287 
1.9 0.1362 0.1349 
2.0 0.1404 0.1415 
2.1 0.1453 0.1485 
2.2 0.1503 0.1560 
23 0.1567 0.1641 

0.0837 
0.0853 

0.0298 
0.0310 

0.0870 0.0320 0.0404 0.1010 0.3998 
0.0891 0.0332 0.3779 0.0415 0.1037 0.4039 
0.0917 0.0345 0.3820 0.0429 0.1056 0.4068 
0.0946 0.0359 0.3863 0.0443 0.1079 0.4104 
0.0976 0.0373 0.3908 0.0459 0.1107 0.4146 
0.1005 0.0389 0.3954 0.0476 0.1137 0.4191 
0.1035 0.0406 0.4004 0.0494 0.1166 0.4233 
0.1066 0.0418 0.4038 0.0513 0.1204 0.4280 
0.1101 0.0444 0.4104 0.0533 0.1232 0.4328 
0.1137 0.0462 0.4158 0.0555 0.1268 0.4377 
0.1180 0.0486 0.4214 0.0577 0.1304 0.)1 1[27 
0.1222 0.0510 0.4274 0.0599 0.1338 0.4473 
0.1266 0.0536 0.4335 0.0622 0.1375 0.4522 
0.1305 0.0562 0.4393 0.0646 0.1413 0.4571 
0.1356 0,0588 0.4451 0.0671 0.1453 0.4622 
0.1404 0.0613 0.4564 0.0696 0.1490 0,4670 
0.1455 0.0640 0.4560 0.0723 0.1531 0.4721 
0.1508 0.0671 0.4622 0.0755 0.1580 0.4780 
0.1561 0.0704 0.4686 0.0789 0.1630 0.4840 
0.1620 0.0747 0.4765 0.0828 0.1687 0.4908 



2.4 0.1629 0.1724 0.1681 0.0788 0.4838 0.0871 0.1749 0.4979 
2., 0.1696 0.1813 0.1747 0-0834 0.4918 0.0921 0.1820 0.5059 
2.6 0.1776 0.1906 0.1822 0.0890 0.5009 0.0981 0.1905 0,5221 
2.7 0.1879 0.2003 0.1913 0.0963 0.5124 0.1050 0.1999 0.5252 
2.8 0.2003 0.2108 0.2015 0.1053 0.5256 0.1135 0.2114 0.5370 
2.9 0.2139 0.2215 0.2142 0.1154 0.5396 0.1247 0.2261 0.5517 
3.0 0.2290 0.2318 0.2310 0.1270 0.5545 0.1356 0.2400 0.5650 
3.1 0.2462 0.2431 0.2503 0.1405 0.5708 0.1452 0.2547 0.5787 
3.2 0.2661 

00.264
256.0 0.2686 0.1567 0.5889 0.1629 0.2731 0.5963 

5 3.2 9 



TABLE 13. 

11219 111C1221-1/1112MMtls andten1P-Ma--:-bure. 
ratios for isentropic one  dimensional flow in the  

nozzle. 

Dist from Mach 
the exit 	number 
plane. cm. 

P/po  c'45., 
It° 

T/To  A/At 

0.0 2.874 0.0329 0.0873 0.3770 3.756 
0.2 2.830 0.0352 0.0916 0.38)1 1 1 	 3.601 
0.4 2.782 0.0379 0.0966 0.3925 3.462 
0.6 2.745 0.0401 0.1005 0.3988 3.323 
0.8 2.700 0.0430 0.1056 0.40683.183 
1.0 20653 0.0462 0.1112 0.4154 3.044 
1.2 2.602 0.0499 0.1176 0.4248 2.902 
1.4 2.551 0.0541 0.1245 0.4346 2.765 
1.6 2.496 0.0589 0.1322 0.4452 2.627 
1.8 2,435 0.0647 0.1415 0.4574 2.484 
2.0 2.373 0.0713 0.1519 0.4703 2.345 
2.2 2.305 0.0807 0.1656 0.4871 2.264 
2.4 2.233 0.0889 0.1775 0.5008 2.064 
2.6 2.152 0.1008 0.1942 0.5192 1.922 
2.8 2.067 0.1151 0.2135 0.5391 1.786 
3.0 1.968 0.1342 0.2383 0.5634 1.644 
3.2 1.863 0.1581 0.2678 0.5904 1.511 
3.4 1.733 0.1928 0.3086 0.6249 1.369 
3.6 1.517 0.2434 0.36)01 0.6678 1.232 
3.8 1.380 0.3232 	 0.M63 0.7242 1.104 
3.9 1.273 0.3746 0.4911 0.7526 1.055 
4.o 1.170 0.4287 0.5461 0.7851 1.022 
4.1 1.000 0.5283 0.6339 0.8333 1.000 
4.2 

4... 

0.9500.5595 
0.8.13 	0.6343 
0.745 	0.6918 

0.6604 
0.7224 
0.7686 

0.8471 
0.8780 
0.9001 

1.002 
1.026 
1.065 

4.5 0.683 0.7322 0.8014 0.9148 1.108 
4.6 0.601 0.7834 0.8400 0.9326 1.187 
4.7 0.495 0.8457 0.8872 0.9533 1.371 
4.8 0.389 0.9007 0.9280 0.9705 1.625 
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that the air did not undergo a significant temperature 

change due to friction and heat imput from the surroundings 

on passing from the settling chamber, where the stagnation 

conditions were recorded, into the nozzle. 

The small difference, 0.0519  between the density 

measured in the settling chamber and that in the beginning 

of the convergent section indicated that there was no 

significant error in the method of correcting the indicated 

thermistor temperature for the power dissipated in the 

resistance element given in section 7.5. 	This restilt was 

substantiated by the density ratios measured in the con-

vergent section for test 85 at stagnation pressure 

96.2 p.s.i.a., which are tabulated in table 8. 

Although the flow was one dimensional in test 143 in 

the convergent section upto 5.1 ems from the exit plane, 

as shown by figs.38 and 439  the density variation was not 

the same as that for one dimensional isentropic flow. The 

difference between the two values was confirmed by the 

results tabulated in table 8 for test 85, and was equal to 

3.7% at 5.1 ems from the exit plane in test 143. 

It can be seen from the curvature of the density ratio 

profiles in figs.38 - 42 'chat the flow was not one 

dimensional. 	It is also apparent from figs.43 - 46 that 

(continued on page 135 
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the flow was not symmetrical as the density ratios on the 

edges of the top and bottom boundary layers at corresponding 

distances from the exit plane were not equal. 	The density 

ratio profiles have been plotted in the throat for tests 

143 and 152 in figs 38 and 47 respectively, and the throat 

plane represented as the line joining the maximum and 

minimum in the nozzle profile at the throat obtained in 

appendix 1. 	The density profiles were almost symmetrical 

about an axis drawn perpendicular to the throat plane, 

indicating that slight skew of the throat was the cause 

of the assymmetries in the flow pattern. 

The flow pattern in the nozzle did not exhibit the same 

degree of assymmetly in every test since the differences 

between the density ratios on the top and bottom and those 

on the centreline, presented in table 14 overleaf, were not 

constant. 



3.36 

Table 14. 

Assymmetry of the flow pattern. 

Distance 
from the 
exit 
plane 
cm. 

Test Stagnation 
pressure 
p.s.i.a. 

Difference 
between the 
density ratio 
measured on the 
edge of the 
bottom boundary 
layer and that 

Difference 
between the 
density ratio 
measured on the 
'edge of the top 
boundary layer 
and that on the 

on the centre- 
line 

centreline 

2.6 146 100.2 -3.5% -2.5% 
163 168.2 -6.8 -4.9 

3.2 143 99.2 4.5 4.8 
146 100.2 5.5 
152 128.2 .0 5.0 
163 168.2 3.8  4.9 

3.8 143 99.2 -10.9 -13.8 
143 100.2 -9.8 -12.5 
152 128.2 -9.8 -12.0 

As the variations in the quantities given above at a 

given point in the flow were not large and did not show any 

systematic variation with reservoir pressure, they were 

probably due to oscillations in the flow pattern of the type 

discussed in section 8.3.4. 

With reference to figs 39 - 41 it can be seen that the 
density ratio profiles curved downstream of the onset point 

towards the shock waves associated with separation. As the 

point of intersection of the shock waves was approached, the 
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curvature increased. 	Comparison of the profiles in the 

neighbourhood of the shock waves in tests 143 and 146, with 

the corresponding ones in test 152 ,showed that the curvature 

was associated with the presence of the shock waves. For 

instance, the profile for a density ratio of 0.115 inter-

sected the centreline at 1.425, 1.465 and 1.490 cms from the 

exit plane for tests 143, 146 and 152 respectively. 	But in  

the former two tests the curvature of the profile was much 

greater above and below the centreline than in the latter 

test, where the shock waves were further downstream. The 

same result was apparent from a comparison of the flow 

patterns in tests 152 and 163)  shown in figs 41 and 42 

respectively. 

It can be seen from figs 43, 44 and 45 that the density 

on the centreline passed through a minimum downstream of the 

onset point. 	The positions of the minima in the density 

relative to the onset point are given below in table 15. 



Position of 
the minimum 
in the 
density on 
the centre-
line.(cm. 
from the 
exit plane) 

1.o 
1.o5 
0.2 

be determined 

Distance between Percentage 
the position of difference be-
the minimum and tween the density 
the onset point on the centre- 

(cm) 	line at the 
minimum and the 
corresponding one 
dimensional value, 

	

0.7 	-4.0 

	

0.6 	-5.7 

	

0.8 	-9.5 

Test; Position 
of the 
onset 
point.(cm. 
from the 
exit plane) 

143 1.684 
146 1.666 
152 0.995 
163 could not 
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Table 15.  

Position of the minimum in the density on 
the centreline in the vicinity of the  
onset point. 

As the minimum in the density only appeared in the 

vicinity of the shock waves and was approximately the same 

distance from the onset point for tests at different pressures;  

it was associated with the flow between the two shock waves 

associated with separation. 

The agreement between tests 143 and 146 was excellent 

over the coincident parts of the measured regions. 	In the 

region 3.1 to 3.4 cms from the exit plane the greatest 

difference between corresponding values of the density ratio 

was -0.45% or +0.18% relative to the values for test 143. 

Comparison of the density ratios on, the centreline between 
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1.1 and 1.7 ems from the orifice showed that those for test 

143 at stagnation pressure 99.2 p.s.i.a. were slightly higher 

than those for test at 100.2 p.s.i.a. 

In test 152 the density ratios in the throat region were 

0.5 to 1.0% above the corresponding values in test 143, 

while in the region 3.2 ems from the exit plane they were 

equal: on moving further downstream the values in test 152 

began to fall below those in test 143, the difference reaching 

a maximum of 3% in the region where comparisons could be 

made. 

The density ratios in test 163 were generally below 

those measured in test 152. 	In the region 3.1 to 3.2 ems 

from the exit plane they were between 0.6 and 1.6% below the 

values in test 143, the difference increasing to 3.5 - 4.5% 

in the region 1.4 to 1.7 ems from the exit plane. 

It is apparent from the foregoing discussion that the 

density ratio at a given point in the flow decreased as the 

reservoir pressure increased. 	It can also be seen from 

figs 44, 45 and 46 and table 15 that the departure from 

isentropic flow increased as the reservoir pressure increased. 

The pressure ratios measured in the four tests, 

tabulated in tables 9 - 12, showed a slight tendency to 

decrease as the reservoir pressure was increased. 	The 

(Continued on page 145) 
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pressure ratios calculated from the density ratios measured 

on the edge of the bottom boundary layer have been plotted 

in figs 48 - 51 with the measured pressure ratios. The 
measured values were above the calculated ones and at the 

onset points in tests 146 and 152 they were 7% and 15% above 

respectively. 	In test 163 where it was not possible to 

determine the onset point, the measured pressure ratio 

at 0.4 cms from the exit plane was 26% above the value 

calculated from the density ratio. 

Conversely the density ratios calculated from the 

measured pressure ratios assuming isentropic flow, plotted 

in figs 44 - 46, 48 and 50, were above the measured values, 
the difference at a given point increasing as the reservoir 

pressure was raised, and on moving down the divergence in 

any test. 

The results discussed above show that the divergences 

between the measured flow properties and those calculated 

assuming isentropic flow were large and increased as the 

reservoir pressure increased. 	Therefore the Mach number at 

any point could not be calculated from either the density or 

the pressure ratio by making the assumption of isentropic 

flow. 

Accordingly it was assumed that the expansion in the 

(Continued on page 150.) 
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nozzle could be represented by the irreversible adiabatic 

expansion of a perfect gas. 	Then it can be shown that the 

relationship, 

V2  = 2Cp(To T) ar M2  = 2 /To  

is valid. 	The temperature ratio2  derived from corresponding 

values of the density and pressure ratios on the edge of the 

bottom boundary layer and the bottom wall respectively, was 

used to calculate the Mach number. 	The Mach number 

corresponding to a given density ratio could only be cal-

culated in this way in the regions where pressure measurements 

could be obtained. To estimate the Mach number corresponding 

to a density ratio in the nozzle outside these regions, a 

method of extrapolating to the reservoir had to be found. 

The most convenient method of representing the 

temperature ratio results so that the extrapolation could be 

carried out conveniently, was on a temperature-entropy 

diagram. Therefore the entropy change was calculated at the 

same time as the Mach number and plotted against temperature 

ratio. Then as the entropy must continuously increase from 

zero at the reservoir, extrapolation to the regions where 

temperature and entropy results were obtained could be 

carried out2  as shown in fig 52. 

The entropy change &S in expanding from Po,?o, to p2(.4 
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is given by:_ 

(M__)6 42 
Po 	c 

where ?5 = 1,4 and Cp = 0.2394 cal/gm°C. 

The entropy change LIS, the temperature ratios and the 

Mach numbers, calculated from the density and pressure ratios 

in tests 143, 146, 152 and 163 have been tabulated in table 

16. 	The Mach numbers are represented graphically in fig 53 

together with those calculated in the next section from Mach 

angle measurements. 

It can be seen from fig 52 that for any given tem-

perature ratio the entropy change increases with reservoir 

pressure, and from fig 53 that the Mach number at any given 

position in the divergence decreases. 

9.1.2. 	The Mach number determined by the measurement 
of Mach angle. 

The slight irregularities in the surface of the bottom 

wall of the nozzle caused by the pressure holes produced Mach 

lines in the flow, which were photographed using the direct 

shadowographic technique. 	These Mach lines can be seen 
cat 

clearly in the thee shadowographs takei-Astagnation pressures 

1,52 

cal 
gm°C 

4S = Cp In 
po!  

or AS --a 0.5513 logio  



TEST 143 TEST 146 TEST 152 
Dist from 
the exit 
plane 

cm 	AS cals T/, 
gmoc 	0  

0.6 
0,7 
0.5 
0,0 

0.4 
0.5 

1.4 

1.9  
J • 

2.1 

TEST 163 

M 	AS cals 
gm°C 

T/To  M AS cals 
gm°C 

T/To  6S cals 
gm°C T/To 

M 

0.0402 0.4727 2.362 
0.0382 0.4727 2.362 
0.0376 0.4758 2.347 
0.0362 0.4776 2.339 
0.0343 0.4806 2.325 
0.0343 0.4836 2.311 
0.0337 0.4872 2.295 

0.0211 0.4745 2.353 
0.0228 0.4795 2.331 0.0324 0.4900 2.282 
0.0241 0.4841 2.310 0.0318 0.4940 2.263 
0.0245 0.4861 2.299 0.0309 0.4952 2.244 
0.0239 
0.0208 

0.4888 
0.4888 

2.287 
2.287 

0,0295 
0.0276 

0.4984 
0.5021 

2.243 
2.227 

0.0164 0.4861 2.299 0.0254 0.5028 2.224 
0.0146 0.4874 2.292 

0.0110 0.4823 2.316 0.0239 0.5051 2.214 
0.0101 0.4839 2.310 0.0224 0.5075 2.202 
0.0094 0.4868 2296 0.0215 0.5110 2.188 
0.0096 0.4926 2..269 0.0208 0.5150 2.170 
0.0089 0.4981 2.245 0.0200 0.5196 2.151 

1,5 
1,65 
1.7 
1,8 

TABLE 16. 

Entropy change, temperature ratios,  and Mach number on the edge of the  
bottom boundary laxzl. 



Dist from 
the exit 
plane 

cm 

TEST 143 

S cals 	T/To  
gm°C 

M 

TEST 146 

S cals 	T/To 
gm°C 

M 

TEST 152 

S cals 	T/To  
gm°C 

M 

TEST 163 

S cals 	T/To 
ginoC 

2.2 0.0087 0.5038 2.219 0.0186 0.5232 2.134 
2.3 0.0085 0.5091 2.195 0.0178 0.5284 2.113 
2.4 0.0082 0.5161 2.166 0.0171 0.5347 2.086 
2.5 0.0085 0.5252 2.126 0.0171 0.5430 2.052 
2.6 0.0087 0.5353 2.082 0.0166 0.5524 2.013 
2.7 0.0078 0.5434 2.049 0.0148 0.5588 1.988 
2.75 0.0121 0.5590 1.985 
2.8 0.0082 0.5578 1.991 0.0112 0.5639 1.971 0.0128 0.5667 1.956 
2.9 0.0080 0.5712 1.938 0.0108 0.5784 1.908 0.0133 0.5830 1.891 
3.0 0.0068 0.5820 1.895 0.0096 0.5895 1.866 0.0115 0.5922 1.856 
3.1 0.0068 0.5951 1.844 0.0045 0.5914 1.859 0.0068 0.5976 1.834 0.0087 0.6020 1.181 
3.2 0.0041 o.6084 1.792 0.0052 0.6120 1.788 0.0064 0.6131 1.78o 0.0066 0.6122 1.779 
3.3 0.0033 0.6226 1.739 0.0064 0.6318 1.707 0.0064 0.6304 1.712 
3.4 
3.5 

0.0033 
0.0036 

0.6387 
0.6566 

1.681 
1.617 

0.0050 0.6453 1.658 0.0059 
0.0052 

0.6464 
0.6628 

1.654 
1.595 

3.55 0.6856 1.513 0.0038 0.6668 1.58o 



W a 

2.5 

24 

a' 

7 

• 

155 

Z3 

22. 

4 	 

1 

2.1 

I • 

1 	i--•• 
I 

i 	 1 
1 

Mach nug.besc. cAlcolatact Srovrt tempesature ca.Ckc:6 aorwedl. Scow.. 1K e mew.  
Lout, (siev...m.. voKor. 0.• Ike. 1ootto.... wait 4 itg„ KOZIAC . 	 't. 

d Tc,st AN Po -= qq.a r  s t.A. 0 -1ea1/4" 146 P0 - too  
die,* lc2. Pa -.us 1 e.,.,..., A -E.,k- itos P. - (68 2 f.s.Lp.. 

wak....M19.40. it-o.... 1.1366 LIJAke.. lohlLAS i.)10 ufte 6,1Z .  
A Toub`c 07 Po.1 .6a.:7 ?. 5. L.-Q. • ar Test 114 Po = t28'2 p.s La. et:rest• 201 

• 	-kat 17(. Po - 13'1.2 P.s. t- •ck. pt Test 08 V1) - 113.0  

- -r 	I r • 

-- 	 t 

0-5 o•co 0-7 1-0 1 • 1 1•2_ 	(-3 15 	2 b 11 	113 '1.9 3,0 	3.2 	3•3 34 3.5 14 1.5- 	n 1.8 1-9 20 1% 2.1 23 24 
Dt s tianuai or% tfruc exit pkart4z, 

F9.53. Muck nurntee VONLCALOrt 	0112. esitcy_ oj 
tote bottom twouncion kayo-. 



1.56 

shown in fig 54. 

However due to the refraction of the incident beam of 

light in the boundary layer, the position of the nozzle walls 

on the shadowographs did not correspond to that of the actual 

wall. 	There was a discontinuity in the wall profile at the 

point of separation associated with the sudden change from a 

boundary layer, with its associated high refractive index 

gradients, to the region of reversed flow, where the gradients 

were negligible. 	To determine the position of the apparent 

wall on the shadowographs relative to the actual wall position, 

the nozzle profile on the shadowographs was measured and the 

position of the bottom wall compared with that on a no flow 

interferogram. 	This has been done in fig 55 where the 

shadowograph was taken at a stagnation pressure of 139.2 

p.s.i.a. 	The difference of 0.015 

in the region of reversed flow was 

the position of the actual wall on 

obtained by producing the apparent 

to the throat (see fig 54). 

