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Summary.--The stability of an annular air intake at a Mach number of 1.4 and with Reynolds numbers of about 
1.5X 108 is considered in detail and a method is described whereby the experimental results might be extrapolated 
for preliminary full-scale design purposes. This extrapolation has yet to be checked experimentally, but suggests 
that  a typical aircraft intake would have an overall isentropic efficiency of about 85 per cent. The results also indicate 
that  both the stability and the efficiency of an intake could be improved by  controlling the boundary layer on its 
nacelle, and as an alternative to boundary-layer suction a device which is described as a segregation ring is suggested. 
This, it appears, might raise the efficiency by some 2 or 3 per cent. 

1. Introduction.--At high flight speeds intakes of the annular or letterbox variety are especially 
desirable for the considerable advantages made possible by their adoption. Amongst these are 
structural simplicity, reduced fuselage form and frictional drag, a good field of view for the 
pilot and the possibility of concentrating the useful load in the nose of the machine. 

However, from the inconclusive results of some previous tests 1'~ it seemed probable that  
these advantages could be realised only at the expense of considerable intake loss and with the 
risk of incurring a catastrophic aerodynamic instability. 

The experimental programme culminating in this note was designed only to investigate these 
phenomena in models but it is believed that  the results obtained might, with care, be extrapolated 
for full-scale preliminary design purposes. 

2. Experimental Equ@ment and Procedure.--The apparatus consisted substantially of a 
6-in. diameter open-jet wind-tunnel, a metering nacelle to which various models could be adap.ted 
and a striation system based on a spherical mirror of diameter 10 in. and radius of curvature 96 in. 
A general arrangement is shown in Fig. 1, the metering nacelle in Fig. 2 and the optical system 
in Fig. 3. 

As the tunnel air, supplied at about four atmospheres absolute and 470 deg K ]~y a four-stage 
centrifugal compressor, was used without cooling no undesirable condensation effects could 
have occurred. The programme involved the use of only a single effuser of Mach number 1-4 and, 
although the velocity distribution in the working section was rather poor, it was considered 
adequate for the purposes of the investigation. 

In all, six different intakes were tested and, being designated respectively models A, B, C, 
D, E and F, these are described by Fig. 4. For the subsequent diffusion within the metering 
nacelle two different types of ducting system were used and examples of these are given in Fig. 5. 

*N.G.T.E. Report  R.1B--received 30th July, 1948. 



To avoid serious erosion different intake leading edge thicknesses were used on successive 
models, but all were between 0.005 in. and 0-015 in. and in rio case was the edge rounded. 
However, this fact should not materially have influenced the results, for edges as badly eroded 
as that  illustrated in Fig. 6 produced no measurable increment in the intake loss. 

During the initial tests, complete traverses were performed within the nacelle for each setting 
of the exit throttle, and a check was thus obtained on both the mass flow and the intake efficiency. 
However, it was discovered that, because of the small dynamic head in the nacelle, the inaccuracy 
incurred in an estimation of the efficiency only from a knowledge of the mass flow and the nacelle 
internal static pressure was so small as to be masked by the other experimental errors involved. 
Thus for most of the tests-~hese data only were recorded, occasional traverses being made in 
order to check the results obtained. 

The pressure ratio (total to static) across the tunnel nozzle was maintained, in general, at 
within +0 .2  per cent of the value corresponding theoretically to a Mach number of 1.400 and, 
apart from the slow hunt which constituted this error, no fluctuation of the nacelle static pressure 
was oJ~served, even during surging. 

3. The Intake Mechanism.--3.1. General Note.--For all detailed investigation and in particular 
for a visual Study of the aerodynamic intake mechanism the model E was used with a type II 
diffuser. This assembly is illustrated in Fig. 7. 

Because the incident air is compressed by the intake nacelle some distance upstream of the 
entry plane the maximum mass flow which can be passed by an intake of the annular variety 
may be considerably in excess of that comprising the mass in the Space volume swept per second 
by the annulus. However, as it was not practicable to measure accurately the maximum mass flow 
of an intake, the non-dimensional flow may conveniently be expressed in the form Q/Q,, where 
Q~ is the mass of air in the space volume swept per second by the annular intake slot. 

Throughout the investigation the actual test readings were computationally So far removed 
from the final non-dimensional results that considerations of time and power consumption did 
not permit of an accurate preselectiou of the points on the final fields. This is the reason for 
the random distribution of the points on some of the experimental curves and is why the important 
regions were not always located precisely by observation. 

