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Summary.--Ifi twin air-intake systems (i.e., a pair of intakes discharging into a common duct or chamber) in which 
the losses are affected by external boundary layers; asymmetry of flow between the two ducts occurs below a certain 
critical value of the flow coefficient (entry velocity + free-stream velocity). The effects of this asymmetry.on intake 
efficiency, and more particularly on flow distribution at the compressor, may be important. If, as seems possible, 
the flow oscillates between the two s.ides, this may giv e rise to vibration of the aircraft. 

Wind-tunnel model tests have been made on a-pair of wing-root leading-edge intakes and on various arrangements 
of body-side submerged intakes. In all cases a region of flow asymmetry was observed. The appropriate flow' 
coefficients are outside themain working range of the intakes, but are such as might be encountered in a dive, or on 
suddenly throttling back in level flight. 

The main factors determining the extent of the asymmetry are analysed briefly. A theory of intake loss is adapted 
to provide a method of predicting the critical flow coefficient. 

1. Introduct ion.--In low-speed mode l  tes ts  of tw in  a i r - in take  sys tems,  as for e x a m p l e  a p'air of 
swep t -wing  roo t  in takes  or a pai r  of body-s ide  in takes ,  leading  in to  a c o m m o n  duc t  or chamber ,  it  
has  been  observed  t h a t  as t he  to ta l  flow t h r o u g h  t he  s y s t e m  is r educed  (at c o n s t a n t  t u n n e l  speed),  
a cri t ical  po in t  is r eached  b e l o w w h i c h  unequa l  flows deve lop  in t he  two  intakes.  In  one i n t ake  
t he  ,flow begins  to  increase again,  in t he  o the r  i t  falls r ap id ly  to zero a n d  even  becomes  negat ive .  
T h e  difference in flow on t he  two  sides reaches  a m a x i m u m ,  t h e n  decreases as t he  to ta l  flow is 
r educed  still fur ther ,  b u t  a s y m m e t r y  usua l ly  persists  down to zero ne t  flow, i.e., wi th  the  exit  
b locked  the re  is a considerable  inflow at  one e n t r y  and  a co r respond ing  o u t f l o w  at  t he  Other. 

This  p h e n o m e n o n  has  been  descr ibed b y  Mar t in  a n d  Holzhanser  1, who  show t h a t  i t  is associa ted  
w i th  t h a t  p a r t  of t h e  flow range  in wh ich  t he  s ta t ic  pressure  (and to ta l  head) in  t he  ind iv idua l  
i n t ake  decreases  w i t h  a decrease of flow. If  a small  d i s tu rbance  f rom the  s t eady  s t a t e  of equal  
flows in t he  two  duc t s  occu r s ,  t he  s ta t ic  pressure  in the  mix ing  sect ion (par t icu lar ly  if th is  is a 
p l e n u m  chamber)  t ends  to  an  average  value,  and  u n d e r  t he  above  condi t ion  i t  can  be shown t h a t  
th is  ave rag ing  process is in a d i rec t ion  which  t ends  to  increase the  m a g n i t u d e  of the  d i s tu rbance .  
T h u s  t he  ini t ial  s t e ady  s t a t e ' i s  an  uns tab le  one, a n d  the  flows in t he  two  duc t s  diverge un t i l  a 
s table  s ta te  is r eached ,  in  which  the  s ta t ic  pressures  on the  two  sides are again  equal  ,but one flow 
has  increased  above  t h e  critical va lue  a n d  the  o the r  has  decreased  accordingly.  The  m e a n  to ta l  
h e a d  cor responding  to th is  new s ta te  of equi l ib r ium is genera l ly  lower t h a n  t h a t  co r responding  to 
t he  ini t ial  uns t ab l e  s ta te .  The  ne t  result ,  as it  affects t he  engine,  is t h a t  as t he  flow is decreased  
t h r o u g h  t h e  cri t ical  va lue  the  i n t a k e  efficiency falls s u d d e n l y  and,  p robab ly  a more  i m p o r t a n t  
effect ,  t h e  ve loc i ty  d i s t r ibu t ion  suffers a m a r k e d  de ter iora t ion .  I n  addi t ion ,  if t he  fl0w oscillates 

* R.A.E. Report Aero. 2411, received 19th April, 1951. 