The Mach angle was assumed to 

tangent to a Mach line at the edge  

cm between the two results 

small, and therefore, 

the shadowograph was 

wall in this region back 

be the .Ingle between the 

of the flow region and 

the actual wall. 	The angle so measured was further assumed 

to be that corresponding to a point on the edge of the 
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TABLE  17.  

Mach  number determined from Mach  angle measurements  

Test Stagnation Distance from Mach number Mach number 
pressure 	the exit 	measured 
p.s.i.a. 	plane.cms . 	interferometrically 

in test 163 
Po = 168.2 p.s.i.a. 

177 162.7 3.32 1.66 1.67 
2.72 1.99 1.98 
2.24 2.14 2.12 
1.93 2.25 2.18 
1.46 2.31 2.25 
1.26 2.35 2.27 
1.03 2.29 2.30 
0.86 2.28 2.32 

176 139.2 3.29 1,68 
3.06 1.79 
2.73 1.93 
2.45 2.02 
2.12 2.16 
1.82 2.22 
1.55 2.27 
1.38 2.32 
1.22 2.36 
1.07 2.42 

179 128.2 2.22 2.18 
1.77 2.25 
1.51 2.28 
1.31 2.32 
1.13 2.37 

178 113.0 3.08 1.83 
2.76 1.91 
2.25 2.12 
1.95 2.24 
1.72 2.35 
1.55 2.36 

201 101.2 3.41 1.64 
3.07 1.81 
2.93 1.93 
2.5'9 2.03 
2.6 2.12 
2.30 2.24 
1.99 2.28 
1.71 2.30 
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bottom boundary layer, at the same distance from the exit 

plane as the intersection of the tangent produced and the 

actual wall. 

The Mach numbers obtained have teen tabulated in table 

17 and plotted in fig 53 with the interferometric results. 

The Mach numbers obtained interferometrically in test 163 at 

stagnation pressure 168.2 p.s.i.a. have been tabulated in 

table 17 with those obtained from Mach angle measurements 

in test 177 at stagnation pressure 162.7 p.s.i.a. 	The 

maximum difference of 3.5% between the two sets of results 

was caused by the difficulty in measuring the Mach angles 
+ 

to an accuracy of greater than -00 • 

9.2. 	Flow Separation. 

Tests were carried out in which wall pressure measure-

ments were obtained at the same time as shadowographs, 

interferograms and schlieren photographs over a stagnation 

pressure range of approximately 45 to 165 p.s.i.a. 	The 

flow pattern in the vicinity of the separation point was 

found to be symmetrical and the pressure gradients at the 

wall high in the stagnation pressure range 165 - 95 p.s.i.a. 

However on subsequent reduction of pressure the flow pattern 

became assymmetrical and the pressure gradients decreased. 
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Accordingly the flow separation results have been divided 

into three groups, symmetrical, assymmetrical and those 

obtained when the boundary layer trips described in section 

7.2.1. were fitted. 

9.2.1. 	Results for S metrical Se aration. 

The tests were carried out in groups A b BI C)M & F at 

nominal stagnation pressures of 1659  1402  127, 113, 100 and 

95 p.s.i.a., respectively. 	The pressure within each group 

was varied over a range of approximately 3 p.s.i.a. 

The wall pressure results for one of the groups have 

been tabulated in table 18 and it can be seen that the 

maximum error in the wetted region of flow was -T. 0.5%. 

In the case of the results in table 18, the wetted region 

extended to pressure tapping 18 as at 19 the pressure ratios 

diverge considerably signifying that separation had taken 

place. 

With reference to fig 56 where the results in table 18 

have been represented graphically, it can be seen that if the 

results for one of the tests had been plotted separately, it 

would not have been possible to make an accurate assessment 

of the onset point position, with the points available. For 

instance in test 183 the initial pressure rise took place 



TABLE 18  

Wall pressure ratios for the tests in group  
B, nominal Stagnation pressure 140 p.s.i.a.  

TEST 155 156 159 176 180 183 

Stagnation Pressure 139.1 139.3 139.8 139.2 138.5 141.8 
Po 

Pressure Dist from 
tapping exit plane. 

cm. 

1 3.506 0.2170 0.2196 0.2219 0.2201 0.2221 0.2159 
2 3.357 0.1913 0.1920 0.1933 0.1921 0.1933 0.1923 
3 3.190 0.1613 0.1616 0.1626 0.1615 0.1625 0.1619 
4 3.042 0.1411 0.1416 0.1422 0.1415 0.1420 0.1417 
5 2.886 0.1231 0.1234 0.1239 0.1234 0.1239 0.1243 
6 2.729 0.1071 0.1074 0.1079 0.1073 0.1078 0.1076 
7 2.574 0.0969 0.0969 0.0972 0.0968 0.0973 0.0971 
8 2.423 0.0882 0.0882 0.0886 0.0882 0.0885 0.0880 
9 2.261 0.0818 0.0818 0.0821 0.0817 0.0820 0.0820 

10 2.108 0.0767 0.0766 0.0769 0.0765 0.0768 0.0767 
11 1.953 0.0715 0.0713 0.0713 0.0712 0.0714 0.0714 
12 1.797 0.0677 0.0676 0.0677 0.0676 0.0676 0.0676 
13 1.639 0.0631 0.0631 0.0632 0.0629 0.0632 0.0632 
14 1.486 0.0610 0.0608 0.0609 0.0607 0,0608 0.0608 
15 1.329 0.0569 0.0568 0.0569 0.0566 0.0568 0.0569 
16 1.169 0.0533 0.0532 0.0534 0,0531 0.0533 0.0532 
17 1.019 0.0505 0.0503 0.0503 0.0501 0.0502 0.0503 
18 0.861 0.0475 3.0473 0.0474 0.0472 0.0472 0.0473 
19 0.701 0.0813 0.0797 0.0761 0.0735 0.0561 0.0453 
2C 0.544 0.0985 0.0980 0.0982 0.0974 0.0954 0.0899 
1 0.386 0.1007 0.1002 0.1005 0.1002 0.0988 0.0954 
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between holes 19 and 20 and no results were obtained on this 

part of the pressure curve. However by changing the 

pressures slightly at which the tests were carried out in 

the group, thereby altering the position of separation, it 

was possible to determine the onset pressure accurately, by 

making the assumption that the pressure gradient for the 

first initial steep pressure rise was the same for all the 

tests. For example in fig 56 the curves in the region AB 

representing the initial pressure rise were drawn straight 

and parallel to each other. The range of positions over 

which this could be done was very limited, and hence the 

error in the determination of the onset point for a given 

test was much less than that obtained by using the results 

of a single test. 	The curve associated with the expansion 

of the flow in the wetted region was extrapolated downstream 

of the last tapping recording the pressure in this region by 

using the results obtained in tests at higher pressure. 	In 

group B the curve for the expansion in the wetted region was 

extrapolated downstream of tapping 18 by using the results 

obtained in group A where separation took place downstream 

of hole 20. 

The results for onset and peak pressure, as defined in 

sections 3.4 and 8.L respectively, have been tabulated in 
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table 19, with the Mach and Reynolds numbers at the 

onset point. 

The Mach numbers were determined from the inter-

ferometrically measured values presented in fig 53. When 

the tests were carried out a stagnation pressures inter-

mediate to those for which interferograms were evaluated, 

the Mach numbers were obtained by extrapolation between the 

interferometric results. 

Shadowographs of the flow in the pressure range dis-

cussed above,presented in fig 58,show that the shock pattern 

associated with the boundary layer separation from the nozzle 

walls remained symmetrical as the stagnation pressure was 

decreased until group E was reached. For instance the 

shock pattern for test 186, Po = 98.9 p.s.i.a. was not 

symmetrical (see fig 58d). 	The position of separation did 

not oscillate and the flow pattern was reproducible, as in 

tests 137 and 138 carried out at the same stagnation pressure 

and discharging to atmospheres of identical pressure, the 

results for onset pressure and position were in excellent 

agreement. 	The curves for the pressure ratio variation in 

the reversed flow regions in group E were not all the same 

shape and. unlike those for the tests at higher pressure, 

crossed each other, (see fig 57). 	This effect was due to 



Po/pa  Po/pp  Reynolds Mach 
No ;c 	No 
10-° 

Pp  
p.s.i.a. 

Peak pressure Onset 
pressure 
po 
p.s.i.a. 

Position Pressure 
of onset ratio at 
point/ 	the on 
cm from onset 
exit 	point 
plane P/Po 

Test Stagna.;ion Atm pressure 
pressure 	pa. p.s.i.a. 
Po p.s.i.a. 

TABLE a,2. 

The position of, the Mach and Reynolds number, and the pressure at, 
the onset point  for  the tests in groups A, B. C. D. E. & F. 

Group A 

162 
182 
177 

Group B 

Norminal Stagnation pressure 165 p.s.i,a. 

166.3 	14.83' 	6.64 
172.5 	14.49 	6.61 
162.7 	14.75 	6.56 

Nominal Stagnation pressure 140 p.s.i.a. 

(0.343) 
(0.157) 
(0.394) 

0.0399 
0.0383 
0.0403 

0.447 
0.456 
0.443 

2.59 
2.56 

2,38 
2.39 
2.37 

156
155  139.1 

139.3 
14.77' 
14.78 

14.13  
14.14 

6.36 
6.35 

0.747 
0.742 

0.0457 
0.0456 

0.430 0.4502.12 
0.430 0.449 	2.15 

2.365 
2.366 

19 139.8 14.85 14.20 6.36 0.736 0.0455 0.428 0.448 2.14 2.367 
17
5
6 139.2 14.75 14.11 6.33 0.731 0.0455 0.429 0.449 2.11 2.368 

183 141.8 14.49 13.86 6.25 0.681 0.0441 0.431 0.451 2.30 2.374 
180 138.5 14.48 13.85 6.25 0.710 0.0451 0.432 0.451 2.30 2.370 

Group C Nominal Stagnation pressure 127 p.s.i.a. 

150 128.0 14.68. 14.01 6.44 0.993 0.0503 0.439 0.460 2.09 2.349 
151 127.3 14.68 14.01 6.44 Lou 0.0506 0.439 0.460 2.11 2.348 
152 128.2 14.68 14.01 6.43 0.995 0.0502 0.438 0.459 2.12 2.349 
153 
154 

127.2 
127.0 

14.80 
14.81 

14.12 
14.13 

6.47 
6.47 

1.031 
1.035 

0.0509 
0.0510 

0.437 0.458 
0.437 0.458 

2.09 
2.07 

2.345 
2.344 

175 125.7 14.80 14.12 6.44 1.045 0.0512 0.435 0.456 2.06 2.342 
179 
184 

128.2 
125.4 

14.53 
14.54 

13.85 
13.87 

6.36 
6.35 

0.959 
1.015 

0.0496 
0.0506 

0.438 0.459 
0.437 o.458 

2.28 
2.18 2.3t 2.3 r 



141 
142 
148 
149 
174 
178 
185 
186 

Group E 

136 
137 
143 
1)0
3
1 

196 
138 

Group F 

81 
82 

84 
83 

85 

Group D Nominal Stagnation pressure 113 p.s.i.a. 

117.6 14.62 13.91 6.47 1.239 0.0550 0.443 0.465 1.7o 2.342 
116.4 14.65 13.94 6.53 1.304 0.0561 0.446 0.469 1.94 2.334 
115.6 14,64 13.93 6.51 1.311 0.0563 0.445 o.467 1.90 2.332 
116.6 14.64: 13.93 6.52 1.293 0.0559 0)015 0.468 1.97 2.335 
114.5 14.75: 14.04 6.50 1.333 0.0568 0.)011 0.463 1.78 2.330 
113.0 14.48 13.78 6.41 1.325 0.0567 0.443 0.465 1.88 2.331 
114.8 
115.0 

14.49' 
14.58. 

13.79 
13.87 

6.44 
6.47 

1.296 
1.306 

0.0561 
0.0562 

0.444 
0.444 

0.467 
0.466 

1.87 
1.81 

2.335 
2.334 

Nominal Stagnation pressure 100 p.s.i.a. 

100.0 14.50 13.71 6.45 1.682 0.0645 0.445 0.470 1.64 2.325 
101.7 

99.2 
14.68 
14.58 

13,91 
13.76 

6.47 
6.41 

1.04 
1.684 

0.0636 
0.0646 

0.)011 
o.440 

0.465 
0.466 

1.67 
1.65 

2.331 
2.324 

100.7 14.57 13.79 6.41 1.646 0.0637 0.)010 0.465 1.65 2.331 
100.7 1

4
4.71 
1.57

7  13.96 6.49 1.680 0.06)01 0.439 0.465 1.58 2.326 
98.9 
101.7 14.68 

13.73 
13.91 

6.41 
6.46 

1.693 
1.645 

0.0648 
0.0635 

0.440 
0.440 

0.467 
0.465 

1.59 
1.66 

2.323 
2.331 

Nominal Stagnation pressure 95.0 p.s.i.a. 

95.1 14.56 13.79 6.43 1.800 0.0676 0.442 0.466 2.116 
96.5 14.58 13.81 6.47 1.781 0.0670 0.444 0.469 2.118 
95.6 14.60 13.83 6.43 1.775 0.0673 0.440 0.465 2.119 
95.5 14.49 13.74 6.43 1.783 0.0673 0.440 0.468 2.118 
96.2 14.46 13.69 6.43 1.760 0.0668 0)015 0.47o 2.121 
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the alteration in the flow conditions of the reversed stream 

caused by the changes in the shape of the reversed flow 

region, associated with the assymmetrical separation. 

On further reduction of pressure the character of the 

separation phenomenon changed and will be discussed in the 

next section. 

The results presented in table 19 include those for 

tests in group A at the highest stagnation pressure used, in 

which separation took place close to the exit plane of the 

nozzle, downstream of the last pressure tapping. As a 

resulti the pressure rise at separation could not be recorded. 

Therefore an approximation to the onset pressure was obtained 

by extrapolating the curve in the wetted region to the exit 

planel and assuming that the onset point corresponded to the 

position of the discontinuity at the separation point in the 

wall profile on the corresponding direct shadowograph, (see 

fig 54). 

The onset pressures measured in group A did not follow 

the trena shown by those in the previous tests as they were 

greater than those in group B, with the re3ult that the ratio 

R2 was unexpectedly high. 	These effects were caused by the 
pa 
exit plane being reached before the pressure rise downstream 

of the separation point could be completed. 
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The shock wave system associated with separation 

appeared on intorferograms and shadowgraphs to be made up of 

more than one shock wave; for instance in figs 54c and 58c a 

weak shock system can be seen clearly inside a much stronger 

one. 	This effect and the rise in density ratio between 

the shock waves described in section 9.1.1.9  can be ex-

plained if it is assumed that the shock waves also cause the 

boundary layer on the glass walls to separate. 

The density ratio across the shock wave on the bottom 

wall was determined from the interferogram for test 85 

Po = 96.2 p.s.i.a. and presented in table 20 below with the 

corresponding pressure ratios calculated from the 

appropriate Rankine Hugoniot relationship with 	= 1.4. 

TABLE 20, 

Density and pressure ratios across the shock wave  
causing separation on the bottom wall in test 85  

Po = 96.2 p.s.i.a. 

y cms P2/pi  Pl/p2  

2.4 1.718 2.173 0.4601 
2.),5 1.728 2.193 0.4559 
2.5 1.729 2.195 0.4555 
2.55 1.729 2.195 0.4555 
2.6 1.730 2.198 0.4549 
2.65 1.737 2.211 0.4523 
2.7 1.743 2.222 o.45o1 

Centreline 2.217 
Onset point2.875 

Subscript 1 refers to conditions upstream of 
the shock wave and 2 to those downstream. 
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Cn moving towards the onset position, the pressure 

ratio Pl/p2  approached the peak pressure ratio, '= 0.470 

obtained from the wall pressure measurements. 

The results for tests 81 - 85 have been presented in 

table 19 and although the stagnation pressures were lower 

than those in group E, the shock pattern at separation was 

symmetrical, and the curves for the pressure variation in the 

region of reversed flow were all the same shape and did not 

cross each other, (see fig 57). 

All the tests in group F were preliminary, carried out 

with hard paper gaskets fitted between tho nozzle blocks 

and the glass windows. 	It was not possible to cut these 

gaskets so well as those which were used in all the tests 

subsequent to test 85. 	The differences between the 

results in group F and E therefore, demonstrated that 

changes in the material and fit of the thin gaskets between 

the glass and nozzle blocks altered the stagnation pressure 

at which symmetrical separation was obtained. 

The shock waves associated with the separations dis-

cussed in this section originated well inside the boundary 

layers (see figs 37&58) and were very similar in appearance 

to those observed by Chapman et a18 in turbulent 

separations over steps and wedges. 	The pressure variations 
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downstream of the onset point were also very sicilar. 

The boundary layer Reyno]ds niimbers at the onset point;  

calculated from the free stream flow conditions and the 

length along the axis of the nozzle from the throat plane to 

the onset point have been tabulated in table 19. For 

Reynolds numbers above 1.6 x 106  (group E) the separa;ion 

phenomenon showed all the characteristics of the steady 

separation of a turbulent boundary layer. 	At lower Reynolds 

numbers with the exception of group F separation of a 

different type of boundary layer occurred. 



TABLE 21 

The Pressure, Mach and Reynolds numbers at the onset points  for 
tests in group G, nominal stagnation pressure 87p.s.i.a. 

Test Stagnation Stagnation Atm 	Peak 	Onset 
pressure temperature pressure pressure pressure 
Po p.s.i.a. To  A. 	Pa P.si-a,  p 	po 

p.s.i.a. p.s.i.a. 

Turbulent separation on both walls of the nozzle. 

Dist of 	E2 
onset point pp 
from the 
exit plane 

cm. 

pa 
Reynolds Mach 
nurnbe' number 
x 10-° 

109 
111 
113 
114 
115 
116 

86.9 
87.3 
86.6 
86.4 
84.3 
83.1 

292.5 
292.5 
292.5 
292.7 
291.3 
291.0 

14.67 
14.66 
14.55 
14.66 
14.62 
14.62 

13,67 
13.65 
13.62 
13.62 
13.59 
13.57 

6.29 
6.29 
6.32 
6.26 
6.31 
6.34 

1.983 
1.973 
2.015 
1,989 
2.070 
2.117 

0.460 0.429 
0.461 0.429 
0.460 0.435 
0.460 0.427 
0.464 0.432 
0.467 0.434 

1.27 
1.30 
1.24 
1.27 
1.2 
1.17 

2.271 
2.275 
2.265 
2.270 
2.253 
2,2111 

Turbulent separation on one wall transitional on the other. 

164 82.4 292.6 14.79 6.92-7.19 2.261-2.423 0)-644% 113-1.19 2.203-2.2101 
165 83.9 293.6 14.79 6.66- 6.83 2.261-2.108 0.450.1-621.11,1a7 2.203-2.241+ 
166 83.4 293.4 14.73 6.74-6.76 2.108-2.261 0457-JaY59 110-1.17 2.203-2.21 01 
168 87.2 290.0 14.81 6.63 2.108 0.447 	1.242.244 
193 82.6 289.0 14.51 6.67-7.20 2.108-2.261 0,-60-0.1-96 	1.2-118 2203- 2.244 
202 83.9 288.7 14.78 6.80-7.08 2.108-2.261 0.)-160-01d76 	113-119 2.233- 2.244 

Transition very close to separation on both walls of the nozzle. 

112 86.2 292.1 14.66 6.53 2.108 0.445 1.2 2.244 
171 84.0 293.1 14.76 6.54 2.108 0.1016 1.17 2<-2.244 
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SECTION 9.2.2. 

The Results for Assymmetric Separation. 

In the previous section the shock system and the flow 

in the vicinity of separation became assymmetric in sore of 

the tests in group E, at a nominal stagnatLon pressure of 

100 p.s.i.a. 	when the boundary layer Reynolds number was 

approximately 1.6 x 106. 	On further reduction of the 

pressure the type of separation obtained in the nozzle 

changed, and will be discussed in this section with reference 

to the tests in groups G to N at nominal stagnation pressures 

of 87, 80, 73, 66, 59, 52 and 45 p.s.i.a. respectively. 