3.2. With a Laminar Boundary Layer.--From observations of its behaviour and apparent 
thickness in striation photographs, the boundary layer on the nacelle of model E appeared to be 
laminar and the effects of this factor on the intake conditions are demonstrated in Figs. 8, 9. 
Throughout all the tests a typical ~ or bifurcated shock system 3,~,~ was invariably observed to 
occur on the interaction with the nacelle boundary layer of the substantially normal intake 
shock. The latter could, moreover, at no time be ~ induced to enter the annulus, even when 
the maximum mass flow was apparently being passed. 

As the mass flow was reduced by throttling, the amount of the supersonic over-expansion, 
and consequently of the extraneous shock loss in the diffuser, decreased. The intake efficiency 
thus rose rapidly and, if no shock-wave boundary-layer interaction had been present, would 
have theoretically reached a maximum value with zero mass flow. However, the interacting 
boundary layer separated completely from the nacelle surface, and the further upstream the 
intake shock moved the greater became the relative disturbance created in the entry planel 
The efficiency characteristic therefore became flat and exhibited a turning point at or near 
which, as would happen in an axial flow compressor G, the system became unstable. 

The nature and frequency of the resulting surge were such that  fluctuations in the nacelle 
static pressure could not be detected and measurements of the temporal mean intake efficiency 
could thus be performed at very small mass flo¢vs. However, as this fact is of no practical 
significance, it appears from Fig. 8 that  the useful operating range of model E is defined by 
0.83 < 0/0  < 1.05. 
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3~3. l/Vilh a Tz~fbulerat Boundary Layey.--To produce a thick turbulent boundary layer a ring 
of 0-010-in. diameter wire was placed around the model nacelle in a position apparent from the 
-fixed extraneous shocks of Fig. 9 and this device seemed approximately to double the boundary- 
layer thickness. Although not obvious from the striation photographs, the resulting interaction 
system was found by  visual observation to be a t shock and to be similar to that  caused by a 
laminar boundary iayer. 

The shock position curves of Fig. 8 refer to the toe of the ,1 shock and were obtained by measure- 
ment from several typical striation photographs. From their relative positions it may be ob- 
served that  the extent of the interaction disturbance in the entry plane was less with the turbulent 
than with the laminar boundary layer. This follows from the difference in mass flow at any 
selected value of s/1, where s is the distance of the shock from the intake plane. 

The shift of the efficiency characteristic should, therefore, be ascribed not to the fact that  the 
boundary layer in thesecond test was turbulent, but to the parasitic loss produced by the wire 
ring. This effect is precisely analogous to that  caused by the nacelle frictional drag of a large 
model with a turbulent boundary layer and should thus in practice be calculable. 

Arising apparently from the increase in the frictional loss, a secondary effect of the change 
to a turbulent boundary layer was that  the useful mass flow range was reduced to approximately 
0.87 < (2/Os < 1.00, the surge point being rather indefinite. 

3.4. The Surge.--With a laminar nacelle boundary layer the model E was operated in the 
surged condition at a mass flow, Q/Qs of 0.571 whilst 162 striation photographs were taken at 
random during some 2 x 106 surge cycles, each exposure being of about 1 × 10 -6 secs. From this 
batch, of which a few examples are reproduced in Fig. 10, the position of the toe of each 1 shock 
was measured and the resultant data yielded the probability curve of Fig. 8. As each plotted 
point represents the percentage of the total  number of recorded shocks found within a band 
defined by s/l ~ 0-0125, this curve is a reasonably accurate statement of the probability of finding 
the intake shock in any given region during a large number of surge cycles. I t  may be noted 
that,  in Fig. 9c, the spatial density distribution of the diffused intake shock is as predicted by 
the probability curve and, as a rough stroboscopic measurement of the surge frequency yielded 
a result of about 140 c.p.s., this photograph must show the shock distribution as a mean of fewer 
than 30 cycles. 

However, with a periodic motion the probability of finding an object near any point is inversely 
proportional to the magni tude of its temporal mean velocity, so for any surge cycle each of the 
extreme intake shock positions must lie on one of the peaked regions of the curve. The rapid 
decay towards the entry plane, therefore, generalises the previous statement to the effect tha t  
the intake shock cannot be easily persuaded to enter the annulus. Mentally condensing the 
Gaussian contributions to the probabili ty curve, it m a y  then be observed that  upstream of 
the surge p o i n t t h e  velocitymor more precisely the rate of change of position on the nacelle--  
of the intake shock increases with distance from the entry plane. Supported by the flattening 
at low mass flows of the temporal mean efficiency characteristics and by a visual stroboscopic 
observation of the surge, this fact suggests that  the recurring cycle is qualitatively as illustrated 
in Fig. 11. 