1 



between the two intakes; as may reasonably be expected in unsteady flight conditions near the 
critical value, this may set up vibration in the aircraft, 

Unsymmetrical flow of the kind described may be :expected to occur, in some degree, with ally 
twin-intake system in which the losses are affected by external boundary layers. The word 
external here refers to any surface ahead of the effective entry which is wetted by air going into 
the duct. This may be the side of a body, part of the wing surface, etc. In the special case of a, 
swept leading-edge intake, which has been studied recently, it refers to the pa r t l y  enclosed 
surfaces ahead of first completdy closed section normal to the axis of the duct. Loss from external 
boundary layers, known as the approach loss, automatically implies the existence of a region in 
which the intake pressure decreases with decreasing flow, and thus in a twin system Opens up tile 
possibility of flow asymmetry. 

According to the argument, the critical flow is that  corresponding to the peak of the static 
pressure characteristic of the individual intake forming one of a pa i r .  The total-head-charac- 
teristic will generally reach a maximum at a somewhat higher flow coefficient (entry velocity + 
free-stream speed). If the twin system is designed to operate near the total-head peak in top- 
speed level flight, which is usual, then it is possible in say  a dive, or on suddenly thrott l ing back 
in level flight, for the flow coefficient to fall below the critical. This will result in unequal anct 
possibly oscillatory flow in the two intakes. 

Model tests have been made of (a) a pair of wing-root leading-edge intake6 and (b) an arrange- 
ment of body-side submerged intakes, to determine the extent of the region of Unsymmetrical 
flow, and to investigate some of t h e  factors affecting the critical value. In a general discussion 
(section 4) a theory of intake loss is applied to show the effect of other factors and to provide a 
method of predicting the critical. 

2. Details of  Model a~d Tests.--The tests were made in the No. 1, ll½-ft. Low-Speed Wind 
Tunnel of the Royal Aircraft Establishment during September and December, 1950. The model 
was a 1/5 scale representation of a t#pical swept-wing fighter having a single engine housed in 
the body, fed by the pair of intakes. An axial-flow engine was assumed, so there was no Sudden 
change of area at the junction of the two intakes. The common duct led along the body to an 
exit at the rear. 

The general arrangements of the two forms of intake are'shown in Figs. i and 2. The wing-root 
intakes (Fig. 1) were roughly triangular in section, with a sweepback of 30 degon the entry plane. 
A forward-facing bypass was provided at the inboard end to remove the fuselage boundary layer. 
Tests were made both with and without' bypass, the latter case being simulated by building a 
fairing on the side of the body so as to cover the entry to the bypass. 

The body-side intakes (Fig. 2) were of N.A.CIA. submerged type with divergent approach 
ramps. In this case the model had been used previously to investigate the general loss charac-, 
teristics of submerged intakes, and because of this the intakes were different on the two sides. 
The principal distinction was that  one entry was located 22 per cent of the root chord forward of 
the wing leading edge, while the other was at t h e  leading' edge. They are te rmed here the 
'forward' and 'rear' in-takes respectively. I t  was considered that  while the differences might be 
sufficient to determine the direction in which flow asymmetry developed, they would not obscure 
the main effects. 

Two modifications, each of which reduced the intake efficiency, were tried in order to determine 
the reactions of tile critical flow coefficient. The first consi~sted in removing the side walls of the 
ramp, leaving a flat platform ahead of the entry; the second in placing an obstacle across this 
platform in the form of a transverse ridge of wood, in,height roughly half the mean height of the 
entry. 

Total head and static pressure were measured in the separate ducts a short distance upstream 
of the mixing section, and again in the common duct near the  exit. With the side intakes,, 
additional static-pressure measurements were made at the mixing section itself. These showed 
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only small differences from the readings farther upstream in the separate ducts• The total flow 
through the exit was controlled by  means of a series of nozzles• 

• The tests were made at a single small incidence in each case (CL = 0 in the first experiment and 
0 .,08 in the second). 