The results obtained in the tests of group G have been 

tabulated in table 21 and the different types of separation 

observed in this group will be discussed with reference to 

Figs 59 and 63. 

Examination of the flow photographs presented in Fig 

59 indicates that three differenc types of separation took 

place within group G. 	In tests 113 and 116 the shock waves 

associated with separation of the boundary layers on both the 

top and bottom walls of the nozzle were strong and similar 

to those in fig 58 for the tests at higher pressure. 

Similarly the wall pressures were found to be 'steady, the 

(Continued on page 181) 
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compression of the boundary layer on the bottom wall rapid, 

and the variation of pressure along the bottom wall of the 

nozzle the same. Hence the boundary layers in tests 113 

and 116 on both the top and bottom walls of the nozzle were 

turbulent before separation. 

The onset pressure po and the ratio E2 were in general 
Pp 

below the values expected from the trend shown by the tests 

at higher stagnation pressures in the previous section. 	The 

reason for the reversal of the trend is not known but is 

probably due to separation taking place close to transition. 

As in the previous section the shock waves associated with 

separation appeared to be complex apparently consisting of 

more than one shock wave. For instance in fig 59d 

separation of the boundary layer appeared to take place by 

means of a compression fan. 

Turbulent separations of the type discussed above took 

place when the Reynolds number of the boundary layer on the 

bottom wall was in the range 1.17 - 1.30 x 106. 	At 

slightly lower Reynolds numbers, 1.03,-1.19 x 106, the wall 

pressure variation changed completely. 	For example in test 

193)  Po = 82.6 p.s.i.a., the shock system and the wall 

pressure variation associated with separation were different 

to that previously observed. 
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The wall pressure variations in tests 164 and 202 at 

stagnation pressures of 82.4 and 83.9 respectively, shown in 

fig 63 were the same as that in test 193, and it can be seen 

that the pressures measured at the even numbered pressure 

tappings were lower than those at the odd. 	The effect was 

reproducible and was not affected by changing the pressure 

lines to the manometer, from the even to the odd numbered 

tappings and vice versa. The manometer levels during these 

tests were steady and no hum or vibratory noise usually 

associated with an oscillating separation position was heard. 

It can be seen from fig 24 that the pressure tappings 

were placed alternately on either side of the nozzle wall 

centreline, and that the odd numbered were nearest the 

observer when viewirg the flow photographs in figs 59, 60, 

61 and 62. 	Then if the separation position was not at the 

same distance from the exit plane across the complete breadth 

of the nozzle, the pressure variation recorded by the odd 

and even numbered holes would be different. For instance 

in test 193 two types of separation occur on the bottom wall, 

as in fig 59b a white line characteristic80 of laminar 

separation can be seen moving gradually away from the wall 

upstream of a shock system characteristic of a turbulent 

separation which originates in the regions close to the wall. 
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By treating the corresponding wall pressure results obtained 

at the two lines of tappings separately in fig 64 two curves 

were obtained. With the odd numbered tappings the curve was 

the same as that obtained for turbulent separations at higher 

stagnation pressures. The curve obtained by using the even 

numbered holes had an initial gradual compression of the type 

associated with laminar separation, followed by a pressure 

rise characteristic of transition taking place in the 

separated layer. 	The points of laminar separation and begin-

ning of transition as depicted by the wall pressure 

variation were in good agreement with the corresponding 

positions measured on the flow photograph. 

The Schlieren photograph in fig 59a and the wall 

pressure variation in fig 63 for test 171, Po = 84.0 p.s.i.a. 

were representative of the third type of separation obtained 

in group G. Although the flow photograph indicated that 

there was some variation in separation position over the 

nozzle width, there was no evidence of laminar or transitional 

separation. 	The wall pressure rose rapidly initially in the 

same way as in the turbulent separations, but in the region 

of revarsed flow the wall pressures were not steady. 	The 

separated jet however did not flap from one side of the 

nozzle divergence to the other as observed by Wilkie28. 
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In all the tests in which a continuous curve for the 

wall pressure variation could not be drawn through all the 

results as in fig 64, approximate Reynolds numbers at the 

onset point were obtained by assuming that the onset point 

was between the tapping at which a pressure rise above the 

value expected for wetted flow was first recorded and the 

tapping immediately upstream of it. It can be seen from 

the results tabulated in table 21 that the Reynolds numbers 

at the onset point for turbulent separations were higher 

than those where transition took place downstream of separa-

tion. 

Approximate values of the onset pressure were obtained 

in the same way as the Reynolds numbers, and have been 

tabulated in table 21. 	In general the values of the onset 

pressure and the ratio 22 were higher, when part of the 
pa 

boundary layer was laminar at separation, than the 

corresponding values for turbulent separation. 

With reference to fig 59a and 59b, it can be seen that 

separation of the boundary layer on the top wall of the 

nozzle was laminar and in both tests took place in two 

definite positions. 	As the distance from the throat to 

the separation position on both the top and bottom walls were 

approximately equal, the Reynolds numbers were also equal. 
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Therefore the presence of the pressure tappings on the 

bottom wall of the nozzle must cause transition from a 

laminar to a turbulent boundary layer to take place at a 

lower Reynolds number than on the top wall. 

The wall pressure variations measured during the tests 

in group H have been drawn in fig 65. As in the previous 

group the pressures measured at the even numbered pressure 

tappings were lower than those at the odd. However in this 

group of tests the boundary layer was laminar at separation 

across the whole breadth of the bottom wall, since the 

pressure rose gradually initially at both lines of pressure 

tappings and a white line characteristic of laminar 

separation was present on the flow photographs, for example 

in fig 60b. 	Examination of fig 65 indicates that the wall 

pressure results in test 190 were below those in tests 129, 

133 and 134. 	The difference arose from a change in the 

shape of the reversed flow region, as in the latter three 

tests of which the interferogram in fig 60a was an exarrple, 

the axis of the separated jet was inclined towards the top 

wall of the nozzle while the flow photograph in fig 60b 

showed that it was inclined towardsneither wall in test 190. 

A weak shock wave can be seen upstream of the stronger 

shock system on the interferogram in fig 60a obtained in 
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test 129. 	The intersection of the weak shock and the bottom 

wall has been drawn on fig 65 together with that of the 

stronger shock system, where it can be seen that the former 

was close to the onset point and the latter to the steep 

pressure rise associated with transition. 	The weak shock 

wave did not appear when the boundary layer was turbulent 

before separation. 	It did not appear in the shadowographs 

of the flow, as sensitivity of the shadowographic method was 

not high enough, but it could be detected by the Schlieren 

method, for instance in fig 59a it can be seen on the top 

wall as the beginning of a compression fan. 

Apprreimate values of the pressure and Reynolds number 

at the onset point were determined in the same way as in 

the previous groups. 	The results for the tests in group H 

and those in subsequent groups have been tabulated in table 

22. 	The Reynolds numbers at the onset point in group H wee 

generally below those in the previous groups and the values 

of the onset pressure po and the ratio 22 greater. 
pa 

It can be seen from the wall pressure results illustrated 

in fig 66 that a series of widely different flow patters 

vc,re obtained f r the tests in group I at nominal stagnaton. 

pressure 73 	The results f'Dr tests 195 and 198 

were consistent with the hypothesis cf laminar separation 



TABLE 22. 

The Pressure, Mach & Reynolds numbers at the onset points for the tests  
in Groups H - M,nominal stagnation pressure 80 - 45 p.s.i.a.  

Test Stagnation Stagnation 
pressure temperature 
Po p.s.i.a. To  A. 

Position 
of onset 
point 
between 
holes:-
or um 
from the 
e:dtplane 

Onset 
pressure 
po 
p.s.i.a. 

Atm 
pressure 
pa 
p.s.i.a. 

po 
pa 
or 

po/pa  Po/pp  

Reynolds Mach No. 
number 
x 10-° 

Separated 
jet 
flowing 
in con-
tact with 
bottom 
wall 

Group H. Nominal stagnation pressure 80 p.s.i.a. 

129 81.3 293.8 7 & 8 7.80-7.23 14.60 0.535_0.495 0.963-1.01 2.11-2.15 No 
133 82.0 290.9 7 & 8 7.87-7.31 14.66 0.537-0.499 0.9i-0.992 2.11-2.15 No 
134 80.4 290.9 7 & 8 7.71-7.43 14.66 0.526-0.507 0.967-1.02 2.11-2.15 No 
190 80.3 285.7 7 & 8 7.72-7.51 14.63 0.527-0.513 0.940-0a19 2.11-2.15 No 

Group I 	Nominal Stagnation pressure 73 p.s.i.a. 

89 73.9 274.8 7 & 8 7.26-6.58 0.492-0.445 0.947-1.00 2.11 2.15 No 
92 73.5 283.4 1.707 4.7 14.76

4.77 
1 0.322 0.479 1.21 2.32 Yes 

93 
195 
198 

72.6 
74.9 
75.1 

281.3 
283.1 
281.1 

1.716 
& 6 

5& 6 5  

4.74 
9.15-8.49 
9.16-8.53 

14.76 
14.57 
14.57 

0.321 0.483 
0.628-0.582 
0.629-0.585 

1.20 
0.777-0J853 
0.795-0B65 

2.32 
1.97 2.04 
1.97 2.04 

Yes 
No 
No 

Group J 	Nominal Stagnation pressure 66 p.s.i.a. 

118 65.2 283.8 7 & 8 6.29_5.76 14.62 0.430-0.394 0.809-0.8;6 2.11 2.15 Yes 
120 65.5 284.8 7 & 8 6.34-5.77 14.61 0.434-0.395 0.785-0.848 2.11 2.15 Yes 
192 65. 283.3 5 & 6 7.9o-6.93 14.62 0.540-0.474 0.682-04749 1.97 2.04 Yes 



Group K. 	Nominal stagnation pressure 59 p.s.i.a. 

287.7 
286.9 
285.8 
286.7 

2 
2 
5 
5 

& 
& 
& 
& 

3 
3 
6 
6 

11.06-9.55 
10.90-9.43 
/.28-7.07  
7.25-6.99 

14.57 
14.57 
14.57 
14.62 

0.759_0.655 
0.746-0.647 
0.500_0.486 
0.492.0.487 

0.432-0.506 
0.424-0.500 
0.595_0.651 
0.613-0.670 

1.69-1.79 
1.69 1 .79 
1.97-2.04 
1.97-2.04 

No 
No 
Yes 
Yes 

Nominal Stagnation pressure 52 p.s.i.a. 

286.4 1 & 2 11.56-11.13 14.71 0.786-0.757 0.323-0.391 1.59 1.69 No 
2912 1 & 2 11.72-11.11 14.79 0.793_0.752 0.321-0.388 1.59 1.69 No 
291.3 1 & 2 11.61-11.11 1479 0.786-0.751 0.319-0.389 1.59 1.69 No 
283.8 4 & 5 7.60_6.99 14.57 0.522-0.480 0.522-0.557 1.88 1.97 Yes 

Nominal stagnation pressure 45 p.s.i.ae 
upstream of 

124 58.1 
125 57.3 
191 	59.5 
197 59.5 

Group L. 

96 52.7 
97 53.6 
98 53.3 
194 53.3 

Group M. 

103 46.1 1 
105 u6.1 1 Separation not in region 
106 46.0 1 of pressure holes. 
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/0113r:red by transition in the separated boundary layer. 

However in these two tests the wall pressures were higher 

at the even numbered holes than at the odd, the converse 

being true in the tests in the previous groups, 	The wall 

press ire results and the flow photograph for test 89 in 

fig 60c showed no laminar characteristics, they were however 

similar to those obtained in test 171, group G, but unlike 

this test the wall pressures in the region of reversed flow 

were steady. 	In trying to repeat test 892  the flow 

separated from the top wall before it did on the bottom 

(fig 60d) with the result that one edge of the separated jet 

flowed very close to the bottom wall. 

In the case of tests 195 and 198 where the axis of 

separated jet was not inclined appreciably towards either 

wall, the results for onset pressure were consistent with 

the trend shown by the tests in the previous groups. 	In the 

other tests the results showed greater similarity to those 

obtained for turbulent separation. 

The wall pressure results obtained in the tests in groups 

J.K.L and M at nominal stagnation pre5surec of 66, 59, 52 

and 16 p.s.i.a. respectively have been presented in figs 67, 

68,69 and 70 and the floc, photographs in figs 61 and 62. 

In groups J and K separation was laminar with transition 
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downstream. 	Separation of the top boundary layer in the 

tests in group J took place before that on the bottom and 

consequently the separated jet flowed very close to the 

bottom wall. In a test 192 the flow along the bottom wall 

was rapid as indicated by the presence of the white line at 

the exit. The flow of the reversed stream was therefore 

restricted and consequently the ratio 22 was lower than the 
pa 

values obtained in subsequent tests when there was no 

restriction by the separated jet. 

The results obtained, for onset pressure and the ratio 

po/pa  during the tests in group K also depended on whether 

the separated jet flowed in contact with the bottom wall 

or not. 	In test 191 for instance it was, as indicated by 

the presence of the white line at the end of the wall. As 

in the tests at higher pressure the onset pressure was lower 

in those where the separated jet flowed in contact with the 

bottom wall. 

The wall pressure results for the tests in the groups 

L and M show that separation was completely laminar except 

in the case of test 194, where the separated jet flowed 

along the bottom wall. 	The onset pressure results were 

consistent with those obtained in the other tests where the 

separated jet did not restrict the flow of the reversed streari. 
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It can also be seen from the flow photographs and wall 

pressure resulta, that even when separation was completely 

laminar, the position of separation varied across the 

breadth of the nozzle. 

The effect of the separated jet in restricting the 

flow of the reversed stream can be clearly seen in fig 71, 

where the ratio psj.  has been plotted against Mach number. 
pa 

The ratio poi and therefore the onset pressures were lower 
pa 

for those tests where the separated jet flowed close to the 

bottom wall of the nozzle. 

9.2.3. 	The Effect of the Boundary Layer Trips  on the 
Pressure Rise at Separation. 

The tests described in this section were carried out on 

the nozzle with the boundary layer trips described in 

section 7.2.1. stuck onto the walls of the convergent section. 

The wall pressures were measured and shadowographs 

obtained over the same stagnation pressure range as used in 

the previous two sections. 	As before they were divided into 

the groups A to M, the nominal pressure for each group being 

the Same as before. 	The wall pressure results and the 

shadowographs obtained during this series of tests have been 

presented in fig 74 and in figs 72 and 73 respectively. 
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The results for onset pressure and position, the peak 

pressure ratio and the Mach numbers at the onset point have 

been tabulated in table 23. 

Comparison of the shadowographs of the flow obtained 

during the tests in the groups A to E, show that they were 

very similar to those illustrated in fig 58 obtained when 

the trips were not fitted. As before the shock pattern at 

separation was symmetrical but the appearance of the 

boundary layers changed. 	Previously their presence was 

indicated by white lines separated from the walls, however 

when the trips were fitted the lines lost definition or 

disappeared entirely. 	As before in the tests without trips 

there was a steep rise in the wall pressure downstream of the 

onset point characteristic of turbulent separation. 

The wall pressure ratios in the wetted region of flow 

tabulated in table 24, were lower than the corresponding 

values obtained when the trips were not fitted. 	The trips 

therefore caused the flow through the throat of the nozzle 

to be restricted by thickening the boundary layer on the 

walls. 	This had the effect of increasing the area ratio in 

the divergence of the nozzle. 

The Mach number corresponding to the pressure ratio at 

the onset point was obtained by first determining the 



TABLE 23. 

Pressure  ratios and Mach numbers at the onset _point for tests  
with boundary layer trips fitted. 

Test Stagnation Atm. press. Peak pressure Onset 	Dist. of 	P/Pn 	poi 22. 	Mach 
press. P0  pa 	Pp 	pressure onset 	at Onset 'pa  pp 	No 
p.s.i.a. 	p.s.i.a. 	po 	point from point 

exit plane 
cm 

group B 
222 139.3 14.71 13.99 6.20 0.701 0.0445 0.421 0.443 2.376 
219 139.1 14.72 13.92 6.19 0.699 0.0445 0.421 0.442 2.377 

group C 
218 126.7 14.77 13.97 6.27 0.975 0.0495 0.425 0.449 2.356 

group D 
217 113.7 14.72 13.84 6.34 1.310 0.0558 0.431 0.458 2.337 

group E 
212 101.1 14.78 13.80 6.37 1.640 0.0630 0.431 0.462 2.330 

group G 
216 82.0 14.73 11.96 5.57 1.820 0.0677 0.378 0.466 2.306 
208 83.5 14.78 11.94 5.59 1.777 0.0669 0.378 0.467 2.314 

group H 
215 81.1 14.73 11.47 5.29 1.702 0.0652 0.359 0.461 2.325 
211 81.0 14.78 11.42 5.27 1.698 0.0651 0.357 0.462 2.326 

group I 
205 74.2 14.80 10.93 5.08 1.850 0.0685 0.343 0.465 2.302 



T gro:;.;.. 	,.. 
209 66.4 14.79 11.14 5.11 2.162 0.0770 0.345 0.459 2.240 
213 65.4 14.78 11.25 5.112.200 0.0782 0.346 0.460 2.232 

group K 
210 60.0 14.78 11.96 5.23 2.432 0.0871 0.354 0.467 2.164 

group L 
206 54.1 14.81 14.26 7.63 3.057 0.1410 0.515 0.535 1.881 

group M 
207 45.8 14,80 11.01 5.42 2.858 0.1184 0.316 0.493 1.987 



126.7 128.2 101.2 100.2 

'Po 
12 
 'Po "Po ),/

Po 

Po 	169.1 168.2 

Pressure 
hole /1210 P/Po 

TABLE 24 

Wall Pressure Ratios for tests 220 218 and 212  
with Boundary Layer Trips fitted and tests 163  

152 & 146 without  

Test 220 163 218 152 212 146 

Group A A C C E E 

197 

1 0.2172 0.2207 0.2161 0.2187 0.2153 0.2220 
2 0.1896 0.1922 0.1888 0.1920 0.1884 0.1932 
3 0,1602 0.1616 0.1599 0.1618 0.1597 0.1625 
4 0.1396 0.1411 0.1396 0.1417 0.1392 0.1411 
5 0.1222 0.1231 0.1219 0.1235 0.1238 
6 0.1064 0.1072 0.1067 0.1078 0.1062 0.1080 
7 0.0957 0.0965 0.0959 0.0973 0.0955 0.0974 
8 0.0872 0.0879 0.0876 0.0886 0.0868 0.0885 
9 0.0812 _ 0.0815 0.0821 0.0810 0.0820 

10 0.0754 0.0762 0.0757 0.0769 0.0754 0.0767 
11 0.0707 0.0709 0.0713 0.0719 0.0708 0.0715 
12 0.0664 0.0671 0.0670 0.0680 0.0677 0.0679 
13 0.0624 0.0627 00628 0.0635 
14 _ 0.0604 0.0613 Sep. Sep. 
15 0.0556 0.0564 0.0562 0.0572 
16 0.0529 0.0529 0.0529 0.0536 
17 0.0493 0.0499 0.0502 0.0511 
18 0.0465 0.0470 Sep. Sep. 
19 0.0438 0.04.8 
20 0.0416 0.0419 
21 0.0393 0.0403 
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distance from the exit plane at which the same pressure 

ratio occurred in the absence of trips, and then using this 

distance to obtain the Mach number from the curves pre-

sented in fig 53. 

The Mach numbers measured at the onset point were 

higher than those for the tests in the corresponding groups 

without trips, consequently the onset pressures and the 

ratios pg and .p were lower. 
a 

The
p  
flow patterns and the wall pressure results ob- 

tained during the tests In the groups G to M, showed 

completely different characteristics to those described in 

section 9.2.2. 	Separation took place without any of the 

laminar characteristics shown before. 	Instead the pressure 

rose steeply at the onset point, and separation took place 

at the same distance from the exit plane across the complete 

breadth of the nozzle as in the tests at higher stagnation 

pressures with and without boundary layer trips. 