At an s/l of approximately 0-18 the nominal surge point is reached and, the system being 
then in a state of unstable equilibrium, the intake shock is accelerated away from the entry 
plane. At an s/! of about 0.28 the shock begins to decelerate and finally comes to rest, but 
throughout this process the separated boundary layer has so severely restricted the mass flow 
into the annulus that  the flow out through the metering nacelle throttle has appreciably lowered 
the static pressure in the diffuser. The shock, therefore, is driven downstream with extreme 
rapidity by  the general flow to a point defined approximately by s/l =0 .08 ,  and, as the diffuser 
pressure builds up once more, it moves slowly forward to the surge point, the cycle being then 
repeated indefinitely. 
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From this description it is evident tha t  the instabil i ty and consequent surging of an intake 
occur as effects of the separation due to shock-boundary-layer interaction on its nacelle. If tha t  
separation could be prevented--by  boundary-layer suction for ins tance-- the  stabili ty problem 
sh9uld, therefore, disappear. 

I t  may be observed from Fig. 10 that  the a-shock structure and the angle and station at which 
the boundary layer separates from the nacelle surface may vary  considerably with time. Of the 
several interesting details the monstrous ~ shock and delayed separation of Fig. 10e are perhaps 
of most interest. 

4. Interpretation of  Resul ts . - -4 .1 .  General N o t e . - - F r o m  a cursory examination, the design 
variables'of a supersonic annular intake operating at a fixed Mach number would appear to 
be the Reynolds number, R, based on the nacelle length, tile diameter ratio, d2/dl, of the annulus 
and the profile of the nacelle, but a detailed analysis has shown that  none of these is, by  itself, 
a convenient parameter for the purposes of correlation. The experimental characteristics 
of Figs. 12, 13, 14, therefore, should not be considered directly, for each is affected by the operation 
of at least two independent variables. In the tests with a turbulent boundary-layer rings of 
0-010-in. diameter wire were, as before, placed over the nacelles under investigation. 

For design purposes, the losses incurred in the use of an intake of the annular or letterbox 
variety may. conveniently be partitioned as follows :-- .  

Inherent losses 

(a) Head shock loss. 

(b) Intake shock loss. 

(C) • Nacelle frictional loss. 

(d) General diffuser loss. 

Parasit ic losses 

(e) Interaction loss. 

(f) Consequent additional diffuser loss. 

Although the inherent losses can be estimated with a reasonable degree of certainty, the two 
parasitic components are difficult to separate. In the subsequent text they Will, therefore, be 
covered by the single term parasitic loss and considered as constituting the difference between 
the total experimental loss and the sum of its inherent components. 

4.2. The Signif icant Parameter . - -Should  the losses and the design variables be arranged in the 
table 

Loss 

Variable 

R 

d~l'd 1 

Nacelle Profile 

a. 

X 

b 

X 

X 

X 

X 

X 

e, f 

x 

X 
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where X signifies a first order effect, it wiil be observed tha t  the invlscld (a, b) and viscous 
(c, d, e, f) losses may completely be separated and a single parameter thus used to represent 
the scale effect. However, for any given intake the loss components (c), (d) are calculable, 
so that  the only unknown scale effect is that  of the variation of the parasitic loss, which must 
depend substantially on the relative magnitude of the nacelle boundary layer. The most signifi- 
cant parameter, therefore, is considered to be ~/zi, where 

the nacelle boundary-layer thickness which, in the absence of interaction, would 
theoretically occur in the entry plane and 

A the intake slot width. 

Then, should the inherent losses of the model E be estimated as in Appendix II, the diagram 
of Fig. 15 may be obtained, the effect of the nacelle shapes considered being assumed sufficiently 
small at a Mach number of 1-4 to permit of the inclusion of the results for all six models. In 
the theoretical estimate a nacelle frictional drag coefficient of 0.005 was assumed and the general 
diffuser efficiency was taken to be ~ = 0 - 9 5 -  0.25~/A (see Appendix II). 

4.3. Extrapolation.--In spite of theunfor tunate  grouping of the experimental points the nature 
of the problem is such that  it should be possible to extrapol~te the foregoing results for preliminary 
full-scale design purposes, this fact depending upon tile following circumstances. 

