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Summary.--The theory of the flow through a throat near sonic velocity is developed, and is followed by a discussion 
of the conventional method of designing supersonic nozzles using the method of characteristics. A method of improving 
the Mach number distribution of the nozzle using the experimental results is deveJoped. 

The nozzles designed were tested in a 3-in. square wind tunnel in which the Mack number distribution was obtained 
by shaping the top wall of the working-section. The Mack number distribution along the bot tom wall was determined 
from the pressures measured by a series of static pressure holes along the wall. Considerable difficulty was found in 
improving the distribution ; this was considered to be due to the discontinuity in curvature at the point of inflexion and 
the influence on the boundary layer of the sudden relaxation of the pressure gradient along the wall. 

An alternative method of design was developed which avoided this discontinuity in curvature, and considerably 
better results were obtained when at tempts were made to improve the experimental Mack number distribution. 

Ttle flow through the throat  of the liners was determined experimentally and compared with the theory. The agreement 
was good on the whole, although there were differences in the subsonic entry region because the bottom wall only 
became flat a short distance before the throat.  

In addition, tests were made which showed that  the assumption of two-dimensional flow through the throat  was 
j astified. 

The method developed to improve the distribution in the nozzle was extended to derive liner shapes for Mach numbers 
differing by 0-10 from the design Mach number. I t  was found that  changes of this order could be made fairly successfully 
but further modification was necessary to reach the standard required for tunnel use. 

The necessity for a smooth and accurately constructed liner surface is stressed. The limitations of the methods used 
for designing supersonic nozzles are discussed and several problems are mentioned which it is thought will need further 
consideration. 

1. Flow Through a Throat.--1.1 Introduction.---Before the method of characteristics could be 
applied to the design of a nozzle, it was necessary to obtain a series of points near the throat at 
which the Mach number and the direction of flow were known. 

It  was decided that, instead of assuming that  the sonic line and neighbouring lines of constant 
Mach number were straight, a linearised form of the equations of motion should be used to 
determine more accurately the nature of the flow in this region. 

A discussion of the flow through a two-dimensional nozzle with sonic velocity at the throat 
has been given by Sauer 1. The x axis was taken as the line of symmetry of the flow i.e., the 
straight streamline, while the origin was the point at which sonic velocity a* was reached on that  
line (Fig. 1). 

' /  ~ R.A.E. Reports Aero. 2293 and 2293a--received 29th January, 1949, and 14th September, 1950. 
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Let the  velocity components  of the  flow be U, V, ~ and assume tha t  the flow is irrotational.  
Then, if 

U---- (1 + u)a* . . . . . . . . . . . . . .  (1) 

V = va* . . . . . . . . . . . . . . . .  (2) 
there  is a function ¢ such tha t  u = O¢/Ox, v = O¢/~y. 

Near the  origin the  potent ia l  equat ion was shown, correct to first order to be expressible in the  
form : - -  

~u ~v 
(y + 1) U~x ~ y - - 0  . . . . . . . . . . .  (3) 

By  assuming tha t  

and 

2 4 ¢ = E L ( x ) +  yLA(x) + y L A ( x ) + . . . ,  .3 . . . . . .  (4) 

= 0 = V i.e., (f'o)y=o -:- Fx,  77 being small, Sauer obtained the formulae : - -  

(~ + 1) 
u = ~x + 2 . . . . . . . . . . . .  (5) 

v = (~ + 1) ~xy + (r +6 1)3 ~Y~ . .  . . . . . . . .  (6) 

1.2. Construct ion o f  Curves o f  Constant  M u c h  N u m b e r . - - E q u a t i o n s  5 and 6 were used as a 
basis for the  computa t ion  of constant  Mach number  curves. Along such a curve 

(1 + u) ~ q- v 2 = constant  ---- (1 q- u0)" . . . . . . . . . . . .  (7) 

where Uo was the  value of u at the  point  where the  required Mach number  M was reached 
on the  x axis. 

Uo U0 as 
Since (1 + u0) = a- ~ = a~ a T 

(where as is equal to the  speed of sound in the gas after isentropic deceleration to rest) the  value 
of u0 for any M was iound using the  tables of Refs. 2 and 3. 

Subst i tut ion into (7) from (5) and (6) gave 

A - -  2 ~ x  - -  ~2x2" 

Y ' =  (~ + 1)~ ~ 

where A was a constant  depending on M. 

Curves were constructed for Much numbers  at intervals of 0.05 in the  range 0 .80 to 1.30. 
The points for which the  flow is parallel to the  x-axis lie on a curve given by  the  equat ion v = 0, 
which is called the  ' peak ' curve;  this gives the  position of the  throat  ior each streamline. 

* Just  prior to publication, the authors were informed that  tile term V~z 2 in the above expression arose through an 
inconsistency in tile order of the approximation used. This affects Fig. 1 and the related tables, but not tile main results 
which are concerned with the alternative method of design and the improvement of the Mach number distribution by  
using the experimental results. The experimental determination of the Mack number distribution near the nozzle 
throat  shows that  the error involved in the approximation seems to have little adverse effect and may  have given a 
better approximation than the true first-order theory. 
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1.3. Construction of the Streamlines.--The position of the streamlines was found by a step-by- 
step method, the spacing being chosen so that  the fluid between consecutive ones would, if 
moving with sonic velocity, form a uniform stream oi width 0.2 units. 

For constant ' x '  the ordinate of each streamline was found from that  of the previous one, by 
using a mean Mach number (estimated from the previous curves) to determine the width B of 
the normal cross-section of the enclosed fluid 2'~. 

A mean angle of flow ~0 was computed from the inclination of the stream to the x-axis which 
was approximately tan -I v/(1 + u). 

Thus the intercept was of length B/cos ~0. 

The approximations used in finding the constant Mach number curves and streamlines were 
valid only in a small area surrounding the origin but the results are more accurate than one- 
dimensional theory in a larger area. 

The co-ordinates for points on the streamlines for a range of values of x are given in Table 1 
and their intersections with curves of constant Mach number, together with the direction of flow 
at those points in Table 2. The flow directions were first found for each streamline at fixed 
values of x by differencing the streamline ordinates, and then interpolated to give the values ±or 
the points of intersection with the Mach number curves. 

2. Design of Nozzles.--2.1. Determination of the Theoretical Nozzle Profile.--A mathematical 
approach to the method of characteristics is given in Ref. 4 while a physical development is 
given in Ref. 5. 

In the second of these references it is shown that  the characteristics are inclined to the local 
direction of flow at any point in the stream, at the local Mach angle ; also along characteristics 
arising from one wall A '  is constant while B' is cohstant along those arising from the other 
wall. A'  and B' are called the flow co-ordinates and are defined as A ' =  ½ ( P ' +  D') and 
B' = ½(P' -- D') where P '  (the pressure number) is equal to (1,000--Prandtl-Meyer angle in 
degrees) 6 and D' is the local stream direction (using an arbitrary datum). 

It was also explained, how, given a series of initial points at which the values of P '  and D'  
were known, further points could be determined and the Mach number and direction found 
throughout the field of flow. Fig. 2 illustrates this method by showing the construction of the 
point (At', B( )  from the points (A~', BI') and (A(, B() .  Each characteristic is inclined to the 
mean direction of flow across it at the Mach angle corresponding to the mean pressure number 
along it. (In the drawing ~e, denotes the Mach angle corresponding to a pressure number P'). 

For the design of the first group of nozzles it was decided that  the initial points should be 
taken on a curve of constant Mach number and that  the throat should consist of a parabola with 
the same throat curvature as one of the streamlines (that corresponding to a sonic width of 
3.6 units)*. The curve for Mach number 1.20 was chosen so that  in the construction all 
characteristics should be on the downstream side of the initial points, and the direction 
of flow at its points of intersection with alternate streamlines was taken from Table 2 and, 
for convenience, corrected to the nearest 1/5 degree. 

Fig. 3 is a reduction of the design drawing of a liner for Mach number 2.00 together with a table 
of values of A ', B', P '  and D'  at the points of intersection of characteristics ; some of the lines of 
the original drawing have, however, been omitted to avoid congestion. Only the portion of the flow 
above the axis of symmetry was considered. New points on this axis could be determined since, 
1or such a point, the co-ordinates A'  and B'  were equal to one another and to the B'  co-ordinate 
of the point from which the characteristic was to be drawn. Hence mean co-ordinates along the 
characteristic were known and its direction could be found and its position of intersection with the 
axis determined. 

* For this streamline the value of the ratio:adiusr of curvature of t h r o a t _ 4 . 5 .  
width of throat 
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After the point 1 (Fig. 3) the curved wall of the nozzle could be arbitrarily chosen, the choice 
influencing the velocity distribution downstream of the characteristic through 1 and also the 
length of the nozzle from the throat  to the point where the required Mach number is at tained 
on the axis of symmetry. 

I t  was decided that  the parabola boundary, which had formed the throat, should be continued, 
thus ensuring a smooth wall, A characteristic was constructed to meet it, by first determining 
the approximate position of its intersection with the wall, and the values of A' and B'  for tha t  
point. (Since A' was constant along the characteristic its value was known; also, ( A ' - -  B') 
was the direction of the wall which could be found from the equation of the parabola.) Thus 
the mean slope of the characteristic could be calculated and a more accurate position of inter- 
section found. If necessary, an evaluation of the wall direction at this revised point enabled 
the process to be repeated and a better approximation to the position of the characteristic to be 
obtained. 

The above method was continued until  a point was reached on the curved wall for which the 
second co-ordinate was less than or equal to ½P' (where P '  was the pressure number corresponding 
to the required Mach number). Linear interpolation enabled the point at which the value was 
exactly ½P' to be determined. After this point, the wall profile was found by using the condition 
tha t  at any point its inclination should be such as to enable the second co-ordinate there to be 
1 l ~ P .  This  implied that,  after the characteristic RRI, one set of characteristics (those arising 
from the axis of symmetry) were straight. The flow was uniform downstream of the ' reflection ' 
in the axis of symmetry  of the characteristic arising from the point of inflexion (or RIR~ in the 
figure). The inflexion occurs between 17 and 25. 

The Cartesian co-ordinates of points on the nozzle wall were found by direct measurement Of 
the axial ones and computation of the others from these and the mean wall direction between 
consecutive points (found from the D' co-ordinates). The theoretical nozzle exit width was 
found from the throat  width s making allowance for the variation of Mach number across the 

actual throat  width 
throat  by  finding the ratio sonic stream width from the results of section 1.3. This allowance 

was necessary since the tables are based on one-dimensional theory;  that  is, the Mach number 
across any cross-section is assumed uniform. 