Referring to fig 74 it can be seen that the wall pressure 

In the tosts at low stagnation pressures in the region of 

reversed flow rose after an initial portion of almost 

constant pressure. 	The magnitude of the pressure rise 

decreased as the stagnation pressure increased until it 

disappeared in test 212. 
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The second pressure rise occurred in the neighbourhood 

of the shock sy;item developed at the intersection of the 

shock waves associated with separation, like that indicated 

by point A in fig 73. 	In test 206 the pressure in the 

reversed flow region was unexpectedly constant, this was 

caused by the separated jet flowing close to the top wall of 

the nozzle, ylth the result that the shock system at the 

intersection did not affect the pressure on the bottom wall. 

In test 212 the flow downstream of the intersection did not 

reach the bottom wall before the exit plane was reached, 

consequently no pressure rise was recorded in the reversed 

flow region. 

The onset pressure and the ratio poi increased with /pp  

Mach number in the same way as the values obtained at higher 

pressure and unlike those obtained when the trips were not 

fitted, were not dependent on whether the separated jet 

flowed in contact with the top or bottom wall of the nozzle. 

The value of pp however did depend on thr) position of th.e 
pa 

separated jet, there was also a sudden change in its 

magnitude associated with the appearance of the pressure rise 

in the reversed flow region. 

From a comparison of the tests carried out with trips 

fitted in the nozzle with those in the previous two sections, 
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it is apparent that boundary layer trips in the convergent 

section were ab7.e to promote turbulent separation in the 

divergent section 
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SECTION 9.3. 	Flow in the Region Reversed .Flow 

The density variation in the regions of reversed flow, 

between the boundary of the separated jet and the nozzle 

wall, were determined from the interferograms taken during 

tests 143)  146 and 152 at stagnation pressures of 99.2, 

100.2 and 128.2 p.s.i.a. respectively. 	The interferograms 

are shown fig 37 and the results obtained in the wetted flow 

regions have already been described in section 9.1. 

The flow patterns are presented in figs 75 - 78 

These were obtained by measuring the density on a number 

traverses through the reversed flow region. The density was 

expressed as a ratio of the atmospheric density, and a series 

of points at constant increment obtained along the traverse. 

This was done for each traverse and then curves of constant 

density ratio drawn through the points as shown. 

It is apparent from the flow patterns that a number of 

vorticies were present in the reversed flow region. 	In 

tests 143 and 146, at approximately the same stagnation 

pressure, three vorticies were present. 	The flow patterns 

were similar in that the centres of corresponding vorticies 

were in approximately the same position relative to the 

shock wave causing separation. 	The density ratios however- 

were higher in test 143 than in 146. 	The difference 

(Continued on page 206.) ‘ 
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amounted to approximately 0.4 of the no flow fringe width. 

In terms of the fringe shift unit this error was small, but 

as the fringe shifts in the reversed flow regions were small, 

it was large compared with the total shift and was therefore 

significant. 

The maximum fringe shift measured was approximately one 

fringe shift unit, and an error of 4" 0.1 units in the 

position of a fringe caused an error of approximately 

; 0.75% in the density ratio qh). The corrections fcr the 
km 

non ideality of the interferometer optics (that is, the 

bending of the no flow fringes) amounted to 50% of the 

fringe shift in some cases. 	Accordingly the results are 

not very accurate, but give a useful qualitative picture of 

the flow patterns. 

In test 152 the stagnation pressure was higher and 

separation took place nearer the exit plane of the nozzle, 

and the vortex nearest the exit plane in tests 143 and 146 

moved out of the nozzle. 	The bend in the pressure ratio 

variation along the bottom wall indicated by A in fig 79 

which corresponded to the flow region between the second and 

third vorticias, B in fig 75 and 76, was also not present 

in test 152. 

The pressure ratios p/pa  determined from the wall 
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pressuremeasurements,thedensityratiosc/measured on 

the bottom wall, and the density ratios calculated from the 

pressure ratios assuming isentropic flow are plotted in 

fig 79. 	The differences between the experimental and 

calculated values of the density ratio were small, being 

approximately -3%, 0% and 195% of the measured density ratio 

for tests 143, 146 and 152 respectively. 

The agreement between the density ratios obtained by 

the two different means, showed that the air in the reversed 

flow region was drawn in from the atmosphere to promote 

separation. 

9.4. 	Boundary Laver Flow. 

In all three types of flow photograph of the nozzle 

flow, namely interferometric, schlieren and shadow, the 

presence of the boundary layer is shown as a fairly well 

defined region close to the solid boundaries. 	By means of 

the interferograms it was possible to determine the density 

distributions at various positions in the boundary layer, 

and then by making certain assumptions to use them to 

calculate the temperature and velocity distributions. 

In the interferograms of the flow shown in fig 37, the 

apparent width of the boundary layer increases from 
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practically zero at the throat to a sizable fraction of the 

divergence width at separation. 	After separation it 

separates the main body of the separated jet from the flow 

in the reversed flow region. 

It has been shown in section 2 that the flow properties 

change in a continuous manner in moving from the free stream 

into the boundary layer. Any definition of boundary layer 

width therefore is somewhat arbitrary. The width used in 

this research has already been defined in section 8.2. as 

the distance between the nozzle wall and the sharp bend in 

the flow fringes at the top cf the boundary layer. It can 

be seen from the discussion in section 8.3.2. that this 

width will be slightly greater than the true value due to 

errors caused by correr effects. 	The camera was focussed 

on a plane in the nozzle one third of the nozzle breadth 

from the exit window, and according to Wachtell's66 results 

in section 8.3.1. refraction effects were negligible when 

the camera was focussed in this position. 

Boundary layer widths measured in the tests 143, 1467  

152 and 163, at stagnation pressures of 99.2, 100.2, 128.2 

and. 168.2 p.s.i.a. respectively are presented in table 25. 

The difference between tha widths measured at corresponding 

positions in tests 143 and 146 was 8% in some cases. 	The 
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TABLE 25. 

B6,...qp.dary_laver  widths  

Dist 
from 
exit 
plane 
cm, 

0,2 
0.4 
0.6 
0.8 

Test 163 
Bottom Top 

	

wall 	wall 

	

cm. 	cm. 

	

0,083 	0.083 

	

0.082 	0.081 
0,078 

	

0.071 	0.069 

Test 152 
Bottom Top 

	

wall 	wall 

	

cm. 	cm. 

Test 146 	Test 143 
Bottom Top 	Bottom Top 
wall 	wall 	wall 

cm. 	cm. 	cm. 	cm. 

1.0 0.065 0,060 0.063 
1.2 0.060 0.057 0.056 
1.4 0.056 0.055 
1.6 0.051.  0.050 
1.7 0.053 0.051 0.056 0.055 
1.8 0.048 0.048 0.050 0.049 0.052 0.051 
2.0 0.045 0.046 0.045 0.047 0.01+8 0.047 0,046 0.047 
2.5 0.038 0.037 0.037 00°35 
3.0 0.023 0.029 0.028 0.025 0.023 oc,o23 0.024 
3.4 0.017 0.016 0.017 
3.5 0.019 0.015 0.015 
3.9 0.006 0.006 0.006 

0.005 0,005 0.006 0.005 
4.3 0.005 

Position of onset point Test 152 0,995 cm from the exit 
plane 

146 1.666 cm 
143 1.684 cm 
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apparently large difference in these results, which were 

obtained at appi3ximately the same stagnation pressure was 

caused by the small width of the boundary layer and the 

difficulty in measuring it accurately, 	The position of the 

wall on the interferogram could be estimated to T 0.001 cms 

and the top of the boundary layer to ± 0.003 ems. 	The latter 

uncertaintity was reduced by plotting many measurements of the 

width against distance and drawing a smooth curve through the 

points. 

The walls of the actual nozzle were not parallel to the 

light beam as measurement showed that the width was greater 

on one side of the nozzle than on the other. 	However 

examination of the nozzle dimensions presented in appendix 1 

shows that the variation in nozzle width along the light 

beam was small upto 2.8 ems from the exit plane. Accordingly 

the errors caused in the measurements of boundary layer width 

were small, as these were all taken in the region 0 - 2.3 ems 

from the exit plane. 

The results presented in table 25 show that the widths 

at corresponding positions on the top and bottom walls of 

the divergence were equal and independent of the stagnation 

pressure. 

A general characteristic of the boundary layer was the 

high degree of shock penetration at separation (see figs 
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58, 72 and 73) indicating that the boundary layer was 

supersonic for 2lost of its width. 	This was particularly 

so for turbulent separations that took place nearer the exit 

plane where the boundary layer was relatively thick. In the 

laminar separations (see figs 60 and 61), which took place 

nearer the throat, the boundary layers were too thin for the 

degree of shock penetration to be observed. 

9.4.1. 	The density and velocity distributions in the 
122andalalaYer. 

The main purpose of obtaining these distributions was to 

determine whether there was any significant changes in them 

as the separation position was approached. As the 

separation position was not measuredIthe position at which the 

distributions were obtained will be discussed relative to the 

onset position determined in section 9.2. 	It has been shown 

in section 3,4. that the boundary layer will be retarded 

upstream of this onset position, as it does not correspond to 

the point of furthest upstream influence of the shock wave 

causing separation, as it does for the results for steps and 

wedges discussed in sections 3.1., 3.2. and 3.3. 

The density distributions measured in the boundary 

layer on the bottom wall of the nozzle in test 146 are plotter' 
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in fig 80, where a ma red change in shape is apparent 

between the distribution 0,,007 cms downstream, and that 

0.162 cms upstream of the onset position. 	At 0.006 cms up-

stream of the onset position, the density at '6he wall was 

below that at 0.007 cms downstream and the shape of the 

distribution was closer to that in the undisturbed boundary 

layer. 	On moving further upstream the distributions re-

mained essentially the same shape, but the density increased 

which would be expected as that in the free stream increased. 

The increased density just downstream and in the vicinity of 

the onset point was also found to be a feature of the dis-

tributions measured in tests 152 and 163. 

To calculate the temperature and hence the velocity 

distributions in the boundary layer, it was necessary to make 

the following assumptions. 

(1) That the pressare was constant through the boundary 

layer in direction normal to the wall, and 

(2) The nozzle wall temperature was equal to the 

stagnation temperature of the gas. 

The first of these assumptions did not hold in the region 

close to separation, where compression of the low velocity 

regions of the regions of the boundary layer took place. 

Further upstream in the undisturbed boundary layer, the 
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problem of the pressure variation from the wall to the free 

stream has been discussed by Schlichtling,
81 Page 109 who 

carried out an order of magnitude analysis of the terms in 

the Navier-Stokes equation for the case of a laminar layer 

and incompressible flow. He found that the variation of 

pressure in the boundary layer was negligible. The 

application of this result to a turbulent layer has not been 

confirmed experimentally. 	There was the further com-

Iplication in the. the flow outside the boundary layer uas 

two dimensional. 	But it was found that the pressure 

variation across the boundary layer was negligible, by 

assuming that it was the same as that calculated from the 

density variation across the width of the nozzle. 

The second assumption vas necessary because no provision. 

could be made in the present apparatus to measure the nozzle 

wall temperature. 

The temperature of the gas near the wall is increased 

by stagnation and in addition by the trasfer of momentum 

towards the wal'. resulting from the velocity gradient. 	If 

the system is adiabatic no heat is transferred through the 

wall, but the rise in temperature at the 1.,Tall causes con-

duction of heat ftom the wall back through. the boundary 

layer into the free stream. 	Hence the wall assumes a 
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temperature Taw which is higher-than that in the free stream 

by an amount depending primarily on the ratio of the molecular 

diffusivity of momentum to the molecular diffusivity of heat. 

The ratio, 	
ciou. -u- C7which is defined as the 
k 

Prandtl number. 

For convenience it is usual to define a recovery 

factor NR  = Taw - T  so that the wall temperature can be 
To 	T 	 * 66 

calculated. 	It has been shown that NR,:s,(5- 	for a 

turbulent boundary layer. The Prandtl number for air is 

independent of temperature8l Page 291f and equal to 0.72, 

and hence the recovery factor is equal to 0.88. 	This means 

that in an adiabatic system the wall temperature is lower 

than the stagnation temperature. 

However the flew in the nozzle was not isentropic and 

heat was probably conducted through the brass walls of the 

nozzle raising the wall temperature82. 	It has therefore 

been assumed that V- =1 and Taw = To as this leads to great 

simplification in the calculation of velocity, because the 

energy equation, 

=' ( 

still holds in the boundary layer.81 Page 343 

Using the assumptions discussed above the velocity 

distribution was calculated at a number of positions along 
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the wall from the density distributions measured in tests 

146, 152 and 163 at s'agnation pressures of 100.2, 128.2 and 

168.2 p.s.i.a. respectively. 	The results are presented in 

dimensionless form in figs 81, 82 and 83. 	The boundary 

layer Reynolds numbers corresponding to positions at which 

the distributions were determined are tabulated in table 26. 

They were calculated from the free stream flow properties 

above the boundary layer and the axial distance from the throat 

Referring to fig 81 where the velocity distributicns 

corresponding to the density distributions in fig 80 have 

been presented, it can be seen that the velocity in the 

region of the boundary layer close to the wall, just down- 

stream of the onset position, appeared td be higher than that 

in the corresponding region upstream. 	The converse would be 

expected as the boundary layer downstream of the onset 

position was closer to the separation position and hence 

more retardation would be expected. The cause of the 

apparent anomally lay in the method used to calculate the 

velocity in the boundary layer. The temperature was first 

calculated from the relationship p/i? = RT and then the 

velocity from the energy equation. As the density rose on 

approaching the separation position, the value of T calculated 

was too low, as the pressure, which was assumed constant 
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TABLE 26. 

Corresponding displacement  boundary layer  
thicknesses and Reynolds numbers. 

Dist from Boundary 	Displacement 
the exit Layer thickness thickness 
plane 	Z; cm. 	Zi*  cm. 
cm. 

Test 163. 	Po = 168.2 p.s.i.a. 

S+ 
z 

Reynolds 
Number;
x 10- 

0.493 0.080 0.0223 0.279 2.493 
0.652 0.076 0.0217 0.286 2.482 
0.891 0.068 0.0186 0.273 2.432 
1.181 0.064 0.0134 0.242 2.369 
1.421 0.056 0.0131 0.235 2.307 

Test 152. Po = 128.2 p.s.i.a. 

1.055 0.059 0.014 0.239 2.112 
1.186 0.059 0.014 0.239 2.083 
1.318 0.054 0.013 0.241 2.040 

Test 146. Po = 100.2 p.s.i.a. 

1.698 0.053 0.009 0.1698 1.722 
1.725 0.052 0.009 0.1730 1.921 
1.828 0.050 0.008 0.1660 1.663 
2.300 0.039 0.006 0.1462 1.533 
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across the boundary layer and equal to that in the free 

stream, must also have risen. Hence the velocity calculated 

from the density distributions will appear to be too high 

in the regions where the boundary layer was retarded. 

On moving upstream away from the separation and onset 

positions, the dimensionless velocity in the regions of the 

boundary layer close to the wall fell and thereafter the 

distributions remained approximately the same shape. 	The 

distributions corresponding to the power law Yy = 
V 

where A equals 1/6th and I/9th 	have been represented on 

fig 81. 	With reference to this figure it can be seen that 

the dimensionless velocity at any position on the dist-ibutions 

obtained in test 146 was greater than the corresponding 

value given by the 1 9th power law. 	The distributions also 

showed a tendency to move towards curves of lower power as 

the Reynolds number decreased. 

The results obtained in test 152 fell between the 1 6th 

and 1-/9th power laws, and like those in test 146 showed a 

tendency to move towards curves of lower power as the 

Reynolds numbers increased. 

In test 163 the position of the onset point could not 

be determined accurately as the pressure rise at separation 

occurred between the exit plane of the nozzle and the last 
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pressure tapping. However the distribution at 0.334 ems 

from the exit plane in fig 83 was close to the onset 

position. 	As before in test 146, the dimensionless velocity 

was higher in the region close to the wall than in the 

corresponding region of the distributions immediately up- 

stream. 	On moving upstream from the profile at 0.427 ems 

from the exit plane, the distributions which had up to this 

point moved towards power law curves of higher power began 

to move in the opposite direction as the Reynolds number 

decreased. 	Therefore the density rise at separation was 

transmitted to a position 0.427 ems from the exit plane, 

which was at least one boundary layer thickness (0.083 ems) 

upstream of the onset point. Further upstream effects 

could occur in the very thin regions near the wall, the study 

of which was beyond the resolution of the optical technique 

used. 

The effect of Reynolds number on the undisturbed 

boundary layer can be seen clearly in fig 847  where the 

velocity distributions moved towards power law curves of 

lower pourer as the Reynolds numberaitcreased. 

Calculation of the Mach number distribution in the 

boundary layer showed that the flow was 07..personic'. tc, 

within very small distances of the wall 	In the case Jf the 
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velocity distributions measured in test 163 at 0.427 and 

0.493 ems from the exit plane, the flow became supersonic 

less than 0.004 cm from the wall. 

e Bounday Lqyor Displacement  Thickness. 

The displacement thickness of the boundary layer defined 

as:- 	

+ 	(= 

have been calculated from the density and velocity dis-

tributions obtained for tests 146, 152 and 163 and presented 

in table 26 with the corresponding Reynolds numbers. 

The ratio of displacement to boundary layer thickness 

increased as the Reynolds number increased. 	Therefore theMada 

roi.,,,brat a given point in the nozzle should decrease as the 

stagnation pressure is increased, as the ratio is a measure 

of the constriction caused by the boundary layer. 

9.4.3. 	Transition in the Boundary Layer. 

A method has been described in appendix 7 by which the 

point of transition from a turbulent to a laminar boundary 

layer can be determined, 	The method depends on a dip 
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appearing, at the point of transition, in the white line 

representing the boundary layer on a direct shadowgraph. 

Examination of the shadowgraphs taken with the plate 

adjacent to the exit window of the nozzle ,presented in fig 

541 showed that there was no dip in the white line 

attributable to transition. 	However the apparent position 

of the wall on the shadowgraphs uas displaced from that of 

the true wall. 	The white line representing the boundary 

layer was also tangential to the apparent wall at one point. 

The cause of these effects can be deduced by reference to 

fig 17a appendix 7. 

Near the throat the boundary layer was extremly thin 

and the density gradients large, therefore a high degree of 

refraction dill take place and the plate position will 

correspond to position XX in fig 17a(ii). 	On moving down- 

stream v n2 decreases and the position of the plate moves 

towards they  point of focus of the boundary layer YY. Further 

downstream the plate position corresponds to a position 

between YY and the test section. 	On increasing the 

distance of the plate from the exit window. the point at 

which the white line was tangential to the wall moved 

downstream, as would be expected from the explanation put 

forward above. 
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The optical effect associated with transition there-

fore occurred within the breadth of the glass exit window 

and as a result could not be detected. 
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SECTION 10. 	DISCUSSION. 

10.1. 	Flow in the wetted region of  the nozzle. 

It has been shown in section 9.1. that the measured 

pressure ratios were generally above the values calculated 

from the theory of one dimensional isentropic flow. 	The 

dfference between the theoretical and experimental values 

increased as the area ratio increased (see figs 50 & 51). 

The same observation has been made by other workers-- 28 31 41 

and is associated with real gas effects in the nozzle. 

The measured pressure ratios in the region 2.2 - 2,8 cms 

from the exit plane of the nozzle (see figs 49, 50 & 51) were 

below the one dimensional isentropic values. 	This result 

was not expected as real gas effects, such as friction tend 

to increase the pressure. 	Wilkie28  measuring the pressure 

ratio in a 100  axisymmetric nozzle showed that the measured 

and one dimensional values were coincident at a pressure 

ratio of 0.06, the highest pressure ratio recorded. 	The 

effect was similar to that recorded here as the values were 

coincident at 0.07. 

The pressure variation along the bottom wall obtained 

by means of the method of characteristics has been drawn in 

fig 85 with the one dimensional and measured values. It can 

be seen that the results obtained from the two dimensional 
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solution are a closer approximation to the experimental 

values than those obtained from the one dimensional theory. 

However there is still a region, upstream of 2.4 ems from 

the exit plane)  where the experimental results are below the 

theoretical two dimensional values. 

It was assumed that one of the boundary conditions for 

the characteristics net was a straight sonic profile, whereas 

the actual profile is curved (see figs 47 and 38). 	The 

effect of using the correct profile cannot be estimated without 

doing the actual calculation)  which was not warranted in the 

present study. However the error in the bpundary condition 

at the throat might account for the apparent anomally of 

the measured values of pressure ratio falling below 

theoretical. 

