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تمتتد اسة تتذ  هتتء  ٌتتُةت ةتتُا  تتُتٍذد يةث بتت م ٌىض تتً  التتدد  وىاتتت   تتُ  ة م تتُسد َيةث  

 وضتاا  هتتاسخً لمطت َ ٍه ئ ىااٍتتذ ة مطتت َ ث ئوضتاص  ة تتً ة ذتتض ذثث ةتً ٌتتءة ة ذ تت د تت  ت  تتٍ   هتتء  

 ة ٍُةت إ ى خزاٍه هاسخً َاةهلًد ل ٍ   ن كم خزت  لمّ َ مّ   ثا ٍاَ لمعز  عه ةلأه ث

ثد َ  عتض  تتضة  H = 01111 mثد ةلاستفتا  ئM∞ = 2وذتمٍ  كاوتد عىتض ئسمت   تا  ئظ َف ة  

sec/Kg30mة  ولذئ ثث 

ة دزت ة طاسخً،  ٌو ُن ٌتءة ة دتزت  ته  طت َ ٍه  ذوتض   ته سةر ة مطت َ  ةلأَ  َ تُلا إ تى  

   زجد   و  د َبتذً  ضهم ةلأهء  د  ٍ  لضةٌذ ة دزت ة ضةهلًث ةةو ض ة د ٌان ةوضاا ًد  ط َ ًد غٍ

ث َة معومتتض  علتتى   ٌ تتذ (Taylor-Maccoll ة تتً ةلألعتتاا ئ وىتتاظ   تتُ    تتُسيثث ة تتوطض د   ٌ تتذ 

ث  لو ا م ة عضاي   م  عاالاث ة د ٌان ئة زه  َةلا وم ةسٌذث لالإ تضة ٍاث ة   ٌَتذث تت  Runge-Kuttaئ

01ث َزَةٌتا  طت َ  ئto 5 0ث0~ت لٍم ٌءة ة دتزت  عتض   سمتاص  متا  ئ
o
 to 51

o
ثد ل ٍت  تت    تاو زَةٌتا 

ة ذض ذ ة مط َ ٍذ َ كء ك كاةذ هُةص ة د ٌان ةلوضةتً  ه  ُخذ ة ذض ذ ة مط َ ٍذ َ تُلاً إ تى  ت   

ة مط َ ث ت  إ ذاث   ذ ة ىوااح لم اسووٍا  ع  عاالاث يةث  ٍغ تد ٌذٍذ َكاود ة ضمذ   ذُ تذث تت  تذتمٍ  

 إسخاعً كلًثٌءة ة دزت  ثا ٍاً  ل ذُ  على  على تاط 

 ىفت ج  ذوتض   ذابت  ً  ته وٍاٌتذ ة دتزت ة طتاسخً -ة دزت ة ضةهلً، ٌو ُن ٌءة ة دزت  ه وابت   لتو ّ   

َ تتُلاً إ تتى َختتً ة ضتتاغطث ظتت َف ة طتت َج  تته ة دتتزت ة طتتاسخً  تتُف ت تتُن ظتت َف ة تتضهُ   لدتتزت 

 تُ    ُسيئوابت  ة ضةهلًث ةةو ض ة د ٌان ةوضاا ًد غٍ   زجد   تو  د َبتذً  ة تً ةلألعتاا ئ وىتاظ  

 Finite ل تتتًثثث ة تتتوطض د   ٌ تتتذ ة  تتتم ة عتتتضاي ة معومتتتض  علتتتى ت ىُ ُخٍتتتا ة ف َمتتتاث ة م تتتضا  ئ

Difference ًث   م  عاالاث ة د ٌان ئة زه د ةلا وم ةسٌذد ة  امذد َة  ا ذث لالإ ضة ٍاث ةلأ ت ُةوٍذ  تة

  سكّتزث علتى ة دتزت ة مىفت ج ثث عملٍتاث ة وذتمNewton-Raphsonٍت  ةسٌاً لُة  ذ ة وطضةص   ٌ ذ ئ

 تته ةلأهتتء د   لٍىمتتا   تتوطضص ة دتتزت ة ملتتو  كضتتاغط  ٌ تتىو َلً  و لٍتتم ة د ٌتتان ة فتتُا  تتُتً إ تتى خ ٌتتان 

 ُتً  َ  ُتً ت  ٌذادً    ٍ  ةوً ة ذتض ذ ة عمُاٌتذ ةتً ة طت َ  ة وذتمٍمٍذ تعمتم علتى ةذتم ة دتزاٍه 

  ا ذ َ زَةٌا  ٍةن ة دضةسثعىض  ى  ذ ة عى ث ت  ت لٍم ة دزت ة مىف ج  عض  و ب  

ة ىوااح ة عضاٌذ  لدزت ة طاسخً لٍىتد لت ن ة د ٌتان  تُ  ة مطت َ  َة مذوتض  لفتُا  تُتً  ذابت  ً  

هلف ة ذض ذ    ا ٌذ ى  ةُا   ُتً  َ ٌىوًٍ لد ٌان  اَن   ُتً عىض      عتٍه ئ طت َ   تُتًثد 

ُتًث    هٍتت ةً ة د ٌتتان َة مذوتتض  لتتضَن  ٍتت   ن  دتتا  ة د ٌتتان ةتتً ة  ا تتذ ة ثاوٍتتذ ٌتتُ هلتتٍط ةتتُا َاَن  تت

  ُتً  ذاب  ً هلف ة ذض ذد  ٍلُزص لا ذ ات اَن  ُتًث

 الخلاصـــــــــــــة



ة ضاط ة  لً ة  خُعً ٌزاةا  ع زٌاا  زةٌَذ ة مط َ  ةلأَ  لثذُث زةٌَذ ة مط َ  ة ثاوًد  وى  

اوً لثذتُث ث لعتضٌا ٌ تمد كتء ك ٌتزاةا  تع زٌتاا  زةٌَتذ ة مطت َ  ة ثتδc0 = 212ٌذم إ ى  على مٍمً عىتض ئ

 ث لعضٌا ٌ مثδc2 = 082زةٌَذ ة مط َ  ةلأَ   وى ٌذم إ ى  على مٍمذ عىض ئ

ة ىوااح ة عضاٌذ  لدتزت ة تضةهلً لٍىتد لت ن   كذتذ ة  ت عذ ة ط ٍتذ توىتامس  تع ة م تاةذ َتتزاةا  تع   

امس  تع زٌاا  ة زةٌَذ  ىفس و ذذ ة م ا ذ م و ة مضهم َت  ٌذاً وفس مٍمذ ة   عذ عىض ة مطت جد كتء ك توىت

 زٌاا  و ذذ ة م ا ذ  ىفس ة زةٌَذث

  كذذ ة   عذ ة طعاعٍذ تزاةا  ع ة م اةذ  ىفس ة زةٌَذ َتزاةا  ع زٌاا  ة زةٌَتذ َ تع زٌتاا  و تذذ  

 ة م ا ذث

سم   ا  ٌوذ ف كم كذذ ة   عذ ة ط ٍذ  ع ة م اةذث  سم   تا  عىتض    تع ة طت َج ٌوىتامس  ته  

ع زٌتاا  ة م تاةذ  ته ة دتضةس ةلأة تً إ تى ة مااتم  تىفس و تذذ ة م تا ذ مٍ  عا ٍذ إ ى َة ئتذ ئاَن  تُتًث  ت

 = ARٌَوىامس  ع زٌاا  و ذذ ة م تا ذث  لعتاا ة طت م ة ٍىض تً  لوذتمٍ  ةلأةضتم  ٍتءة ة دتزت ٌتُ عىتضد ئ

θ = 7َ 5.ث0
 ث[9.]ثد  ٍ  ت  إ ذاث   ذ مٍمذ ة زةٌَذ عه   ٌ  ة مذضس  °

 -ذ ًٌ: مٍ  ة وذمٍ  ة  لً  لأهء  ةُا ة ذُتٍ 

δc0 = 21
°, δc2 = 08

°, LN = 2.52.70ث cm, LW = 0733.8155ث cm, hco = 

 = cm, L0 1.3.0ثcm, r2 = 00 .1823ثcm, rth = 7 27798ثcm, r0 = 7 52.70ث.2

cm, θ = 7 280.5ثmm, L2 = .2 5ث2
°,Loverall = 5315313ث cm. 

 ت  ة س ٌءة ة وذمٍ   ةستفاعاث َ لأسماص  ا   طولفذث 
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 A theoretical investigation for a supersonic air intake was made, in which 

the type of supersonic air intake considered was a fixed geometric axisymmetry 

external compression with two-cone (bicone) (3-shock system). In this 

investigation, air intake was divided into two parts, external and internal parts, 

each part was analyzed and designed optimally separated from the other. 

The design conditions was at (M∞ = 2, altitude (H) = 01111 m, and mass 

flow rate sec/Kg30)m(  ). 

 For the external part, this part consists of two- cones, began with the vertex 

of the first cone up to inlet of intake, where the internal part was begun. The flow 

is assumed inviscid conical compressible, steady state, and quasi three-

dimensional (axisymmetric). The flow equations (Momentum and continuity) in 

spherical coordinate system, was solved by using Taylor- Maccoll method which 

depended on the numerical integral Runge-Kutta method. This part was analyzed 

for several Mach numbers (~0.0 to 5) and cone angles (01
o
 to 51

o
). Where the 

conical shock wave angle and all flow properties are determined from the conical 

shock wave to the surface of cone. The accuracy of the results is very high, where 

validated by comparison with empirical formula equations. This part optimized to 

get on a maximum total pressure recovery. 

 For the internal part, this part consists of a converge-diverge diffuser, 

began immediately down of external part up to the face of compressor. The exit 

conditions from the external part will be the inlet conditions for internal part. The 

flow is assumed inviscid compressible, steady state, and quasi three-dimensional 

(axisymmetric (annular diffuser)). The flow equations (Momentum, continuity, 

energy, and state) in cylindrical coordinate system, was solved by using 

numerical solution based on a finite difference technique, where the set of 

equations governing the problem is to be solved iteratively by using Newton-

Raphson method. The designing process was concentrated on the diverge portion 

of the diffuser, while the converge portion was used as isentropic compression to 
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decrease supersonic flow to sonic or nearly sonic flow, where at on design 

condition the normal shock separated these two portions at the throat section. The 

diverge portion was analyzed for different area ratios and angles of diverge wall. 