I t  was found tha t  in each case the ratio 

1 per cent of the theoretical value T. 

working-section width -- throat  width 
throat width = t, was within 

-- throat  width 
The value of y throat  w i d t ~  at points of the wall was found and multiplied by T/t, giving 

revised co-ordinates with the correct area ratio. 

The accuracy of this graphical method (t/T between 0.99 and 1.01) was considered sufficient to 
justify its use instead of the more laborious method of direct computation. 

2.2. Boundary-Layer Corrections.--By integration of the momentum equation of the boundary 
layer Tetervin obtained 7, the equation 

where U was the locM stream velocity outside the boundary layer, U0 a standard velocity, U1 the 
velocity at the point where integration commenced; s the distance along the sur±ace, its initial 
value being So, c a standard length ; 0 the momentum thickness of the boundary  layer with 0o the 

displacement thickness of boundary layer (6) , with Ho the 
initial value, H the value of the ratio momentum thickness of boundary layer (0) 
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initial value. *o was the skin friction/unit area, q the dynamic pressure (½p U2), v the coefficient 
of kinematic viscosity, Rc the Reynolds number (based on c and Uo), and k and n constants in 
the assumed relationship ~:o/2q = kv"/O"U'*. Their values depended on the type of boundary 
layer considered. 

2.3. Improvement of Mach Number Distributio~ from Experimental Results.--Owing to the 
approximations made in the design oi the nozzle and the estimation oi the boundary-layer 
thickness it was thought that  the Mach number distribution obtained from experimental tests 
of the nozzles would not be as good as might theoretically be expected. In consequence, a 
method was developed for the correcting of liner profiles from the experimental Mach number 
distribution along the axis of symmetry of the nozzle. 

If a change 0 a is made in the inclination c~ at a point P of the liner, the Mach number at the 
intersection R of the characteristic from P with the axis of symmetry is increased by an amount 

dM d~ 
-- 2 ~ - ,  0 c~ while the increment in Mach angle~, is given by -- 2 ~ - ,  0 c~ degrees where the derivatives 

are taken for the values of M and ~ at R, and ~ and c~ are measured in degrees. 

This follows from Fig. 4, where the flow co-ordinates at P and R are ' ~ -  a) and 
{A' -- ~, A ' - -  c~} initially, and {A', A '  -- (~ + 0a)} and {A --  (o: + Oct), A '{A ia &~)} after 
the correction has been applied. 

Using the relationship ~ P '  = 1000 -- f(~,) where f(~,) = # + 2-~ tan -~ (~ cot #) -- 90 ° and 
= { ( y -  1)(y q-1)} ~/~ by differentiation and substitution of y = 1.400, it is found that  

d# 6 + c o t ~ a n d  d M R _  2 [64 -co t~# ]  
alP' -- 5 cot2# dc< 57.3 / 5 I sec/~ . 

Suppose an increment [MJ~ is required at R and that  P is at a distance x from the beginning of 
the  liner (Fig. 5), then the required change in inclination of the wall at P in radians is &,. = K[M~ 
where K - 2.5 {cos ~/(6 + cot ~ ~)}, and thus if EMI~ = 0 for x < x0, as a first approximation 

the increment in tunnel width for the point x is ; ~ sec 2 c~ dx = J,oKEMI, see ~ c~ dx.  

Generally sec ~ ~ may be taken equal to 1. 

If the characteristic A'  = constant, at p comes from a point R'  on the bottom wall, at which a 
correction to the Mach number has also to be applied, the correction for R' must be subtracted 
from the value of EM~ obtained from the curve. 

3. Experimental Work on the Original Nozzles.--3.1. Description of 3-in. Wind-Tunml Worki~g- 
Section.--The theory developed in sections 1 and 2 was applied to design the liners for a 3-in. 
Supersonic wind tunnel, of which the working section and contraction were similar to those 
proposed far a larger wind tunnel. The side walls of the wind tunnel from the end of the con- 
traction to a point about 5 in. downstream of the working-section consisted of flat parallel sheets 
ot ~-in. glass while the bottom wall was fiat and parallel to the wind tunnel centre-line from a 
distance of 3.6 in. after the exit of the contraction. 

The static-pressure distribution along this wall could be found by means of pressure holes 
arranged at k-in. intervals on alternate sides of its centre-line and i in. from it. 

The contraction of the wind tunnel (Fig. 6) is described in Ref. 8. Its side walls became 
parallel before the exit, but the top and bottom walls finished at an angle of about 23 deg to the 
axis. The tunnel base was faired in to tile contraction as a free streamline ±or incompressible 
flow derived from the equations of Ref. 9. 

The co-ordinates are given in Table 3. Fig. 7 is a photograph of tile working-section. 
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3.2. Calculation of Liner Co-ordinates.--For the application of the theory to the wind tunnel 
the fiat wall was taken as the axis of symmetry. (A check on the validity of this assumption is 
given in sections 5 to 7 of the report.) The theoretical profile was scaled to a working-section 
width of 3 in. (or 6 in. for a symmetrical nozzle) and by means of graphical interpolation the 
values of y found for evenly spaced values of x. 

In addition the parabola was faired Jn to the exit of the contraction. This enabled the position 
of the throat to be fixed. To give a good approximation to asymmetric flow it was kept as far 
downstream as possible allowing for the required position by which uniform flow should be 
attained. 

It was decided that  a boundary-layer allowance corresponding to the total laminar displacement 
thickness allowance required by all four walls should be applied to the top wall. 

Using equation (8) assuming a uniform increase of velocity from the last screen in the con- 
traction to a mean throat position and using a mean value of H obtained from Ref. 10, the 
boundary-layer thickness at the throat was found taking the initial thickness as zero. After the 
throat uniform rates of increase of velocity were used up to R and from R to R2 (Fig. 3) for the 
top wall and from the throat to R1 for the bottom wall. After R, and R1 the velocity was assumed 
constant. The side wall allowance was taken as the mean of those found for the top and 
bottom walls. 

The displacement thickness for the liner for Mach number 2.00 is shown in Fig. 8. For 
comparison, the unused results of calculations based on turbulent flow theory are also given. 
The total allowance in the latter case was found, however, to be nearer to that  which it was 
later necessary to apply. 

The laminar allowances were applied to the liner co-ordinates and a small alteration made to the 
fairing in to the contraction to allow for the change in throat co-ordinate. 

3.3. Use of One-Sided Linem.--The decision to use one-sided liners instead of the conventional 
type was made because of several advantages which could be obtained. Instead of needing two 
curved walls for each Mach number only one would be required, also the common fiat wall would 
be easier to make to the necessary accuracy, and could remain in position when the Mach number 
was varied, a great advantage on a larger wind tunnel. All corrections or alterations could 
be applied to the curved wall while the fixed wall could be used for pressure-plotting work 
particularly during liner design. 

Use of the method causes a considerable increase in the minimum length of liner from throat 
to working-section and also a probable small change in stream inclination along the working- 
section. 

3.4. Initial Tests of Original Nozzles.--The Mach number at points along the wall was computed 
from the sta~iic-pressure distribution assuming constant total head 2,~. The air passing through 
the wind tunnel  was dried by cooling to about -- 25 deg C. and there was no evidence of con- 
densation when the schlieren o5 the flow were observed with optical apparatus. At a sensitivity 
such that  heat waves rising from a hand held near to the wind tunnel could be clearly seen, 
the effect of the sudden change in the velocity gradient at the point of inflexion was noticed, 
though no sharply defined shock-waves were visible at any Mach number. 

The theoretical and experimental Mach number distributions are shown in Figs. 9 to 13. The 
additional curves in Figs. 10 to 12 were obtained from later re-design of the liners. The results 
for most pressure holes agreed to within 0.005 in Mach number with trial results obtained using 
an asymmetrical contraction in which the side and bottom wails were similar. Under those 
conditions it was more reasonable to assume that  the bottom wall was the axis of symmetry of 
the flow through the throat. 

It  will be observed that  agreement with theory was, in general, good for low supersonic Mach 
numbers but that  the experimental results then fell below those expected. After a point corre- 
sponding approximately to the position of the characteristic from the point of inflexion, the 
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Mach number decreased over a distance of one or two inches and then commenced again to 
increase. In each case the mean Mach number was low, probably due to an underestimated 
boundary layer. 

3.5. Effect of Re-design.--Three of the liners were re-designed to improve the Mach number 
distributions. When the total correction required by section 6 had been applied, it was generally 
necessary to scale the nozzle (equally in both directions) in order that  the y co-ordinate at the 
diffuser end (where the wind-tunnel width was 3-000 in.) might be correct. For this purpose 
the x axis was taken as the flat wall and the y axis made to pass through the throat. Thus the 
y co-ordinate of the throat was generally altered but the x co-ordinate was unchanged. It was 
then necessary to fair the scaled parabola in to the contraction exit. 

The experimental results from there-des igned liners are shown in Figs. 10, 11, 12 and 14. 
In the first three of these, in order that  a direct comparison might be made with the theoretical 
curves and the initial distributions, a correction has been applied to the x co-ordinates to allow 
for the change in the scale of the nozzle. 

It  is seen that  the distribution was unchanged over the first 8 in. of the bottom wall, at points 
where no correction h a d b e e n  applied. This illustrates that  it is possible in practice to alter the 
nozzle profile at points on the top wall without affecting the flow upstream of the characteristic 
through the first of these points. 

In Fig. 14 the curves are plotted without the application of a scale allowance to the x co- 
ordinates, i.e., the distribution of Mach number is compared with that  obtained from the same 
positions on the bottom wall in the initial tests. 

Subsequent application seemed to indicate that  the difficulty in obtaining a good Mach number 
distribution was caused by the conditions at the point of inflexion, since very small changes in 
inclination there were found to produce considerable changes both in the values and distribution 
of Mach number along the flat wall. 

I t  is considered that  this was probably due to the influence of the sudden expansion of the 
boundary layer caused by the relaxation of the pressure gradient at this point. 

dO H + 2 dU k ~  0-" from which equation (8) was derived, In the differential e q u a t i o n ~  + -  U ds 0 =-U;' 

H + 2 d U  
the expansion corresponds to the term U ds 0. 