The boundary layer reduces the area available for main- 

stream flow, and therefore the Mach number and pressure ratio 

will be high and low respectively at any given point if 

calculated on the basis of the area x.atio defined by the 

sclid walls. 

The effective area ratio of a noz2,1e can be defined by 

means of the displacement thickness, for if is the width 

of the nozzle and D the breadth, the eff-3cttive area ratio 

is given by:_ 
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Acif  (v/-2.0(0
) 

(1) 

where e is the displacement thicknest on the nozzle walls 
+ 

and u 
ve-c that on the glass windows. 
The assumption was made that at any cross section the two 

displacement thicknesses were equal, this was thought to be 

justified in view of the discussion in section 8.3.3. 	Then 

the Mach numbers and pressure ratios corresponding to the ,..rea 

ratio Aeff 	, were computed from the one dimensional 
Aeff throat 

isentropic relationships. 	At the throat, the boundary layer 

was extremely thin and therefore the displacement thickness 

was neglected and the measured and effective area ratios were 

assumed to be equal. 	The values of Aeff 	, 	and 
Aeff throat Poeff 

Meff obtained have been tabulated in table 27. 

The effective Mach numbers have been plotted in fig 87 

and show a similar trend, with changing reservoir pressure 

to those calculated from the observed values of p/po  and go 

and it can be seen that displacement thickness did not account 

for the difference between the one dimensional and measured 

values. 

However it can be seen from fig 86, that the displace- 

ment thickness over compensated for the difference between 

the measured and one dimensional pressure ratios as the 

former were generally below the effective values. 
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TABLE 2'. The  Mach numbers and pressure ratios calculated 
from the corrected area ratios„aalumiagml 
71=717717177717517rlow. 

D-:.st A/At 	Aeff  Mach 	Meff p/Po P/Poeff from measured At  number 	Table 13 
exit Table la) 	Table 13 
plane. appendix 
cms. 	1. 

Test 163 	Po = 168.2 p.s.i.a. 

0.5 3.392 3.265 2.768 2,726 0.0390 0,0415 
0.6 3.323 3.150 2.745 2.687 0,0401 0.0439 
0,8 3.183 2.985 2.700 2,,631 0.0438 0.0478 
1.0 3.044 2.870 2.653 2.591 0.0462 0.0508 
1.2 2.902 2.735 2.602 2.538 0.0499 0.0550 

Test 152 	Po = 128.2 p.s.i.a. 

1.0 3.044 2.901 2.653 2.602 0.0462 0.0500 
1.2 2.902 2.764  2.602 2.550 0.0499 0.0542 
1.4 2.765 2.637 2.551 2.449 0.0541 0,0594 

Test 146 	Po = 100.2 p.s.i.a. 

1.7 2.555 2.473 2.465 2.431 0.0615 0.0653 
1.8 2.484 2.414 2.435 2.405 0.0647 0.0679 
2.0 2.345 2.280 2.373 2.341 0.0713 0.0750 
2.2 2.204 2.157 2.305 2.281 0.0807 0.0824 
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A feature of isentropic flow is that the pressure and 

density ratios decrease as the Mach number and area ratio 

increase. 	Therefore as the effective area ratio was always 

less than the measured value, the effective values of the 

density ratio would be expected to be always above the 

uncorrected values. 	Referring to figs Will 45 & 46 it can be 

seen that the measured density ratios were always below the 

corresponding uncorrected one dimensional values. 	Thus the 

correction for the boundary layer causes the divergence, 

between the theoretical and experimental values, to increase. 

It is apparent therefore, that the discrepancies be-

tween the actual and the theoretical flow in the nozzle cannot 

be attributed to the constrictive effect of the boundary 

layer as calculated from the displacement thickness. 

In previous interferometric work on two dimensional 

nozzles by Bersharder51 a Laval nozzle and one of LP 

divergence half angle were used and the density only was 

measured. 	The pressure ratios and Mach numbers were then 

calculated from the relationships p/po  = f/?0  and 

M2 = 2 	kv 1-b _ 1) 

CE-71) 

In the divergent nozzle, the pressure and hence the 

density ratios in the convergence were above the corresponding 

one dimensional values. The difference between the two 
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valaes reached a maximum of 3%. 	In contrast, the density 

reios in the convergence of the nozzle used in this research 

were below the one dimensional values in the region 4.2 to 5.6 

cms from the exit plane, the differen3e reaching a maximum 

of 5% at 5.0 cms. 	The convergent section walls were con- 

cave to the flow direction in Bersharder's nozzle and 

convex in the nozzle used in this research. 	The density 

ratio is therefore dependent on the shape of the convergence, 

and large errors can result by treating the subsonic flow 

upto the throat as one dimensional and isentropic. 

The pressure ratios calculated from the density ratios 

in the divergence of Bersharder's nozzle were fractionally 

above the one dimensional values. However in this research 

the values of the equivalent pressure ratio fall consistently 

below the measured and one dimensional values (see figs 48 

49 50 & 51) 	The difference between the one dimensional 

values and those calculated from the density ratio increased 

as the stagnation pressure increased since the density ratio 

at a given point in the nozzle decreased (see fig 44, 45 & 46). 

Bersharder only gives the results of one test in the divergent 

nozzle and does not indicate whether the density ratio 

decreased with increasing stagnation pressure. 	However the 

results obtained in his Laval nozzle show that the density 

ratio decreased as the stagnation pressure was increased from 
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4.07 to 4.8 atm, and then increased when the pressure was 

raised further to 6.09 atmos. 	In the first two tests the 

Mach number and hence the pressure ratio calculated from 

Aeff were respectively less and greater than she values 

calculated from the density ratio. 	In one region of the 

nozzle divergence the Mach number was also 2% above the 

value calculated from the measured area ratio. 	The con- 

clusion reached by Bersharder was that the constrictive 

effect of the boundary layer was not as great as that 

calculated from the displacement thickness. 	If the Mach 

number had been calculated from the density ratios measured 

in the nozzle used in this research the same effect, but 

greater in magnitude, would have been observed. In test 

163 for instance the Mach numbers at 0.5 ems from the exit 

plane, calculated from, the density ratio, the area ratio and 

the effective area ratio were 3.64-, 3.39 and 3.27 respectively. 

Bersharders results can therefore be interpreted in the same 

way as those in this work, that is by assuming that the flow 

is not isentropic. 

The subsequent increase in density ratio, shown by 

Bersharderts results, causing the Mach numbers to be lower 

at the higher stagnation pressures, was attributed by him 

to the strength of a system of weak shock waves present in 
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the nozzle increasing with stagnation pressure. 	The effect 

of these disturbances could have been sufficient to mask the 

effect of decreasing density ratio with increasing stagnation 

pressure as demonstrated in this research. 

It should be noted that the Laval nozzle used in the 

work discussed above was made of Cedar wood, which has a low 

coefficient of thermal conductivity in comparison to brass. 

Therefore the rate at which heat could be conducted into the 

gas stream was much greater in the present experiments than 

in Bersharderts. 

Naysmith
82 

measured the heat transfer coefficients 

between a heated ramp placed on a flat plate and the gas 

stream flowing above it. He found that the heat transfer 

coefficient hh = g_ 	increased as the Reynolds number 
Twad Tw 

was increased by increasing the stagnation pressure. 

Accordingly the large divergencies between the actual flow 

and isentropic flow in the nozzle could be due in part to 

the effects of heat transfer. 

A theoretical analysis into the effects of heat transfer 

and friction on the one dimensional flow in the divergence 

of a supersonic nozzle has been carried out by Shapiro46. 

Tho results show that friction and heat transfer cause the 
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Mach number to decrease and the temperature, density, and 

pressure to increase, with respect to the values obtained 

for the corresponding one dimensional isentropic flow. 

With reference to the results in. section 9.1,1. it can 

be seen that the pressure and temperature were generally 

above the one dimensional values, which was in agreement 

1,1:th the trend predicted by the theoretical analysis given 

above. However the experimentally measured density was 

generally below the isentropic values and not above. As a 

result it was thought that the density measurements might 

have been in error. 

As white light fringes could not be obtained with the 

optical system, no check could be made on the shift of the 

fringes in the reference regions. 	However if it is 

assumed that the fringes in the reference regions of the 

flow interferogram shifted by a further fringe shift unit, 

the density values throughout the flow field would have been 

increased by an amount corresponding to one fringe shift 

unit. 	It was found that if this was done, the entropy 

change became negative in some instances when calculated from 

the relationship given in section 9.1.1. 	The entropy chang: 

was negative for the complete range of the measured values if 

test 146 and for the initial region of the divergence in 
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which pressure measurements were made in tests 152 and 163. 

This result is in conflict with the second law of thermo-

dynamics. Therefore in view of the excellent agreement 

between the density calculated from the stagnation conditions 

and that in the low velocity regions of the convergent 

section it is unlikely that the numbering of the flow fringes 

was in error. 

Errors in the density would also be caused by bending 

of the glass windows during a test, as then the test section 

breadth D used in the calculation of the density would not 

be the correct value, and the fringe patterns would have 

been altered by the strains set up in the glass. 	However 

no detectable change of breadth was observed during a test 

and when the windows were loaded with a fo-2ce equivalent to 

that exerted by the gas stream during a test at the highest 

stagnation pressure, no measurable fringe shift could be 

de.,ected. 

One of the resuls of Shapiro's analysis was that heat 

transfer through the nozzle walls, causes the Mach n=lber 70 

decrease with respect to the value obtained for the 

corresponding cne dimensional isentropic flow. 	.Lnce the 

Mach numbers obtained in section 	exhibit the same 

trend, it was assumed that the areas under the tehape2aturo 
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entropy curves in fig.52 represented the heat transferred 

through the nozzle walls, and the result used to calculate 

the Mach number. 

For instance in test 163, the heats transferred, ob-

tained from the area under the temperature entropy chart in 

fig 52 weres_ 

Q revreservoir-:1 = 2.48 cal/gm. 

Q rev 	2 	= 4.12 cal/gm. 

then from the relationship Q = (To2 - To]) cp. 

Tol  = 306.7°A 	To2  .,-- 324.0°A when To = 296.3°A. 

The relationship T = To -i-(Y - 11 M2  was used to calculate 
2 

the Mach numbers using the values of T corresponding to 

stations 1 & 2 in table 16. 	The values of the Mach number 

calculated Ml  = 1.93 and M2  = 2.54 were greater than the 

corresponding values M1 = 1.86 and M2  = 2.36 calculated 

assuming adiabatic flow. The values of Mach number 

calculated by assuming heat transfer are too great, as they 

do not agree with the values measured from the Mach lines in 

the flow (see fig 53). 

Heat transfer does not therefore account for the ob-.  

served effects in the nozzle. As the Mach numbers on the 

bottom wall calculated from the experimental pressure and 

density values, assuming adiabatic flow, are in good agreement 
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with those measured from Mach lines, it was concluded that 

the flow was adiabatic and the effects observed with 

increasing reservoir pressure were not due to heat transfer 

but to some irreversible process in the nozzle. 
86 

Rowe 	suggested that the flow in a supersonic nozzle 

could be treated by a relationship of the type P/ n' = 

constant, where n is a fictitious expansion inde less than 6. 

He then assumed that the flow was isentropic upto the throat 

and derived for the velocity the expression:- 

V 
 = 1

(12.2. 1. 	2 
2g‘po 	54-.1 

[1  . 	LIL=21 a 
“Po 111  

-4(Z-1) 
where fg 	 

when 	= Z(. the equation reduces 

e Visentropic = j2g0 Po  

The values of ri calculated 

to that for isentropic flow. 

from the relationship 

, = Po, are presented in table 28 for tests 146 and 163, 
lz 	--611 
here pAnd () were the measured static pressure on the 

bottom wall and the density on the edge of the bottom 

boundary layer, respectively. 	The velocity calculated from 

the equation above and the expansion index have also been 

tabulated in table 2a, with the corresponding values 

calculated from the temperature ratios in table 16. 
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TABLE 26. 

Values of the expansion index n calculated on the 
assumption that pi n' = constant, with values of  
the velocity V2 	calculated from the temperature  
ratios in table 16 and from the equation given by Rowe86  

Test 163. Po = 168.2 p.s.i.a. Test 146. Po = 100.2 p.s.i.a. 
To = 296.3°A 	To = 275.9°A 

Dist n' 
from 
exit 
plane 
cm. 

V2  talc V2 talc 
from 	from T To 
n186 	in table 
cm4ecx 16.cm/sec 

x 10-9- 

n' V2 talc 

fri786 
cm/sec 
x lo-  4 

V2 caic 
from T/ To  in 
table 16. 	L  
cm/sec x 

o.5 
1.313 
1.315 

5.71 5.62 

0.6 1.316 5.69 5.60 
0.7 1.318 
0.8 1.319 5.66 5.58 
0.9 1.319 
1.0 1.320 5.62 5.54 
1.1 1.322 
1.2 1.322 5.59 5.50 
1.3 1.322 
1.4 1.325 5.54 5.48 
1.5 1.329 
1.6 1.333 5.51 5.46 
1,7 1.336 1.368 
1.8 1.348 5.51 5.43 1.370 5.38 5.37 
1.9 1.340 1.372 
2.0 
2.1 
2.2 

1.341 
1.342 
1.342 

5.44 

5.39 

5.39 

5.34 

1.371 
1.372 
1.372 

5.34 

5.26 

5.32 

5.26 
2.3 1.346 1.373 
2.4 1.347 5.33 5.28 1.373 5.20 5.19 
2.5 1.347 1.372 
2.6 1.345 5.23 5.18 1.370 5.10 5.09 
2.7 1.348 1.372 
2.8 1.354 5.13 5.09 1.369 4.97 4.97 
2.9 1.351 1.369 
3.0 1.356 4.98 4.94 1.373 4.84 4.83 
3.1 1.377 1.380 
3.2 1.371 4.84 4.8? 1.377 4.69 4.66 
3.3 1.369 
3.4 1.375 4.45 
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The value of the expknsion index n decreased, on moving 

down the divergence and as the stagnation pressure increased 

the agreement between the two values of the velocity calculated 

from the expansion index and the temperature ratio in table 

16 was good. The slight difference can be attributed to 

the incorrect assumption. made by Rowe that the flow upto the 

throat was isentropic. 

Rowe postulated that the expansion index ri relevant to 

the flow in a particular nozzle could be determined by 

measuring the pressure coefficient Cp' near the nozzle exit 

plane. Cpl is the ratio of theoretical one dimensional 

isentropic static pressure to measured wall pressure. This 

method does not account for the observed variation in n' as 

the pressure coefficient at a given point in tests 146 and 

163 remains almost constant. 

In the discussion above a value of n' calculated on the 

assumption that p/po  = (c/p)nz has been used to calculate 

the velocity in an equation in the derivation of which the 
n1-1 relationship T/To  Np/p6r-yr. has been assumed to be 

applicable. 	The results indicate that the assumption was 

correct. Therefore lines of constant density ratio in the 

flow are also lines of constant pressure and temperature 

ratio, provided the value of n remains constant along a 
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line. 	It was not possible to check the constancy of n' 

along the lines of constant density ratio and therefore the 

temperature and pressure profiles in the flow need not 

necessarily correspond to the density ratio profiles shown 

in figs 38 - 42. 

The density ratio on the edge of the bottom boundary 

layer and on the centreline, determined by the method of 

characteristics (see fig 13) have been represented in fig 88 

with the corresponding measured values obtained in test 163. 

The theoretical and measured results do not agree. However 

the two dimensional solution did give a very good estimate 

of the extent and magnitude of the two dimensional fetures 

of the flow pattern. For instance the measured profiles 

were approximately straight at 1.9 and 3.0 cms from the exit 

as the density on the centreline was equal to thation the 

edge of the bottom boundary layer at these points (see fig 

88). The same feature being also demonstrated by the two 

dimensional solution at 1.6 and 2.9 cms from the exit plane. 

The regions of maximum curvature were also in similar positions, 

2.5 and 2.6 cms from the exit plane for the theoretical and 

measured density variations respectively. 

Comparison of the flow patterns in figs 38 & 40 for 

tests 143 and 146 showed that good reproducibility was 
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obtained at a particular stagnation pressure. However the 

density profiles in the neighbourhood of the shock waves 

causing separation in tests 143 and 146 are more curved than 

the corresponding profiles in test 152, which are further 

upstream of the separation shock waves as the stagnation 

pressure was higher. The same feature was apparent from 

comparison of the density profiles in test 163. 	The 

density on the centreline of the nozzle also increased as 

the point of intersection of the two shock waves was 

approached (see figs 43.44 & 45). 	Hence the marked 

curvature of the density ratio profiles and the increased 

density in the vicinity of the shock waves causing 

separation were caused by the shock waves. These features 

of the flow pattern will be discussed in more detail in 

section 10.2.1. 
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10.1.2. 	Sonic Profile _at the throat. 

Values of M.+, the Mach number based on the velocity of 

sound at the point where M = 1 were calculated from the 

measured density ratios at the throat. This was done by 

first determining the value of T corresponding to a chosen 
To 

value of the Mach number. Then the entropy change 

corresponding to the temperature ratio was obtained from the 

curve in fig 52 and the density calculated from the 
S- I 

expression d5 = Cp 44T_ 	 . The results tabulated 
TO! kp / 

in table 29 were then used to'obtainthe Mach number dis- 

tribution across the throat plane and the profile at which 

sonic velocity or Mach number one was reached. 

The sonic profile obtained from the density measurements 

and the entropy change has been plotted in fig 89 with the 

theoretical profile, tabulated in table 30, obtained from 

the solution in section 5.2. of the two dimensional flow 

equation in the limited throat region. The theoretical 

profile has been drawn about two axes, the nozzle centreline 

and the normal to the throat plane measured in appendix 1. 

The sonic profile determined from the density measured in 

the throat, by assuming isentropic flow from the reservoir 

has also been represented in fig 89. 
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TABLE 29. 

The Density ratios corresponding to the values of  
111211-9412nAlhkr....111-  for tile  Pto.n”in  fig 52. 

11/1110  Entropy 
change /SS 
cal/gm°C 

Density 
ratio 	/() 

0.958 0.847 0.0017 0.645 
0.966 0.844 0.0017 0.639 
0.975 0.842 0.0017 0.634 
0.983 0.839 0.0018 0.628 
0.992 0.836 0.0018 0.623 
1.000 0.833 0.0019 0.617 
1.008 0.831 0.0019 0.612 
1.017 0.828 0.0019 0.607 
1.025 0.825 0.0020 0.601 
1.033 0.822 0.0020 0.596 

TABLE 30. 

The theoretical throat  profiles  

a 
Sonic profile 
calculated from the 
equation in section 

with 21a = 0.5090 

R 	= 0.1111 

	

y cm 	x cm 

	

+0.115 	-0.0064 7- 

	

-0.096 	-0.0102 

	

1-0.081 	-0.0127 

	

±0.036 	-0.0178 

	

0.141 	0 

	

T-0.183 	0.0127 

	

T-0.221 	0.0255 

	

7.0.258 	0.0382 

b. 
Variation of Mach number 
M+ across the throat from the 

5.2. 	equation in section 5.2. with 

2h = 0.5090 

R 	= 0.1111 
y cm 

	

0.000 	0.982 

	

*0.025 	0.983 

	

t0.051 	0.985 

	

T0.076 	0.988 

	

+0.102 	0.992 

	

0127 	0.997 

	

_0.153 	1.003 

	

.1-0.178 	1.011 

	

1-0.204 	1019 

	

0,229 	1.029 

	

10.255 	1.039 
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It can be seen that the profiles obtained from the 

two dimensional solution were between the two experimental 

profiles, and that the theoretical profile drawn with its 

axis perpendicular to the measured tliroat plane was in 

better agreement with the experimental profiles. 	By tilting 

the axis of the theoretical profile and superimposing it on 

the experimental curve obtained from the measured density 

and entropy change, excellent agreement was obtained between 

the shape of the two curies. 

A more correct approximation to the theoretical profile 

would have been obtained, if the entropy increase in the 

throat region had been assumed to be between that obtained 

from fig 52 and zero. 

Hence although the theoretical method predicts the 

correct shape for the sonic profile in a real nozzle, its 

applicability was limited by the difficulty, in determining 

the actual section of minimum area and making corrections 

for the irreversibility of the flow. For the same reasons 

the experimental method was not satisfactory for determining 

the discharge coefficient of the nozzle from the measured 

Mach number profile across the throat. 
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10.2. 	Flow Separation. 