 The numerical results for external part showed that, the flow over cone 

which is initially supersonic just behind the shock front may either remain 

supersonic or go over to a subsonic flow at some surface (sonic surface), where in 

the latter case, the flow field is mixing supersonic and subsonic. Finally, a flow, 

which is initially subsonic behind the shock, will necessary remain subsonic. 

 The total pressure recovery increases with increase the first cone angle for 

constant second cone angle until it reaches to maximum value at (δc0 = 21°) then 

decreases, also increases with increase the second cone angle for constant first 

cone angle until it reach maximum value at (δc2 = 01°) then drop. 

 The numerical results for the internal part showed that, the axial velocity 

component decreases with distance and increases with the increase angle for the 

same area ratio near the inlet and approximately the same value at the exit, also 

decreases with increase area ratio for the same angle. 

 The radial velocity component increases with distance for the same angle 

and increases with increase angle and with increase area ratio. 

 Mach number behaves as axial velocity components with distance. Also 

Mach number at the exit section decreases with increase distance from straight to 

diverge wall for the same area ratio. The geometry for optimum design of this 

part is a [AR = 0.35 and θ = 7
°], where the latter value is validated from ref. 

[33]. 

 The overall design data for supersonic air intake are: - 

δc0 = 21
°, δc2 = 01

°, LN = 23.52470 cm, LW = 07.6631155 cm, hco = 

23.52470 cm, r0 = 7.27731 cm, rth = 7.11263 cm, r2 = 00.14630 cm, L0 = 

2.5 mm, L2 = 32.21035 cm, θ = 7
°,Loverall = 56.15616 cm. 

 This design was tested for different Mach numbers and altitudes.  
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 A.1 

APPENDIX – A 
 

DERIVATION OF EQUATIONS (51.3) AND (51.3): - 

Equation (3115) is drove as follows: - 

 

By applying the differential form of the energy equation for a steady one-

dimensional flow, between two-points for adiabatic, no external work (dQ = dw = 

0) and negligible a potential energy term (g (z2-z1)), so. 
 

constant
2

V
h

2

V
h

2
2

2

2
1

1                                                                     

                          

 

…(A...) 

 

 

For a perfect gas flow, dh = cP T   

Assume that “cP” is not a function of  “ T ”. 

Hence, 

constant
2

V
Tc

2

V
Tc

2

V
Tc

2

P

2
2

2P

2
1

1P                                    

                                                          

 

…(A...) 

 

 

Also for a perfect gas, 
 

1)(γ

γR
cP


                                                                                              

 

…(A..5) 

 

γRTa2                                                                                               

 

…(A..4) 

 
 

Substitute equations (A1.3), (A1.4) in equation (A1.2) to get, 
 

constant
2

V

1γ

a

2

V

1γ

a

2

V

1γ

a 222
2

2
2

2
1

2
1 








 

 

…(A..3) 

 

a

V
M                                                                                               

 

…(A..6) 

 
 

So, 

Then, 
 

 



 A.2 

constantM
2

1-γ
1aM

2

1-γ
1aM

2

1-γ
1a 222

2
2
2
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2
1 




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


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






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
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


  

 

…(A..7) 

If the station (2) is sonic flow                M2  = 1               a2 = a
* 

Where V2 = a2 

Then, 
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
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Then, 
 

2
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M
2
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2
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2

1)(γ
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a 
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…(A..3) 

 

Equation of ( M
* 
) as function of local Mach number ( M ) , is drived as follows: - 
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2
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…(A...) 

 

Then, 
 

22

M

M

a
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…(A...) 

 

Substitute equation (A2. 2) in equation (A1. 8), to get: - 
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2
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Then, 
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…(A..5) 
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 B.1 

APPENDIX – B 
 

Runge-Kutta Integration Method: - 
 

     Runge-Kutta Integration Method is one of many numerical methods for 

solving of the ordinary differential equation, but this method has more accuracy 

than other method. Runge-Kutta method may be driven for any order. The most 

popular Runge-Kutta method is the fourth-order, which presented as follows: - 

 

 

yn+1 = yn + 
6

1
( k1 + 2k2  + 2k3 + k4 ) 

k1 = f1(xn , yn , zn ) h 

k2 = f1(xn+ 
2

h
, yn+ 

2

k1 , zn +
2

l1 ) h 

k3 = f1(xn+ 
2

h
, yn+ 

2

k 2  , zn +
2

l2 ) h 

k4 = f1(xn+ h , yn+ 3k  , zn + 3l ) h 

 

zn+1 = zn + 
6

1
( l1 + 2l2  + 2l3 + l4 ) 

l1 = f2(xn , yn , zn ) 

l2 = f2(xn+ 
2

h
, yn+ 

2

k1  , zn +
2

l1 ) h 

l3 = f2(xn+ 
2

h
, yn+ 

2

k 2  , zn +
2

l2 ) h 

l4 = f2 (xn+ h , yn+ 3k , zn + 3l ) h 

 

Where, 

h   …. Step.  



 C.1 

APPENDIX – C 
 

 Newton-Raphson method for system of equations: - 
 

 Consider the following system of nonlinear algebraic equations, evaluated 

at n1 x,...,x : - 

 

)(xF)x,...,x,(xF i1n211   

)(xF)x,...,x,(xF i2n212   

 

)(xF)x,...,x,(xF inn21n   

 

 Using Taylor series, where the functions F1, F2, …, Fn can be evaluated at 

x1 + h1, x2 + h2, …, xn + hn  by expanding about the initial values x1, …,xn. Thus, 

 

)x(F)hx,...,hx,h(xF i1nn22111   

)x(F)hx,...,hx,h(xF i2nn22112   

 

)x(F)hx,...,hx,h(xF innn2211n   

 


 
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1j j
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x

)(xF
h)(xF)x(F  
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 
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1j j
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ji2i2

x
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h)(xF)x(F  

 


 
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1j j
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x

)(xF
h)(xF)x(F  

 

. . . 

. . . 
. . . 

…(C.1) 



 C.2 

 Equations (C.1) represent a truncated Taylor series in which only the linear 

terms are retained, which is why this method is sometimes referred to as the 

“linear method”. Therefore, forcing the functions )x(F),...,x(F ini1  to be zeros 

permits the derivation of an iterative formula for determining roots of nonlinear 

algebraic equations, that is, 

 


 




n
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
 
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h)(xF0  

 

   Expanding, then using the matrix form yields: 
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Or more simply 

 

    FhJ   

 

Where: 

 h … Increments vector. 

 F … Function matrix. 

 J … Jacobian matrix (matrix of partial derivatives). 

 

. . . 

…(C.2) 



 C.3 

Solving for the increments vector gives: 
 

     FJh
1

  

 

    However, since nnn222111 xxh...,,xxh,xxh   substitute into 

equation (C.3) yields: - 

 

       FJxx
1

  

 

…(C.3) 

…(C.4) 



 

 

 
 

1.1 GENERAL: - 
  

Aircraft propulsion systems can be classified according to flight speed 

into subsonic (M<1) and supersonic (M 1), Fig. (1.1) illustrates the major 

types of propulsion systems and their types of intakes. 

The subsonic propulsion system can be classified into four types 

according to the value of Mach number. 

The piston-prop (M<5.0) was the first form of air craft propulsion system, 

where today piston-props are mainly limited to light airplanes and some 

agricultural aircrafts. 

The turbo-prop and turbofan propulsion systems both use a turbine to 

extract mechanical power from the exhaust gases. 

For the turbo-prop propulsion system (M  5.0), the outside air is 

accelerated by a conventional propeller. 

For the by pass turbofan propulsion system (M<1), the air is accelerated 

with a ducted fan of one or several stages. 

The “By pass ratio“ is the mass-flow ratio of the bypassed air to the air 

that goes into the core of the engine, the value of high-bypass-ratio can be 

equaled to “6”. The type of intake used for prop-fan, and high by pass ratio-

turbofan (M 1), propulsion system is a pitot intake type as shown in Fig. (1.1.a). 

 The supersonic propulsion system can also be classified into five types 

according to the value of Mach number. 
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Air craft propulsion system. 

Subsonic (M<1). 

Piston-prop (M<5.0). 

Turbo-prop (M 5.0). 

Prop-fan (M< 5.9). 

High-bypass-ratio-

turbofan (M<1).   

Pitot intake. 

Supersonic (M 1). 

Dry low-bypass-ratio-turbofan (M 1.0). 

Afterburning low-bypass-ratio-turbofan 

(M 1). 

Pitot intake (Normal shock intake) 

(M<6.1). 

Internal compression intake 

(M 6.1). 

Afterburning turbojet (M 5.0). 

Ramjet (5.0<M 0). 

(Conical or spike or round intake). (1-dimensions ramp intake). 

External compression intake. External compression intake. 

Fixed geometry 

intake. 

Variable geometry 

intake. 

Fixed geometry 

intake. 

Variable geometry 

intake 

1-oblique shock compression system 

(1-shock system). 

2-oblique shock compression system 

(3-shock system). 

External isentropic compression 

system (External isentropic system). 

…
 

Mixed compression intake. Mixed compression intake. 

Fixed geometry 

intake. 

Variable geometry 

intake. 

Fixed geometry 

intake. 

Variable geometry 

intake. 

2-oblique shock compression system 

(3-shock system). 

3-oblique shock compression system 

(4-shock system). 

Mixed isentropic compression system 

(Mixed isentropic system). 

…
 

Scramjet  (M>0). 

Fig. (1.1) Aircraft propulsion systems and its types of intakes. 



 

 

 

 

 

 

5 
 

 

Chapter One Introduction 

In some of supersonic propulsion systems air to fuel mixture ratio is about 

(65 to 1), where only about a quarter of this ratio is used for combustion and the 

remaining is for cooling. If fuel is injected into this largely uncombusted hot air, 

it will mix and burn, this will raise the thrust as much as a factor of two and is 

known as “afterburning“, this process used in some of low-bypass-ratio turbofan 

and turbojet. The type of intake of (dry low-bypass-ratio turbofan (M<1.0) and 

afterburning low-bypass-ratio turbofan (M 1)) is either a pitot intake or an 

internal compression intake, according to the value of design Mach number. 