From the tests it appears that  the increase in thickness was more than the theoretical, resulting 
in a local decrease in the effective inclination of the wall and a local isentropic compression or a 
very small oblique shock-wave. This was followed by an expansion as the rate of boundary 
layer increase fell more nearly to the theoretical value. Observation of the flow schlieren 
indicated a sudden increase in thickness near the point of inflexion. 

Further re-design was done on the liners for Mach numbers 1.60 and 1- 80 and the results after 
three re-designs are shown in Fig. 15. It  was found that  the improvement in Mach number 
had been accompanied by a gradual smoothing of the discontinuity in curvature. It  was con- 
sidered that  the standard of uniformity of flow then reached in these two cases could not be raised 
much higher by using these methods of design and re-design. 

The liner template co-ordinates for each Mach number are given in Table 4 and the conventions 
used in the measurement of x and y are illustrated in Fig. 16. 

3.6. Experimental Technique.IDuring the tests it was found essential that  the nozzles should 
have a smooth surface and should be constructed very accurately. For ease of construction and 
alteration the nozzle liners were made of wood; some of compressed wood and the others of teak. 
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I t  was found that  if the surface was not completely Phenoglazed, shock-waves usually occurred 
from the uncovered portions of the wall. Wood which was polished but to which no Phenoglaze 
had been applied was completely unsuccessful, since shock-waves occurred and the pressure 
distribution was entirely different from that  which was obtained with the liner Phenoglazed but 
unaltered in shape. 

The accuracy to which the profiles were constructed was ± 0.001 in. The necessity for this 
was illustrated by  tee fact that  the difference in throat  co-ordinates between the first and third 
re-designs of the liner for Mach number 1.60 was 0-002 in., while the maximum change was 
0.010 in. The difference in distribution can be seen by comparing Figs. 14 and 15. 

3.7. Discussion of the Resul'ts of Tests on the Original Liners.--The application of re-design to 
improve the initial results was not completely successful, although a general agreement with 
theory was obtained. The chief cause of the difficulties found, seemed to be associated with 
conditions near the point of inflexion, wherel if the method of design described above is used, 
there is a discontinuity in curvature:  this leads to a rapid thickening of the boundary layer. 
I t  was thought possible tha t  better results might be obtained if a method of design could be used 
which avoided this discontinuity. 

The final results obtained from the liners are tabulated below : - -  

Theoretical 
Mach number 

Mean Mace 
number 

Variation 
about mean State of liner 

1 "40 
1-60 

1 "80 
2-00 

1- 353 
1- 606 

1. 799 
2.04 

(per cent.) 
:L2.04 
:t:1-09 

~1-41  

Initial state. Could be considerably improved by re-design. 
Third re-design. The liner is approaching the limit of accuracy 

obtainable by the method. There is evidence to indicate that  
most of the difficulties are due to conditions near the point of 
inflexion. 

As 1-60 liner. 
First re-design. The liner could be improved by re-design, but was 

unsatisfactory since the Mach number reached its peak value 
almost 2 in. after the desired position. For this reason no 
variation figure is given. 

I t  should be noticed tha t  the Mach number variations and mean MacE numbers are given 
over a distance of not less than 7 in. on the bottom wall. 

4. Alternative Method for Design of Nozzles.--4.1. Determination of Theoretical Nozzle Profile.- 
In an a t tempt  to overcome the inflexion difficulties which occurred with the original liners, an 
alternative method was developed avoiding the curvature discontinuity and a new set of liners 
designed. The first of these was for a Mach number of 1-60, and since the same initial points 
were used as for the original liner, the velocity distribution up to the characteristic through Po 
(determined by the curved wall profile up to P0 and the flat wall, Fig. 17) is the same as in the 
former case. 

A velocity distribution was chosen along the bottom wall, downstream of the point 152, which 
satisfied the following conditions : 

(a) I t  should fair-in with the distribution from the origin to the point 152. 

(b) i t  should reach the required Mach number (1.60) at a point far enough upstream for 
the velocity to be uniform, at the working section. 

(c) The approach to this Mach number should be smooth. 
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Using the method of characteristics, it was now possible to determine the flow downstream of 1, 
152 from the conditions along tha t  line and the portion 152, 194 of the flat wall ; for example, the 
flow co-ordinates of the point 153 were known from those of 152 and 161, and hence by drawing 
lines through these points at directions corresponding to mean co-ordinates, the position of 153 
was determined. From 143, 153 the point 144 was found, and so on. 

The nozzle profile was found as the streamline of this flow which passed through Po. The 
direction of flow at P0 (Figs. 17 and 18) was 4 deg, at points 2 and 4 it was 4.9 deg ; hence the mean 
direction of the portion P0 of the wall was 4.45 deg, and K could be determined. Since the 
direction of the wall in the next portion (to the characteristic 4, 5) was known to be slightly over 
5 deg, a line was drawn at 5 deg through K and the inclination of the stream to the datum at 
its point of intersection L '  with 4, 5 was calculated by linear interpolation of the directions of 
flow at these two points. Hence a more accurate estimation of the mean direction and the 
position of the wall (L) could be made. 

The wall was drawn up to the characteristic 38, 194 and afterwards, was determined by a 
simple wave. A uniform stream was obtained downstream of 194, 195. To increase accuracy, 
the Cartesian co-ordinates of each point on the wall, were found in the same way as in the case 
of the original liners. 

There are several ' a pr ior i '  difficulties in this method; for example, the characteristics might 
meet before the curved wall is reached, or the resultant wall shape be re-entrant. 

If care is taken in the choice of the initial points these difficulties can be avoided. If desired, 
a rough check of the positions of characteristics and wall inclinations can be made by using a few 
of the initial points as starting points for a subsidiary drawing before commencing the main design. 

The alternative method requires a Ionger length of liner to reach a desired Mach number, 
using the same throat curvature, than the original method. For this reason smaller throat  radii 
of curvature were used for liners for Mach numbers 1.80 and 2.00, to increase the rate of increase 
of velocity along the bottom wall in the neighbourhood of the throat. The initial points are shown 
in Fig. 19 the co-ordinates being given in Table 5. For the liner for Mach number 1.40 the 
points were again chosen on axial and perpendicular lines but with a different throat  curvature. 
Although, in general, the point of inflexion occurred at the beginning of the simple wave this 
was not a necessity, as illustrated in the case of the liner for Mach number 1.40, where the 
wall, though concave to the stream, was an expansion surface. The possibility of this occurring 
was shown in Ref. 5 and is illustrated in Fig. 20 where a Prandtl-Meyer expansion round a corner 
is shown. If a wall is placed between the streamline and the straight wall, it is possible tha t  an 
expansion will occur. Near P there is definitely an expansion, but  further away it would 
require a full drawing to find the conditions at any particular point. 

The liner for Mach number 1.60 was scaled and a boundary-layer allowance was applied 
as for the original liners; the others had a linear allowance the amount being chosen from 
comparison with those experimentally required for the original liners. 

Due to the increased throat  curvatures used in the design of the liners for Mach numbers 
1.80 and 2.00 it was found difficult to fair-in the parabola to the contraction without having the 
throat  further upstream than would have been satisfactory considering the assumption tha t  the 
bottom wall was the axis of symmetry  of the flow. 

A slightly different parabola which faired-in more easily to the contraction, was used upstream 
of the throat  for the construction of these liners and although this would have affected the initial 
points, they  would still be more accurate than points given by one-dimensional flow, while any 
small variations caused in Mach number could theoretically be improved by re-design. 

4.2. In i t ia l  Tests on the Alternative L i m r s . - - T h e  results of the initial tests on the liners are 
shown in Fig. 21. I t  will be noticed that  there were no appreciable pressure decreases in the 
neighbourhood of the characteristics through the point of inflexion but  tha t  the amplitude of 
Mach number variation was very little different from that  previously obtained. 
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The fact that  the mean Mach number was approximately correct for each liner except Mach 
number 1" 60, and in tha t  case was similar to the value obtained in the initial test of the corre- 
sponding original liner, suggested that  the total  boundary-layer allowance which it was necessary 
to apply was almost unchanged. No sharply defined shock-waves either in the working-sectio n 
or arising from the point of inflexion were visible by the schlieren method even at full sensitivity. 

4.3. Re-design Tests of the Alternative Liners.--Before mathematical  re-design was applied to 
the alternative liner for Mach number 1.60 it was decided to apply a linear correction to 
raise the Mach number to approximately 1.60. Together with the liners for Mach numbers 
1.80 and 2.00 it was then re-designed following the theory of 2.3. A further re-design was required 
for the liner for Mach number 1.60. 

The considerably improved distributions are shown in Fig. 22 and it is particularly noticeable 
tha t  the conditions near the inflexion characteristic are more satisfactory since there were no 
serious unexpected changes in the distribution of Mach number. This was probably due to the 
gradual relaxing of the pressure gradient on the boundary layer and the consequent less abrupt 
thickening of the layer compared with the previous case. 

Agreement between the initial, re-design and theoretical Mach number distributions up to the 
point at which alterations were applied was, as with the original liners, very good. 

A test was made on a liner with shape approximating to the original liner for Mach number 
2.00 but with a smooth change in curvature near the in flexion. This gave a smooth but  far from 
uniform Mach number distribution, the variation being of the order of 5 per cent. 

Table 6 gives the template co-ordinates of the liners after re-design, the axes being illustrated 
in Fig. 16. 

The final variations are given in the table below. 

Theoretical Mean Mach 
~ach Number Number 

Variation 
about Nea~ State of Liner 

1-40 
1.60 
1.80 
2.00 

1.402 
1.600 
1.801 
2.002 

(per cent.) 
~0 .50  
±0" 52 
+0" 42 
±0 .60  

Initial. 
Third re-design. 
First re-design. 
First re-design. 

(One of the re-designs was linear). 

5. Experimental Determination of the Flow through a Sonic Throat.--5.1. Introduction.--The 
linearised theory of the flow through a sonic throat  was fully developed in section 1, and the 
curves of constant Mach number (M) and the streamlines there obtained are shown in Fig. 1. 
The assumptions made were strictly valid only near the point where sonic speed was reached 
along the straight streamline but  it was thought that  an approximation to the flow conditions 
better than tha t  given by one-dimensional theory would be obtained over a considerably greater 
area. 

The Mach number distribution in the sonic region of the 3-in. wind-tunnel was measured by  
pressure plotting on the side and bottom walls, to check the following two assumptions made 
in the theory : - -  

(a) That  the flow in the throat  is two-dimensional. This assumption is reasonable, since 
the side walls of the wind tunnel become parallel about five inches before the throat. 