3. Results.--Results for the wing-ro0t intakes are shown in Figs. 3 to 5 and those for the side 
intakes in Figs. 6 to 8. I t  is convenient to plot in terms of a flow coefficient VJVo ~, rather than 
the inverse Vo/V~ (used in the s tudy of intake, loss and termed the entry velocity ratio)• The 

f i rs t  diagrams in each group give the basic static and total pressure characteristics of the single 
intakes• " To obtain these, the mean pressures are plotted against flow Coefficient as measured in 
the individual ducts. The remaining diagrams show the flow asymmetry effect for the twin 
sys tems. .  Flow in each duct is plotted against the mean flow as measured near the common exit. 
Down to the critical flow coefficient, the values for the two ducts lie close to the mean line. Below 
the  critical they diverge rapidly as already described• The mean static pressure is plotted on 
these diagrams, and in the case of wing-root intakes (symmetrical) the mean total  head also. 
This i's an average value over the area of the mixing section• Below the critical, owing to the 
uneven distribution, an energy mean (total head weighted with respect  to velocity) would be 
appreciably higher. The plain average total head is preferred because its lower value reflects 
the bad  distribution which in practice the compressor would have to face. 

The main features of the results are as follows: 
(i) Asymmetry  of flow over the lower part  of the range is observed in all cases. The best 

example is in Fig. 8a, where the critical flow coefficient is closely determined• The value (0.37) 
corresponds to the peak of the static-pressure characteristic of the rear intake of the unsymmetrical  
pair (Fig. 7), which is the one with the greater approach loss, i.e., the higher flow coefficient for 
peak static pressure• Below this value the flow in the forward intake begins to increase aga in ,  
while that  in the rear intake (this now being on the unstable part of the characteristic) decreases 
rap id ly  and becomes zero at V~/V o = 0.29, which may be called the reversal point• The mean 
static pressure falls rapidly below the critical flow coefficient, then recovers below the reversal 
• point. I t  inay be shown that  this recovery results from the nature of the pressure characteristic 
of the individual intake with reversed flow. 

(ii) Values of critical flow coefficient and flow coefficient for reversal for the various arrange- 
ments, taken from Figs• 4 and 5, and 8a to8f ,  are given in the table below• This also shows the 
flow coefficients for maximum static pressure of the single intakes. 

i 

TABLE 1 

A r r a n g e m e n t  

Wing- roo t  i r i takes  (symmetr ica l )  
(a) W i t h  b y p a s s  . . . .  

• (b) W i t h o u t  bypas s  . .  

Body-s ide  in takes  (unsymmetr ica l )  

(a) B o t h  in t akes  wi th  r a m p s  . . . . . .  
(b) B o t h  in t akes  w i thou t  r a m p s  . . . .  
(c) ?A wi th  r amp ,  ]3 withouL . . . . . .  
d) A wi thou t  r,amp, B wi th  . .  . .  . .  

As (d/with deg yaw (]3 forward i e ,  into 
wind) . . . . . . .  . . . .  

(f) B o t h  in t akes  w i thou t  ramps ,  wi th  obstacles  

Cri t ical  - 

0"34 
0 . 3 2  

0"37 
0"42 
0-44  
0 . 4 5  

0"45 
0 • 4 3  

Values  of vi/Vo 

Reversa l  

O" 28 
0"29 

0"29 
0"36  
0"35 
0"33 

0"37 
0 .12  

M a x i m u m  Cp 

0 .36  
0 . 3 5  

A~ ]3 

0 .37  
0 .37  0-41 

0 .41 
0 .37  0 .37  

0 .37  0 .37  
0 .41 

t A deno t e s ' f o rwa rd  in take ,  B denotes  r ea r  in take .  

V~ = mean  e n t r y  veloci ty ,  V 0 = f ree -s t ream velocity•  
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Generally there is good agreement between the critical flow coefficient and the value for maxi- 
mum Cp in ' the individual intake (using the higher val'ue where the two sides differ). The main 
exceptions to this are given by tests (d) and  (e) in the second group, for which thecr i t ical  value i s  
higher than might  be expected. Figs. 8d and 8e show that  in these cases there i s  at flow 
coefficients in the stable range an inequality between the flows on the two sides (owing to the 
unsymmetrical intakes) which may tend to advance the critical. 

(iii) The reversal point is  at a flow coefficient about 0.06 lower, on the average, than the peak 
Cp position. This may be used as a simple indication of when the asymmetry has become severe. 
If the reversal point is at V d V  o ---- 0.3, say, then a rough idea of the distribution at the compressor 
may be obtained by assuming that  at this point the flow is zero in one duct and uniformly 0 .6V o 
in the other. 

(iv) The wing-root intakes have a low critical Value, which makes it unlikely that  the effect 
would be encountered to an appreciable extent in practice. '  Eliminating the bypass does not 
produce the rise in critical which would have been expected. This appears to be because the 
bypass is not working efficiently at such low flow Coefficients. The result is discussed further in 
terms of intake loss coefficient in the general discussion which follows later in the report. 

