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A proven duct flow model is used to examine the influence of the intake duct geometric 
and inlet flow parameters on the pressure recovery performance of intake ducts for high 
speed flight. The geometric parameters include: the inlet parallel pipe length, the diffuser 
cone angle, the length of the faired transition from the pipe to diffuser cone as well as the 
degree of the fairing. The inlet flow parameters examined are: the boundary layer 
momentum thickness, the velocity profile shape and the turbulence level. The inlet 
parameter values used simulate those following a normal shock wave - turbulent 
boundary layer interaction inside the intake duct, i.e. they simulate the conditions at the 
inlet to the diffuser of a supersonic intake. 

1. INTRODUCTION 

The application of turbojet engines to the propulsion of aircraft at supersonic 
speeds requires inlet and induction systems which provide high pressure recovery, low 
external drag, favourable stability and good engine-matching performance character­
istics over a wide range of Mach numbers. In the design of supersonic intakes it is a 
usual practice to precede the diffuser by a length of parallel-walled duct in which the 
transformation to subsonic flow- through a shock wave- takes place. The shock is 
thus swallowed into the intake, and is made to occur at the smallest cross-section. This 
leads to a reduction in shock compression losses, a reduction in the likelihood of 
separation under shock and a lower sensitivity of the shock position to changes in back 
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pressure. Figure 1 shows a typical supersonic intake duct, together with the theoretical 
variations in static pressure and Mach number along its length. 

In this paper, a reliable compressible flow model (1) which accounts for the 
turbulence level of the core flow as well as the three-dimensional nature of the 
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Fig. 1: A Typical Supersouic IDtake Duct. 
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potential core is employed. The model is used to study the influence of each of the 
duct geometric parameters on its pressure recovery pedormance. Among these 
parameters are: the inlet pipe length, the diffuser cone angle, the effect of sharp 
transition from duct to diffuser or alternatively the effects of fairing the transition, and 
hence, the length and degree of fairing. The effects of varying the dominant intake 
flow parameters namely, the boundary layer thickness and shape parameter and the 
inlet turbulence level are also investigated. 

Figure (2) shows a schematic drawing of the duct geometry considered. The duct 
length is divided into four regions namely, the inlet length EL, faired length FL, 
conical diffuser CL, and exit length XL. 

L 
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Fig. 2: General Duct Geometry. 

2. MODEL EMPLOYED 

I 

I 

' 
X 

The solution for the duct wall pressure distribution and total pressure loss as well as 
the variation of boundary layer parameters along the duct is obtained in three steps:-

Solving the potential duct flow partial differential equations by an 
approximate method. This consists of expanding the stream function 
and the density function as power series in terms of the radius, thus 
reducing the inviscid flow equations to a series of simultaneous ordinary 
differential equations. The duct is divided into a number of points along 
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its axis and the derivatives replaced by a finite difference representa­
tion. The resulting linear simultaneous algebraic equations are solved 
using an elimination algorithm. 

ii Solving the boundary layer equations for the displacement thickness o * 
along the duct corresponding to the pressure distribution obtained from 
(i). 

iii Resolving the potential flow equations with a modified wall shape to 
account for the boundary layer displacement. 

Steps (ii) & (iii) are then repeated until the pressure distribution has converged to 
steady values. 

Formulation of Equations for the Potential Core Flow 

For a compressible potential axisymmetric core flow the irrotationality equation can 
be written as (4) 

RB a 2 'lJ + ·~ 2 'lJ - R [~ ~ + ~ ] 
a R2 a xZ a R • a R a X 

(1) 

in which 

'P is the axisymmetric stream function defined using the boundary conditions 

'P = 0 on the axis & 'P = 1 on the duct wall (see Figure 1). 
B is the density function defined as 
B =)f)o (2) 

For an incompressible flow, equation (1) reduces to 

aw _ 
0 -rr-- (3) 

which is Laplace's equation in cylindrical coordinates. 

Because Equation (1) is an elliptic partial differential equation, either the values of 1JJ 
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or its derivatives must be known at all points on a closed boundary in order for a 
solution to be obtained. This is achieved by stipulating uniform flow in the axial 
direction at both entry and exit, with \jJ varying parabolically across the duct at either 
end between the values zero and one. 