In the region between the two shock waves causing 

boundary layer separation, two dimensional flow would be 

expected to extend to the shock waves. However it is 

apparent from the flow patterns drawn in figs 38 - 41 and the 

density variation in figs 44 & 45 that it did not as the den-

sity and the curvature of the density ratio profiles in-

creased on approaching the shock waves. 

Bershaz.der51  took interferograms of the flow above the 

exit plane in his divergent nozzle in a direction parallel 

to the glass walls which were extended for some distance 

above the exit plane. Examination of the interferograms 

showed that separation of the boundary layers on the glass 

walls took place at approximately 0.5 cms from the exit 

plane of the nozzle when the exit pressure was approximately 

0.67 atmospheres. 	Hence it appears that recompression of an 

overexpanded two dimensional jet takes place in three 

dimensions. 

There is no reason why recompression of the jet should 

not take place in shock waves which cause separation from the 

glass as well as from the nozzle walls, since in a nozzle of 

small divergence half angle, the boundary layer on all the 

walls at a given distance from the exit plane are at 
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approximately the same pressure and Reynolds number. 

It was apparent from the photographs of the flow that 

the shockwaves causing separation from the nozzle walls were 

two dimensional in that they have a plane parallel to the 

light beam. However shock waves causing separation from 

the glass walls would not be visible as the optical methods 

can not detect discontinuities whose plane is perpendicular to 

the light beam. 

The density ratio measured along the centreline in 

Bersharder's nozzle has been plotted in fig 90 with the 

corresponding values obtained in test 146. Although the 

density ratios were not quantitatively the same, there was 

qualitative agreement between the two sets of results. 

It can be concluded therefore that the increase in density 

ratio as the shock intersection was approached was due to 

separation taking place from the glass walls of the nozzle. 

Referring to figs 39,40 & 41 it can be seen that there 

was a marked increase in the curvature of the density ratio 

profiles, in the vicinity of the shock waves, when moving in 

the flow direction, before the minimum density ratio on the 

centreline was reached. 	If separation from the glass walls 

were caused by a plane shock wave, which extended from one 

nozzle wall to the other, the density would increase 
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uniformly, without causing any increased curvature of the 

density ratio profiles. 	Ladenburg66 studying the inter-

action of shock waves produced by a wedge, with the boundary 

layers on the glass walls, found that the shock waves pro-

duced by a 10°  half wedge appeared on interferograms to be 

made up of two shock waves separated by a region of varying 

density. 	The upstream shock was weak causing a small fringe 

shift, and diverged from the stronger shock wave on moving 

away from the wedge. The shock waves produced by the wedge 

were not strong enough to cause separation of the boundary 

layers on the nozzle walls. However the anomalous structure 

was attributed to interaction between the shock waves and the 

boundary layers on the glass walls. In this connection it 

should be noted that the incident shock waves causing boundary 

layer separation on flat surfaces appear as a series of lines 

and not as a single line (see figs 18 & 19 of ref 8 and also 

ref 12). 

The flow pattern reproduced in fig 91 has been given by 

Gadd and Holder9 for the boundary layer separation in the 

vicinity of a normal shock wave. The interesting feature 

of this flow pattern was the compression fan associated with 

the initial compression of the boundary layer, since it 

could account for the weak shock wave observed by Ladenburg. 
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It can be seen from an examination of the flow photo-

graphs in figs 54 b & c, 58c and 72a, b & c, of steady 

turbulent separations that the weak shock wave appeared 

upstream of a stronger shock system in a manner similar to 

that observed by Ladenburg
66. The same result would have 

been observed if the flow pattern in fig 91 were observed 

through the wall in the direction shown by the arrow. A 

weak shock system would appear upstream of the line re-

presenting the normal shock wave. Whether the result.: on 

the photograph will represent the full upstream spread X. 

will depend on the density gradients in the compression fan, 

It can be seen from fig 90 that the minimum in the 

density rablo on the centreline of Bersharder's nozzle 

corresponded to the observed position of separaticn on the 

glass windows. 	The only signs of this separation apparent 

from examination of the interferograms and schlieren photo-

graphs of the fl:-;w with the nozzle in the normal position 

were, the increased curvature of the fringes in the vicifft:; 

cf the shock waves and the weak shock system immediately 

upstream of a stronger shock eystem. 	Hence it can .3e con 

cluded that photographs of the flow in a nozzle in the 

normal position do not show detail of the eompression tan er 

shock system assor:iatecl. with separation of the boundary 
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layers on the glass walls. 

The shock system shown diagrammatically in fig 92 

accounts for the observed results in the vicinity of the 

separation position. 	In this diagram it has been assumed 

that the oblique shock waves CFID and AJID causing separation 

from the nozzle walls look like strong normal shock waves to 

the boundary layers on the glass walls. 	Then compression 

fans ABE, CBE,FGH and JGH of the type shown in fjg 91_ would 

be formed as separation and compression of the boundary 

layers on the glass walls took place upstream of the oblique 

shock waves, When interferograms of this shock system are 
AmovAng 

taken, the density will appear to increase on/along the axis 

of the nozzle towards the shock waves. 	The density will be 

a minimum at the point B as the compression fans downstream 

of this point will cause the integrated density across the 

breadth of the nozzle to increase. The compression fans 

will also cause the density profiles in the vicinity of the 

shock waves to bend in exactly the same way as those in figs 

39140 & 	No calculations could be carried out to check 

the suggested flow pattern against the observed results as no 

experimental work on this type of separation is known to the 

author from which the upstream spread of thu compression far:, 

and the density rise through them could be determined. 
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Gadd and Holder23 pointed out that the results ob-

tainod by them at the N.P.L. for interactions between strong 

oblique shock waves and turbulent boundary layers indicate 

a greater upstream influence than that observed by Bogdonoff 

ar Kepi :r11 at Princeton Crbdd & Hol&z compared the 

different experimental details and found that the results at 

Princeton were obtained using models arranged so that the 

test boundary layer and those on the glass windows were of 

approximately the same thickness and Reynolds number. 

Conversely the N.P.L. results were obtained on models in 

which the test boundary layers were thinner and at lower 

Reynolds number than those on the glass walls. 

A reasonable cause of the discrepancy between the two 

sets of results could be a difference in the position of 

separation on the glass walls relative to that on the model 

walls; the flow pattern at separation being analogous to 

that shown in fig 92. 	In this connection Bogdonoffll  

found that, when the model did not completely span the 

tunnel breadth, the results deviated considerably from those 

that were proved two dimensional; such as those obtained 

when the model completely spanned the tunnel. However 

patterns8.15. obtained in oil films on models completely 

spanning the tunnel demonstrate that the flow in the region 
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of reversed flow was not two dimensional in the vicinity of 

the glass walls. 

In view of the present results and those observed above 

the question arises of whether the flow pattern in the 

vicinity of the separation position of a boundary layer on 

a two dimensional model can justifyably be assumed to be 

two dimensional. 

The flow patterns in the reversed flow regions under the 

separated boundary layer have been presented in figs 75 - 78 

for tests 1437  146 and 152 in the form of lines of constant 

9/Pa. The density was calculated on the assumption of two 

dimensional flow within the region, which in view of the 

discussion above was erroneous. 

However although no great quantitative significance 

should be placed on the flow profiles in section 9.2.4 

they show that there were a number of vorticaes present in 

the reversed flow region. 	In test 152 for instance one 

of the vorticies present in test 143 and 146 has moved out 

of the nozzle. The agreement in fig 79 between the 

measured density ratios and those calculated from the 

pressure measurements on the bottom wall also showed that the 

air in the reversed flow region flowed in from the 

atmosphere. 	The density decreased as the shock wave was 
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approached which was compatible with the mechanism of 

separation put forward in section 2. 

If isentropic flow and two dimensionality were assumed 

in the region of reversed flow reverse flow Mach 

numbers upto 0.4 were obtained; these corresponded to values 

of 0.410  and 0.311  measured in the reversed flow region for 

separations over steps. 

The pressuresrecorded in the reversed flow region 

(table1Clat the pressure tapping nearest the orifice were 

significantly lower than atmospheric. The pressure loss 

was associated with the change in direction of the air 

flowing up the ends of the nozzle blocks into the reversed 

flow region. In the top region where the flow of air from 

the atmosphere was unobstructed by the nozzle base plate, 

the change in direction was rapid, as shadowographs of the 

flow (see fig 72c & d) showed a density change at the corner. 

10.2.1. Symmetrical Turbulent Separation. 

Owing to the small scale of the phenomenon studied in 

this research it was not possible to make sufficient wall 

pressure measurements in the region of interaction and so 

adequate wall pressure profiles were not obtained. It was 

not possible therefore, to determine the extent of upstream 
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i-Jfluence and the true onset pressure. 	Therefore an 

approximation to the onset pressure was made by defining it 

as the pressure at the intersection of the steep pressure 

rise at separation)  and the curve associated with the 

expansion of the undisturbed flow in the nozzle. 

It has been shown by Gadd and Holdar10 12 18  that the 

upstream influence defined in terms of the undisturbed 

boundary layer displacement thickness, decreased with 

increasing Mach number for a given pressure rise across the 

separated boundary layer. The length taken as a measure of 

the upstream influence was that from the point at which the 

pressure first rose, to the point of intersection of the 

incident shock wave and the wall or to the wedge apex. 

Thus Gadd and Holder's results do not necessarily indicate 

that the difference between the actual and defined onset 

pressures will decrease as the Mach number increases, since 

they were concerned with the whole region of interaction and 

not the first initial pressure rise. 

The results of Chapman et a18 are not sufficiently 

accurate or detailed to provide any information on the first 

part of the pressure rise. However their results for 

separation over steps (see fig 93) did show that the gradient 

of the first steep pressure rise was independent of Mach 
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number and Reynolds number. Therefore the assumption of 

constant gradient for a series of tests carried out over a 

small range of stagnation pressure, which was made in the 

present investigation, should not introduce any error. 

Chapman et 0.8  and Bogdonoffll  showed that turbulent 

separations followed a single curve only as far downstream 

as the separation point, further downstream the results 

depended on the shape of the reversed flow region. This 

result would be expected as it has already been shown that 

the velocities in the regions of reversed flow of turbulent 

separation were high. 	It is evident from comparison of the 

pressure distribution in fig 9 obtained for turbulent 

separation over steps and those in fig 56 & 57 for the 

separation of the bcundary layer in the nozzle, that the 

latter correspond to separations over a step. 	This was not 

an entirely unexpected result as the shapes of the reversec 

flow regions were similar. The major difference was in 

the method by which the air 'mixed' at separation W:, 3 

supplied. 	In a nozzle it flowed in from the atmosphere, 

while in separations over steps it was supplied by the 

fluid reversed at reattachment flowing down the 	of the 

step. 

In fig 93 some res7Jrats obtained by Chapman8  have been 
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reproduced together with some of those obtained in the 

present nozzle. 	The dimensionless distance X used by 
L 

Chapman has no exact parallel in the present work as L re- 

presented the length from the leading edge to the step face. 

Therefore an arbitrary value of L was chosen for the nozzle 

interactions so that at the onset point the dimensionless 

distances for the nozzle and step were approximately equal, 

when X/ in the nozzle represented the distance from the 

throat plane. 	The values of p/po, the onset pressure ratio, 

were slightly greater than the corresponding values for the 

step. 	This was expected as the actual onset pressure in the 

nozzle was slightly greater than the value measured (see fig 

6). 	It can be seen that the two dimensional accelerating 

flow in the nozzle upstream of separation did not signifi-

cantly alter the shape of the wall pressure profiles in the 

region of interaction. Nor did differences in the means by 

which the air in the reversed stream was supplied. But 

since the pressure distributions in turbulent separations do 

nit all lie on a single curve downstream of the separation 

position, it does not follow that turbulent separations in 

all nozzlesere analogous to separationsover stops, as the 

pressure distribution in the reversed flow region will depend 

on the nozzle shape downstream of the separation position. 
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Bogdonoff and Kepler11 found that the peak pressure 

ratio for a step was independent of step height provided the 

step height was greater than two boundary layer thicknesses. 

Thus when the region of interaction was small it appeared 

that the mixing process which occurs downstream of 

separation was not established properly, 	The onset pressures 

obtained for the tests in group A and tabulated in table 19 

were greater than would be expected from the trend .-.,hown by 

the results at lower stagnation pressures. 	Separation in 

Via tests in group A took place close to the exit plane of 

the nozzle and therefore it appeared that the mixing process 

could not properly established, as the results were similar 

to those for steps of height less than two boundary layer 

thicknesses. 

It can be seen from the results tabulated in table 19 

that the peak pressure ratio ps increased as the stagnation 
Pp 

pressure and Mach number decreased on moving from group B to 

group D, in a manner expected from the trend shown by the 

results obtained with steps. On subsequent reduction of 

pressure through groups E and F1  the ratio remained constant. 

The constancy of the ratio with decreasing Mach number could 

be due to two factors, Reynolds number effects and the 

pressure at 0.6 ems from the onset point not being a true 
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representation of the peak pressure. 

Gadd & Holder9 plotting the results of a number of 

workers for the peak pressure rise over steps found that 

there was no significant variation of peak pressure ratio 

with Reynolds number, the same observation was made by 

Bogdonoff11. However Chapman et alifound a significant 

Reynolds number effect. The peak pressure ratio po/np  was 

found to decrease with decreasing Reynolds number when the 

Mach number was held constant. 

On moving down table 19 the Mach numbers and Reynolds 

numbers at separation progressively decrease. Therefore 

the peak pressure ratio would be expected to decrease as 

the Reynolds number decreased and increase as the Mach 

number at separation decreased. Hence Chapman's results 

show that the change of peak pressure ratio with Mach number 

would be offset to some extent by that with Reynolds number. 

Chapman used a Reynolds number based on the length 

from the transition region to the onset point, while those 

presented in table 19, for the separations in the nozzle2  

were based on the distance from the throat to the onset point. 

The results determined in the nozzle were compared with those 

at corresponding Mach and Reynolds numbers obtained by 

extrapolating between Chapmans results for steps in fig 9)4. 
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Both sets of results showed the same trend. As transition 

was likely to take place downstream of the throat, in the 

tests at low stagnation pressure, the Reynolds numbers given 

for these tests in table 19 would be greater than those 

based on the distance from transition. Consequently the 

arrows attached to the points in fig 94 indicate the 

direction in which they would move if obtained from the true 

effective Reynolds number of the turbulent boundary layer. 

With regard to the pressure at 0.6 ems from the onset 

point not being a true representation of the pressure rise 

in the region of interaction, Chapman8 showed that there was 

little variation in the position of the peak pressure, re-

lative to the onset point, as the Mach and Reynolds numbers 

were changed. It would appear therefore that the position 

of the pressure chosen as the peak pressure would not alter 

as the stagnation pressure changed. 

The results in section 9.2.3. demonstrate that the 

boundary layer trips in the convergent section of the nozzle 

are effective in producing turbulent separations in the 

divergence. The peak pressure ratios in general increase 

as the reservoir pressure decreases with the exception,-,of 

groups ii, I arc'. J. The latter effect was caused by a change in 

the downstream flow brought about by the intersection of the 
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shock system causing separation entering the nozzle, 

thereby altering the characteristics of the pressure rise 

downstream of the separation position slightly. 

The shock systems in the tests at the low stagnation 

pressures were not symmetrical. The reason for this is not 

known, as the differences in the flow properties between the 

top and bottom walls as measured on the interferograms were 

not large enough to account for the differences in separation 

position. The effect also cannot be attributed to differences 

in the turbulence levels of the top and bottom boundary 

layers caused by the pressure tappino, as steady separation 

could be obtained with the separated jet flowing close to 

the top or bottom wall of the nozzle (see fig 73a & b). 

A comparison has been made in fig 95, between the 

results obtained in this research for turbulent separations, 

and those for the flow over steps and other nozzles. 

The agreement between the results obtained in this 

investigation and Croccdstheory was good over the range 

investigated. There was also general agreement with the 

results obtained for separations over steps. 	Therefore the 

results for turbulent separations over steps can be applied 

to nozzle separations with reasonable accuracy, provided 

provision is made for the pressure drop downstream of the 
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separation position. 	The two dimensional accelerating 

flow in the nozzle, and the separation from the glass walls 

do not appear to affect the applicability of the results 

obtained on steps in wind tunnels. 

10.2.2. 	Assymmetric Separation. 

The results for separations in the low pressure range 

in the nozzle without trips have been presented in section 

9.2.2. where it was also shown that the position of transition 

relative to the region of interaction was the prime factor 

in determining the flow pattern. 

Separation did not take place uniformly across the 

nozzle breadth)  and in certain instances the boundary layer 

appeared to undergo a turbulent separation on one side of the 

nozzle, and a transitional-type on the other. 	The flow 

pattern in this type of separation was steady and 

reproducible. The jet did not flip from one side of the 

nozzle to the other, as found by Wilkien at stagnation 

pressures just in excess of critical. 

With reference to the shadowographs of the flow pattern 

in the jet presented in figs 59-62, it can be seen that often 

the boundary layer on the bottom wall underwent a transitional-

turbulent separation, while that on the top wall has the 
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characteristics of a laminar separation— Therefore it 

would appear that the pressure holes on the bottom wall raise 

the turbulence level of the boundary layer thereby promoting 

ansition. No other results have come to the authors 

attention in which two different types of separation occured 

side by side. Chapman et alb found that pure turbulent 

separations could be unsteady; separations over a com-

pression corner were found to be unsteady, as the pressure 

distribution was 'jagged' and the corresponding shadowographs 

were not sharp. 	In most instances the unsteadiness was 

observed in the reversed flow region only. An analogous 

result was observed in some of the tests in group G. 

However in all the other tests at low stagnation pressure, 

no fluctuations in the pressure recorders were observed and 

the results were reproducible; the pressure always 'peaking' 

on the same pressure hole. Chapman does not indicate whether 

his results were reproducible and attributed the jagged 

pressure distributions to differences in the connections to 

the pressure tappings lresulting in the pressure lines 

having different response times. The same argument cannot 

be applied to the results obtained in section 9.2.2.7  since 

it was found that changes in the pressure connections had no 

effect on the reproducibility of the results. 	It was also 
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found that smooth curves could be drawn through the results 

obtained at the odd and even numbered pressure holes 

respectively. 	It was not possible to do the same thing with 

Chapman's results even though a single line of holes were used. 

In the process of varying the tunnel pressure Chapman 

observed the conversion from transitional to turbulent type 

separations. The conversion was observed to be unsteady 

and oil films did not accumulate along threadlike lines as 

they did in steady separations. Instead the oil wandered 

irregularly over the plate in a jagged random fashion. The 

same type of separation is apparent in fig 2.21 of reference 

81;  where separation over a sphere)downstream of a boundary 

trip took piece along a jagged line. 	The pressure profiles 

obtained by Chapman were jagged and irregular, he does not 

show whether these pressure profiles were reproducible, but 

in view of the unsteadiness it is thought that they were not. 

Thus when transition took place close to the separation point 

in the nozzle investigated there were points of similarity 

between them and separations over steps etc., particularly 

in the flow photographs, but there appeared to be a difference 

in that non oscillatory separation could take place from 

different points on the nozzle width at one and the same time 

In comparing the results in the nozzle with and witi-ml'c, 



275' 

boundary layer trips, it can be seen that separations that 

occur in the laminar transitional regime were extremely 

sensitive to slight differences in the flow characteristics 

across the nozzle width, while fully turbulent separations 

were not. 	Chapman et alb obtained a similar result, when 

non uniformity in the downstream geometry across the span of 

a model was found to cause laminar separation to 'Lose two 

dimensionality. 

In the shadowographs of the flow in which laminar type 

separations took place, the characteristic white line can be 

seen to curve away from the nozzle wall (figs61 & 62) in some 

instances it appeared to do this in the absence of a shock 

wave, test 106 fig 62 a-idtest 125 fig 61 for infltance, but in 

other tests the shock wave associated with the initial 

compression can be seen to appear at a point remote from the 

wall, fig 613  test 191 bottom wall, test 192 top wall. 