Where for (M<1.6) used a pitot intake type (normal shock type) Fig. (1.1.b), and 

for (M 1.6) used internal compression intake type Fig. (1.1.c). 

The ramjet propulsion system (5.0<M 0) is used for fast traveling aircraft. 

There are two types of intakes used for afterburning turbojet  (M<5.0) and ramjet 

propulsion system, they are (two-dimensions ramp intake) and (conical or spike 

or round intake), as shown in Fig. (1.1.d and e), respectively. Each of these two 

types of intakes may be subdivided to two another types, (fixed and variable 

geometry intakes). Where variable geometry, can be achieved by changing the 

angles of, and/or translating, the supersonic compression surfaces, as shown in 

Fig. (1.5). External and mixed fixed and variable geometry intakes may be 

divided into a number of types according to the numbers of shock waves, which 

may be generated on the surface of compression as in Figs. ((1.1) and (1.0)). 
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Rotation 

Fig. (1.5) Supersonic variable geometry intake, [19]. 
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1-Oblique shock 

compression system 

(1-shock system). 

1-Oblique shock 

compression system 

(5-shock system). 

5-Oblique shock 

compression system 

(1-shock system). 

External isentropic 

compression system  

(External isentropic system). 

Fig. (1.1) Supersonic intake-external compression, [11]. 

1-Oblique shock 

compression system 

(5-shock system). 

5-Oblique shock 

compression system 

(1-shock system). 

1-Oblique shock 

compression system 

(0-shock system). 

Mixed isentropic  

compression system  

(Mixed isentropic system). 

Fig. (1.0) Supersonic intake-mixed compression, [11]. 
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6.2 SUPERSONIC INTAKE: - 
 

 The supersonic intakes have been developed since the Second World War, 

in parallel with the development of the jet engine itself, so due to this 

development supersonic intakes have many different shapes, but for the same 

basic function. The intake consists of a duct (rectangular, cylindrical or conical) 

with fixed or variable geometry depending on the surface of compression or 

spike moving inside the intake Fig. (1.5). The supersonic intake consists of two 

parts, supersonic part (shock wave part) which consists of number of shock 

waves (oblique or conical) and finished with a weak or a strong normal shock 

wave depending on its position from intake, the another is subsonic part 

(shockless part), where this part consists of divergent walls (diffuser). Where the 

subsonic flow will be further slowed down to the speed required by the engine. 

Thus, a diffuser is increasing in a cross-sectional area from front to back, as 

shown in Fig. (1.6). 

 

                                                         

  

 

 

 

 

 The basic function of a supersonic air intake is to supply the correct 

quantity and quality of air to the compressor face of the engine. The correct 

mass flow of air must be delivered to the compressor face at about Mach 

5.5~5.0, with acceptable velocity distribution with as little loss of stagnation 

pressure (Po) as possible. Consequently the intake delivers air to the compressor 

Face of 

compressor 
Diffuser 

M < 1 

M > 6 

Oblique or Conical 

shock wave 

 

Ramp or Spike 

Normal weak 

shock wave 

Cowl lip 
Normal strong 

shock wave 

Cowl  

Projected cowl 

area (ACO) 

Throat area 

     (Ath) 

Fig. (6.1) Supersonic intake.  
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at a static pressure considerably greater than ambient and it is, therefore, able to 

contribute significantly to the cycle compression process Fig. (1.7) [19], where 

the intake is required to do this at all flight conditions and at least weight, cost, 

and drag.   

 

 

 

 

 

 

 

 

 

 

6.3 THE AIM OF THE WORK: - 
 

 

A- The aim of the present work is to design an axisymmetric bicone supersonic 

air intake, as follows: - 

1- Design the geometry of the external part and analyze the supersonic flow 

around the cone. 

1- Design the geometry of the internal part. 

B- Performance study: - 

i-  On design. 

     The on design conditions are Mach number (M = 1), ( kg/sec 30m  ), and the 

flow properties are at an altitude of (H = 15555 m). 

Combustion 

Nozzle 

Turbine 

Compressor 

Intake 

Constant pressure curve 

Reheat 

Entropy 

E
n

th
a
lp

y
 

Fig. (1.7) Supersonic gas turbine cycle [19]. 
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ii- Off design. 

The values of Mach number and flow properties are then changed to predict 

the intake flight envelope. 

The analysis requires establishment of master computer program, which 

has the ability to analyze the flow structure in supersonic and subsonic airflow. 

To achieve this goal, a preliminary program is to be implemented to state the 

inlet boundary condition to the master program, by taking into account the 

conical shock system. The system of equations (momentum and continuity) in 

spherical coordinate is applicable to flow behind a shock wave, where the 

properties of flow are calculated at the nose of the intake. 

 The results are to be obtained at a different flow Mach number, different 

angles of cone, different altitudes, and at different area ratios for subsonic 

portion, where optimization is the final goal. 

 

 



 

 
 

 

3.2 General: - 
  

This chapter consists of a brief review of the related works on design and 

analysis of supersonic intakes. A difficulty is met in getting up to date detailed 

informations of intake design and analysis necessary for verification of the 

results. 

 

2.2 EXPERIMANTAL INVESTIGATION: - 

 

 The first serious work on supersonic inlets was done by Oswatitsch, 4444, 

[4], in Germany during the World War II when he performed a series of 

pioneering analytical and experimental investigations. 

 The work was on a single and double-wedge intake and showed that for 

such a system in two dimensions, the maximum shock recovery is obtained when 

the oblique shocks are of equal strength. This means that Mach numbers 

perpendicular to the shocks are equal, as shown in Fig. (3.2). 

M∞ sinσ4=M4 sinσ2 … 

 

 

 

 

 

 

 
Fig. (2.4) 3-Shock intake showing wedge angles. 
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Brajnikoff, 4441, [2], used a model of an annular inlet having a ramp to 

create a single oblique shock wave in the 8-by 8-inch supersonic wind tunnel in 

the range of Mach numbers between 2.47 and 3.12. The results of the tests 

showed that the maximum total pressure recovery of the model investigated was 

considerably improved through the addition of a ramp where it is approximately 

equal to four~fifths of that of a normal shock wave occurring at the same free 

stream Mach number.   

 

Ferri and Nucci, 4441, [3], presented a discussion of inlets having a 

circular cross section and a central body, designed for high Mach numbers. The 

optimum relationship between external and internal supersonic compression has 

been discussed with respect to the external drag and the maximum pressure 

recovery. Many models were tested at three streams Mach numbers of 4.4, 3..6, 

and 3.56 at zero angle of attach. Value of maximum pressure recovery and 

shadowgraphs for different combinations of central body relative to cowling have 

been given. The results of the tests have been analyzed and show that, with the 

proper selection of geometric and aerodynamic parameter, high pressure recovery 

and low drag can be obtained. Pressure recoveries of 1.6., 1.7., and 1..8 at 

Mach numbers of 4.4, 3..6, and 3.56 respectively have been obtained with very 

low external drag.                                 

 

 Ferri and Nucci, 4452, [4], presented a theoretical analysis on supersonic 

axisymmetric inlet with external compression fixed geometry, 3-shock system. 

And showed that this type of inlet gives high-pressure recovery for a large range 

of Mach number and mass flow, and therefore it is practical for use on supersonic 

airplanes and missile. For some Mach numbers the drag coefficient for this type 

of inlet is larger than that for internal compression inlets, but the pressure 

recovery is larger for all flight conditions. Experimental results confirm the 

results of the theoretical analysis and show that pressure recoveries of (%69) for a 

Mach number of 2..3 and (879) for a Mach number of 3.2 are possible with the 
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configurations considered. If the mass flow decreases, the total drag coefficient 

increases gradually and the pressure recovery does not change appreciably. 

 

 Conners and Meyer, 4455, [5], presented an experimental investigation at 

Mach (2.%). To determine the overall performance capabilities of axisymmetric 

two-cone (semi-angles of first and second cone are (31
o
) and (38

o
) respectively). 

And isentropic ((31
o
) tip cone semi-angle followed by isentropic surface to 

(41.3
o
)), nose inlets in terms of total-pressure recovery, mass flow, and external 

drags. The test was done in 28-by 28-inch supersonic wind tunnel. The air was 

maintained at (TO = 84.444 3...8 
o
C), the simulated pressure altitude was 

approximately (24.2%.6233 m). Schlieren photographs of the two models of the 

inlets airflow patterns are presented for different operations (supercritical, 

critical, and subcritical) and for different angles of attack (1
o
, 5

o
, and 8

o
). One of 

the results of investigation is critical total-pressure recovery for two-cone and 

isentropic inlets are 1.%3 and 1.%5 respectively. 

 

 McGregor, 4494, [6], presented a study of theoretical parameter relevant 

to the performance of rectangular double ramp compression surface air intake at 

supersonic speeds. He stated that the principle of breaking down an external 

shock system could be extended to any desired number of stages. The theoretical 

shock pressure recovery of one oblique and one normal shock system (3-shock 

system) and two obliques and one normal shock system (4-shock system) 

constitute useful standards. One of results of study is the total pressure recovery, 

which is improved when the external part of supersonic intake extended to more 

than one stage. 

 

 Tindell, 4414, [9], presented a testing of a semiconical and two-

dimensional external compression inlets at Mach number (3) in 26 by 26 inch 

supersonic wind tunnel at zero angle of attack. Both inlets have three-shock 

system with the same pressure recovery approximately. The first and second 



 

 

 

 

 

 

23 

Chapter Two Literature Review  

semicone angles are (2%
o
) and (3%

o
) respectively, and the first and second two 

dimensions semi angles are (21
o
) and (41

o
) respectively, where the effect of the 

compression system shock structure upon the inlet drag and stability was 

determined with other parameters for both inlets. The drag of semiconical inlet is 

found higher than that of the two-dimensional inlet and the stability of 

semiconical inlet is found higher than that of the two-dimensional inlet. 

 

 Shaikh, et al. 2222, [1], designed a two-dimensional air intake for a ramjet 

propelled missile. The design takes into consideration the varying cruise Mach 

number, at a different altitude of flight. The design has been done to ensure an 

adequate air capture for a different missile operation. The half scale two-

dimension intake model was tested in supersonic blowdown wind tunnel at Mach 

(3) and (3.6) at zero angle of attack, the operation characteristic of the intake, i.e. 

pressure recovery vs. air mass capture ratio, was studied and presented for 

different back pressures. 