I. If the problem of the relative magnitude of the nacelle boundary layer be considered in 
greater detail, it will be found that  the parasitic losses incurred on interaction with the intake 
shock depend mainly on two factors, namely, 

(i) the total energy lost within the boundary layer before interaction and (ii) the extent to which 
the low energy fluid is projected into the main stream on separation. 

Moreover, these factors are themselves functions of the following variables 
(a) the nacelle frictional temperature rise, 
(b) the relative boundary-layer thickness, ~/A, 
(c) the nature (stability) of the boundary layer, 
(d) the aircraft Mach number. 

Of these, (d) does not come within the scope of tile investigation and (b) has already been con- 
sidered. For tile purposes of extrapolation it is thus desirable that  some account be taken of 
(a) and (c) and this may be done as follows: 

II. If the ratio of the parasitic to the nacelle frictional loss be plotted as a function of the 
relative boundary-layer thickness, as in Fig. 16a, it will be observed to approach a value of 
about 2.0. Although there is a considerable scattering of the experimental points this is most 
probably due to a random element in the nature of the separation of the various thin laminar 
boundary layers, so the result for model A may be taken as lying close to the final curve, the 
nacelle boundary layer in this case being much nearer the state of automatic transition at the 
Z-shock base. As the boundary layer on a full-scale nacelle will probably be turbulent with 
O/A >~ 0.2, values of the parasitic loss given by the extrapolated curve of Fig. 16a may be taken 
as reasonably correct. 

III .  An examination of the experimental efficiency mass flow characteristics will show that  
they are all of substantially the same form and that,  with a turbulent boundary layer, the surge 
point will probably occur at a mass flow of or less than approximately 0-8Q ..... Moreover, 
most of the characteristics become flat at a mass flow of about 0-93Q . . . .  so the useful working 
range of a full-scale intake may be taken as 0.8 < (2/Q .... < 0.93. 

IV. As the ducting or engine system behind a practicable supersonic annular intake must 
choke it may easily be shown that  first order changes in the mass flow will be  defined by an 
equation of the type Q/Q, = ( 1 + const. ~) ~/(,- 11 
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Moreover, in the useful efficiency range such a curve w.ill be so nearly straight that  the variation 
of mass flow with intake efficiency may reasonably be taken as linear. In view of tile similarity 
between the  various experimental characterist icsthe variation with maximum mass flow of the 
maximum intake efficiency may, therefore, be represented as in Fig. 16b, where the significant 
curve is~ of course, that  for the ' turbulent boundary layer. 

, F  

Therefore, if the above argument prove to be Valid, the rules for extrapolations to full-scale 
intake systems will be as follows i - -  

(i) The intake considered must have a nacelle of which the profile approximates to a 
fractional ogive of the family defined by the limiting members 3/6 and 5/10. 

(ii). The ratio of the' ,parasitic loss to the nacelle frictional loss should then be obtained 
from Fig. 16a. : : 

(ii The maximum;, mass flow defined by ' the  equation 

(iv) 

• , ~max = 0"497 + 0"3Q~ax/Q,. 

The useful working range taken' as ~ 

0.8 < Q/Qmax < 0.93. 
I 

5. Boundary Layer Segregation.--From Fig. 15 it appears t h a t  for a small model the parasitic 
component of the intake loss amounts t o  a considerable proportion of, the whole and extra- 
polation by the method of section 4.3 above will shew that  this is quite general. A device for 
the substantial reduction of that  loss comp0nent, therefore, would be of value and for' this 
purpose the use of boundary-layer suction has been suggested. 

However, as is shewn by the shock displacement curves of Fig 8, the suction, if it is to be 
effective over the useful working range of an intake, m u s t  commence not in tile entry plane 
but at a distance upstream from there, equal approximately to three times the width of the intake 
slot. An attractive possibility is thus  that  of ,distributed suction through a porous nacelle 
surface, but until' fflrther work on the subject has Seen undertaken it may be difficult to estimate 
the amount of air which must be removed in this way to stabilise a given boundary layer. As 
a simpler alternative, the  process of local boundary-layer segregation is suggested and: illustrated 
an Fig. 17. : , , 

J , i 

Because of practical difficulties associated with manufacture, flexural rigidity and erosion, 
it was not ',considered feasible to test such an  arrangement on a model of the scale so far investi- 
gated experimentally. I t  should, however, not on ly  be possible but practicable to perform 
such an,investigation in free flight on an intake of the calibre of that  considered in section 6.2 
below. ~ ~ 

6. Examples of Extrapolation to Full Scale.--6.1. High Speed Research Aircraft.--The example 
Conside'red below is t'h'at' Oft!c/e 'annular intake of a single-engined aircraft designed to maintain 
level flight at a Ma~h nnmb;er of 1:4 at 50,000 ft. I t  is'assumed that  the aircraft riacelle diameter 
is 48 in., i ts profile that  of:a' 4/8 fradtional ogive and that  q00 lb/sec must be aspirated by the 
engine, the details of the calculation being given in'Appendix III.  