For a potential adiabatic (isentropic) axisymmetric flow, the energy equation can be 
written as 

Y -1 + y -1 M2 _1_.....--
B 2 o • (lRB)2 

The introduction of power series for the stream function \fi and the compressibility 
function B allows the equations to be solved using direct elimination via a finite · 
difference scheme. lfJ (X,R) & B(X,R) are expanded as the following power series: 

\jJ(X,R) = R
2
.f1 (X)+R

4.t2(X)+R
6 .f (X)+······································· (5) 
. 3 

B(X,R) = g1(X)+R2.g2{X)+R4.g3{X)+ ............................................ (6) 

Note here that the term By -lin Equation ( 4) can be expanded in a binomial series as 

B Y-1 = ~+(B-1 ~y -1 

= 1+( -y-1)(B-1)+ ( Y- 1 )~ y -
2

) 
2 

(B-1) + ••••••••• (7) 

Then B is substituted from (6) into (7) before substituting it into equation (4). After 
the substitution (see reference ( 5)), it is found that all terms of the equation contain 
R20 while the right hand side of the equation is zero. Therefore, the coefficients of R 2n 

must be zeros. This yields 

n [ i r e:. (n-H-i.} E. (gt+l-j"gj) J - (1+w) 
i=1 j=l 

n-1 
+__!!__[ I: 

4 . 1 1-

n-1 
(f!. f' 1 ) + 4 I: i(n-i+1) f;· fn-i+ 1 ] = 0 

1 n- i=1 

in which w = ( Y - 1) M2/2 
0 
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E (~) is the coefficient of R2n in the expansion of BY -1, given in reference (5) 
and the apostrophy sign denotes differentiation" with respt:ct to X. -

Similarly, when the power series, Equations (5) & (6), are substituted into the 
irrotationality equation (1) and the coefficients of R2n+ 1are equated to zero, we 
obtain 

n 
E (gj.f~+ 1 -j-gj.f~+ 1 -j) + 

j=1 

n+1 [ 
E 4(n+2-j)(2(j-1)-n) g .• f +2 ·1 = 0 J n -J 

j=1 
(9) 

In both Equations (8) & (9) the derivatives (in the X-direction) are replaced by their 
finite difference representation using a Taylor series expansion. It is the solution of 
these two sets of equations, in finite difference form, together with the boundary 
condition that \II = 1 on the wall, which gives the values of fi & gi for the stream 
function and density function in their respective power series expansions. 

For a detailed account of the finite difference scheme as well as the iterative method 
of solving for the potential core pressure gradient, see reference (5). 

Formulation of the Boundary Layer Equations 

In this analysis, the boundary layer method developed by Kamal and Livesey (3) is 
employed. The method is based on the simultaneous solution of three equationsfor 
the boundary layer with the free stream velocity U being fed from the potential core 
flow solution. The boundary layer equations are: 

1. The momentum integral equation 

For a compressible axisymmetric boundary layer this may be stated in the form: 

E_e+ 0 r;( 2+H -tl2)d(1n U) +d(1n R)]=cf +-1- • .Lfo(---:2_ ----:2)dy 
dx ~ e dx dx 2 

2 
dxo pv P u 

p u (10) 
e 

For the skin friction coefficient C, a modified version of the Ludwig-Tillman 
correlation is used, while for the Reynolds normal stress term (last term in Equation 
10), three different correlations were attempted (3). 
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2. The Entrainment Equation 

A compressible form of Head's entrainment equation can be written as: 

H d8 + dH1 
1 dx 9 ax = F- H .9[(1-N2) -1-~ + -1-~1 

1 e U dx R dx 

-
in which H 1 = 3.3 + 0.9/(H-1)1.333 

- y -1 2 
and H = (H+1)/(1+--+ reMe) - 1 

2 

3. The Boundary Layer History Equation 

(re = temp. recovery factor) 

(11) 

The turbulent kinetic energy integral equation is used to determine the streamwise 
evolution of the entrainment function F, thus 

H • 8 [ _1_ ~ + _1 _ _jQ 1 ddxR ] = K3 { Cf/2 - F/2 (12) 1 F dx U dx - ~ 

The value of K3 = 0.14 is suggested. 
(For the derivation of the above equations as well as a fuller account of the boundary 
layer model see Reference (3) ) 

The three boundary layer equations constitute a system of first order differential 
equations in 8, Hand the turbulence determined entrainment function, F. Once 9 & 
H are determined, the boundary layer displacement thickness, o * is calculated, the 
boundaries of the potential core are modified, and a new iteration is started until 
convergence is obtained. 