 

 Sandip Chattopadhyay, et al. 2222, [4], presented an experimental 

investigation of two-dimensional, mixed-compression variable geometry 

supersonic air intake, by using supersonic wind tunnel at Mach (3). Experiments 

mainly consist of flow visualization by shadowgraph and colour schlieren using 

transparent side plates made of perspex. The basic objective was to capture the 

details of flow field inside the intake. Tests have been conducted at different back 

pressure. Schlieren flow field has been compared with the pressure data and a 

good agreement is obtained. 
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2.3 NUMERICAL INVESTIGATION: - 
 

 Connors and Meyer, 4456, [42], presented design charts for Mach 

numbers up to 5, for single and double-oblique and conical-shock inlets and for 

isentropic axisymmetric and two-dimensional surfaces having theoretically 

focused Mach lines.  Compression limits for isentropic inlets are presented. A 

comparison of optimum performance for various inlet configurations (normal 

shock, convergent-divergent (internal compression), single cone, double cone, 

and isentropic) is presented .The geometric angles of the single-and double cone 

inlets were optimized in terms of pressure recovery by using Taylor-Maccoll 

method. 

 

 Steger, 4491, [44], solved Euler equations by using finite-difference 

procedures which subjected to an arbitrary boundary condition. An automatic 

grid generation program is employed. Computational efficiency and compatibility 

to vectorized computer processors is maintained by the use of approximate 

factorization technique. Computer results for inviscid-flow about airfoils are 

described and compared to known solution. 

 

 Chen, et al. 4412, [42], presented a method for calculating inviscid 

supercritical flow fields about axisymmetric inlet cowls with centerbodies. A 

finite-difference approximation to the full-potential equation is solved under a 

general coordinate transformation. The difference equations are solved by 

relaxation numerical method. Numerical results for pressure distributions are 

generally agreed well with the experiment. 

 

 Knight, 4414, [43], developed a numerical code to calculate the flow field 

in two-dimensional high-speed inlets using the Navier-Stokes equations. The 

code has applied to calculate the flow in a simulated high-speed inlet operating at 
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a Mach (3.6) and Reynolds number of 7101.4 based on the inlet length. The 

computed results are compared with detailed measurements of the ramp and cowl 

static pressure. The agreement with the experimental data is generally good. 

 

 Bangert, et al. 4412, [44], conducted an analytical study to determine the 

impact of flight Mach number on inlet type for a supersonic cruise aircraft. 

External and mixed-compression axisymmetric (two cone (bicone) and isentropic 

external compression) and two-dimensional (two wedge and isentropic external 

compression) inlets, were considered. The study was done at Mach (3, 3.4, and 

3.66). At Mach (3) axisymmetric mixed-compression inlet provided the best 

aircraft range. At Mach (3.4), the two-dimensional mixed-compression inlet was 

the most attractive if enough variable geometry was incorporated to minimize the 

spillage during subsonic cruise. 

 

 Shimabukuro, et al. 4412, [45], conducted an analysis study for various 

inlet-engine combinations for a Mach (3.3), to select a preferred inlet type for 

single-engine pod installations. These types of inlets included two-dimensional 

and axisymmetric with either mixed or external compression. The results of the 

study indicated that the axisymmetric mixed compression inlet was preferred. 

Detailed design studies of single and double cone axisymmetric mixed 

compression inlets types are discussed. 

 

 Lavante and, Thompkins Jr., 4413, [46], presented a numerical method 

for solving the Navier-Stokes equations. This method is very similar to the 

MacCormack method. This method was tested on a number of numerical 

examples, including incompressible and compressible Coutte flow and a 

supersonic diffuser. The supersonic diffuser results were presented at free stream 

Mach number equal to (3). 
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 Biringen, 4414, [49], outlines a time-implicit, finite-difference solution 

procedure for the Euler equations, to calculate two-dimensional inlet flow fields. 

This work focuses on the calculation of inviscid inlet flow fields with uniform 

and non-uniform inflow boundary condition. All the calculations were preformed 

at the design Mach number of the inlet (4.6). Results for a practical inlet 

configuration are presented. The method can be used for a flow field with both 

subsonic and supersonic regions and is found to converge rapidly for 

supercritical, and subcritical inlet operations. Convergence to steady state is slow. 

  

Walters, et al. 4416, [41], presented a numerical method for solving the 

compressible Navier-Stokes equations in conservative form. This method was 

tested on a number of numerical examples, one of them was a supersonic inlet. 

The supersonic inlet results were presented for (6
o
) wedge inlet at free stream 

Mach number equal to (4). The results were in a good agreement with other 

methods, and/or experiments. 

 

 Bradley, et al. 4416, [44], developed an artificial density method to 

determine full-potential equation for steady supersonic conical flow. Grid 

generation and transformation of coordinate are presented. The results were 

presented for circular and elliptic cones at different supersonic Mach numbers 

and angle of attack. 

 

 Moretti, 4411, [22], presented an efficient Euler computational technique 

for two-dimensional Euler equations at any number of shock of any shape and 

type, whose interaction can be treated by this technique. He presented the results 

for a number of examples, such as transonic airfoils, shocks in ducts, intake 

flows, multiple Mach reflections. The results for intake were at free stream Mach 

number equal to (3), ended at outlet of duct of (1.4) Mach. 
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 Gilding, 4411, [24], presented a technique for the generation of boundary-

fitted curvilinear coordinate system, for the numerical solution of partial 

differential equations in two-space dimensions. The technique is algebraic. 

Applications of numerical grid generation for problems in the field of 

computational fluid dynamics are presented. 

 

 Dimitri, 4414, [22], presented a simple theoretical method to determine the 

inviscide, steady state diffuser performance of a tunnel with two plane, parallel 

supersonic streams that come into contact downstream of a splitter plane and 

form an infinitely thin interface. The model predictions can be useful to the 

design and operation of supersonic wind tunnels and of aircraft engine. 

  

Mittal, et al. 2222, [23], presented a numerical method to solve 

compressible Euler equations for two-dimension mixed compression supersonic 

inlet. A stabilized finite-element method is employed. The computations are 

capable of simulating the start-up problems associated with mixed compression 

supersonic inlets. If the diffuser throat is not large enough to allow the start-up 

normal shock wave to pass through the inlet it unstarts. The computation method 

is presented for design Mach number (4). The results were the start-up problem of 

inlet, which can be solved with either an increase of the throat area (variable 

geometry) or by increasing the free stream Mach number (fixed geometry). 

[ 

 Singh Th., et al. 2222, [24], presented a studied of the field of 

axisymmetric, mixed-compression, supersonic air intakes for viscous flows. The 

governing equations of mass, momentum, energy, and state equation have been 

solved to obtain the complete flow field using the commercial software package 

(FLUENT). A comparative study is presented for different values of inlet Mach 

numbers. Critical, subcritical, and supercritical operations of the spike type air 

intake have been predicted accurately. The cowl inner wall static pressure 

distribution was in a good agreement with the experimental. 
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 Geetha, et.al 2222, [25], presented a study to optimize the turning angles 

of scramjet engine inlet, by using Lagrange multipliers for a maximum total 

pressure recovery at the inlet entry at the design Mach number condition (.). The 

effect of number of forebody ramps and their turning angles on precompression 

effects. Intake parameters and aerodynamic characteristics are studied. One of the 

results obtained by the study is that the optimum design has shocks of equal 

strength. 

 

2.4 SUMMARY: - 
 

 Summary of the literature cited yield that most types of supersonic air 

intake are investigated. But these investigations are concentrated solely on 

supersonic portion of air intake and ignore the subsonic portion, especially the 

experimental and some of numerical investigations. Also most of exposition 

results of these investigations are the variation of mass flow ratio with total-

pressure recovery and ignore the effect of other properties of flow such as 

(pressure variation, temperature, density, velocity, Mach … etc). So, 

2. To design the external part, the Taylor-Maccoll method will be used. 

3. To design the internal part, a numerical solution will be employed 

based on a finite difference technique, where the set of equations 

governing the problem will be solved iterativally by using Newton-

Raphson method. 

4. The work will include writing a master program, which will solved 

iterativelly (momentum, continuity, energy, and state) equations in 

cylindrical coordinate.  

5. Due to the geometrical nature of the flow inside the intake. An axis 

transformation is required from the stream wise axis to numerical axis, 

i.e. regular mesh. 
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5.3: INTRODUCTION: - 
 

The supersonic intake type considered as a fixed geometry axisymmetric 

external compression with two-cone (5-shock system). When running on-design 

Mach number, the supersonic part consists of two conical shock waves, followed 

by a normal shock wave.  

 This chapter includes a description of the selected supersonic intake, and 

its operation conditions, also the formulation of the basic equations, which 

describe the flow in supersonic and subsonic portions. 

 

5.4: OPERATIONAL DISCRIPTION OF SUPERSONIC INTAKE: - 
 

Supersonic air intake considered as illustrated in Fig. (5.3). It consists of 

two distinct portions, a supersonic and a subsonic. The supersonic part is formed 

between a two step spike and a cowl, while the subsonic part is essentially a 

divergent annular ducting. 

 

 

 

 

 

 Fig. (1.3) External compression supersonic air intake. 
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5.4.3: INTAKE OPERATING CONDITIONS: - 
 

There are three distinct operating conditions under which the intake for an 

air-breathing engine can operate depending upon the backpressure, [8]. 

 

a- Critical Operation: - when the pressure inside the compressor is such that 

the back pressure at the exit of the subsonic diffuser causes the normal shock 

to be positioned at the intake lip, it said to be critical Fig. (5.4.a). Other 

characteristics of this operation are: 

i- High total pressure recovery. 

ii- Full capture area ratio. 

iii- Low flow distortions. 

iv- Low drag. 

 

b- Super-critical Operation: - when the compressor pressure drops to a 

value less than the static pressure at the exit of the subsonic diffuser causes the 

normal shock is swallowed, and the air flow in the subsonic diffuser becomes 

supersonic. This operating condition is called supercritical Fig. (5.4.b). Other 

characteristics of this operation are: - 

i- Low total pressure recovery. 

ii-  Full capture area ratio. 

iii- High flow distortions. 

iv- Low drag. 