, I t  appears that  ~an outside annulus diameter of, 58.1 in. is required and that,  at the design 
point, the theoretical partition of loss is as follows: 

' i 
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Component Loss 

Head shock 

Intake shock 

Nacelle frictional 

General diffuser 

Parasitic 

\,Vithout segregation 

Fraction of 

\'Vith segregation 

Value 

1-5 

0.9 

2.7 

3.3 

7-0 

total 

10 

6 

18 

21 

45 

Value 

1.5 

0.9 

2.7 

3.3 

4.0 

Fraction of 
total 

12 

7 

22 

27 

32 

Total 15'4 per cent 100 per cent 12.4 per cent 100 per cent 

Wi th  the addi t ion of a }-in. thick segregation ring of approximate  in ternal  d iameter  51.5 in. 
it is assumed tha t  the parasit ic loss will be reduced  to the value of a componen t  represent ing 
the total  drag of the ring. The efficiency should then  increase by  some 3 per  cent  and, f rom 
Fig. 16b, it m a y  b~ observed tha t  the outside annulus  d iameter  can be reduced to 57.4 in. 

On such an aircraft  it thus appears tha t  the efficiency of a p la in  annular  in take  might  be about  
85 per cent  and that ,  by  the addi t ion of a boundary- layer  segregation ring, this might  be raised 
to 88 per cent  whilst  the in take  area is slightly reduced. Moreover, of the remaining 12 per cent  
loss all need not  be considered unfor tunate ,  for it should be no ted  tha t  the nacelle frictional 
loss, if not  debi ted to the intake,  would otherwise appear  as par t  of the  aircraft  drag. 

Wi th  a safe working range of 86 to 100 lb/sec the swept mass flow of the in take  at its design 
point  should be 

wi thou t  segregation = 92.3 lb/sec 
or 

with segregation = 85.1 lb/sec 

6.2. Rocket-pr@elled Intake Model.--Also considered in Appendix  I I I  is the performance of 
such an in take  model  as might  be in tended  for conf i rmatory tests at a Mach n u m b e r  of 1.4 at 
sea level wi th  a Reynolds  number  of about  8 × 106. The 5-in. d iameter  nacelle is assumed to 
have  the  profile of 4/8 fract ional  ogive, the outside annulus  d iameter  to be 6 in. and the uni t  
might ,  for example,  be rocket  propelled. 

The segregation ring envisaged for this model  would be 0.025 in. thick wi th  an approximate  
in ternal  d iameter  of 5.4 in. On its addi t ion both  the  efficiency and mass flow might  be expected 
to increase and, the swept mass flow being 7.2 ]b/see, the  overall  effects are theoret ical ly  as 
follows" 

Performance  wi thou t  ring 

In take  efficiency = 80 per cent 

Useful range = 5.8 to 6.8 lb/sec 

Performance  with  ring added  

In take  efficiency = 85 per cent  

Useful range = 6.8 to 7.9 lb/sec 
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The detai led theoret ical  loss analysis is : - -  

Component Loss 

Head shock 

Intake shock 

Nacelle frictional 

General diffuser 

Parasitic 

Without segregation 

.Fraction of 
total Value 

1"5 

0'9 

3"8 

4"8 

9"2 

With segregation 

Value 

7 1"5 

4 0'9 

19 3'6 

24 4"8 

46 4"4 

Fraction of 
total 

10 

6 

24 " 

31 

29 

Total 20.2 per cent 100 per cent i5.2 per cent 100 per cent 

7. OpeJ~ational Variables.--7.1. Mach Number.--As the  shock losses of an annular  in take  
of the type  considered should increase rapidly  with  Mach number  and  become prohibi t ive at 
about  1-6 such a sys tem would be of little use for cruising speeds of much  over 1000 m.p.h.  
in the  stratosphere.  

Moreover, owing to the format ion at  various stations on th~ nacelle of one or more extraneous 
shocks, the parasit ic in take  loss m a y  be relat ively high at large subsonic Mach numbers ,  bu t  

as sonic speed is reached this effect should decrease and in supersonic flight should va ry  bu t  
little wi th  Mach number  in the  range considered. 