3. ANALYSIS OF EFFECTS ON DUCT GEOMETRY 

In this section, the duct inlet conditions are held at constant values, typical for those 
following a normal shock wave-turbulent boundary layer interaction (2). The study is 
made for three diffuser angles 5°, 12° and 20° chosen to represent typically a good 
diffuser (for which the theory should apply successfully), a practical diffuser and a 
wide angle diffuser respectively. The four geometrical parameters considered here 
are: the inlet length EL, faired length FL, degree of fairing D as well as the cone 
angle. 
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Effects of Inlet Pipe Length, "EL" 

In Figures (3), (4) & (5) for the 5, 12 & 200 diffusers respectively, with sharp 
transition, (FL=O), EL was varied from 2 to 6 times the inlet pipe radius. The 
figures indicate that, as EL increases a significant decay of the peaky inlet velocity 
profile takes place before the diffuser inlet section, i.e. the value of Hat the diffuser 
inlet section becomes smaller. This results in a less disturbed and more uniform flow 
through the diffuser, delayed separation and a better diffuser performance. The 
negative value of Cp at the sharp corner decreases as EL increases and consequently 
this leads to a higher CP-maximum. Comparing Figures (3), (4) & (5) it can be 
concluded that the effects of varying EL are more pronounced for the larger 
diffuser angles. 

Effects of the Faired Length, "FL" 

Figures (6), (7) & (8) for the 5, 12 & 20° diffusers show the effects of varying FL 
from 0 to 1 and 2. The figures suggest that the effects of FL are largely confined to 
the transition zone. An increase of FL leads to a favourable though slight decrease 
of the H-growth in the diffuser, thus delaying separation. Fairing the junction 
between the inlet pipe and diffuser cone eliminates the suction dip at the diffuser 
inlet and thus leads to an appreciable improvement in cp which extends to the 
diffuser exit. Increasing FL from 1 to 2 does not however seem to offer a significant 
improvement in the pressure recovery performance of the intake duct system. 

Effects of the Degree of Fairing, "D" 

The degree of the fairing, D is a factor in describing the duct geometry at the 
transition where the duct radius "r" is given by: 

In Figures (9) to (11), the results for a sharp junction are compared to those for a 
faired junction with D=3, & D=5 for the three diffuser angles. The figures show 
that fairing the transition from the inlet pipe to diffuser cone slightly suppresses the 
boundary layer growth in the diffuser ( 9 & H) as well as eliminating the severe local 
negative then positive pressure gradients. The result is an appreciable improvement 
of the pressure recovery of the intake duct system. Trying different values of the 
degree of fairing indicated that a cubic fairing (D=3) gives the best results. This can 
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Fig. 3: Effects of varying "EL" for 5° Conical diffuser. 
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Fig. 4: Effects of varying "EL" for 12° Conical diffuser. 
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Fig. S: Effects of varying "EL" for 200 Conical diffuser. 

be seen from comparing the curves for D=3 with those for D=5. Once again the 
effects of fairing the junction are more pronounced for the wider diffuser angles. 

4. ANALYSIS OF mE EFFECTS OF INLET FLOW PARAMETERS 

Kamal (3) has shown that a duct inlet flow situation can be adequately specified by 
means of five inlet flow parameters namely: the inlet Mach number Mh Reynolds 
number Re and two boundary layer parameters e.g. the B.L. momentum thickness 6i 
and the boundary layer velocity profile shape parameter Hi in addition to a parameter 
quantifying the variation of the turbulence level across the inlet flow (10 ). 10 is the 
mass-weighted turbulence intensity across the duct inlet section. 

In this section, three diffusers of 5, 12 & 200 included angles and of exit area ratio of 
2 are considered. The diffusers have sharp transitions (FL = 0) and both the inlet and 
exit lengths are fixed at twice the inlet pipe radius (EL =XL= 2). The reference inlet 
flow conditions are Mi = 0.7, Re = 106

, 6i = 0.02, Hi= 1.4 & 10 = 6%. These values 
are varied when the particular inlet parameter is studied. 
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Fig. 6: Effects of varying "FL" for 5° Conical diffuser. 

012 fl= 0 10 

e = 1 H cr 
010 =2 

!/ 
08 

~7-~ 
/. 

008 /. 

,j 06 ~·--=-==-,1 l ,, 
006 ,/ :( 04 

l / 
'· 

OOL. ) 02 

~· 

;;· 

-07 0 
6 9 X 1/' 3 6 9 X 12 6 9 X 12 

Fig. 7: Effects of varying "FL" for 12° Conical diffuser. 