 

c- Sub-critical Operation: - when the compressor pressure is higher than the 

static pressure at the exit of the subsonic diffuser, The flow becomes choked 

and the normal shock wave is expelled out from the intake and there is spill 
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over of the incoming air over the intake lip. Operating under this condition is 

said to be subcritical Fig. (5.4.c). Other characteristics of this operation are: - 

i- High total pressure recovery (if stable). 

ii- Reduce capture area. 

iii- High drag. 

iv- The flow may be unstable i.e. buzz. 

 

 

 

   

 

 

 

 

 

 

 

 

 

Fig. (5.5) depicts the various modes of intake operation on a plot of total 

pressure versus airflow. The total pressure recovery is shown ratioed to 

freestream total pressure, and the airflow is shown referenced to the airflow that 

would be captured by the cowl at freestream conditions, [51]. 

 

 

Fig. (1.3) Intake operation conditions. 

b- Supercritical operation. 
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5.4.4: MACH NUMBER: - 
 

Intake under consideration is of a fixed geometry. Hence it operates on “on 

design” at only one Mach number, it‟s the design Mach number.  

 

5.4.4.3:DESIGN MACH NUMBER: - 

      At design Mach number, Fig. (5.6.a). The supersonic intake is characterized 

by: - 

 All external compression shock waves are attached to the cowl lip. 

 Freestream tube is equal to intake cowl area. 

 No spillage air and the drag are small. 

 

5.4.4.4:OFF-DESIGN MACH NUMBER: - 

        Off design Mach number may be interpreted as lower or higher than design 

Mach numbers.  

   At a lower Mach number, Fig. (1.3.b). The supersonic intake is 

characterized by: - 

Fig. (1.1) Air-intake characteristic curve, [32]. 
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 All external shock waves move ahead of the cowl lip. 

 Freestream tube of air is less than intake cowl area. 

 High spillage air and drag. 

  At a higher Mach number, Fig. (1.3.c). The supersonic intake is characterized 

by: - 

 All external shock waves move inside the cowl lip. 

 Freestream tube of air capture is equal to intake cowl area. 

 No spillage air and the drag is small. 

 

 

 

 

 

 

 

 

 

 

 
 

 

The entry area (ACO)(streamtube „capture‟ area at entry) is defined as the 

area enclosed by the leading edge, or „highlight‟ of the intake cowl, including the 

cross-sectional area of the forebody in that plane. The maximum flow ratio 

achievable at supersonic speed occurs when the boundary of the freestream (A∞) 

arrives undisturbed at the lip. This means that, 

a- On design Mach number. 

Normal shock  Conical shocks  

A∞=ACO 

b- Below design Mach number. 

Normal shock  Conical shocks  

A∞<ACO 

c- Above design Mach number. 

Normal shock  Conical shocks  

A∞=ACO 

Fig. (1.3) Intake flowfield characteristics. 
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1
A

A

co

  

The condition will be termed „full flow‟. Hence, the maximum flow occurs 

when the flow remains supersonic up to the entry. This means that the normal 

shock is at the lip or inside, [58]. 

 

1.1:EXTERNAL PART: - 
 

This part consists of a sharp cone with semi-vertex angle (δC3), followed by 

a second cone with semi-angle (δC4) as in Fig. (5.7). The shocks generated due to 

the sharp cones in supersonic flow are called „conical shock waves‟. The flow 

behind the conical shock wave is itself conical, and called as „conical flow‟, in 

such flows, the flow properties are constant along rays from the vertex  

 

 

 

 

 

 

 

 

of  a cone but varies along a streamline. The flow field between the shock and the 

cone surface is no uniform, where the flow area increases with increasing the 

distance from the centerline of the cone as in Fig. (5.8). The conservation of mass 

will require that the streamlines of flow downstream of a conical shock wave be 

curved as in Fig. (5.3),( [48], [43], [52], [53], [54], [55], [57], [66], and [67]). 

Fig. (1.2) 1-Shock intake showing cone angles. 
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1.1.3: MATHEMATICAL MODEL: - 
 

 The external part of intake consists of: - 

3- Adiabatic compression system. 

    a- Conical shock waves system. 

    b- Normal shock waves system. 

4- Isentropic compression system. 
 

For the conical flow it is convenient to express the governing equations in 

the spherical coordinate system as in Fig. (5.8). 

Fig. (1.3) Curved streamlines downstream of conical shock wave. 
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Fig. (1.3) The spherical coordinate system. 
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Calculation of the angle of the conical shock wave (θS), necessary to 

calculate the flow properties between the cone with a semi vertex angle (δC) and 

the conical shock in front of it. For this purpose the system of equations 

applicable to flow behind a shock wave is considered. It will be assumed that 

thermodynamic equilibrium is established in the perturbed flow region. The gas 

parameters are constant on any intermediate conical surface (including those with 

angles θ = θS and θ = δC) Fig. (5-1). And change only from one surface to another, 

then on the basis of this property, any partial derivative with respect to r-

coordinate Fig. (5.8) is equal to zero, also the flow properties are independent of 

the angle (φ) due to the axial symmetry of the flow field (angle of attack is zero), 

so the flow properties depend only on the spherical angle (θ) and the governing 

partial differential equations reduced to the ordinary differential equations. 
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1.1.3: ASSUMPTIONS: - 
 

The following assumptions are made: - 

3- The airflow is treated as a perfect gas. 

4- Zero angle of attack (Axisymmetric flow). 

    5- Non-viscous flow. 

    6- The cone has straight surface. 

    7- Steady flow. 
 

1.1.1: THE GOVERNING EQUATIONS: - 
 

According to the assumptions, the system of governing equations in 

spherical coordinate system are [53]: - 

3-Mass balance: - 

   
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…(1.3) 

 

By drive it, 

Fig. (1.3) Relationship between θ , θS, δC and ray (r). 
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…(1.3) 

 

Multiplying both side of equation (5.4) by  (r) to get, 
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…(1.1) 

 

3-
 
Momentum

 
balance: - 

i. r-momentum. 
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ii. θ-momentum. 
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Also  0
r

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Multiply the last equation by  (rρ) to get to, 
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From sonic velocity equation, 
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Substituting equation (5.8) into (5.3) to get, 
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By substituting equation  (1.3) in (1.1) then, 
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…(1.33) 

Equation (1.2) and (1.33) may be written in dimensionless form by dividing by 

the “critical speed of the free stream  ( a )”. 

Thus, 
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So equation (5.7) and (5.32) becomes, 
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Where equation (5.37) is derived in Appendix (A). Fig. (5.32) shows the flow 

nomenclature on cone. 

 

 

 

 

 

 

 

 

 

Fig. (1.33) Flow nomenclature. 
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Equation (5.35) and (5.36) comprise a set of two coupled ordinary 

differential equations, for the determination of the non-dimensional velocity 

components ( 
rν ) and ( 

θν ) in a steady conical flow. Those equations may be 

integrated by any standard integration method, such as, the fourth order Range-

Kutta method that presented in Appendix (B). 
 

1.1.3: PROPERTY RATIOS ACROSS AN OBLIQUE SHOCK WAVE: 
- 

 

From Fig. (5.1) the properties ratios according to ref. [68] are: - 
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1.1.2: PROPERTY RATIOS FOR ISENTROPIC FLOW: - 
 

 The isentropic flow property ratios are as in ref. [33]. 
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Where in general form, 
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Where equation (5.48) is derived also in Appendix (A). 

 

1.3: INTERNAL PART: - 
 

This part starting immediately downstream of the external part of intake, 

this part of intake has axisymmetric convergence-divergence form, as shown in 

Fig. (5.33). 

  

 

 

 

 

 

 

 

 

1.3.3: ASSUMPTIONS: - 
 

The following assumptions are made: - 

3- The airflow is treated as a perfect gas. 

4- The flow is treated as quasi-three dimensional (Axisymmetric flow). 

Fig. (1.33) Internal part of intake. 
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5- Non-viscous flow. 

6- The flow is steady. 

1.3.3: THE GOVERNING EQUATIONS: - 
 

For the internal part of supersonic air intake it is convenient to express the 

governing equations in the cylindrical coordinate system, as in Fig. (5.33). 

According to the assumptions, the systems of equations in cylindrical 

coordinate system are [52]: - 

3-Mass balance: - 
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i. x-momentum. 
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ii. r-momentum. 
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3- State equation: - 
 

    The equation of state for perfect gas is: - 
 

TRρP   …(1.11) 

 

i. x-direction. 
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ii. r-direction. 
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The set of equations ((5.41) to (5.57)) in partial differential form 

(conservation form) may be expressed in finite difference form, but in beginning 

generate grid on domain of flow must be established of suitable computational 

geometry, i.e. regular nodal mesh. 

 

1.3.1: FINITE DIFFERENCE TECHNIQUE: - 
 

The philosophy of finite difference solutions is to replace the partial 

derivatives of the conservation equations, by algebraic difference quotients, 

yielding algebraic equations for the flow field variables at the specific grid points. 

 The type of finite difference, which is used to replace the partial 

derivatives, can be selected from a number of different forms, depending on the 

desired accuracy of the solution, convergence behavior, stability and 

convenience. However, the most common forms are forward, backward, and 

central differences, all of which stem from the Taylor‟s-series expansion, [57]. In 

the present analysis only the backward difference expression used for all the 

nodes, due to the nature of boundary. 

 

1.3.3: GRID GENERATION TECHNIQUES: - 
 

One of the first steps to be taken in establishing a finite difference 

procedure for solving of partial differential equations (PDEs) is to replace the 

continuous problem domain by a finite difference grid. The creation of grid 

points within the physical domain, as well as the boundaries of the domain is 
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known as grid generation. When the physical domain has non-uniform shape 

such as converge-diverge diffuser, leads to non-uniform grid mesh, i.e. unequal 

grid space. Where this creates complications with the finite difference equations 

(FDEs), since approximations with non-equal stepsize must be used. This form of 

the FDEs changes from node to node, creating cumbersome programming details. 

In order to eliminate difficulties, the complex physical domain is transformed 

into a rectangular constant stepsize computational domain. Grid generation 

techniques may be classified into three categories: 

   3- Algebraic method. 

   4- Partial differential method. 

   5- Conformal mapping based on complex variables (complex variable method). 

  In addition, the grid system may be classified into two categorized: 

   a- Fixed grid system. 

   b- Adaptive grid system. 