(b) That  the bottom wall of the wind tunnel is a plane of symmetry.  This assumption, 
which is essential for the theory, cannot be exact because the bottom wall, which is faired-in from 
the contraction, only becomes flat a short distance before the throat. This lack of symmetry  
might be important, particularly at lower Mach numbers, and experimental verification was 
needed. 
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5.2. Description of the Pressure-Plotting Walls.--For the tests one of the glass side-walls of 
the wind tunnel was replaced by a wall made of compressed wood which had 180 static-pressure 
holes spaced evenly over an area 4.8 in. × 3 in. in the neighbourhood of the throat  (Figs. 23 
and 24). The surface of the wood in contact with the flow was lacquered with Pheenorock and 
carefully smoothed so tha t  shock-waves should not arise from it and, to prevent surface 
irregularities, the static holes were drilled with a No. 76 drill, leakage through tEe laminations 
of tee wood being avoided by coating the inside of the holes with Pheenorock. Copper tubes, 
sealed into tee wood, connected the holes to a distributor board. 

In order to Check whether the assumption of two-dimensional flow was valid, a wooden bottom 
wall was prepared with 50 pressure-plotting holes evenly spaced near the position of tee throat  
(Figs. 23 and 24). 

5.3. Description of Tests on the Side and Bottom Walls.--Tests were made on the original 
liners for Mace numbers 1.40, 1-60 and 2.00 and the ' a l ternat ive '  liner for Mach number 1.60. 
Since there were insufficient manometer tubes to enable all the static pressures to be read 
simultaneously, a number of runs were made on each liner, tee pressures at four fixed holes being 
read in each case to check the consistency of the results. The Mach number distribution was 
computed assuming constant total  head. I t  was always found t ea t  the Mace numbers at the 
four fixed holes agreed to within 0.3 per cent. 

The curves of constant Mach number (Fig. 25), have been obtained by linear interpolation 
between measurements at adjacent holes. The pronounced scatter of the points forming the 
curves of constant Mace number for values of 0.90, 0" 95 and 1.20 in the case of the liner for 
Mach number 1.40 and also the liners for Mach number 1.60 (Fig. 25), is due to a few holes being 
consistently in error. The interpolation procedure used to obtain lines of constant Mach number 
involves using each reading several times, and one faulty pressure hole thus affects a large number 
of points. If these readings are omitted, the interpolated points lie close to the mean curve 
as drawn. The pressure holes were re-drilled before tests were made on the liner for Mach number 
2.00 and the irregularities do not occur. 

The results of the pressure-plotting of the bottom wall for the liner for Mach number 2.00 
(Fig. 26), show that  the assumption of two-dimensional flow is justified. 

The theoretical distributions for the liners (Figs. 27, 28, 29 and 30) have been obtained from 
Fig. 1 for the constant Mace number lines up to 1-20 and then irom the design drawings of the 
liners by  interpolation of pressure numbers. 

5.4. Discussion of the Side-Wail Results.--The theoretical and experimental results for the 
above liners are compared in Figs. 27, 28, 29, and 30, tile drawings being scaled to constant 
throat  width. The point where the bottom wall becomes flat is marked in each case. Since the 

throat  radius of curvature 
liners had the same value for the ratio width of throat  , tile theoretical Mach number 

distributions up to the curve for Mach number 1.20 were the same. 

The effect of the initial curvature of the bottom wall (where the bottom wall is faired-in 
to the contraction) is very noticeable for, at the lower Mach numbers, the curves for constant 
Mach number tend to be symmetrical about the centre-line of the contraction. After tile curve 

for  Mach number 0.90, however, the theoretical and experimental results agree better. In the 
cases of the original liners for Mach numbers 1.40 and 1-60, the last of tee theoretical curves 
changes direction abruptly near tile curved walt of the nozzle, at the point where the characteristic 
from the point of inflexion intersects the curve of constant Maeh number. The experinlental results 
show the same tendency, but  the position of the mean curve is not very wee defined owing to 
inaccuracies of interpolation in a region of almost constant Mace number. 
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Because a suitable velocity distribution, which avoided a sudden change of curvature at the 
point of inflexion, was used for the alternative liner for Mach number 1-60, there is no corre- 
sponding abrupt change of direction in the theoretical curve for Mach number 1.35 in this case. 
Figs. 8 and 9 show clearly the differences in distribution between the original and alternative 
liners for Mach number 1.60, the rapid acceleration of the air stream after reaching a Mach 
number of 1.20 and :the sudden change in direction of the theoretical curve for Mach 
number 1.35 in the case of the original liner (Fig. 29) contrasting strongly with the more 
gradual acceleration obtained from the alternative liner (Fig. 30). 

Considering the range of Mach number over which the linear theory was applied, the agreement 
between the theoretical and experimental results was good. 

6. Modifications to Liners to Change the Mach Number.--Following the success of the application 
of the method of modifying a liner shape to correct the measured pressure distribution, all 
a t tempt  was made t o  alter the Mach number of the 1.60 alternative liner to 1-50 in this way. 
Since only a first-order approximation is given to the required increment in tunnel width, the 
m e t h o d  strictly should not be applied to produce such a large change in Mach number, but, in 
view of its simplicity compared with the design of a new liner, it was thought worth while to see 
if changes of this order could be made satisfactorily. 

The Mach number distribution, which is shown in Fig. 31 is in fact better than those obtained 
from the initial tests on the existing alternative liners (Fig. 21). The following additional liner 
shapes were then derived, in each case from the design for a higher Mach number so that  the 
position of the working section would be satisfactory : - -  

M = 1.90 from the M = 2.00 alternative liner, 

M = 1.70 from the M----- 1.80 alternative liner, 

and M = 1.30 from the M = 1.40 alternative liner. 

In all Cases the new liners were derived from the design drawings of the old liners before modi- 
fications were made to improve the velocity distributions. The Mach number distributions for 
these are also shown in Fig. 31. The mean Mach numbers and the percentage variations from the 
mean are tabulated below:--  

Design M Mean M Maximum per cent Variation 

1 "30 
1 "50 
1" 70 
1 '90 

1.295 
1-500 
1- 700 
1-91 

4-1-31 
4-1-00 
4-1.29 
4-0.76 

These results show that  it is possible to alter the design Mach number of a liner by amounts 
up to 0.10 and still maintain a reasonable distribution. Further modification, based on the 
measured pressure distribution, is necessary, however, to reach the standard achieved in the 
case of the basic liners. 

A new difficulty occurs in calculating these modifications as there are no design drawings 
available for use in determining the relationship between the top and bottom walls*, but an 
approximation to this relationship can be obtained by comparing those for higher and lower 
Mach numbers. The comparison should be made between corresponding portions, such as the 
part of the wall from the point of inflexion to the point where uniform flow begins. (The inclina- 
tion of the characteristic from the point of inflexion can be found by interpolation, while its 

*i.e. the points on the top wall which are on the same characteristics as given points on the bottom wall, see Ref. 1. 
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reflexion makes the Mach angle of the flow with the bottom wall. Uniform flow begins where 
this characteristic meets the top wall.) The relationship found in this way is more accurate than 
that  used to derive the liner shape from the design of a previous liner, although a mean wall 
correspondence computed as above could have been used as a refinement of tile method. 

The best results obtained from the liners up to date are shown in Fig. 32 and are summarised 
below : - -  

Design M Mean M Maximum per cent. Variation State of liner 

1 "30 
1 "50 
1"70 
1 "90 

1-310 
1-498 
1.698 
1.906 

± 0 . 5 8  
+ 0 . 9 3  
4-1.09 
4-0-69 

2nd modification 
1st modification 
5th modification 
2nd modification 

It  is seen that  very little improvement has been made to the distributions. This is shown for 
example in the results for the liner for Mach number 1.70. The difficulties found in this case are 
probably due to the presence of several shock waves in the initial tests. The alterations involved 
m the modifications were generally less than 0.010 in. in wind-tunnel width at all points of the 
nozzles. 

6.1. Discussion of Results.--The application of the method of calculating tile necessary modifi- 
cations to liner shapes is limited by the accuracy to which it is practicable tospecify the ordinates. 
In the present method of liner construction, metal templates are made to the given co-ordinates 

.to tolerances of -[- 0. 001 in. The liner is then worked to shape until the surface is within 0" 001 in. 
of the template at all points. In the finishing process the liner is rubbed in a longitudinal direction 
to make its surface as smooth as possible. The tolerances on the ordinates may produce variations 
in tile slope of the liner, and the effect of these on the Mach number distribution can be calculated 
from tile equations of section" 2.3. I t  is found that  the possible irregularities of Mach number 
are of the same order as those measured in the wind tunnel, which shows that  further improve- 
ment  in the Mach number distribution cannot be expected until tile technique of liner construc- 
tion has been improved. 

The method of determining the Mach number distribution used in these tests, i.e., pressure- 
plotting the fiat wall, was chosen because it was very convenient for the method of calculating 
the necessary modifications to the liner shape, since disturbances are known to arrive from points 
on tile shaped wall. It was assumed that  if a good distribution was obtained over a sufficient 
length of the flat bottom wall (about three tunnel widths), then the distribution in the stream 
was probably satisfactory. 

Before the liners are considered suitable for wind-tunnel use, a full exploration of the working- 
section distfibut!on should be made. It should be borne in mind, however, that  if modifications 
are needed to improve a static-traverse measured in the stream, it may not be easy to 
determine the origin of a weak disturbance which may not show on schlieren photographs. 

7. Conclusions.--It is considered that  the time taken in the accurate determination of the 
theoretical nozzle profiles was justified since, although the boundary-layer allowances were not  
estimated correctly, the initial Mach number distributions were quite good and considerably 
better than could be expected from less accurate methods. 

The cause of the difficulties found in improving the distribution seemed to be associated with 
conditions near the point of infiexion and the effect on the boundary layer of a sudden change 
in pressure gradient. It  was found that with a smooth change of curvature at the point of 
inflexion, the results of the attempts to improve tile Mach number distribution were more nearly 
in accordance with theory. 
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The final results on the alternative liners show that,  over a distance of about 2½-tunnel heights 
along the bottom of the tunnel, it is possible to obtain variations of about -+- ½ per cent. from the 
theoretical design 3/Iach number. The average rate of increase of boundary-layer displacement- 
thickness along the tunnel, based on the difference between the theoretical and experimental 
throat  widths, was of the order of 0.002 to 0. 003 in./in./wall. 