The same results were apparent in the shadowographs of 

Chapman et al but only a relatively small area of the flow 

above the model was shown. Tucker41 studying flow 

separation in a nozzle of variable divergence half angle, at 

very low densities, found that as the Mach number in the 

divergence increased/ separation of an initially attached 

boundary layer took place without any shock wave appearing 
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in the schlieren photographs. When the boundary layer was 

made turbulent at the throat of the nozzle by means of sand 

paper strips, the boundary layer remained attached through-

out the Mach number range. It is thought that the initially 

turbulent boundary laypr became laminar as the Mach number 

increased8 29  thereby promoting separation. 	The strips of 

sandpaper promoted turbulence throughout the whole Mach 

number range thereby delaying separation. 

The compression fan associated with the initial com-

pression of a laminar boundary layer can appear to be absent 

in shadowographs and schlieren photographs of the flow. 

However they are clearly shown on interferograms in fig 62. 

Owing to the difficulty in defining any characteristic 

points on the pressure profiles of the laminar and tran-

sitional type separations, no comparison of the results with 

those obtained in wind tunnels could be made. However 

comparison of the approximate results given in fig 71 for 

the onset atmospheric pressure ratio, Eg iwith those in fig 94 
a 

show that laminarisation of the bounda
p
ry layer is a method 

of reducing the pressure rise required for separation. Means 

by which this can be done such as by sacking or cooling 

warrant further study, especially in an effort towards 

achieving a nozzle which will work close to optimum thrust 

throughout a wide range of ambient pressures. 
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10.3. 

Boundary laver velocity profiles. 

The velocity distribution in turbulent boundary layers 

is often represented in the form81 

1 
11 	v 2 (yn 
V 

It has been shown in section 9,4.1. that the experimental 

velocity profiles are of a type similar to that obtained from 

the expression above, but tend to mcve up the velocity axis 

as the Reynolds number and Mach number of the flow decrease; 

that is towards profiles of higher values of n. 

Profiles obtained in the constant Mach number region of 

a Laval nozzle by Bersharder
51 

showed a tendency to move to- 

wards profiles of higher n as the reservoir pressure and hence 

the Reynolds number increased. 	Other results66 obtained 

interferometrically on a flat plate show the same tendency in 

the range of Reynolds numbers 0.88 x106  to 1.1 x 106. 	The 

trend reversed between 1.1 and 2.9 x 106 but at increased 

Reynolds numbers the profiles remained substantially the same, 

A similar result was obtained by Monaghan87 where the profiles 

obtained on a flat plate moved to lover values of n as the 

Reynolds numbers increased from 1.04 to 2.7 x 106. 	Results 

for the flow of an incompressible fluid in a pipe presented 
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in reference 81 showed the same tendenc; as Bershardells 

rc,sults, the va.Jue of n increasing as the Reynolds number 

increased. Experiments carried out by Wilson
88 

gave agreement 

with a 1/7th power law for a range of Macl% numbers from 

1.6-2.2 and Reynolds numbers from 3 x 106 to 19 x 106. The 

data on the variation of the shape of the tui.bulent com-

pressible boundary layer on a flat plate witA Mach number and 

Reynolds number is meagre and rather inconclult.ve, and there-

fore it is difficult to make comparisons. However the trend 

shown by the present results in moving towards higher values 

of n as the Reynolds number decreased is in agroement with 

the interferometric results of Landenburg
66 

and with those 

of Monaghan87  in the Reynolds number range 1.0 to 2.7 x 106. 

The experimental profiles presented in Section 9.4.1. fall 

within this Reynolds number range. (See table 31). Each of 

Ladenburg's profiles also showed a tendency to move towards 

higher values of n as the dimensionless distance y increased. 

The same trends shown by the results in section 9.4.1.;  see 

particularly fig 83. 

The boundary layer profiles in Section 9.4,1. have beeA 

plotted in figs 96-98 using the momentum thickness instead of 

the boundary layer thickness as a means of making the distance 

plot dimensionless. 	The momentum thickness was calculated 
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ach 
No. 

2.0 3.1 
2.1 3.3 
2.2 3.5 
2.3 3.7 

96 onaghan 
H 

3.79 
3.75 
3.69 
3.63 
3.57 

TABLE 31. 
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Test 163 

0.334 
0.360 
0.427 

Po = 168.2 p.s.i.a. 

0.00580 
0.00583 
0.00636 

0.493 0.0223 0.00575 2.493 2.36 3.88 
0.652 0.0217 0.00588 2.482 2.34 3.69 
0.891 0.0186 0.00575 2.432 2.31 3.24 
1.181 0.0134 0.00387 2.369 2.28 3.46 
1.421 0.0137 0.00371 2.307 2.25 3.53 

Test 152 Po = 128.2 p.s.i.a. 

1.001 0.00490 
1.029 0.00435 
1.055 0.014 0.00423 2.112 2.34 3.31 
1.186 0.014 0.00385 2.083 2.33 3.64 
1.318 0.013 0.00350 2.040 2.31 3.72 

Test 146 Po = 100.2 p.s.i.a. 

1.659 0.00223 
1.672 0.00251 
1.685 0.00252 
1.698 0.009 1.722 
1.725 0.009 0.00251 1.721 2.32 3.51 
1.828 0.008 0.00226 1.663 2.30 3.54 
2.300 0.006 0.00173 1.533 2.14 3.46 

Dist 
from 
the 
exit 
plane 
cms. 

Boundary Layer Results. 

Displacement Momentum Reynolds Mach Shape 
thickness 	thickness Number No. factor 
Z+ 	Z++ 	x 10- 
cms. 	ems 

3.75 
3.73 
3.69 

3.71 
3.67 
3.35 
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assuming that there was no pressure variation across the 

boundary layer and that the stagnation temperature was con-

stant. With reference to figs 96-98 it can be seen that the 

spread of the profiles for any particular test is reduced, but 

same trend is shown with changing reservoir pressure as in 

section 9.4.2. 
1/439 

The profile 1.14 = 0.683 (y4.4.)  ( 	which has been found to 

fit the experimental results for a flat plate at a Mach 

number of 2.41 over the range of Reynolds numbers tested, is 

shown on figs 96-98. The above profile and the results of 

test 152 are in good agreement, while those of tests 146 and 

lie above and below it respectively. 	The profile 

= 0.742 (z
1/
9  obtained by Wilson88 at M 1.999 on the 

V 
wind tunnel wall is in good agreement with those of test 146 

in fig 96. 

Wilson88  defined a shape coefficient H byo- 

11 	6+  and found that it increased with Mach number. .5++ 

The values calculated for tests 146, 152 and 162 are pre-

sented in table 31 together with results taken from Wilson 

and calculated from the expression H = 1.29 0.45 11 1  

obtained87 from the results on a flat plate at M = 2.46. 

There is good agreement between the shape coefficients, 

even though in the case of Wilsons results, the experimental 
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velocity profiles are at variance. 

From the discussion above it can be seen that no positive 

conclusions can be drawn regarding the effect of the pressure 

and density gradients on the turbulent boundary layer profiles, 

as the results for flat plates are not complete and in some 

cases are in conflict. 
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SECTION II CONCLUSIONS 

II.1. Flow in the "netted region of the Nozzle. 

The main conclusions on the nature of the flew in the 

two dimensional nozzle are: 

(1) The flow was not isentropic, the entropy change 

between the reservoir and a given point on the wall of 

the divergence increasing as the reservoir pressure was 

raised. 

(2) Although the flow was one dimensional in the low speed 

flow in the convergent section of the nozzle, the 

variation in the density ratio did not follow that 

given by the one dimensional isentropic theory. 

(3) The Mach numbers determined from the temperature ratios, 

calculated from the measured density and pressure ratios, 

were in agreement with those obtained from Lach angle 

measurements. 

(4) The variation of the density ratio in the nozzle was 

not in agreement with that predicted by estimating the 

heat transfer through the nozzle walls and carrying out 

an analysis due to Shapiro 46 

(5) The expansion index n' 86 along the wall of the 

divergence was found to decrease on moving down the 
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divergence and also as the reservoir pressure 

increased, 

(6) The results are incomplete in that it was not possible 

to determine the effect of scale, heating and cooling 

of the nozzle wallsq and the ratio of the specific 

heats of the gases used on the expansion index nt. 

For the effects of these variables to be evaluated 

further work is required in which different nozzles and 

gases are used. 	Provision should be made in these 

nozzles to heat and cool the walls and also to measure 

the static pressure at points remote from the walls to 

determine whether the value of nt remains constant along 

a line of constant density ratio. 

(7) The agreement between the shape of the experimental 

sonic profile and that obtained by solution of the t'.ro 

dimensional flow equation was exceent. Hpwever the 

position of the experimental profile could not be 

defined accurately owing to the difficulty in deterni!nin 

the section of minimum area. 

(8) The displacement thickness when used as a correction 

tern for the boundary layer in the nozzle over 

compensated for the difference between the one 

dimensional and measured pressure ratios and caused 

the difference between the density ratios to increase, 
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11.2. Flow Separation. 

The conclusions on boundary layer separation in the 

nozzle are:- 

(1) Separation of the boundary layers in a two dimensional 

nozzle can be divided Into three different types, 

turbalent transitional and laminar. Each type has a 

characteristic flow pattern and Reynolds number range 

in the same way as in separation over steps and wedges 

in wind t-innels. 

(2) The flow patterns and the variation of the peak pressure 

ratio with Mach number for turbulent separations were 

the same as those obtained for steps. 

(3) By making the boundary layers turbulent artificially 

in the convergent section, separation in the divergence 

became turbulent throughout. 

(Li-) The variation in peak pressure ratio for the turbulent 

separations agreed with that predicted by Crocto's)i)1 

theory. 

(5) When turbulent separation took place close to the exit 

plane of the nozzle and the region of reverse flow 

small, the pressure rise across the separating boundary 

layer changed in a manner expected from results11 

obtained for very small steps. 
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(6) The shock waves causing separation of the turbulent 

boundary layers on the nozzle walls also caused 

separation to take place from the glass walls of the 

nozzle. 

(7) Insufficient evidence vas obtained to make a full 

description of the shock pattern at separation possible. 

For complete analysis further work is required in whic_1 

pressure surveys are taken along the glass walls and 

photographs of the flow taken in a direction perpendicula::° 

to the nozzle walls. 

(E,) The effect of separation from the glass walls on that 

from the nozzle walls could not be determined. To 

evaluate the effect experiments would have to be carried 

out on nozzles of different width. 

(9) A number of vorticies were present in the reversed flow 

region under the separated turbulent layers and the air 

in the region was entrained from the atmosphere. 

(10) The pressure rise across the separating laminar layers 

was much lower than that across an equivalent 

turbulent layer. 

(11) separation was assymmetric and steady when laminar 

separation took place. 	The position of laminar 

separation also varied across the nozzle breadth. 
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(12) The position of transition relative to the region of 

interaction was the prime factor in determining the 

flow pattern at separation. 

(13) Turbulent and transitional separaticfl could occur side 

by side across the breadth of the nozzle. 

(14) As the pressure rise required to cause separation of 

a laminar layer is low, a researc',  programme should be 

carried out towards achieving complete laminarisation of 

the boundary layer in a nozzle either by cooling or 

sucking. 	It should then be possible to design nozzles 

which vill work close to optimum conditions (i.e. exit 

pressure equal to ambient pressure) at all altitudes. 

11.3. The Boundary Layer. 

n as the Mach number and Reynolds number of the flow 

deci eased. 

(3) It was not possible to make a detailed analysis of the 

flow pattern in the boundary layer in the vicinity of 

separation due to the extremely small scale of the 

phenomenon in the nozzle. However by increasing the 



sca1e9  by carrying out experiments at low pressure iy.! 

which simultanious pressure and density measurments 

arc taken in the boundary layer close to 	pofht 

separation, it vould be pcs3i'cle to determine tLe flcvl 

pattern. 
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APPENDIX 1. 	Measurement of the nozzle. 

(1) 	Measurement of the nozzle profile  

The nozzle blocks, described in section7.2. were measured 

fitted into the nozzle holder (see fig 25) with manometer 

leads etc. attached, on a two dimensional microscope 

accurate to ±0.0005 ems. 	The measurement was carried out 

once only as it was not necessary to dismantle the nozzle 

after measurement. 

The nozzle holder containing the nozzle blocks was 

mounted on the table of the microscope, with the windows 

removed so that the nozzle was in the x,y, plane, with its walls 

parallel to the z axis, (see fig la). 	The filial polishing 

process of the nozzle walls caused the edges to be rounded 

off slightly, therefore the microscope (25x) was adjusted 

until there was no parallex between the cross wires and the 

nozzle wall zz. (see Fig 2a). 

Each side of the nozzle was measured twice. 	The 

maximum deviation from the mean value for either side was 

T-0,00 	ems. 	The mean values for each side are presented in 

table la together with the mean of all the measurements. As 

the machining and polishing operations used in the manufacture 

of the nozzle blocks could only be carried out between 
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tolerances, there were slight differences in the dimensions 

measured on the two sides of the nozzle. 	The width on one 

side at any particular x value was upto 1.7% greater than 

that on the other; at the throat the differences were small 

0.2% (see table la). 

The position of the throat plane or section of minimum 

area was determined by plotting the mean profile at the throat 

with an expanded y scale (as in fig 3a) to increase the 

curvature. In this way the throat plane was found to be 

slightly skewed, being 4.2.7 cms and 4.15 ems from the exit 

plane on the bottom and top walls of the nozzle respectively. 

(2) 	Measurement of  the pressure holes. 

As the holes were in the central region of the nozzle 

wall and the axial distance from the exit plane only was 

required, the nozzle was tipped up 30°  (fig 4a) so that the 

holes could be brought into focus. 	The tilted nozzle was 

lined up by means of the edge YY which was found to be 

parallel to the x axis of measurement. 

The distances of the hole axes from the exit plane were 

determined twice and the mean distances are tabulated in 

table 2a. 
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TABLE la. 	Nozzle Profile Meaqwements 	(All dimensions in cms.) 

Distance First side Mean 	Second side 	Mean 	Mean of 1st 	Mean 	Difference Percentage Area 
from End mean of width Mean of 2 	width 	& 2nd side width between difference ratio 

2 Measurements first Measurements second measurements 1st & 2nd based 
side 	corrected so side 

that 1st and 
widths on throat 

width of 

yb yt 

2nd S 
coincident 

yb 	yt yb yt 

0.509 cqn. 

o 5.366 3.454 1.912 5.366 3.455 1.911 5.366 3.454 1.912 0.001 0.05 3.756 
0.2 5.328 3.492 1.836 5.326 3.495 1.832 5.327 3.493 1.833 0.005 0.3 3.601 
0.4 5.293 3.527 1.766 5.289 3.531 1.758 5.291 3.529 1.762 0.008 0.5 3.462 
0.8 5.221 3.599 1.622 5.219 3.601 1.618 5.220 3.600 1.620 o.004 0.2 3.183 
1.2 
1.6 

5.149 
5.081 

3.67o 
3.740 

1.479 
1.341 

5.147 
5.076 

3 672 
3.744 

1.475 
1.332 

5.148 
5.079 

3.671 
3.742 

1.477 
1.337 

0.004 
0.009 

0.3 
0.7 

2.902 
2.627 

2.0 5.007 3.813 1.194 5.005 3.816 1.189 5.006 3.814 1.192 0.005 0.4 2.345 
2.3 4.952 3.868 
2.4 4.936 3.884 
2.8 4.866 3.954 0.912 4.863 3.957 0.906 4.865 3.956 0.909 0.006 0.7 1.786 
3.0 4.831 3.989 0.842 4.826 3.994 0.832 4.829 3.992 0.837 0.010 1.7 1.6W1 
3.2 4.796 4.023 0.773 4.793 4.027 0.766 4.794 4.025 0.769 0.007 0.9 1.511 
3.4 4.76o 4.060 0.700 4.757 4.063 0.694 4.759 4.062 0.697 0.006 0.4 1.369 
3.5 4.743 4.077 
3.6 4.726 4.095 0.631 4.721 4.098 0.623 4.724 4.097 0.627 0.008 1.3 1.232 
3.7 4.708 4.112 
3.8 4.692 4.128 0.564 4.689 4.130 0.559 4.691 4.129 0.562 0.005 0.9 1.104 
3.9 4.680 4.140 0.54o 4.677 4.143 0.534 4.679 4.142 0.537 0.006 1.1 1.055 
4.o 4.671 4.149 0.522 4.669 4.151 0.518 4.67o 4.150 0.520 0.004 0.8 1.022 
4.1 4.664 4.155 0.509 4.665 4.155 0.510 4.664 5.155 0.509.0.001 0.2 1.000 
4.2 4.665 4.155 0.510 4.665 4.155 0.510 4.663 4.'55 0.510 0.000 0.0 1.002 
4.3 4.672 4.149 0.523 4.671 4.150 0.521 4.671 4.149 0.522 0.002 0.3 1.026 
4.4 4.682 4,138 0.5Y1 4.679 4.139 0.540 4.68o 4.138 0.542 0.0n4 0.7 1.065 
4.5 4.696 4.124 0.572 4.692 4.128 0.564 4.694 4.126 0.568 0.008 1.4 1.108 
4.6 4.714 4.106 0.608 4.709 4.111 0.598 4.711 4.1o7 0.604 0.010 1.6 1.187 
4.7 4.762 4.058 0.704 4.756 4.064 0.692 4.759 4.061 0.698 0.012 1.7 1.371 
4.8 4.826 3.994 0.832 4.822 3.999 0.823 4.824 3.997 0.827 0.009 1.1 1.625 
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TABLE 2a. 

Distance of pressure holes from exit plane of nozzle. 

Hole 

1 
2 
3 
4 
5 
.6 
7 
8 
9 

10 

Distance from exit 
plane cms. Mean of 
2 measurements 

3.506 
3.357 
3.190 
3.042 
2.886 
2.729 
2.574 
2.423 
2.261 
2.108 

Hole 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Distance from exit plane ems. 
Mean of 2 mea3urements. 

1.953 
1.797 
1.639 
1.486 
1.329 
1.169 
1.019 
0.861 
0.731 
0.544 
0.386 

TABLE la  

Nozzle width 

1st Measurement. 	20 tests after 1st. 
inches. 	2nd Measurement. 

inches. 

0.9596 0.9592  
0.9594 0.9595 
0.9598 0.9595 
0.9598 0.9592 
0.9599 0.9595 
0.9599 0.9593 
0.9601 0.9595 
0.9590 0.9592 
0.9594 0.9598 
0.9597 0.9592 

Mean 0.9597 

	

	Mean 0.9595 

Mean 0.9596 
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(3) 	Measurement of nozzle width. 

The gaskets described in section 7.2. were fitted and 

the windows replaced. After 20 tests the windows were 

removed, leaving the gaskets adherring to the nozzle blocks. 

The width was measured at randomly chosen points and the 

test section reassembled. The measurement was repeated after 

a further 20 tests. The results of the two measurements 

presented in table 3a showed that the effects due to gasket 

compression were small. 
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APPENDIX 2. 	Solution of the two dimensional irrotational  
flow equation by the method of characteristics. 

It can be shown that when a stream of fluid flows past a 

small point disturbance with velocit2r greater than sound, the 

regions influenced are in the cone whose apex coincides with 

the disturbance and whose generators are Mach lines. There- 

fore the effect of a deviation at A in the wall}fig 
	

is trans- 

mitted into the stream along the Mach line AB. 

The deviation at A is in accordance with the stipulation 

that the flow is isentropic, as expansion takes place 

gradually, therefore if the flow is isentropic before A it 

remains so after. As the flow has expanded in the zone ABD 

the velocity must be greater than that in CAB. 	Therefore 

the value of the velocity potential in ABC 02, will be 

different from that in CAB 01' 	But as the flow is continuous 

the functions 01  and 02  must have the same values along AB, 

the values of the first derivatives (the velocity components) 

of these functions must also have the same value. 	Thus two 

solutions corresponding to 01  & 02  must exist for the 

potential flow equation:- 

(1 - 0x2  )0xx + 	(1 - 02Y)Oyy 20y0x Oxy = 0 (1) 
a2  a2  a2 	r 

The solutions must be coincident for all the points on 

the line AB and the values of the first derivatives must also 
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be coincident. 	The Mach line AB for which these 

conditions apply is a characteristic line of the differential 

equation above. 