Details on these classifications are presented in (Anderson (3333) [13], and 

Hoffman (3333) [33]). For the present study, algebraic methods are used to 

produce a boundary fitted computational mesh. A general numerical mapping 

procedure is required in computing the complex flow field, where algebraic 

transformation equations cannot be established easily. 

 

1.3.2: TRANSFORMATION OF PHYSICAL TO COMPUTATIONAL                                                  
           DOMAIN: - 

 

The physical domain of the problem under investigation must be 

manipulated in some how to a suitable form of computational domain. The 

coordinate (x) and (r) specify each node in the flow field. In the computational 

domain the nodal points are specified by (ξ) and (η) coordinates.  
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A completely general two-dimensional transformation function for a fixed 

grid is: - 

r) ξ(x,ξ   

r)η(x,η   

 

 

…(1.13) 

 

 For any property, the variations in the physical plane, with respect to the 

spatial coordinates, can be expressed in the computational plane using the chain 

rule of partial differentiation as follows: - 
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…(1.13) 
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…(1.13) 

 The quantities ( rrxx η,ξ,η,ξ ) appearing in the above equations are called 

the metrics of transformation. Consequently, the matrices of transformation are 

computed numerically. The method of such analysis is described in Anderson 

(3333). However in the two dimensions symmetric converge-diverge diffuser, 

simple normalized analytical expressions may be used. Thus, determination of 

the metrics of transformation is readily done. One type of such transformation is 

given by:  

xξ   

(x)r

r
η

w

  

 

 

…(1.13) 

 

Where (x)rw  is the function describing the wall of a diffuser. Expressions for the 

metrics of transformation are simply obtained by differentiation as follows: - 

1ξx   

0ξ r   

(x)rηηη wrx   

 

 

 

…(1.33) 
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(x)r

1
η

w
r   

The transformation creteria is shown in Fig. (5.34). 

1.3.3: TRANSFORMATION OF GOVERNING EQUATIONS: - 
 

The governing equations (contenuty, momentum, energy, and state) in 

cylinderical coordinate for steady two-dimensions symmetrical compressible 

fluid flow, can be expressed in terms of generalized orthoginal coordinates 

system (ξ, η), for the application of converge-diverge diffuser, by substituting the 

metrics of transformations for fixed grid given in equation (5.51) the general 

partial differential for any property equations (5.53) and (5.58) yields: 
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…(1.33) 

rη
η

)(

r

)(









 

 

…(1.33) 
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quations (5.63) and (5.64) may be used to transform the original set of 

governing equations (5.41) to (5.57) from cylinderical symmetry coordinate (x, 

r) to computational coordinate (ξ, η), as follows: - 

1.3.3.3:Continuty equation: - 

[[The continuty equation (5.41) my be drived and become as follows:  
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…(1.31) 

 

Which may be transformed to computational coordinate by using equations 

(5.63) and (5.64) as follows: - 
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[By substituting equations (5.66) to (5.63) into equation (5.65) yields: - 

0
r

vρ

η
η

ρ
vη

η

v
ρη

η

ρ

ξ

ρ
vη

η

v

ξ

v
ρ

r

rrr
r

xxx
xx





































































 

 

 
…(1.33) 

 

1.3.3.3: Momentum equation (Euler equation): - 

i. x-momentum: - 
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      The pressure term into equation (5.52) may be substituted from state 

equation in x-direction (5.56) and the resulting equation becomes: - 
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By combinning equations (5.66) and (5.68) with equation (5.61) and by 

setting: - 
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 The momentum equation in computational coordinate then becomes: - 
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ii. r-momentum: - 
 

 Also the pressure term into equation (5.53) may be substituted from state 

equation in r-direction (5.57) and the resulting equation becomes: - 

0
r

ρ
T

r

T
ρR

r

v
vρ

x

v
vρ r

r
r

x 


























 

 

…(1.21) 

 

By combinning equations (5.68) and (5.63) with equation (5.75) and by 

setting: - 
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[ 

 

The momentum equation in computational coordinate then becomes: - 
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1.3.3.1: Energy equation: - 

 The energy equation (5-54), may be written as follows: - 
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By combination of equations ((5.66), (5.68), (5.72), (5.73), (5.76) and (5.77)) 

with equation (5.73) to get energy equation in computational coordinate as 

follows: - 
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1.3.3.3: State equations: - 

i. x-direction: - 
 

In computational coordinate, the equation of state may be written as 

follows after combination of equations (5.67) and (5.72), with equation (5.56) and 

by setting: - 



 

 

 

 

 

63 

Chapter Three Theory 

 xη
η

P

ξ

P

x

P















 

 

…(1.23) 

 

The equation of state become as follows: 
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ii. r-direction. 

        In computational coordinate, equation of state in r-direction may be written 

as follows after combination of equations (5.63) and (5.76), with equation (5.57) 

and by setting: - 
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The equation of state become as follows: 
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 Equations (5.68), (5.74), (5.78), (5.78), (5.82), and (5.84) are partial 

differential equations in regular constant stepsize computational coordinate 

domain (ξ, η). The set of these equations may be expressed in algebraic form by 

using finite defference technique.    

 

1.3.3: INITIAL VALUES AND BOUNDARY CONDITIONS: - 
 

 The set of equations ((5.68), (5.74), (5.78), and (5.78)) is used to compute 

the flow field properties inside the intake. 

 The initial distributions of flow variables (ρ, T, vx, vr, p) are obtained from 

the steady one-dimension variable area, isentropic flow. This is decoded as two-

dimensional distributions. 
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 All stagnation properties of flow field of intake are assumed constant 

(isentropic flow) except at shock waves, where the flow is assumed adiabatic 

only. 

 The Mach number in one dimensional solution should be evaluated at each 

axial station, [67] where: 
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     Integration between two ends of state gives: - 
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     The isentropic flow properties are calculated from the following equations: - 

2o M
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…(1.32) 

 

      The pressure and density ratios are calculated from equations (5.48) and (5.43) 

respectively. 

 

1.3.3: PREPARATIONS OF GOVERNING EQUATIONS IN FINITE                           
          DIFFEREANCE FORM (ALGEBRAIC FORM): - 

 

 The finite difference approximations for the partial derivatives of the 

dependent variables are expressed in terms of the values of the variables at the 

nodal points. These nodal points can be located according to the value of i and j. 

So difference equations are usually written in terms of the general points (i, j) and 

its neighbors. This labeling is illustrated in Fig. (5.35), where Δξ and Δη 

represents the pivotal spacing step in ξ and η respectively as a computational 

plane, [58]. 
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 The governing equations of section (5.6.8) in computational coordinate 

may be converted to algebraic form by expressing it in finite difference form. 

Where according to mesh configuration and nature of boundary conditions, the 

backward differences must be used. 

 Substituting backward difference expression into the governing equations 

in section (5.6.8) gives: - 

 The equation of continuity (1.33) as : - 
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The left-hand side of equation (5.88) is abbreviated as ( FC ). 

  The equations of momentum : - 
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 in ξ direction (1.23) : - 
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The left-hand side of equation (5.83) is abbreviated as ( FMX ). 

 in η direction (1.23) : - 
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The left-hand side of equation (5.88) is abbreviated as ( FMr ). 

 

 The equation of energy (1.23) : - 
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The left-hand side of equation (5.81) is abbreviated as ( FE ). 

 

 



 

 

 

7.4: INTRODUCTION: - 
 

In any numerical simulation the choice of numerical algorithm and flow 

field model are dictated by considerations of computer cost, type of problem 

solved, flow regime and whether a very precise solution or an approximate 

solution is needed. These have spawned a vast array of simulation techniques 

(e.g. finite differences, finite elements, integral method …etc). The use of special 

approximations (e.g., incompressible or compressible, steady or unsteady, 

rotational or irrotational, boundary layer or Navier-Stokes) and a variety of ways 

to impose geometric boundaries (e.g., thin airfoil theory, special boundary 

operators, curvilinear and conformal coordinates, finite elements). 

It seems that, even if one has a definite problem to solve, it is difficult or 

impossible to select the best or most efficient numerical method. For example, a 

procedure that runs very efficiently on a conventional serial computer processor 

may run poorly on a particular vector computer processor, [44]. 

The true effectiveness of any numerical process used for approximating in 

these instances differential equations can only be done by comparison with 

analytical solution, others have well proven numerical techniques or experimental 

results. 

The problem under consideration is divided into two distinct parts: - 

 

 

METHOD OF SOLUTION 
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7.5: EXTERNAL PART ANALYSIS: - 
 

In the Taylor-Maccoll flow, the free stream flow properties 

,T,P,M  and δC are specified, and θS and the velocity distributions  ( )(θν r ) 

and ( )(θνθ ) are determined. An iterative procedure is required to determine 

initial value condition for 
rν  and 

θν  behind the shock wave, since (θS) is 

unknown. 

Several iterative approaches are possible, where in the beginning (θS) is 

assumed, by equation (7.4). And ( srν


) and ( sθ
ν ), are calculated from the 

properties ratios across an oblique shock wave, section (6.6.7), where these 

values are the initial conditions for initiating the numerical integration of 

equation (6.46) and (6.47) by fourth-order Range-Kutta numerical method which 

is presented in Appendix (B). ( )(θν r


) and ( )(θνθ


) are calculated from the 

governing equation downstream of the shock wave reaching to the surface of the 

cone according to chosen step (Δθ), which is determined by equation (7.6), where 

(δC) is determined.  

2

α
δθ cs  

 

…(1.4) 

Where (α) is the free stream Mach angle. 















M

1
sinα 1

 
 

…(1.4) 

N

δθ
Δθ cs  

 

…(1.4) 

 

Where (N) is the desired number of steps between the shock wave and the 

surface of cone. 

The condition that limits the solution is, when (δC) determined is equal to 

(δC) specified and (  Cr δν ) is nearly or equal to zero (according to error 
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tolerance (TOL)), where the solution is considered complete. The flow properties 

(V(θ), Φ(θ), P(θ), T(θ), ρ(θ), …etc) may be calculated from equations of sections 

(6.6.6), (6.6.7), and (6.6.8). But when (δC) that determine is not equal to (δC) that 

specified, and/or (  Cr δν ) is not equal to or nearly zero, then the new value of 

(θS) is assumed and the procedure is repeated again and so on, [59][54] 

[63][64][65][66][77][78]. 