Wi th  a specified intake,  changes in the nacelle frictional and general  diffuser loss components  
may,  of course, be considered as Reynolds  number  effects. 

7.2. PiLch and Yaw.--Although, in so far as complete annular  intakes are concerned, pi tch 
and yaw angles need not  be considered separately,  only the former are of much  significance. 
The worst design condit ion which m a y  reasonably be considered is thus  tha t  which would be 
a t t a ined  by  a supersonic aircraft  in a 6g tu rn  at sonic speed at 50,000 ft, when  the angle of 
incidence of the in take  axis should not  exceed 20 deg. However ,  even at  such an incidence 
the  per formance  of a typical  annular  en t ry  might  not  seriously be affected, for as the head angle 
of a 4/8 fract ional  ogive is 43 deg such a profile would still provide  some expansion a round its 
worst  side. 

The consequent  axial a s y m m e t r y  in the in take  mass flow dis tr ibut ion will, therefore, be due 
not  so much  to var iat ions in t h e r a t e  of growth of the nacelle b o u n d a r y  layer  as to the  per ipheral  
var ia t ion  of the  ~nviscid Mach number  in the en t ry  plane. However ,  as- changes in the local mass 
ra te  of flow should amount  oniy to a few per cent of the spatial  mean  value they  should have  no 
serious effect on the ae rodynamic  s tabi l i ty  of the erigine compressor. 

8. Condusion.--The stabi l i ty  of the annular  type  of air in take  has been considered in 
detail  at a flight Mach n u m b e r  of 1.4 and it has been shewn tha t  an acceptable  mass flow 
range might  safely be ob ta ined  in practice. The exper imenta l  results were obta ined  at Reynolds  
numbers  a round  1-5 × 106 and an extrapolat ion suggests t ha t  a typical  full-scale aircraft  in take  
would  have  an overall  isentropic efficiency of about  85 per cent. 
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Boundary-layer suction on the nacelle surface is apparently a possibility for improving both 
the stabili ty a n d  the efficiency of the system, but it has not been considered in this note. As 
an alternative a local segregation of the boundary layer is suggested, and a rough estimation 
shews tha t  the use of a thin ring for this purpose (see Fig. 17) might raise the typical efficiency 
by some 2 or 3 per cent. 

9 .  Recomme~cdatio~.--As the Reynolds numbers of the annular intake models so far tested 
have not exceeded 1.8 × 10 6, the aforementioned full-scale performance figures were derived 
entirely by  extrapolation. Therefore, it is suggested that  before these results can  be accepted 
at least one confirmatory test should be performed at a Reynolds number greater than 10L 
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~ t o t  

T 
T t o t  

P 
7 
Q 
Qs 

1ilax 

1 
s 

dl 
d., 
/J 
d 
11 

M 
R 

N.B. 

NOMENCLATURE 
Absolute pressure 
Total pressure 
Absolute temperature 
Total temperature 
Kinematic viscosity 
Density 
Isentropic exponent 
Mass rate of flow 
Mass in the space volume swept per second 
Maximum mass rate of flow 
Nacelle length 
Station on nacelle measured axially from the entry plane 
Internal  diameter of annulus 
External diameter of annulus 
Annular slot width 
Theoretica ! boundary-layer displacement thickness in entry plane 
Intake efficiency 
Maeh number 
Reynolds number 
The intake efficiency is given by 
(p,ot after diffusion/atmospheric pressure)Iv-i//, _ 1 

y - - 1  2 
2 (Aircraft Mach number) 

9 



A P P E N D I X  II  

Theoretical Loss A nalysis for Model E 

Head Shock Loss.--The loss in total  pressure caused by  the head shock is found by  assuming 
that ,  for a 4/8 fract ional  ogive, the shock in tens i ty  near  the profile is the same as tha t  which would 
occur wi th  a cone of the same apex angle, name ly  43.3 def.  Then  it follows from the established 
theory 7 tha t  the efficiency of the  head shock is 98.5 per cent. 

The free-stream condit ions assumed ups t ream of the  head shock are p = 14.7 lb/sq in. abs., 
ptot = 46-78 lb/sq in. abs., T = 332.5 deg K, T,o, = 462-8 deg K, so tha t  the usefut t empera tu re  
rise in a perfect in take  would  be 130.3 deg C. 