In references 6.48.83 the equations to the 

characteristics at a point in a fluid have been found and 

used to find the relationship between the Mach number and the 

direction of the velocity sector at all points along a 

characteristic line namely:_ 
d,V j_ -,. - 	i 

cie. V 	1611.--57:ii 
becomes 

0 = - 4_1 
g+- .I oyc tfar 11:-1  012.- i ) + a<C Van Jriz -1 

1 

cor,stant 
- (3) 

(2) which when integrated 

Prandtl Mayer Expansion. 

Consider the deflection of a stream round a corner with 

reference to fig 6a. The expansion can be considered to be 

made up of an infinite number of small steps each step 

generating a Mach line e.g AB, AC etc. The first mach line 

will make an angle lq with the initial direction and on 

crossing this the Mach number will have increased by dM 

and the flow deflected d9 in accordance with equation 2. 

The Mach angle 

Mach number Ml 

when the total 

number M2, and 

for the next Mach line will correspond to the 

dM etc. Finally a point will be reached 

deflection will correspond to e, and the Mach 

the Mach angle oc2 = sin-1  1 . 	The uniform 
M2 
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stream at Mach number M2  can undergo an expansion at the 

corner B in the same way. 	The result can be extended to 

an infinite number of corners and in the limit the wall can 

be replaced by a continuous curve. 	As the final Mach 

number depends only on the initial Mach number and the angle 

between the initial and final velocity occtors (equation 3), 

any Mach number can be expressed as a function of the angle 

through which it is required to turn a sonic stream to reach 

that Mach number. The function to be used is:- 

P = 1000 - 9 	(4) 

where P is the pressure number corresponding to the Mach 

number M obtained by turning a sonic stream through anglee . 

Approximate Method for the Prandtl Meyer Expansion. 

In the preceeding sections it was shown that the 

potential flow equation could be solved by a step procedure 

using the artifice that two regions of uniform flow are 

separated by Mach lines. The shape of the streamline FG 

in fig 6a was found by considering that the expansion took 

place over an infinite number of small steps ie. Mach lines. 

In practical computations it is not possible to carry out an 

itterative process with an infinite number of small steps. 

Therefore the solution is obtained by assuming that the 

expansion takes place in a finite number of steps. 	The 
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procedure used is described below. 

Consider the expansion at corner C in fig 7a, strictly 

the expansion takes place in the envelope of Mach lines 

ACB and equations 2 and 3 apply. However an approximation 

to the expansion can be carried out along the finite 

disturbances A'C and B'C provided the correct average values 

are used. Let the flow deviation at the lines A'C and Bt C 
t 

bett . 	Then A'C can be described as the sum of all the 

Mach lines in the expansion fan ACD required to turn the flow 

by 9D-I. Provided the initial Mach number is known the Mach 

number M2 downstream of A'C can be found from equation 3 and 

the pressure numbers P1  and P2  from equation 4. Then the 

Mach angle ox 1 corresponding to the mean pressure numbers 

Pi + P2 can be found and the characteristic A'C drawn at an 

angle ofo41 + e-  to the initial flow direction. 	In the same 
2 

way the characteristic CB corresponding to the expansion 

fan DCB can be drawn at angle 042 +e-  to the flow direction 
2 

in region A T CB T , where D4 2  is the Mach angle corresponding to 

P2 + p3. 	It can be seen that ase*woand the number of 

chaacteristics increase, the representation of the flow 

becomes more exact, and in the limit when 9 = 0 the 

characteristic lines will become Mach lines and the repre-

senta-cion will be exact. 
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The direction numbers A and B will now be introduced so 

that A ',- B = P (5) and A - B = D 	(6). 

D is the direction of the stream measured from an 

arbitrary datum and is positive when measured in an 

anticlockwise direction. 

Then if M1 = 1 and AC'' and B'•C correspond to turning 

angles of 10  in fig 7a 

P1  = l000 P2  = 999 P3  = 998 

Di = 0 	D2  = -1 	D3 = -2 

A = 500 	A = 499 A = 498 

B = 500 	B = 500 B = 500. 

Thus A decreases and B remains unchanged in the bottom 

wall expansion of fig 7a. 	In the same way it can be shown 

that a top wall expansion as at A in fig 8a will cause B to 

decrease and leave A unchanged. 

Simultaneous Expansion at both Walls. 

With reference to fig 8a, let the characteristics AD, 

AG etc correspond to turning angles of 10, then the numbers 

P,A, B and D can be determined by the method shown below. 
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P A BD 

1000 500 500 0 
999 500 499 +1 
998 499 499 0 
999 499 500 -1 
998 500 498 +2 
997 499 498 +1 
997 499 498 +1 

from Space 1 
10  from Space 2 
10  from Space 1 
from Space 2 
from Space 3 
10  from Space 6 

easily into regions of uniform 

XV 

Space 

1 

Method 

Data 
2 Top wall expansion of 10  

Bottom wall expansion of 

6 
Bottom wall expansion of 
Top wall expansion of 10  

5 Top wall expansion of 10  
5 Bottom wall expansion of 

Hence the flow can be divided 

flow by means of a characteristic net and values of P,11,B and 

D assigned to them. These numbers define uniquely the 

di2ection and Mach number etc. of the flow in any region. 

Graphical construction of a characteristic net. 

It has been shown how the direction and pressure numbers 

can be determined for a characteristics net. 	The method by 

which the coordinates of the flowqj'Ari and G in fig 9a are 

found will now be demonstrated. 

Consider the simultaneous expansions at corners A and C. 

Let the angle turned through be C4 2  and let the characteristics 

AB and CB also turn the flow through this angle. 

The Mach angle corresponding to the mean pressure number 

for AB is 	+ p2. Then AB can be constructed by drawing 

this angle angle to the mean direction of flow. 	In a similar 

manner the characteristic CB can be drawn and the point B 

obtained and hence 	 and D. The method can be extended for 

any number of characteristics through the points A and C. 
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The method presented above divides the flow into regions 

of uniform flow. 	This method is very convenient when it is 

required to find the wall shape to obtain a given uniform 

Mach number. 	At H for instance in fig 9a the wall can be 

turned through angle -E), where 6) is the direction number 

in EDH cancelling the characteristic DH. The flow in the 

quadrilateral HDI then becomes uniform and parallel. If 

however the object of constructing the net is to find the 

approximate shape of the velocity profiles for a given wall 

shape, it can be seen that the method above using squares 

does not give good results. 	A more satisfactory method is 

that using points. 

Method of Characteristics using Points. 

Suppose the coordinates of each quadrilateral of a 

characteristic net are taken as the coordinates of the flow 

at the centre, where the centre is defined as the inter-

section of the lines joining the bisectors of the opposite 

sides (see fig 10a). 

The inclination of the characteristics to the datum are 

given approximately by:- 

AD1 04  (p 	(D  

DEI De, (p 	(D  * 

7 ) 
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the mean inclination to the datum of AE is then given 

approximately by:- 

lap 	(D +G) (7) 

In the same way the mean inclination of BF is given 

approximately by:- 

(P 	e ) 	( D 	(8) 
2 	2 

and the inclination of IH by the mean of 7 and 8 namely- 

c< (p -(;) + (D +6) 	(9) 
2 	2 

The expressions are approximate and like the method using 

squares the representation of the flow becomes more exact as 

the size of the disturbances is reduced, and the two methods 

approach each other, until in the limiting case of Mach lines 

they are coincident. 

The scheme by which the method using points is used 

graphically is demonstrated in fig lla. 	The numbers are 

obtained by the same methods used in the method using 

squares and the angles by the use of equation 9. 	But now 

the numbers apply to points in the flow and can be regarded 

as continuous variables. 



A2PENDIX 3. 	Solution of the two dimensional irrotational 
flow equation in thEl throat of a nozzle. 

Solutions of this type have previously been obtained by 

Hooker8 and Mundy
85 

for three dimensional flow and by 

Taylor53  for two dimensional flow. However some of the 

values given for the constants in the latter paper are in 

error due to printers errors. 	Therefore it was necessary 

to carry out the complete solution here. 

It has been shown for two dimensional flow that:- 

, 	) 
Oyy 	Oxx =   4, 	r dli.

+2  91x 1.11
+2 

 Oy 
2-(b-1)(M'.-1) (6x 	by 

ry 	0  where a+2. 	= 
wx
2 	2 
 

and that the solution must be of the form 

0 = aix + a2x2 + a3x3  + a4x 	c2y2 + c3y2x c)x2y2 r571,_  
This series is convergent for - 1 	x and y 4: 1 and 

therefore is only applicable to the throat region bounded by 

the lines y<1 y;>-1 x(1 x )-1. As with all series of 

this type the accuracy is improved by taking an increasing 

number of terms in the polynomial. 	But if the series is 

extended to the 6th degree the number of constants increases 

to 14 and the equations become unmanageable. The solution 

therefore has been obtained for a polynomial of the 4th 

degree in 0. 	The errors involved is difficult to estimate 
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but it will be a function of x5 and y6. However there is 

evidence that the error is small in the throat in the 

vicinity of 4+2  = 1, as good agreement has been obtained 

between theory and experiment by Har/op49 who used a method 

of solution due to Sauer52. 

Substitution of 0 into the equation of motion yields 

for the terms:-

/ 
k 3-11  0x + 321+2 dx

+2 
	kr 

0y) = 4a12a2 + (12a12a3 - 16a22a1)x 

- (21+a4a1472ala2a3+16a23)x2  (4a124-1-8a1a2c3+16a1c2c3+16c23)y2  

2-(g-1)(M+2-1) = 2-(6-1)(a12-1+4ala2x + (6a3a1 + 4a22)x2  

+(4c22  + 2c3a1)y2) 

Vxx+Vyy = (2a2+2c2)+(2c3+6a3)x + (2c4+12a4)x2  +(1215 + 2c)+)Y2  

By simplifying this equation and equating the coefficients 

of x and y upto the second power four equations are obtained:- 

1st equation equating constant terms 

c2( ?I +I -1-1a12) + a2(X+ 1 .1 a12) = o 

2nd equation equating coefficients of x 

2c3(X+1 -X-1 a12) + 6a3( +1.1-a12) - 8a1a.22  (5+ 1) 

- 3(W-1) ala2c2 = o 



3rd equation equating coefficients of x2  

2c4( +1 - 6-1a12) + 12a4 (K+1.1-a12) - 36a1a2a3.X+1 

... 

	

8 N 0  7-7, 8 e _1. aia2c3 	12 ?S-  1 c2a3a1 - -1.a22  c2 - 8a23  6 -r" 1 

4th equation equating coefficients of y2  

121 5 (e+1 	+ 2c4(51.1 a12) - 8 5-1c22a2-8c23(e+1) 
- 4a1a2c3  + 1 - 4c3c2a1  4- 3 = 0 

If h is the half width the throat then 

y = h R (R2  -x 2,* 

expanding y = h + R - R(1 - x2  + x4 
2R2 	8R9- 

But as R > x 

	

y 	h + 2 	(-1(x (.1) 
2R2  

Then from the boundary conditions fiz x 	x3  
Ox R 2R3 

and y = h + 	the following equation is obtained 
2R 

x + 1 x3 = (2c3hx +20322 + 2c4x2h + C2 	+ 415h3  +5h2x2  
IT 	2 I7 2R 

+ 2c2h + 	+ 2a2x + 3a3x2 L ± -va.4x 3  -- c3h2  + hx2c 

+ 2cxh2 + 2c4 hx3  

By simplyfing this equation and equating the coefficients 

of x upto the third power four equations are obtained:_ 

-.Name • • N." 

R 
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5th equation equating constant terms 

215h3 + c2h = 0 

6th equation equating coefficients of x 

2c3h2  

al+c3h2  

7th equation equating coefficients of x2 

2c3h 

al+c3h2 
+ 2c4h 2 	c2 2c4h + 615h2 

5th equation equating coefficients of x3. 

1 	(al  ± h2c3)2 = c3 (al + h2c3) - 2c3hr3h + 3a3 
2R3  R 

The eight equations were solved by the method set out 

in the table 4. 

The solution produces after the 6th step a relationship 

between alt  and x'.= h given by:- 
R 

i , A  
) 

	

1, 	l  1 	34 +  1 2(A-B) + 2a12 	(-1--1.-10 + (- - il 
) )e  

	

2xL 	- 2-x'  _ ke xtl 	77-72) 	B 	B (e,+1)A-(t")-1) 
2(5 - 1)A - 2(6 + 1)B 

where A = i+ 1 	5- la12  

B = 8+ 1 - + la l2 

This equation was solved graphically for a value of h 
R 

corresponding to the measured nozzle. 	The coefficients were 

found subsequently by substitution of the values of al and 



TABLE 4a 

Equation 7 3 4 8 2 1 5 6 Step of solution 

1st a1 a2 c2 3 

2nd al a2 a3 c2 c3 7 
3rd al a2 a3 a4 c2 03 cif  8 
4th al a2 c2 c3  c4 15 5 

5th 02 1 r., ---? 2 

6th al c3 1 

7th al a2 c2 c3  c4 
8th al a3 c3 

coefficient 
eliminated al a2 a3 a4 c2 c3 c4 1 

Method of using table 

For instance in step 1 c3  is eliminated from 2nd 

3rdi4th,7thi8th equations by using the 6th equation. 
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h in the 1st to 8th equations and are tabulated below. 
R. 

x = h = 0.1111 al = 0.9823 a2h 	= -0.1138 
R a311' = 0.01927 a4113 = -0.1983 

c2h 	= 0.00475 ch2  = 	0.05724 
c4h3 = -0.01541 15h3  = -0,00237 

= a12  + +a1a2 x + (6a3a1+ 4a22)x2  + (2  ,-Wial+12a3a2)x3  

+ (4c22  + 2c3a1)y2  + (8c2c3 + 4a1c4 + 4a2c3)xy2  

an expression for le2  can be obtained by substitution of 

the coefficients namely:_ 

m+2  = 0.9650 - 0.4471 x + 0.1654 x2
2 
- 1.584 x3  + 0.1144 2 

0.0847 

But as M-1-2  

1-1-3 	h2 
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APPENDIX 4. 	Adjustments to the Interferometer Plates. 

The purpose of the adjustments are:- 

(1) To produce fringes of the desired spacing and 

orientation 

(2) To bring the fringes of maximum contrast or any desired 

fringe to the centre of the field of view 

(3) To focus the fringes in the chosen position. 

It can be shown58  that of the twelve possible adjustments 

on a four mirror interferometer, only five are needed to 

carry out the operations stipulated above. 	There were seven 

possible adjustments on the instrument used, these have been 

summarised in fig 12a. 

The function of each individual adjustment was:- 

(1) Rotation of Mirror 1 about an axis perpendicular to the 

plane containing the optical axes, altered the position and 

angle of intersection of the two beams in the vertical plane, 

giving rise to horizontal fringes of different spacing and 

orientation. 

(2) Rotation of semi reflecting plate 4,about an axis lying 

in the plane containing the optical axes alteredthe angle 

and position of intersection in the horizontal plane giving 

rise to vertical fringes. 

(3) Movement of Mirror 3 in a direction normal to its optical 
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surface changed the optical path length difference between 

the two beams2  whereby any desired fringe could be brought 

into the centre of the field of view. 

(4) Tilting the compensating plates as a whole about, the 

two axes perpendicular to the light beam altered the plane of 

intersection of the two beams, while altering the path length 

difference between the two beams. Rotation of each wedged 

shaped plate about an axis parallel to the light beam altered 

the angle and plane of intersection. 

The adjustments to the compensating plates were equivalent 

to four independent adjustments of a mirror. 
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APPENDIX 5. 	Method of Increasing the density range 
covered by  the available fringes. 

It was stated in section 6.7. that the normal fringe 

shift technique could only be used upto a pressure of 

approximately 5.011s.i.g. As the tests in the nozzle were 

usually carried out at higher pressures, a method of 

utilizing the available fringes more effectively was 

developed using the compensating plates to set up the fringes. 

Consider the interferometer shown in fig 13a adjusted 

so that the path difference between the two beams is zero and 

all the plates parallel. Then fringes can be formed at any 

desired plane in the test section by rotation of one of the 

compensating plates through 180°. If compensating plate AA 

is rotated to position A'A' the beam is deflected to path DC. 

By rotation of the semi reflector PP to position P'P' fringes 

can be formed at a plane in the test section. By returning 

the compensating plate AA to its original position and rotat-

ing BB through 180°  to B'B', the beam is deflected to path 

CE and fringes once again formed in the test section by 

rotation of the semi reflector PP to P"P". 	During both 

operations the direction of the beam FG passing through the 

test section has remained unchanged. 	This method of setting 

up the fringes has been explained with reference to the 
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vertical plane for convenience of graphic-al representation 

only. 	Vertical fringes were set up by using the same method, 

when the two beams intersect in the horizontal plane. 

With reference to fig 14a, let the wavetrain CC re-

present the beam FG in fig 13a and the wavetrains AA and BB, 

the two beams corresponding to the two positions of the 

compensating plates. 	Let the line XYZW represent the wave- 

front of the beam passing through the disturbance. 	Then the 

position of the fringes formed in the presence of the dis-

tul.bance depends on whether the unretarded beam is AA or BB. 

The fringes formed when AA is used are shifted in logical 

sequence. 	But if the undisturbed beam is BB, the fringes 

are displaced in the opposite direction and at each island 

the fringe sequence reverses, with the result that the 

density change has been covered by 10 fringes when beams 

BB and CC interfereas opposed to 19 when beams AA and CC 

interfere. The fringe shifts however at any point are the 

same in both cases but opposite in sign. 

The density profile which caused the retardation of the 

beam CC in fig 14a is similar to that found in the expansion 

of air in a supersonic convergent divergent nozzle. Where 

XY corresponds to the convergent section, YZ the throat 

region, and ZW the divergent section. 
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The fringe patterns corresponding to the two positions 

of the plates A'A.' and B'B' are shown in figs 21 and 22 with 

the corresponding no flow patterns. 

By using the compensating plates in this way, fringe 

shifts of 90 were obtained, so that the complete flow 

pattern could be studied upto reservoir pressures of 

85 psig. 



XTE 

APPENDIX 6. 	The Method of Determining the Magnification 
of the interferograms. 

The magnification of the interferograms was determined 

from measurements of the nozzle outline. At the orifice 

plane the axial coordinates of the actual profile and those 

on the interferogram coincide, hence by determining the width 

of the profile on the interferogram and that of the actual 

nozzle at the orifice plane, the magnification cou]d be 

determined. 

The profile measured on the no flow interferogram was 

used as it was free from refraction effects caused by the 

flow. 	It can be seen in appendix 1 that the mean profile 

on the second side is slightly narrower than that on the 

first side at the end of the divergence. 	Therefore in this 

region the second side measurements correspond to the profile 

observed by the camera, accordingly they were used in the 

calculation of magnification. 

The widths of the actual profile and that on the no 

flow interferogram were determined for test 143 by means of 

fig 16a. Where, using the coordinates defined by fig 15a 

y2 = 5.364 - 3.457 = 1.907 

Yl  = 3.376 - 1.934 = 1.442 

Magnification = yl = 0.7563 

Y2 
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APPENDIX  7.  A Method of determining the point of 
transition in the boundary laver. 

Consider the laminar and turbulent boundary layers shown 

in fig 17a, through which a parallel beam of light passes. 

onto a photographic plate. 	In a laminar layer the density 

gradient increases initially on moving away from the wall 

and therefore the rays close to the surface will diverge and 

the illumination of the photographic plate will be low at the 

wall. Near the outer edge of the boundary layer the density 

gradient falls causing the light rays to converge, with the 

result that a white line appears on the plate at YY in fig 

17a(1) separated from the surface by a dark band. 

The density gradient, in a turbulent boundary layer, 

decreases rapidly at first on moving away from the wall, and 

continues to do so, but at an increasingly gradual rate as 

the top edge is approached. Hence the light rays converge 

in the regions close to the wall and produce a 

white line adjacent to it, if the photographic plate is 

placed in position YY in fig 17a(I1). 

Chapman et alb used the technique described above to 

determine the point of transition in the boundary layer. 

At the transition point the white line representing the 

laminar boundary layer, suddenly turns towards the wall and 

becomes established as a white line adjacent to the surface, 
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representing a fully developed turbulent boundary layer. 

It is apparent from fig 17a, that there is an optimum 

position of the photographic plate YY where the white line 

can be observed. 	Chapman et alb adjusted the position of 

the plate by means of an adjustable camera back. 
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