229 

231 



Designing Air Intake Ducts For High Speed Flight 

Designing Air Intake Ducts For High Speed Flight 

Effects of Inlet Boundary Layer Momentum Thickness, "0!" 

In Figures (12) to (14) ei is varied from very thin to moderately thick. The figures 
show that an increase in ei increases slightly the rate of growth of e in the diffuser 
but the effects on the H-growth are more pronounced. Thus an increase of ei leads 
generally to a decrease in the CP-growth. Two more observations can be made from 
the curves for CP. An increase of ei seems to increase the "cushioning effect" of the 
boundary layer on the sharp corner, thus reducing the local pressure depression. 
The theory also predicts the "Bradshaw Effect", i.e. the recovery in performance as 
ei approaches its fully developed pipe flow value. Surprisingly, this is correctly 
predicted while the value of the inlet turbulencparameter IG is held constant. For 
the 200 diffuser, however, no "Bradshaw Effect" is evident. 

Effects of Inlet Velocity Profile Shape "Hi" 

In Figures (15) to (17) for the three diffuser angles considered, the inlet velocity 
profile is varied from a developing profile (not yet fully developed) to a very peaky 
one, thus the Hi values were 1.3, 1.5 & 1.7. The results indicate that Hi is an 
influential diffuser inlet parameter. Increasing Hi suppresses the 8 growth in the 
diffuser, especially for the larger diffuser angles, but more significantly accentuates 
the rate of H-decay in the inlet pipe and the subsequent growth in the diffuser. The 
result is an appreciable deterioration in performance as the inlet profile becomes 
peakier, with separation shifting further upstream. Finally, it can be observed that 
at higher Hi values the negative CP value at the sharp corner is suppressed. This is 
again attributed to an increase of the cushioning effect. 

Effects of Inlet Turbulence Level "IG" 

These are demonstrated in Figures (18), (19) & (20) for the 5, 12 & 200 diffusers 
respectively. From the figures it can be observed that an increase in IG promotes the 
e growth for the wider angle diffusers. However, the effects on velocity profile 
development in the diffuser is striking. Figure (18) suggests that, provided that the 
inlet turbulence intensity is high enough, a small angle diffuser can produce an 
outlet velocity profile which is more uniform than that at its inlet. This result is in 
line with the experimental results of Livesey & Turner (4) on diffusers with 
decaying inlet velocity profiles. It also provides the theoretical explanation needed. 
With the effects of IG on H-growth being much more significant than those on the 
8-growth, cp increases appreciably as the duct inlet turbulence level increases. 
Separation is also significantly delayed. 
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5. CONCLUSIONS 

Presented results indicate that, a well designed intake should contain no sharp 
corners, especially when wide angle diffusing parts are encountered. To eliminate the 
possibility of separation or stall the diffuser angle must not exceed 5°. However, a 120 
diffuser should experience no separation up to an area ratio of 2. Fairing the junction 
between the intake parallel pipe and the diffuser cone is essential. However, the 
length of the fairing is not an important design criterion. Normally a fairing length 
equal to one inlet duct radius is sufficient. The optimum fairing is that of the third 
degree, i.e. a cubic fairing. 

Supersonic intake duct performance improves considerably as the inlet profile 
peakiness is decreased and the inlet turbulence level is increased. This is attainable by 
locating the shock wave-boundary layer interaction as early as possible in the intake 
duct, thus giving the flow more length to redistribute, with H decaying and IG 
increasing. The same conclusion was arrived at based on experimental evidence in 
reference (2). 

NOMENCLATURE 

B 

CP 
EL,FL,XL 
F 

fi ' gi 
H 
K 
M 
P&p 
r 

ro 
u 
X,R 
X 

y 
o *,e 
p 

IV 

density function, = S I $ 0 
wall static pressure recovery coefficient, = (p-p0 )/(P

0
-p

0
) 

entry, faired and exit lengths I r0 , see Figure 1 
entrainment function 
'nunctions of (X) defined by equations (5) & (6) 
boundary layer shape factor, = o * 1 e 
number of terms in the power series expansions of ~ and B 
local Mach number 
local pressure, total & static 
coordinate normal to duct axis 
duct radius at inlet 
axial velocity at edge of the boundary layer 

X/r0 , r/r0 

coordinate along duct axis 
ratio of specific heats 
displacement and momentum boundary layer thicknesses 
local density 
stream function 
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