Intake Shock Loss. Because  of the head-shock loss it is assumed tha t  the  air, if expanded  
isentropically a round  the nacelle and fuselage unti l  its s treamlines were parallel to those of the 
free stream, would a t ta in  a Math  number  not  of 1.4 hu t  t ha t  corresponding to 

130.3 
Trot~T= 1+0-985 332.5 --  1-386 

This Mach number  is 1-384. 
However ,  at  the shoulder  of a 4/8 fract ional  ogive the surface is inclined at  7.2 deg from 

the axial direction so that ,  wi th  the assumpt ion ~that the last few degrees of the 22 deg expansion 
is approximate ly  two-dimensional ,  the  Mach n u m b e r  just  ups t ream of t h i s p o i n t  would appear  
to be 1.108. The efficiency of the substant ia l ly  normal  in take  shock is thus  99.1 per cent  and the  
combined shock efficiency 97.6 per cent  whilst  the Mach number  in the en t ry  plane is 0-906. 

Nacelle Frictional Loss.--A detai led calculation will then  show tha t  the  exact  theoret ical  
Reynolds  number  in the in take  plane is near ly  the  same as t ha t  der ived f rom the  assumption of 
free-stream condit ions and an effective surface length  of l, the  nacelle axial length. Using the 
la t ter  value we thus have,  wi th  a viscosity of 2.04 × 10 -4 sq ft/sec, R = 1.302 × 10 ~. But  the 
length of the nacelle surface arc is 1.966 in. so that ,  wi th  a laminar  b o u n d a r y  layer,  

5"5~ 
-- ~ /R -- 0"00948 in. and -~- = 0-0551. 

The conditions just  before the in take  shock are p = 21.61 lb/sq in. abs. and  T = 371.6 deg K 
and for a rough est imate  of the frictional drag it is assumed that ,  together  wi th  the local veloci ty  
of 1405 if/see, these occur at all points on the  nacelle. Wi th  a surface area of 3.03 sq in. and  a 
drag coefficient of 0.005 the frictional drag thus  appears to be 0.281 lb. 

Accordingly,  the drag power = (0.281 × 1405)/1400 = 0.282 C.H.U./sec. 
Now the  in take  area is 0.6227 sq in. and at 1405 ft/sec the local densi ty  is 0.002708 slugs/cu ft 

so that ,  neglect ing the effect of the b o u n d a r y  layer,  the  mass flow is 0.530 lb/sec. As this value 
is about  1-1 t imes the  swept mass it appears tha t  the model  is under  considerat ion at m a x i m u m  
efficiency and near  its surge point.  

Then,  expressing the frictional loss as a rise in t empera tu re  of the total  mass of air aspirated,  
the frictional t empera tu re  rise is 

0.282 
= 2.24 deg C. 

0.530 × 0.238 

Therefore, the corresponding efficiency increment  is - -1 .72  per cent, whence,  neglect ing 
parasit ic losses, the in take  efficiency defining the  mean  total  condit ions in the en t ry  plane is 
95.9 per cent.  

Gemral Diffuser Loss.--With the  efficiency of 95.9 per cent  the  mean  conditions in the en t ry  
plane are M = 0.906 and Ptot = 44.9 lb/sq in. abs. As the area ratio of the diffuser is 2.84, 
isentropic diffusion would therefore produce a final Mack number  of 0-208 and  a pressure of 
43.6/sq in. abs. 
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Now the diffuser efficiency may be defined by  

= 1 - - \  - ~ - - - ~  / 

where the suffices 1 and 2 represent the initial and final conditions respectively, and it is taken 
to be 

v = 0.95 --  0-25 O/A 
In the system under consideration the diffuser efficiency, therefore, is 93.6 per cent and the 

consequent total  pressure loss 1.10 lb/sq in. 
Thus, neglecting the parasitic losses, the total pressure in the metering nacelle after diffusion 

is 43.8 lb/sq in. abs. and the overall intake efficiency 93.6 per cent. 
The chart of Fig. 15 may then be obtained by a repetition of the above process for several 

arbitrary values of d2. 

A P P E N D I X  I I I  

Examples of Extrapolation 
It  may be observed tha t  in both examples parts of the calculation must consist of a process 

of successive approximation. In such circumstances only the values for the finM stage of each 
of these processes is given. 

Example I. Research Aircraft. 
The pertinent atmospheric conditions are : - -  

p = 1.682 lb/sq in. abs. and T = 216.6 deg K. 
whence, p -= 0.000362 slugs/cu ft and v = 5.65 × 10 -~ sq ft/sec. 