(v) An interesting point is t h a t  the mean total head does not invariably fall with the static 
pressure on passing through the Critical flow, since it is possible f0r the gain in one duct (that in 
which the flow increases) to offset the loss in tl~e other. This happens in the case of the  wing-root 
intakes without bypass (Fig. 5). 

(vi) In the second group of resultS, increasing the approach loss of the intake by removing the 
ramp walls results in  an increase of critical flow value. Conversely it can be shown (see general 
discussion) that  increasing the internal duct loss has the opposite effect. Both effects are present 
in the final case - test (f) - where the obstacles effectively increase the duct loss by blocking off 
part  of the entry. The net result is that  there is only a small change.i n critical value. 

(vii) It Was found in the t e s t s tha t  the asymmetry always occurred in a definite direction at a 
fixed flow coefficient, and there was no tendency for the flow to oscillate. With the side intake 
arrangement the forward intake generally gained flow below the critical at the expense of the rear 
intake. This is consistent with the former ha~/ing a more favourable pressure Clmracteristic. 
By removing ramp walls from the forward intake o n l y -  test (d) - the pressure peaks of the 
individual intakes were made to occur at the same velocity ratio. The result (Fig. 8d)was that  
the asymmetry at first developed in the opposite direction (i.e., in favour of the rear intake) but  
at V d V  o = O. 22 it reversed and then continued in the more usual sense. When themode l  was 
given 2{ deg yaw (rear intake into wind) - test (e), Fig. 8e - an asymmetry in favour of the rear 
intake was obtained down to zero net flow. This suggests that  if the intake characteristics are 
sufficiently closely alike, slight fluctuations in net flow coefficient, degree of 7~aw, etc., might 
cause the flow to oscillate. There was however no evidence of actual oscillation in the tests of 
the wing-root intakes, which were nominally identical. 

4. General Di scuss ion . - -The  tests confirm that  unsymmetrica~l flow occurs in twin intake 
systems at low values of the flow coefficient, if the intake characteristic is such that  decreasingthe 
flow decreases t h e  pressure recovery. The critical flow coefficient is approximately tha t  which 

• would give maximum static pressure in the individual intake taken by itself. In the case of 
direct (i.e., fully ducted) intakes, this is essentially a lower value than that  for maximum total  
head,, which is the nominal design point for top level speed. I t  follows that  flow asymmetry will 
not usually develop under w h a t a r e  normally accepted as the main flight conditions (ground 
running, climb, cruise, top level speed), but  may occur under more transient conditions, as in a 
dive or on suddenly thrott l ing back in level flight. 

V~ith a plenum chamber installation the static pressure and total head in the plenum chamber 
are virtually equal, so the critical flow coefficient coincides with maximum to t a l  head. The 
region of flow asymmetry is therefore more liable to cut into the main working range of the intake. 
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An approximate theory of intake loss, developed in Ref. 2, shows tha t  tile total-head loss 
coefficient of an individual intake varies as the cube of the entrywelocity ratio Vo/Vi (the inverse 
of the flow coefficient). Tile result may be written in the form 

~ - ~ ( E 0 ~  ~ , . .  ~ v , /  + 6  . . . . . . . . . . . . . . . .  (1) 

where A H is the loss of total head from free stream to measuring point and qi is the mean entry 
dynamic head ½p V~2. I t  follows that  

- AHq0 - - -av ,  + V °  b(V'~"'Wo/' 

and hence if A~I A c are the areas of the. duct at entry and at mixing section, the static pressure at 
the latter position is given approximately by 

~ .  ~Ao/  ~ V o /  g ,  - c ~ o  ' . . . . . . . .  (2) 

where c = b + (A'dAc) 2 
'From equation (2), it is seen that  @ is a maximum when 

V0'~ = __2c 
~ / .  a ,  . . . . . .  . . . . . . . . . . . . . . .  (a) 

In general the coefficient b, which represents primarily the internal duct loss, is of the order of 
0.1, while for direct irilets (A~/Ao) ~ is of the  order of 1. To a first approximation therefore, 
b may be neglected in the expression-for c. So the critical,flow may be written as 

( v 0 ~ '  2(A, V 
v,/o~, = -d \ ~ - /  , 

or (V___~'~ == a(A~'~ =, 
~ V o e c ~  ~ X , /  . . . . . . .  . . . .  . . . . . . . .  (4) 

F0r -the case of a plenum chamber installation, if it is assumed that  the whole of the duct dynamic 
head is lost on discharging into the plenum chamber, then the pressure in the chamber .is the same 
as tha t  at the end of the duct, so the result (4) still applies provided that  A~ is taken as the. area 
of the duct just before the plenum chamber.  