Although the linear theory of the flow through a sonic throat  is valid only close to the point 
where the flow becomes sonic on the bottom wall, and, on the nozzles tested, the throat  is near 
the point where the bottom wall becomes flat, good agreement has been obtained between the 
theoretical and experimental results, while the experimental results also show that  the flow 
through the throat  is very closely two dimensional. 

Provided tha t  a change of not more than 0.10 in Mach number is required, a good first approxi- 
mation to the liner shape can be obtained from one of higher Mach number. Further  modification 
is necessary however, to achieve a standard comparable to the basic liners. This proved to be 
difficult and comparatively little improvement was made. 

A very smooth nozzle surface is required, and since wood was used, Phenoglazing was necessary. 
A very high standard of accuracy had to be maintained during construction ( ~  0.001 in.) since 
very small variations in co-ordinates affected the Mach number distribution even in the case of 
the alternative liners. I t  is thought  tha t  further work will require greatly improved constructional 
and experimental techniques. 

There remains a wide field of investigatio n which has not received much attention such as the 
theoretical and experimental investigation of the influence of the sonic line on design, and the 
evaluation of boundary-layer thickness. 
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Flow through a Throat 

x, y Cartesian co-ordinates. 

a* 

U , V  

7J 

7 

Uo, ~o 

as 

A 

M 

B 

NOTATION 

~v 

Method of Characteristics 

Mach angle 

P' Pressure number. 

D '  

x measured along the straight streamline from an origin 
at the point where sonic speed is reached 

The speed of sound (and of the stream) at the point (0,0) 

Components of velocity of the gas 

(U /a* ) - I  
V/a* 

o4 o4 
2 4 

u - ax,  v - ~y,  ¢ =f0(x) +y"f2(x) +yy~(x)  + . . .  

Ratio of the specific heats of the gas (air; 1-400) 

The values of U, u at a particular point on the x axis. 

The speed of sound in the gas after isentropic deceleration to rest 

A constant in the equation for the lines of constant Mach number 

Mach number 

The width of the normal cross-section of the fluid between two required stream- 
lines 

The mean angle of the flow, across a line of constant x, between two streamlines 

(1000-Prandtl-Meyer angle in degrees) 

Stream inclination to the axis of symmetry 

A '  Flow co-ordinate P '  + D'  
2 

P ' - -  D' 
B'  Flow co-ordinate 

2 

#p, Mach angle corresponding to a pressure number of P '  

Suffices 1, ~, 3 are used to indicate the values of these quantities at particular points. 

Boundary Layer 

U Local stream velocity outside boundary layer (initial value U1) 

Uo Standard velocity 

s Distance measured along the surface. 

c Standard length 

0 Momentum thickness of the boundary layer 

Displacement thickness of the boundary layer 
/ 

/-/ 8/0 
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3o Skin friction/unit area 

q Dynamic pressure ({p U~). (p density of the gas) 

Coefficient of kinematic viscosity 

Rc Reynolds number based on c, U0 

3o k v  n 
k, n Constants in the assumed relationship ~ = 0n U ~ 

A suffix 0 is used to indicate the initial values of s, O, ~ and H. 

Re-design 

c~ Inclination of the curved wall. 

[MI, Required increment in M at the point x. (Fig. 5). 

( c o s / z )  
K 2.5 6 + c o t  ~ " 
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TABLE 1 

Flow through a Throat. Co-ordinates of Streamlines 

The table gives the values of y corresponding to fixed values of x for evenly spaced streamlines 

-,3 

SonicWidth  x = - - 2 . 0  x - - - - - - 1 . 6  x = - - l . 2  x = - - 0 . 8  x = - - 0 . 4  x = O . O  x-----0.4 x = 0 . 8  x- - - -1 .2  x = l . 6  x = 2 - O  

0.2 
0"4 
0"6 
0"8 
1.0 

1"2 
1.4 
1.6 
1.8 
2.0 

2.2 
2.4 
2-6 
2.8 
3"0 

3.2 
3.4 
3"6 
3"8 
4.0 

0"2067 
0.4134 
0.6199 
0"8263 
1"0325 

1.2384 
1.4440 
1.6493 
1.8542 
2.0587 

2.2628 
2-4665 
2"6697 
2.8726 
3"0751 

3.2773 
3"4791 
3.6806 
3.8819 
4"0830 

0.2043 
0"4085 
0"6126 
0.8166 
1.0204 

1-2241 
1.4275 
1.6306 
1-8335 
2"0360 

2.2383 
2.4403 
2-6420 
2.8434 
3.0445 

3.2455 
3-4462 
3"6468 
3"8473 
4.0478 

0"2024 
0.4047 
0"6070 
0"8092 
1"0113 

1.2132 
1-4149 
1"6165 
1"8179 
2"0191 

2.2201 
2-4209 
2.6215 
2.8220 
3.0223 

3.2226 
3.4228 
3.6230 
3.8233 
4.0237 

0-2011 
0-4021 
0"6031 
0.8040 
1.0048 

1"2056 
1"4063 
1.6068 
1.8072 
2"0076 

2.2078 
2.4080 
2.6081 
2"8081 
3"0082 

3.2083 
3.4085 
3-6089 
3.8094 
4.0103 

0"2003 
0.4005 
0.6007 
0-8009 
1"0011 

1.2012 
1"4013 
1"6014 
1"8014 
2"0014 

2-2014 
2"4015 
2.6015 
2.8017 
3.0020 

3"2025 
3.4032 
3.6043 
3-8056 
4"0075 

0.2000 
0"4000 
0"6000 
0.8000 
1.0000 

1-2000 
1.4001 
1.6002 
1.8003 
2-0005 

2.2008 
2-4012 
2"6018 
2.8026 
3.0037 

3.2051 
3"4069 
3.6092 
3.8120 
4.0154 

0.2003 
0.4006 
0-6009 
0"8012 
1"0016 

1-2020 
1.4025 
1.6032 
1-8039 
2.0048 

2.2059 
2.4073 
2.6089 
2.8109 
3"0133 

3.2161 
3.4195 
3.6235 
3.8282 
4.0338 

0.2011 
0.4021 
0.6032 
0.8044 
1.0057 

1.2071 
1.4086 
1"6103 
1.8122 
2.0143 

2.2168 
2-4196 
2.6228 
2.8265 
3.0308 

3"2357 
3.4413 
3.6477 
3-8550 
4"0633 

0.2024 
0"4047 
0"6072 
0.8097 
1"0124 

1.2152 
1.4183 
1.6216 
1.8252 
2-0291 

2"2335 
2"4384 
2"6438 
2.8498 
3"0565 

3.2641 
3.4725 
3.6820 
3.8926 
4.1045 

0.2042 
0-4084 
0"6128 
0"8172 
1.0219 

1"2268 
1"4319 
1"6374 
1-8433 
2-0496 

2.2565 
2"4640 
2-6722 
2"8811 
3"0910 

3-3018 
3"5138 
3"7270 
3-9416 
4-1578 

0-2066 
-0"4133 
0"6200 
0"8270 
1"0342 

1"2417 
~ '4495 
1"6578 
1"8665 
2"0758 

2.2858 



TABLE 2 

Flow through a Throat. Curves of Constant Mach Number 

Mach number O. 90 Mach number 1. O0 Mach number 1- 10 

x y Direction 

- -  "038 
- -  "042 
- -  -057 
--1"078 
--1"109 
--1"148 
--1"198 
- -1 '254  
--1"322 
--1"402 
--1"493 
--1"594 
--1-704 
--1-827 
--1"968 
--2"119 
--2"287 
--2"471 
- -2 '676  
- -2 '900  
--3 '151 

0'000 
0'202 
0'404 
0"606 
0"808 
1"010 
1-213 
1"417 
1"621 
1"826 
2"032 
2"238 
2"447 
2'658 
2"870 
3'084 
3"302* 
3"524* 
3"748* 
3-975* 
4"210" 

x y Direction 

0.00 0.000 
- -0 .20  --0.004 
- -0 .40  --0.019 
--0-61 --0 .037 
--0-83 --0"063 
- -1 .07  --0-100 

• --1"32 --0-142 
--1"59 --0-194 
- -1 ' 90  --0.254 
- -2 .23  --0.325 
--2.61 - -0 '404 
- -3 .04  --0"490 
--3"51 --0.587 
- -4 .06  --0.691 
- -4 .69  --0 .806 
--5-40 --0.931 
- -6-19  --1 .066 
- -7-12 --1-214 
--8"16 --1-381 
- -9 .40  --1"561 

--10.84 --1"754 

0.000 
0-200 
0-400 
0.600 
0.800 
1.000 
1.200 
1.401 
1.601 
1.801 
2.001 
2.203 
2.405 
2.606 
2.808 
3.013 
3.218 
3.424 
3.634 
3.845 
4.061 

x y Direction 

0.00 0.987 
0-00 0.984 
0.00 0.973 

--0.01 0.954 
- -0 .03  0-927 
- -0 .06  0-896 
- -0 .10  0-856 
--0"17 0"806 
- -0 .25  0.750 
--0"37 0.684 
--0.51 0.613 
- -0 .69  0.533 
- -0-93 0.448 
- -1 .16  0.351 
- -1-47  0.244 
- -1 .83  0-132 
- -2 .25  0"009 
- -2 .75  --0.120 
- -3 .34  --0.260 
- -4 .04  --0 .408 
- -4 .84  --0.572 

0-000 
0-201 
0-403 
0.605 
0.806 
1.007 
1.208 
1.408 
1.609 
1.810 
2.010 
2.209 
2-409 
2.608 
2.807 
3.007 
3.205 
3.405 
3.605 
3.805 
4-007 

0"00 
O" 18 
0-36 
0"54 
O" 70 
0 '88  
1 "01 
1"13 
1 '25 
1 "32 
1 "38 
1 - 4 2  
1.43 
1.38 
1.30 
1.18 
1 . 0 0  
0.78 
0.50 
0.15 

- -0-29 

Mach number 1.20 

x y Direction 

1.923 
1.920 
1.908 
1.889 
1.863 
1-832 
1-793 
1.746 
1-693 
1.628 
1.560 
1.485 
1.402 
1.313 
1.213 
1.106 
0.992 
0.871 
0-742 
0-605 
0-460 

0-000 
0.206 
0.412 
0"618 
0.824 
1.029 
1.234 
1.438 
1.642 
1"845 
2.048 
2-250 
2.451 
2.652 
2.851 
3"050 
3"249 
3"447 
3'644 
3.841 
4.038 