For the second angle of cone, the procedure that used in the calculation of 

first cone may be repeated for the calculations of second cone, but some of 

assumptions were used on it. The Mach number of the conical flow field of the 

initial cone was considered to be the arithmetic average of the Mach number 

immediately behinds of the tip shock wave up to the Mach number along the first 

cone surface [43]. The second conical-shock wave was calculated by considering 

that this averaged flow would undergo a two-dimensional flow deflection equals 

to the summations of first and second cone angles subtracted by the average 

angles of flow stream line immediately behind the tip shock wave up to the first 

cone surface as in Fig. (7.4). 

 

averagec2c1 Φδδangle def.  
 

…(1.1) 

 

 

 

 

 

 

Flow chart of the program for analysis of external part of intake is 

presented in Fig. (7.6). 

δC4 

δC5 

σ4 

σ5 

Φaverage 

def. angle 

δC4 

First conical 

shock 

Second conical 

shock 

Fig. (1.4) Angles nomenclature.  
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7.5.4: DESIGN PROCEDURE: - 
 

The design elements of this part are δC4, δC5, LW, LN, and hco, the geometric 

angles of first and second angles of cone may be optimized in terms of pressure 

recovery. Where all pressure recoveries are based on shock losses. In the intake 

under consideration the total pressure losses, occur across the two conical shock 

waves and the normal shock wave. On design conditions are ( M = 5, H = 43 

km, and m = 63 kg/sec).  

After optimized the first and second cone angles. The geometry of external 

part of intake Fig. (7.6) may be limited to the follows, [64]: - 

The continuity equation for the capture area mass flow (full flow) may be 

expressed as, [4]. 







 VA
RT

P
VAρm cocomax 

 

…(1.4) 

 

The pressure and temperature may be expressed as function of altitude as 

follows [67]: - 

 
19200

H
10

101.325
P  

 

…(1.4) 

0.0065H288.16T  …(1.4) 

 

The free stream Mach number may be expressed as follows: - 

a

V
M 

  

 

…(1.4) 

 RTγa 

 

…(1.4) 

2
coco h πA  

 

…(1.44) 
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By substituting equations (7.9), (7.4), (7.4), (7.4), and (7.43) into equation (7.8) 

and arrange it to get to hco as a function of design conditions as follows: - 

 

 
 






M 101.325γπ

100.0065H288.16Rm2
h

19200
H

co


 

 

…(1.44) 

 

Where: - 

        kg/sec30m  . 

        2M   

        R = 3.544 kJ/kg. K 

        H = 430333 m 

        1.4γ   

1

co
N

σtan 

h
 L  

 

…(1.44) 

 

)tan(δ)Φtan(σ

)tan(σ)Φtan(σ
)tan(σ

h

L

L

L

c1average2

1average2
1

co

W

N

W




 

 

…(1.44) 

 

 

 

 

 

 

 

 

Flow chart of the program for design of external part of intake is 

presented in Fig. (7.7). 

Fig. (1.4) External part geometry.  

δC4 
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LN 
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 Φaverage 
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7.6: INTERNAL PART ANALYSIS: - 
 

This part consists of convergent duct followed by a divergent one as in Fig. 

(6.44), so this part has non-uniform shape, hence the grid generation on it has 

non- uniform grid space, section (6.7.7). So it needs to be transformed to uniform 

grid space, section (6.7.8). 

 Equation (6.97) must be solved first to get Mach number at each axial 

node step. Where this equation must be solved iteratively, by trail and error, 

using Newton-Raphson formula as in equation (7.47), where the output data of 

the external part may be used as inlet boundary condition for the internal part of 

intake. So all flow properties obtained as one-dimension decoded as two-

dimension guess values distributions, which are necessary for iteration. 

)(xf

)f(x
xx

i

i
i1i


 

 

…(1.41) 

Where: - 

        xi … approximate root after i iterations. 

        xi+4 … approximate root after i+4 iterations. 

        f(xi) … functional value at xi. 

       )(xf i … first derivative value of the function at xi. 
 

  Then equations (6.99) to (6.94) may be solved simultaneously in ξ and η 

coordinate at each node of mesh, using Newton-Raphson iteration technique, 

section (7.6.5). 

In on design condions, the normal shock wave seperates the converge part 

from the diverge part (throatle section), hence each part is solved sperately. 

For the converge part: - 

 The length of this part is signal by (L4) which equal to (5.8 mm), with 

inclination wall angle equal to ( c2c1 δδ  ), as in Fig. (6.45.A). 
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 The number of grids along (i) is equal to (44). And the number of grids 

along (j) equals (9), hence this part consists of (99) nodal mesh points, Fig. 

(6.45). 

 The station (i = 3) is considered as inlet boundary conditions to the 

finite difference solution of nodal mesh, these inlet boundary conditions 

represents the output of the solution of the external part analysis. 

 The nodes (i = 3, j = 3 to i = 44, j = 3) are considered as duct horizantol 

wall boundary conditions to the finite difference solution of the nodal mesh, 

these wall boundary conditions are calculated as in section (6.7.4). 

 The iteration is started at the node i = 4, j = 4, and go to i = 4, j = 5 after 

achieving the limiting tolerance (percent relative error ( P.E ) ≤Tol), and so on 

reaching to (i = 44, j = 9). 

At the end of the converge part, the weak normal shock wave is generated,and 

the properties of flow across it are calculated according to section (7.6.7). 

     The value of inlet gap of flow of converge part (r4), and throat gap of flow (rth) 

are calculated as the following equations: - 

    c2c1NWc1NWNco1 δδtanLtanδLLhr  …(1.44) 

Where: 

WNNW LLL  …(1.44) 

 c2c111th δδtanLrr  …(1.44) 
 

For the diverge part : - 

 This part starts immediately downstream of the normal shock wave, 

where Mach number is less than unity. 
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 This part will be subjected to optimization latter. Hence the length of 

this part is designated by (L5), and the inclination wall angle designated by 

(θ), as in Fig. (6.45.A). 

 The number of grids along (i) is equal to (44). And the number of grids 

along (j) is equals to (9), hence this part consists of (99) nodal mesh points, 

Fig. (6.45). 

 The station (i = 3) is considered as inlet boundary conditions to the 

finite difference solution of nodal mesh. These inlet boundary conditions 

represent the output of, the solution of the weak normal shock wave at on 

design condition,and the converge part at off design condition (M ≠5 and/or H 

≠ 43 km). 

 The nodes (i = 3, j = 3 to i = 44, j = 3) are considered as duct horizantol 

wall boundary conditions to the finite difference solution of the nodal mesh, 

these wall boundary conditions are calculated as in section (6.7.4). 

 The iteration is started at the node i = 4, j = 4, and go to i = 4, j = 5 after 

achieving the limiting tolerance (percent relative error ( P.E ) ≤Tol), and so on 

reaching to (i = 44, j = 9). 

7.6.4: DESIGN PROCEDURE: - 
 

The design elements of this part are area ratio (AR), length (L5), and angle 

of inclination wall (θ). These elements must be optimized to get intake with the 

following characteristics: - 

 Short enough to keep weight and drag to minimum. 

 Long enough to give Mach equals to (3.6 ~ 3.8) at the face of 

compressor. 

 The air has uniform flow with high pressure ratios. 
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The value of exit gap of flow of diverge part (r5) is calculated by the 

followind equation. 

tanθLrr 2th2  …(1.44) 

 Flow chart of the program for analysis and design of internal part of intake 

is presented in Fig. (7.8). 

7.6.5: NEWTON-RAPHSON ITERATIVE METHOD: - 
 

 The solutions of non-linearity system of governing differential equations of 

the internal part flow field of intake form a difficult task. After transforming 

these equations from their differential forms to the finite difference form and 

substituting each node of the mesh, a system of non-linear simultaneous algebraic 

equations will be generated. To determine the variables in the internal part flow 

field, the number of the algebraic equations must be equal to the number of the 

mesh nodes. This system of equations can be solved by Newton-Raphson 

iterative method, as suggested by Al-Khafaji, (4449)[73]. This procedure is 

shown in Appendix (C). 

 Where the x in that illustration refers to the field variable which are (P, T, 

ρ, vx, and vr). 

 The construction of Newton-Raphson equation (C.7) has the form as that 

for the single linear algebraic equation (7.47). Therefore, (i) is used to designate 

the number of iterations performed. Equation (C.7) can be expressed in the 

following general form: - 

[        1,2,...i,FJxx i
1

ii1i 


 

 

…(1.44) 
 

 

 The solution procedure consists of making initial approximations for each 

of the n variables, then evaluating the Jaciobian and the n equations so that, 

det[J] ≠ 3. 
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7.6.6: ELEMENTS OF JACOBIAN MATRICES: - 
 

Consider section (6.7.4), where the F functions are constructed for the 

internal part of intake. The Jacobian matrices elements of the solution are the 

derivatives of these functions with respect the flow field variables (P, ρ, T, vx, 

and vr ), at the considered point (node) in the finite difference mesh. 