The coefficient a is given by the  slope of the curve of total-head loss coefficient against (Vo/V~) ~. 
In terms of the theory of Ref. 2, 

, S 
,~ k ~ i c  ~ .(s) j • • • • • • . a  • • • • • • • • • • 

where S is the surface area ahead of entry wetted by the duct flow 

(define d for Vo/V~ = 1,0) 

A¢ is the entry area 

k i s a  retardation factor, generally about 0.7 

C I is the effective friction 'coefficient of the intake. 

S/A¢ is known as the position ratio'. Its value is zero for a nose entry or an unswept leading-edge 
entry away from the body and generally speaking the value increases as an intake moves back 
along the body, or as the entry sweepback is increased. 

Thus from equation (4) we see tha t  the two primary factors affecting t'he critical flow value are 
the position, ratio of the entry and the amount of diffusion in the duct. An increase of either of 
these quantities increases the value of VdVo below which flow asymmetry occurs. An increase 
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in the internal duet loss has the opposite effect, as may be seen by re-including the term b in the 
analysis. , 

If flow separations develop, which is not unusual at low values oi V~/Vo, an analysis in terms o f  
friction coefficient is clearly not valid. Nevertheless, i t  is often found that  the loss coefficient is 
still linear with (VolVO)3. In these circumstances equation (4) may still be  applied, but  the slope. 
a will no longer be given by equation (5). 

' In Figs. 9 and 10 loss coefficients for the wing-root and body-side intakes respectively are plotted 
against (Vo/V~) 3. Fromthe  slopes of the lines and the diffusion ratio Ao/A~ values of c~itical flow 
coefficient have been estimated according to equation (4). These are compared with the measured 
values in the following table. 

TABLE 2 

A r r a n g e m e n t  

Wing - roo t  in t akes  
(a) w i th  bypas s  . . . . . .  
(b) w i t h o u t  bypas s  . . . . . .  

Body-s ide  in t akes  . . . . .  
(a) b o t h  i n t akes  witt~ r a m p  . .  
(b) b o t h  i n t akes  w i thou t  r a m p  . .  
(c) A wi th  r a m p ,  B wi thou t  . .  
(d) A wi thou t  r amp,  B wi th  . .  

Cri t ical  V d V  o 

E s t i m a t e d  

0 .20 :  
0 .34  

0"33 
0"41 
0"41 
0"37 

Measured  

0 :34  
0 .32  , 

0 .37  ~ 
0 .42  
0"44 
0 .45  

In most cases the agreement is satisfactory. This merely reflects the fact tha t  the -formula (4) 
gives the position of maximum @ of the intake reasonably well. The case of the wing-root 
in takeswi th  bypass is an exception. Here the loss curve (Fig. 9) shows tha t  the action of t h e  
bypass, satisfactory, in the main flight range, breaks down when (Vo/V~) ~ is about 20 (i.e., 
V~/Vo = 0.37) resulting in maximum C~ being obtained near this point (Fig. 3). T h i s e x p l a i n s  
the disagreement and also shows that  if the bypass efficiency were maintained, the region of 
asymmetry would be confined to mean flow coefficients below about  0.2, i.e., the effect would be 
negligibly small. 

I t  will be noticed that  in Fig. 10 the straight line characteristics as drawn ignore in each case a 
number of experimental points at the low end of the range. The actual loss curves curl off in this 
region owing to the onset of additional losses originating inside the lip of the submerged intake, 
caused by the  flow 'dipping in' at an angle from the free stream. This is quite separate from the 
boundary-layer problem which affects the present issue, and is a form of the well-known 'static' 
loss, which in the case of a submerged intake extends further than usual into the flight range. 

5. Concluding Remarks.-~The tests have shown that  asymmetry of flow occurs in typical 
twin-intake systems under conditions which may be encountered in a dive, or at lower speeds on 
reducing the engine airflow. Intake loss theory provides a simple formula for estimating the 
critical flow value of a given arrangement. The chief factors affecting the critical value have 
been demonstrated in the analysis. 
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