0"00 
0"37 
0 '73 
1 "09 
1 "45 
1 - 7 9  
2-12 
2-44 
2"74 
3"01 
3" 26 
3 '48  
3"68 
3"83 
3.'94 
4"02 
4"05 
4"04 
3"99 
3"86 
3"67 

.Pea]~ curve  

x y 

--0.001 0.200 
- 0 . 0 0 5  0-400 
--0.012 0-600 
--0.021 0.800 
--0-033 1.000 
--0-047 1.200 
--0.065 1.400 
--0.084 1.600 
--0"107 1"800 
--0"132 2"000 
- -0 '159  2"200 
--0"190 2"401 
--0 .223 2.601 
--0 .258 2-801 
--0.297 3-001 
--0 .337 3-202 
--0.381 3.403 
--0" 428 3" 604 
--0-477 3.805 
--0-529 4"007 

* These points are on interpolated positions of streamlines the main calculations only being made up to x = - -  2-0. 
They satisfy the equation for the curve of M = 0-90. 
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TABLE 3 

Co-ordinates of Tunnel Base 

x Measured from beginning of liner section. 

y Distance below tunnel centre-line. 

x y 

0"00 2-150 
0 .20  2-044 
0"40 1"936 
0"60 1.828 
0"80 1.743 
1"00 1"688 
1.20 1"646 
1.40 1.613 
1"60 1.588 
1"80 1,568 
2 .00  1"551 

x y 

2"20 1"538 
2"40 1.528 
2-60 1"519 
2"80 1"513 
3-00 1"508 
3-20 1.504 
3-40 1-502 
3-60 1-500 

(Note. 

A locat ing flange of wid th  ½ in. was f i t ted between the end of the  
contract ion and the beginning of the  liner section. 

Table  4 is on t i le  nex t  page.) 

TABLE 5 

Cartesian and Flow Co-ordinates for the Alternative Initial Points for the 
Method of Characteristics given in Fig. 19 

Equation of parabola" 

y = 10 + (0.02463)(x + 1.790) 2 

Point  x y P' D' A; B'  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

- -1 .620  
1.620 
1.620 
0.605 
0 .368 
0 .368  
0 .368 
1.294 
2-189 
2-189 
2.189 
2-189 

10.004 
9.057 
8-009 
8-009 
8-009 
6-792 
5.316 
5-316 
5-316 
3-676 
1-838 
0-000 

996.50 
997.60 
998.65 
997.60 
996.45 
997.60 
998.65 
997.60 
996.45 
997.40 
998.05 
998.30 

0 .50 
- -0"40  
- - 1 . 3 5  

1.40 
3.55 
2 .40  
1.35 
2.40 
3 .55 
2 .20 
0 .95 
0 .00  

498.50 
498.60 
498-65 
499.50 
500-00 
500-00 
500.00 
500-00 
500.00 
499.80 
499-50 
499-,15 

498-00 
499-00 
500-00 
498-10 
496-45 
497-60 
498-65 
497-60 
496-45 
497-60 
498-55 
499-15 

These values were ob ta ined  from the calculat ions of section 1 of t i le report .  
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TABLE 4 
Template Co-ordinates of Original Liners 

Liner A 

x in. 

0"000 
0-090 
0.390 
0"690 
0'990 
1'290 
1"590 
1'890 
2.190 
2 '490 
2"790 
3"220 
3.520 
3.820 
4.120 
4.420 
4.720 

5-020 

5-185 
5-477 
5-769 
6-061 
6"352 
6"644 
6"936 
7"227 
7"519 
7.811 
8.103 
8" 394 
8" 686 
8" 978 
9.270 
9'561 
9.853 

10.145 
10"437 
10"728 
11.020 
11.312 
11"603 
11.895 
12.187 
12"479 

12"770 
13.062 
13.354 
13"646 
13.937 
14.229 
14-521 
14-813 
15-104 
15-396 
15"688 
15.979 
16"250 

y in. 

0"475 
0"523 
0'685 
0.846 
1"007 
1"169 
1'330 
1"491 
1"653 
1.814 
1 "975 
2" 190 
2" 268 
2.320 
2.361 
2.390 
2"407 

2.413 

2.411 
2-399 
2..377 
2-343 
2-298 
2-243 
2-176 
2.108 
2.042 
1.977 
1.915 
1'854 
1.796 
1.740 
1"685 
1.635 
1.586 
1"541 
1.498 
1.457 
1.418 
1.382 
1.348 
1.316 
1.287 
1.261 
1.236 
1.215 
1.195 
1.177 
1.162 
1.149 
1.139 
1.133 
1.129 
1.127 
1-125 
1-125 
1.125 

Liner B 

x in. y in. 

0.000 0.475 
0.240 0.604 
0"540 0"765 
0.840 0.927 
1.140 1.088 
1.440 1.249 
1.740 1"388 
2.040 1.508 
2.340 1.610 
2.640 1.703 
2 .940 1.787 
3.240 1.861 
3.540 1.925 
3.840 1.980 
4.140 2.026 
4.440 2.063 
4.740 2.090 
5.040 2.107 
5.340 2.115 

5.450 2.116 

5"635 2.114 
5.926 2"103 
6.217 2.082 
6"509 2-053 
6.800 2.014 
7-092 1-966 
7-383 1-911 
7"675 1"857 
7.966 1"805 
8"257 1"754 
8.549 1.704 
8"840 1"657 
9.132 1.613 
9"423 1.569 
9.715 1.525 

10.006 1.484 
10'297 1"445 
10.589 1.409 
10'880 1.377 
11.172 1"346 
11.463 1"317 
11.754 1.290 
12.046 1.267 
12.337 1.247 
12.629 1.229 
12.920 1.213 
13.212 1.197 
13.503 1.184 
13.794 1.172 
14.086 1.163 
14.377 1.154 
14.669 1.147 
14.960 1.141 
15.252 1.135 
15.543 1.130 
15.941 1.127 
16.250 1-125 

Liner C 

x in. y in. 

0.000 0.475 
0.100 0.529 
0"400 0"690 
0'700 0.851 
1.000 0.997 
1.300 1.114 
1.600 1.220 
1.900 1.318 
2.200 1.408 
2.500 1.488 
2.800 1-560 
3.100 1.623 
3.400 1.677 
3.700 1.722 
4.000 1.759 
4"300 1-787 
4"600 1-806 
4"900 1-816 

5"100 1.818 

5.197 1"817 
5"488 1.811 
5.778 1-795 
6.069' 1-772 
6"359 1-740 
6"650 1-702 
6-941 1.664" 
7-231 1"623 
7-522 1.582 
7.812 1.542 
8"103 1"504 
8"394 1.470 
8"684 1.438 
8.975 1.405 
9"265 1.375 
9'556 1.346 
9.847 1.320 

10.137 1.295 
10.428 1.273 
10.718 1.253 
11.009 1"234 
11.300 ! '217  
11.590 1.202 
11.881 1.189 
12.171 1.179 
12.462 1.170 
12.753 1.163 
13.043 1.157 
13.334 '1.152 
13.624 1-147 
14.206 1-139 
14.787 1.135 
15.368 1.130 
15.901 1.126 
16.250 1.125 

Liner D 

x in. 

0-000 
0.060 
0.360 
0.660 
0.960 
1.260 
1-560 
1.860 
2.160 
2-460 
2-760 
3-060 
3.360 
3.660 
3-960 
4-260 

4-600 

4.860 
5"160 
5"460 
5"760 
6.060 
6~360 
6"660 
6-960 
7-260 
7"560 
7.860 
8.160 
8.460 
8.760 
9.060 
9.360 
9.660 
9.960 

10.260 
10.560 
10.860 
11.460 
1 2 . 0 6 0  
~12.660 
13.260 
13.860 
14.460 
15.060 
15.660 
16.250 

y in. 

0-~75 
0-504 
0-661 
0.792 
0.894 
0-982 
1.062 
1.135 
1.200 
1.257 
1.308 
1-350 
1.386 
1-413 
1-434 
1-447 

1-452 

1-450 
1-441 
1- 424 
1-399 
1-374 
1-349 
1-325 
1.301 
1.279 
1"258 
1' 238 
1.220 
1"204 
1. 189 
1- 177 
1. 166 
1" 157 
1.150 
1" 145 
1.141 
1" 138 
1" 137 
1' 135 
1"133 
1" 132 
1.130 
1. 129 
1" 128 
1. 126 
1" 125 

Liner A :--First  re-design M ---- 2-00. 
Liner B :--Third re-design M ---- 1 .,80. 

Liner C :--Third re-design M ---- 1.60 
Liner D :--Initial design M = 1.40. 
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TABLE 6 
Template Co-ordinates of Alternative Liners 

Liner E 

x in. y in. 

0 "00  0"475 
0-10 0-529 
0"40 0-690 
0.70 0.843 
1"00 0"980 
1-30 1"085 
1"60 1"171 
1"90 1"244 
2"20 1"310 
2"50 1-368 
2"80 1"419 
3"10 1"461 
3"40 1"496 
3"70 1'523 
4-00 1"543 
4"30 1"554 

4-60 1"558 

4"90 1"552 
5"20 1-539 
5"50 1"522 
5"80 1.502 
6" 10 1" 479 
6-40 1 "456 
6"70 1"432 
7 '00 1"409 
7 '30 1"386 
7"60 1"364 
7-90 1'343 
8:20 1"323 
8.50 1-305 
8 '80  1"288 
9"10 1.273 
9-40 1'259 
9.70 1"247 

10.00 1-236 
10"30 1-227 
10.60 1.218 
10.90 1.211 
11-20 1-205 
11.50 1.200 
11-80 1.196 
12.10 1-192 
12.40 1-189 
12.70 1.186 
13"00 1.183 
13.30 1"180 
13"60 1"178 

Liner F 

x in. y in. 

0"000 0-475 
0-100 0-529 
0-400 0.690 
0.700 0.851 
1'000 1.007 
1"300 1"134 
1.600 1.242 
1"900 1"341 
2-200 1-431 
2-500 1-512 
2.800 1"585 
3'100 1.649 
3"400 1"703 
3.700 1'749 
4'000 1"786 
4-300 1-814 
4-600 1-834 
4"900 1"844 

5"100 1'846 

5"379 1"841 
5"673 1-826 
,5"967 1"804 
6"261 1'775 
6"555 1.741 
6.848 1.704 
7"142 1-665 
.7"436 1"626 
7"730 1'587 
8"024 1"550 
8"318 1.514 
8.611 1.480 
8-905 1-448 
9"199 1"418 
9.493 1.390 
9 '787 1"363 

10.081 1"338 
10-375 1-317 
10"668 1.296 
10".962 1.279 
11.256 1.262 
11-550 1-246 
11.844 1.234 
12"138 1.223 
12.432 1.214 
12.725 1.207 
13-019 1-201 
13.313 1.196 
13"607 1"191 
13"901 1"188 
14-195 1"184 

Liner G 

x in. y in. 