Other design conditions are 
M =  1.40, Q =-100 lb/sec, dl ----- 48-0 in. and, with a 4/8 fractional ogive as the nacelle 

profile, the Reynolds number is 18-7 × 106. 
Tile design point is taken as Q/Qma~ = 0.93 with an assumed value for Qm~x/Q, of 1.003 so tha t  

0-375y, 
d~ = 59.6 in. and with a turbulent boundarylayer  ~ -- 1 / ~  -- 1-222 in. Then, by  the method of 

Appendix II, the combined shock efficiency is 97.6 per cent, .the frictional temperature rise 
2.28 deg C and the resultant efficiency in the entry plane 94.9 per cent. 

As the intake is envisaged for use with a high-speed axial-flow compressor its efficiency may be 
somewhat improved by  the avoidance of unnecessary diffusion and the Mach number in the final 
reference plane is accordingly assumed to be 0-3. Thus, with entry plane conditions of M = 0.906 
and pto~ = 5.08 lb/sq in. abs., the diffuser pressure loss is 0.164 lb/sq in. and the overall intake 
efficiency, parasitic losses excluded, 91.6 per cent. 

But  ~/A is 0.211. Thus, assuming tha t  the parasitic loss is 2.6 times the nacelle frictional loss, 
as in Fig. 16a, the application of this factor directly to the pertinent efficiency increment will 
yield an overall intake efficiency of 84.6 per cent. 

In accordance with Fig. 16b, the external annulus diameter can thus be reduced to 58.1 in. and, 
the performance being unaffected, tile swept mass to 93.2 lb/sec. 

With  the addition of a boundary-layer segregation ring the parasitic loss may then be taken 
only to be the loss associated with the drag of the ring and this drag is assumed to consist of 

(i) a frictional component defined by the action on the surface area of the ring of a co- 
efficient of magnitude 0.005 

and (ii) a form component which may be estimated by the assumption of the operation of the 
coefficient 0-55 on the ring frontal area. 
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The ring internal diameter, thickness and chord being respectively 51-5, 0.25 and 15.0 in.. the 
drag is thus 99 lb and the parasitic efficiency increment --4.0 per cent. 

The overall intake efficiency is thus 87.6 per cent and the external annulus diameter may be 
reduced to 57.4 in. so that  the swept mass is 85.1 lb/sec. 

Example H. Large-scale Model. 
The nacelle profile is again taken to be that  of a 4/8 fractional ogive but this time the annulus 

internal and external diameters are respectively specified as 5.0 and 6.0 in. At sea-level the 
atmospheric conditions may be taken as /5 = 14-7 lb/sq in. abs. and T = 288 deg K so that,  
with a Mach number of 1-40, the swept mass is 7.2 lb/sec and the Reynolds number 8.04 X 106. 

With a turbulent boundary layer d/A is therefore 0.302 and the design point will be taken as 
Q/Q ..... -~ 0.93 at Q ..... /Q~ = 1.03, that  is, as 6-72 ib/sec. Therefore, by the method of Appendix 
II, the frictional efficiency increment is --3.8 per cent and so, assuming no parasitic loss, the 
mean entry plane efficiency is 93.8 per cent. 

Accordingly the entry plane conditions are M = 0-906 and ptot = 44.0 lb/sq in. abs. so that,  
if the diffusion were continued until an unobstructed 6 in. diameter duct is attained, the final 
isentropic Mach number would be 0-179. Thus, neglecting the parasitic loss, the diffuser pressure 
loss of 2.13 lb/sq in. yields an overall intake efficiency of 89.0 per cent. 

Therefore, assuming from Fig. 16 a the factor of 2-4, the  parasitic efficiency increment is 
9.2 per cent and the final value for the intake efficiency 79-8 per cent. 

The diameter, thickness and chord of a segregation ring suitable for the model are respectively 
5.4, 0.025 and 1.5 in. and, with Q ..... /Qs = 1.10 the-mass flow at design point would be 7.18 lb/sec. 

As the diffuser pressure loss will be substantially unaffected but the nacelle frictional efficiency 
increment changed by 0.2 per cent the new value for the efficiency of the intake without parasitic 
effects is 89-2 per cent. 

Then, if the ring drag be estimated as in the previous example, the parasitic efficiency increment 
will be found to be 4.4 per cent so that  the overall efficiency of the intake with the ring is 84.8 
per cent. 
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(,C) INTERNAL VIEW OF SLEEVE. 

FIG. 6. Severe erosion of model A. 
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