0"000 0"475 
0"350 0-663 
0-650 0.825 
0.950 0.986 
1.250 1"147 
1.550 1"303 
1.850 1"448 
2.150 1"566 
2-450 1"667 
2-750 1-758 
3-050 1-839 
3 '350 1"911 
3.650 1"973 
3'950 2'025 

4 ' 2 5 0  2.068 
4.550 2"102 
4-850 2.126 
5"1.50 2-140, 

5.450 2.145 

5"650 2"135 
8-851 2.113 
6-051 .2-081 
6"251 2 .044 
6.452 2.005 
6:652 1.966 
6.852 1.928 
7-053 1-889 
7"353 1"831 
7"654 1"775 
7.954 1'720 
8.255 1.667 
8"555 1-617 
8-856 1.568 
9.156 1.523 
9"457 1.480 
9.757 1'440 

10-058 1"404 
10-358 1-371 
10"659 1"341 
10.959 1.314 
11.260 1.290 
11-560 1-269 
11"861 1.250 
12"161 1"233 
12"462 1'219 
12"762 1"207 
13-062 1-197 
13"363 1.190 
13"663 1.184 
13.964 1.179 
14-264 1-175 
14.565 1-172 
14.865 1.169 

Straight 

20.00 1.125 

14.489 1-180 
14.782 1"177 
15'076 1.174 
15"370 1.171 

Straight 

20.000 1.125 

StrMght 

20.000 1.125 

Liner E :--Initial design M = 1.40. 
Liner F :--Third re-design M = 1.60. 

Liner H 

x in. y in. 

0.000 0.475 
0.200 0.583 
0.500 0.744 
0-800 0.905 
1-100 , 1-067 
1.400 1-228 
1.700 1.389 
2.000 1.551 
2"300 1"712 
2"600 1"873 
2"900 2"035 
3-200 2"173 
3-500 2.273 
3-800 2.339 
4.100 2.381 
4"400 2"411 
4-70O 2"429 

5.000 2-435 

5.201 2-423 
5.402 2.392 
5.603 2.348 
5-803 2.300 

6-004 2.250 
6"306" 2.175 
6.607 2.100 
6.908 2.027 
7.209 1.956 
7-511 1.888 
7.812 1.822 
8.113 1-759 
8.414 1,699 
8.716 1.642 
9-017 1.589 
9.318 1-539 
9.619 1.493 
9.921 1.450 

10.222 1.411 
10.523 1.376 
10'825 1.345 
11-126 1"317 
11"427 1"291 
11.728 1-268 
12-030 1.247 
12.331 1.228 
12.632 1.213 
12.933 1.200 
13-235 1-190 
13"536 1-181 
13.837 1"174 
14.138 1.169 
14.440 1.166 
14.741 1-163 
15.042 1-161 

Straight 

20.000 

Liner G :--First  re-design M = • 80. 
Liner I-I :--First re-design M = 2-00. 
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T A B L E 7  
TemplateCo-ordinates~r M : 1 . 3 0 , 1 . 5 0 , 1 . 7 0 a n d l . 9 O L i n e r s  

M = 1.30 

x in. y in. 

0"000 0"475 
0.100 0.529 
0"400 0'690 
0"700 0"817 
1.000 0.914 
1-300 0"999 
1"600 1"077 
1.900 1.148 
2.200 1.211 
2'500 1'267 
2.800 1.315 
3"100 1-356 
3"400 1.390 
3.700 1.416 
4-000 1-434 
4"300 1'445 

4"600 1"449 

4"912 1"443 
5-225 1-430 
5"537 1"414 
5"849 1-395 
6"161 1"375 
6"474 1"356 
6"786 1"337 
7"099 1'318 
7.411 1"302 
7.724 1.286 
8:036 1-272 
8.348 1-259 
8.661 1-248 
8-973 i-238 
9.285 1.230 
9.597 1.222 
9.910 1.216 

10.222 1.211 
10.534 1.206 
t0.846 1.203 
11.159 1.200 
11-471 1-197 
11.783 1.193 
12.097 1.190 
12.409 1.187 
12"721 1.183 
13.033 1.180 
13-346 1.178 
13.658 1.175 
13-970 1.173 
14.282 1.170 
14.595 1.168 
14.907 1.166 
15.219 1.163 
15.532 1.161 
15.844 1-158 
16.156 1.156 

Straight 
20'000 1.125 

M = 1.50 

x in. y in. 

0.000 0 . 4 7 5  
0,200 0.583 
0.500 0.744 
0.800 0.878 
1.100 0,991 
1.400 1-095 
1.700 1.190 
2.000 1.278 
2.300 1-357 
2,600 1.428 
2.900 1.490 

,3-200 1.544 
3.500 1.590 
3-800 1.627 
4-100 1.658 
4.400 1.677 
4.700 1.690 

5.000 1.694 

M = 1.70 

x in. y in. 

0.000 0.475 
0-350 0.663 
0"650 0-825 
0'950 0.978 
1.250 1"117 
1-550 1.240 
1.850 1.351 
2"150 1'453 
2.450 1"546 
2.750 1-630 
3.050 1.705 
3.350 1.771 
3.650 1.828 
3.950 1.877 
4-250 1.917 
4.550 1-948 
4.850 1-970 
5.150 1.984 

5"450 1"988 

1"977 
1"954 
1"923 
1"887 
1"851 
1"815 
1"778 
1-741 
1"687 
1'635 
1.585 
1.537 
1.491 
1.448 
1-409 

1-374 
1"342 
1'312 
1.285 
1"262 
1.243 
1-226 
1-212 
1.201 
1.192 
1.186 
1.182 
1.178 
1.175 
1.171 
1-167 
1-164 
1-161 
1.159 

1" 125 

M = 1.90 

x in. 

0"000 
0"200 
0"500 
0"800 
1"100 
1"400 
1"700 
2"000 
2'300 
2"600 
2"900 
3-200 
3"500 
3.800 
4.100 
4-400 
4-700 

5-000 

5-295 1"688 
5-605 1-673 
5"916 1"650 
6-227 1-621 
6"537 1-588 
6"847 1.554 
7"158 1"520 
7"468 1"486 
7'779 1"453 
8"090 1-421 
8-399 1-391 
8"710 1"364 
9-021 1"339 
9.331 1-314 
9"642 1-293 
9"952 1"274 

10.262 1.257 
10"573 1"242 
10'884 1"229 
11-194 1-219 
11-504 1"210 
11-815 1-202 
12.125 1.197 
12.436 1.194 
12.747 1.191 
13.056 1.188 
13.367 1.185 
13-678 1.181 
13-988 1-177 
14.299 1-173 
14.609 1.170 
14.919 1.167 
15.230 1.165 
1~.541 1"163 
15.852 1.161 
16.162 1.159 
16'473 1"157 
16"784 1'155 
17"094 1.152 

Straight, 
20"000 1"125 

5"664 
5" 878 
6" 093 
6" 307 
6" 521 
6" 735 
6" 949 
7"163 
7" 484 
7" 805 
8-127 
8.448 
8- 769 
9-090 
9.411 
9. 732 

10.054 
10' 375 
10.696 
11.017 
11-339 
11-661 
11- 982 
12. 303 
12" 624 
12.945 
13.266 
13. 588 
13.909 
14.230 
14- 551 
14" 872 
15.193 
15.514 

Straight 
20,000 

5'215 
5"430 
5'646 
5'861 
6"077 
6'399 
6"722 
7"045 
7-368 
7-690 
8.013 
8"336 
8"659 
8"982 
9"305 
9-628 
9-951 

10"273 
10"596 
10"919 
11"242 
11"565 
11-888 
12.211 
12-534 
12-856 
13"179 
13"502 
13'825 
14.147 
14"470 
14"793 
15-116 
15"439 
15"762 

Straight 
20.000 

y in. 

0.475 
0,583 
0"744 
0"905 
1"067 
1.228.  
1:389 
1"551 
1"712 
1"870 
1"999 
2.094 
2.161 
2.211 
2.250 
2.278 
2.295 

2"300 

2" 287 
2" 254 
2"210 
2" 163 
2"1i5 
2"043 
1 . 9 7 1  
1 : 9 0 1  
1.833 
1.768 
1-706 
1.646 
1.590 
1- 537 
1.488 
1.443 
1-402 
1-365 
1.332 
1- 303 
1" 277 
1.255 
1"236 
1"220 
1" 206 
1.195 
1" 186 
1" 179 
1-174 
1 • 169 
1" 165 
1" 162 
1" 159 
1-156 
1-154 

1" 125 

These liners are : Second modification M = 1-30. 
First modification M = 1" 50. 
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Fifth modification M = 1.70. 
Second modification M = 1.90. 
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FIG. 1. Flow through a sonic throat. 

MEAN DIRECTION D2 + 
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F //'-R'+F~__~ FLOW ALONG FG 

¢-O-pR DINATE~ ~ 2 - - -  ~'DATUM 
( a ' , ,  ~ ' ,  ) , ' "  , 

Pa I :  AIi-+B~ 
I~ l  ~ j  m I ~1 = "~ I - c : '  '1 " 

FIG. 2. Construction of characteristics. 
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CONTINUATION 
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~4~ 

RI  i i i [~ 
T A B L E  OF V A L U E 5  OF A . ,  15., P,  . 

b3 
4~ 

PT A'  B'  
t 500.;~ 496'~ 
2 1500-2 496.~ 
3 I500.zl484.4 
4 500,21496.," 
5 Soo,~ 494.4 

500;2 492,~ 
71 s°°'°149e4 
8 500.0 496.2 
9 500,0 494.4 
io] soo,o 1492.~ 
,15oo.ol49o4 
1zl498.9[ 4964 
13 J 499-8t 496-2 
[414 99.81494-4 
1514 99"8t 492.6 
161499.8[490.6 
r7 J498.8]458.~ 
18 ] 499.~] 49¢,'8 
191499.61496,4 
:o|499,~149e'2i 
.'I 14 99"~1494"41 
.'21498.~1492-6 I 
:~/49~-~148~1 
:41489.s1489.61 
'-s/4 99.$1486.81 
.'6 499,3 497d 
:7 499,3 486,8 
)8 489.3 496-4 
!8 499,3 49$,2 
Io 499'3 494-4 

P ' I  D' 
99~4j 4.0 
98641 4.0 
994,.6 5"8 
996"4 4, 0 
994"6 5.8 
982.8J 7"G 
99641 3.G 
996.21 3,8 
994.4J 5-6 
992.~ 7.4 
9~o~ 9.4 
996.21 3-4 
996,o I 3,e 
994.21 5,4 
9924J 7,2 
99o.4 t s ~  
988.4J 11,2 
99641 2,8 
996.~ 3"2 
995-8] 3.4 
994.q s,~ 
992.21 7,0 
89o.~ I ~ o  
988-21 ~I.o 
98841 t2.9 
996'41 2"2 
996-t I 2.5 
9959 2.9 
99,5-5 3-! 
993,7 '. 4.8 

r pl A' 
131 499 .~ 
i 52 499~ 
13~ 499~ 
i 3,~ 499"2 
3{ 499.2 

-3{ 498-8 
3; 498.£ 
3£ 498-9 
3£ 498.9 
40 498.9 
4l 498"9 
42 498-9 
43 498@ 
44 498.9 
45 498"9 
48 498°9 
47 498.6 
48 4988  
49 499-6 
50 498"6 
5t 499~ 
52 498.6; 
53 498.6 
84 498.61 
55 ¢98.61 
so 498.6 I 
87 ~ 9 ~  I 
Ss 498"@ 
59 498-a I 
6o 49821 

492.~I 991,~ ,$'7 
490.{I 9894 8.7 
48841 987,~ f0.7 
486"~l 98~- ]2-5 
486"~ 886-1 12.8 
497-5 996"~ 1"4 
497.f 996.( 1.8 
496~ 995;; 2.f 
496,4 9954 2.8 
496.Z 995.' 2-7 
4944 993,. ~ 4.5 
492-Z 991-9 63 
490,{ 989,. ~ 8.3 
488"~ 987.~ 10.3 
486"8 9884 1~4 
486.8 985,7 12.t 
497-8 996,z 0.8 
49~5 99~1 14 
497,t 995*? 1'5 
496"8 9954 1'8 
496"4 995< ~.2 
496-2 9944 ~'4 
494.4 993.C 4-2 
492-~ 991.2 5"0 
490"6 989.~ 8.0 
488.6 987,2 Io.0 
~,85"8 985,4 11-8 
486.8 985-4 tf,8 
$98,2, 998"4 O-0 
¢97"8 996"0 0"4 

FIG. S. 

PT A'  6 '  p '  D '  
61 4Sg,; 497-5 995.7 O,7 
62 z]98/, 497.1 995.3 )-I 
63 498.: 496{ 995'6 1,4 
64 498"; 49¢:4 994,6 t.8 
65 498-," 496"2 9944- '2.0 
6~ 4984 494,4 992-6 3.8 
67 498-; 492.6 990.8 5"~ 
68 49B,; 490,6 988-8 7-6 
69 498.~ 488,6 986.8 £,~ 
70 498,~ 486-8 895,0 ff,4 
71 498.~ 486,8 98S-0 1t.4 
72 497.~ 497.8 995,6 0"O 
73 49~E 4975 995.3 0"3 
74 497£ 497.1 994"S 0"7 
75 4S7.E 4,96,8 994.6 t-0 
76 497.E 495-4 994.21 t-4 
77 497.~ 49[~2 994-a I.~ 
78 ¢97..~. 494.4 992.21 3-4 
79 ¢97.~ 492.6 9.90"41 5.2 
80 ~974 490~g! 9RR41 7"2 
8t 497.E 488.61 586,.4J ~-~. 
88 ~197.E 486.81 984,[9 11.0 
83 ]97,8 ~.~.~I 9944:,I IPO 
84 197.5 497.~I 995-01 3"0 
85 ~97-.~ ~97.{I 994,61 3.4 
96 [97,S 485-8l S94.31 D-7 
87 ~97-5 ~9~'41 993"91 l"l 
88 ~97~5 49~21 ~B3.71 I-3 ] 
89 ~97-3 ~t9441 991.91 3.( "l 
90 ~97.5 492.61 990.'i.I 4-9 j 

PT A'  B' P' O '  
91 497.5 490,61988,1J 
92 49%5 488.6 98G,1 8-9 
93 497.5 486-8 984.3 10.7 

] 94 497.5 486"8J994,31 I0.7 
Les 497.1 497,f 99+2 0.0 

96 497.t 496"5 993.E 0,9 
97 497.1 496,4 993.E 0.7 
98 497,t 496.2 993.3 0-9 
99 4974 4944 SSl.E 2,7 
100 497-1 492.~ 989.'7 4"5 
01! 497-I 490.~ 987.1 6"5 
021 49%1 488.E 985.7 9"5 
031 4974 486-E 9834 10,3 
041 49"7.t 486"8 98~.9 10"3 
051 49c~ 496"8 993.e 0-0 
061 496.~ 496"4 993.E 0,4 
071 496-E 496-2 995< 0,G 
0S 49&E 494"4 991-2 ~'4 
091 496.E 492°6 989.4 4.2 
101496.E 490~6 987.4 6.2 
" I496,5 488.6 985.4 8"2 
121496-6 486"8 )83-6 10.O 
131496-£ 486.8 983-e 10-0 
t41~86-4 196-4 3924~ O.O 
~51~96"4 496"2 )9'2'6 0"2 
161496-4 ~94.4 )90.8 2"0 
'm496.4 492.6 989.0 3.8 
181496.4 ~90.6 )87-0 5-9 
t91496'4 #88.6 )89-0 7.8 
201496..4 ¢86.8 )83.2 9.6 

Design for Mack number 9~.00 nozzle. 

PI" A '  B'  P' D 
Izt 14 95"4J 486.aJ 9B3.2 ~ .6 l  
1221496,2 496.2 992,4 0,0 
123149°2  94 1;9;  ,8 
124 496.2 4924 8 3.e 
25 496.~ 4.90.,6 986.8 9 6  

126 496.,, 48~'6 9844 7.6 
t27 496.2 496"8 98z~: 9.4 
t28 496.,, 486.8 985( 9"4 
129 494,,,4 494..4 988.E o-0 
130 4944 ,492.6 987.¢ i-e 
t3t i 494.4 490-6 98~< 3-~ 
132i494,4 488.6 983,< 5.8 
1331494.4 486-8 981.'2 7-,~ 
12,4 49#.,4 486'8 981 "-C 7.G 
1351492.6 492.0 985-'2 0-o 
138 492,~ 490"6 993"2 2,.0 
1371482.6 488.6 981-2 4.0 
1381492,~5 486'8 979-4 5"8 
1391492.6 48&"8 979"4 5,8 
1401490,S 490"6 981"2 00  
1411490.6 488.6 979.-- 2,0 
1421490"6 486'81 977.'4 3.8 
1431 ~,90"6 486-81 977.4 3.e 
1441488.6 488.61977.2 o.o 
14SI ~88.6 4868J 975-4 1-8 
Nr~488.61486.S I 575-4 I-8 
147J486.8 486,8 973.~ 6.0 
148] 486.8148681 s73.~ o.o 
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FIG. 4. Effect of change in wall inclination method for re-design o~ nozzles. 
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Diagram i l lustrat ing x and [M]= method for re-design of nozzles. FIG. 5. 
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I~ .0  7 . 5 8  
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y, 

FIG. 6. 
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6-12 S~ 02 , 
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Co-ordinates df 34n. tunnel contraction. 
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FIG. 7. Working section of 3-in. tunnel. 
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03 
bO 

E N D  OF 
PARABOLA 

POSITION BOUNDARY 
6 I~ 19 

OF THROAT 

IG ~5 

M A C H  

N U M B E R  a~. 

CURVES 

BEGINNING OF 

S I M P L E  WAVE 

.z 37 > 

35 ~O 

175 I~l le, G 19[ 193 195 

TABLE OF VALUES A'B' P'D' 

P I  T I A'" B' P' D' 
S00.~ 496-~ 9964 4-0 

? 500 '2 495"5 995-5 4-9 
~00"~[496"~. 996"4 4"0 

-34. 500";:'~495-5 995-5 4"9 
5 500.814946 994.8 5-6 
G 500",?]493"9 594'1 G'3 
7 ;00.;'14-96"2 996"4 4"0 
~, 500.; '~49&; ~ 996.4- 4"0 
9 5o0"~i495-3 955-5! 4-9 

i 0 500-2;454.G 594"8', 5"6 
I I 50~2493 -9  99~-I G'5 
E 500'2:495-3 993-5 6-9 
500.0:496"4 996"Z 3"G 
500"01496-Z 996-~ ~'8 

5 500"0,495"~ 995". ~ 4"7 
IG 500431494.6 994"~ 5"4 
17 500.Q493"9 955 "~ . G'I 
IS 500,(~493-3 995.2 G-7 
~9 500,0 493-0 993"( 7-o 
?-0 499,8 496-6 596"4 ~'P- 
?.1 499'8 496"41996`~1 3"4 
~ 499.8 496.al996-c 3.G 
23 499,81495.319~5"1 4"S 
24 499.8 494~6,994-4 5"~- 
~5 499"8 493"~ 995" 5"~ 
~G 499.8 ~93": 99:~'] G'5 
~7 499'8 453"0 992-£ G'~ 
>8 q.99-8 ¢57--71992,5 7,1 
25 499"6 496'8 996"4 ~ '5  
30 499"G$964 9~G'0 3"2 

[5 l  499"GI~96.~ 995"I 3"4 
3~ 499-E 495"3 99~S 4"3 
:5:5 #,99-E ¢94"6 994"~ S'O 
341499"~ ~-93-~ 995"5 5"7 
"35~99.~ :493"~ 99P-9 G'3 

PT i A' B' P' D' 
36 !499'6 453-0 99~-6 G-G 
:571499.6 492"7 99~-3 6 .9  
'3__8 '499-6 492.6 997.'~ 7,0 
.%5 499"3 497"1 996-4 8"~ 
40 499-3 496"8 996' ~'5 
4 499-3 496'4 995-7 :~'9 
42 499"3 4 ~ 2  99S'E 3.1 
43 495-3 455"5 994"~ 4,0  
44 459"~ 494"6 993~ 4"7 
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