 Continuity equation (4.44): - 
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 Momentum equation: - 

   i. in ξ direction (4.44): - 
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ii. in η direction (4.44): - 






































 






















 






















 













Δη

η
Tη

Δη

TT
Rη

Δη

vv
v

η
Δη

vv

Δξ

vv
v

ρ

F

j)r(i,
j)(i,j)r(i,

1)-j(i,j)(i,
j)r(i,

1)jr(i,j)r(i,
j)r(i,

j)x(i,
j)1,r(ij)r(i,j)1,r(ij)r(i,

j)x(i,
j)(i,

Mr

 

 

…(1.44) 

 






















 













 




 
j)x(i,

1)jr(i,j)r(i,j)1,r(ij)r(i,
j)(i,

j)x(i,

Mr η
Δη

vv

Δξ

vv
ρ

v

F
 

 

…(1.44) 

 



 

 89 

Chapter Four Method of solution 




























 
















j)r(i,

1)jr(i,j)r(i,

j)(i,
j)x(i,

j)x(i,j)(i,
j)r(i,

Mr

η

Δη

v2v

ρ
Δη

η

Δξ

1
vρ

v

F
 

 

…(1.44) 

 



















 
















j)r(i,

1)-j(i,j)(i,j)r(i,
j)(i,

j)(i,

Mr η
Δη

ρρ

Δη

η
ρR

T

F
 

 

…(1.44) 

 

 

 Energy equation: - 

0
ρ

F

j)(i,

E 



 

 

…(1.44) 

 






















 













 













 





























 













 























 













 














j)x(i,
1)jr(i,j)r(i,j)1,r(ij)r(i,

j)r(i,

j)r(i,j)r(i,
1)jx(i,j)x(i,

j)x(i,

j)x(i,1)jx(i,
2

j)x(i,j)x(i,j)1,x(i

2
j)x(i,

j)x(i,
1)-j(i,j)(i,j)1,(ij)(i,

P
j)x(i,

E

η
Δη

vv

Δξ

vv
v

vη
Δη

v2v
η

Δη

2vv

Δη

3v

Δξ

2vv

Δξ

3v
η

Δη

TT

Δξ

TT
c

v

F

 

 

…(1.44) 

 

j)r(i,
j)r(i,1)jr(i,

2
j)r(i,

j)r(i,

1)jr(i,j)r(i,

j)x(i,j)r(i,
1)j(i,j)(i,

P

j)x(i,
1)jr(i,j)r(i,1)jr(i,j)r(i,

j)x(i,
j)r(i,

E

η
Δη

2vv3v

η

Δη

vv

vη
Δη

TT
c

η
Δη

v2v

Δξ

v2v
v

v

F













 






























 






















 






















 
















 

 

…(1.41) 

 



 

 84 

Chapter Four Method of solution 





























Δη

η
vc

Δη

η

Δξ

1
vc

T

F j)r(i,
j)r(i,P

j)x(i,
j)x(i,P

j)(i,

E 

 

…(1.44) 

 

7.6.7: PROPERTY RATIOS ACROSS A NORMAL SHOCK WAVE: - 
 

 The flow properties up stream of the normal shock wave are defined by 

subscript (x), and the flow properties immediately down stream of the normal 

shock are defined by subscript (y), so: -[Fox 4444 [79]], 
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7.6.8: CONVERGENCE CRITERIA: - 
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 In order to decide when the iterative processes should be terminated, 

convergence criteria are required. The convergence criterion, adopted for the 

computational courses of Newton-Raphson method, was presented as “percent 

relative error (P.E)”, [78]. 

[
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or in other form, 
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

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1mm

x

xx
P.E444% 

 

…(1.14) 

 

Where m and m-4 are the present and previous iterations. And x refers to the 

field variables, P, ρ, T, vx, and vr. 

The convergence can be checked by the follows: - 

Tol.P.E …(1.14) 

 

7.6.4: IMPROVEMENT OF CONVERGENCE USING RELAXATION: - 
 

 Relaxation represents a slight modification of the Newton-Raphson method 

and it is designed to enhance convergence. After each new value of x computed 

using equation (7.48), that value is modified by a weighted average of the results 

of the previous and the present iterations: 

 

old
i

new
i

new
i λ)x(1xλx  

 

…(1.14) 

 

Where λ is a weighting factor that is assigned a value between 3 and 5. 

 If λ=4, (4- λ) is equal to 3 and the result is unmodified. However, if λ is set 

at a value between 3 and 4, the result is a weighted average of the present and the 

previous result. This type of modofication is called underrelaxation. It is typically 
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employed to make a non-convergent system converge or to hasten convergence 

by damping out oscillations. 

 For values of λ from 4 to 5, extra weight is placed on the present value. In 

this instance, there is an implicit assumption that the new value is moving in the 

correct direction toward the true solution but at too slow rate. Thus, the added 

weight of λ is intended to improve the estimate by pushing it closer to the truth. 

Hence, this type of modification, which is called overrelaxation, is desiged to 

accelerate the convergence of an already convergent system. The approach is also 

called successive or simultaneous overrelaxation, or SOR. 

 The choice of a proper value for λ is often determined empirically, [78]. In 

the present study λ = (3 ~ 4). 
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Subroutine CALCULAS 

Estimate the conical shock wave 

angle (θS), by using Eqs. (7.4), 

and (7.5), at section (7.5). 

Estimate new 

conical shock wave 

angle (θS). 

 

Calculate the flow properties immediately behind 
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Calculate the flow properties between 

the shock wave and the surface of cone 

at step (∆θ), by using Eqs. (6.48) to 
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to (6.54) section (6.6.8). 
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Calculate the value of r5, by using 

Eqs. (7.44), at the section (7.6.4). 
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vr), at axial stations by using Eqs. (6.97) 
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Eq. (7.47), at the section (7.6). 
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(6.64) to (6.73), at the section (6.7.8). 
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Fig. (1.4) Flow chart of the program for analysis and design of intake 

“Internal Part”. 
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Subroutine N.R 

 

ITR = 3 

 

Calculate of the governing algebraic 

equations in (ξ, η) computational 

coordinate at the nodal (I, J), by using 

Eq. (6.99) to (6.94), at the section 

(6.7.4). 

 

ITR = ITR+4  

 

 

Calculate of the derivatives of governing algebraic 

equations in (ξ, η) computational coordinate at the 

nodal (I, J), with respected to properties of flow 

variable by using Eqs. (7.53) to (7.68), at the 

section (7.6.6) (Elements of Jacobian matrices). 

 

Calculate of the of Jacobian matrix 

inverse at the nodal (I, J). 

 

Calculate of the new iteration value 

of all properties, by using Eq. 

 

Improved the new iteration 

value of all properties, with 

underrelaxation, by using Eq. 

(1.14), at the section (1.4.4).  
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1.5: INTRODUCTION: - 
 

    The results are the output of the computer programs. These computer programs 

are built to analyze and then design of the two-parts of intake (external and 

internal flow parts). Hence, so as to obtain deep understanding, the results will be 

presented for each two parts separately and then the collection takes place. 
[ 

1.5: RESULTS OF THE EXTERNAL PART: - 
 

 A Taylor-Maccoll method was employed to analyze the supersonic 

inviscid flow around the cone by solves the equations of continuity and 

momentum in spherical coordinate system. In this section the results are 

concerned on presented of flow properties over a cone in supersonic Mach 

number for different angle of cone (51
o
  to  11

o
) with different free stream Mach 

number (~5.5  to  1). Finally the optimization takes place to design this part as 

mentioned in section (1.3.5). 

  Fig. (1.5) presents Mach number behind shock wave and at surface of 

cone as a function of free stream Mach number for different angles of cone. 

Where Mach numbers behind shock wave is bigger than that at surface of cone 

due to the isentropic compression region behind the shock wave. Both of them 

increase with increasing of free stream Mach number for constant angle of cone 

due to decrease of the shock wave angle (decrease of shock strength), and 

decrease with increasing angle of cone for constant free stream Mach number due 

to increase the angle of shock (increase of shock strength). 

 Fig. (1.5) presents the angle of shock wave as a function of free stream 

Mach number for different angles of cone. Where the angle of shock wave 

RESULTS AND DISCUSSION 
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decreases with increasing of free stream Mach number for constant angle of cone, 

and increases with increasing angle of cone for constant free stream Mach 

number, where the relation is contrary.  

Figs. (1.3), (1.1), and (1.1) present the static pressure, density, and 

temperature ratios respectively behind shock wave and at surface of cone to static 

free stream pressure, density, and temperature respectively as a function of free 

stream Mach number for different angles of cone. Where these properties behind 

shock wave is smaller than that at surface of cone due to the same reason 

mentioned in Fig. (1.5). Both of these properties are increased with increasing of 

the free stream Mach number for constant angle of cone, and increased with 

increasing angle of cone for constant free stream Mach number but at different 

ratios due to the same reasons mentioned in Fig. (1.5). 

Figs. (1.5), (1.0), and (1.5) present the total pressure, density, and 

temperature ratios respectively to static free stream pressure, density, and 

temperature respectively as a function of free stream Mach number for different 

angles of cone. Where these properties are increased with the increasing of free 

stream Mach number for constant angle of cone, and decreased with increasing 

angle of cone for constant free stream Mach number due to the same reasons 

mentioned in Fig. (1.5), except the total temperature ratio which remains constant 

for all angle of cone with constant free stream Mach number, where the process is 

adiabatic. 

Fig. (1.5) presents the total pressure ratio of total pressure behind shock 

wave to free stream total pressure as a function of free stream Mach number for 

different angles of cone. Where this property decreases with the increase of free 

stream Mach number for constant angle of cone, and decreases with increasing 

angle of cone for constant free stream Mach number due to the same reason 

mentioned in Fig. (1.5). 

The flow over cone may be supersonic, subsonic or mixing between 

supersonic and subsonic. The data presented in table (5.5) give the minimum 
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values of the freestream Mach number for which flow between the cone and the 

shock remains supersonic. At lesser Mach numbers, subsonic regions appear and 

cause deviations from conical flow. 
 


Cδ  5 5 3 

51 

55.1 

51 

50.1 

51 

55.1 

51 

31 

31 

11 

11 

11 

5.1135 

5.1555 

5.5553 

5.5555 

5.5551 

5.5503 

5.3315 

5.155 

5.5551 

5.5155 

5.355 

3.511 

5.1155 

5.1515 

5.553 

5.5555 

5.5550 

5.5513 

5.3105 

5.1335 

5.0555 

5.1551 

5.5555 

3.5055 

5.555 

5.5511 

5.5550 

5.5055 

5.3155 

5.1531 

5.1555 

5.5035 

5.5551 

5.5155 

5.051 

3.5155 

Notes: - 

            Col. 5: Minimum value of ( M ) for which conical flow is possible. 

            Col. 5: Maximum value of ( M ) for  completely  subsonic flow between 

the                      cone and the shock wave. 

            Col. 3: Minimum value of ( M ) for completely supersonic flow between 

the                       cone and the shock wave. 
  

    Table (1.5) Values of freestream Mach number for various flow regimes               

                         for supersonic conical flow. 
 

In order to validate the present study, some of empirical formulas, in which 

the properties of flow and the conical shock wave angle can be found with small 

different on the values that calculated from present study, are presented down, 

[35]. 

c1 sinδMK                                                                                                 
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  1.302K1.493
P
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

 

 

 

…(1.5) 

  1.119K0.2403
T

T 1.97
1

c 


                                                          

 

 

…(1.5) 
 

 

 Fig. (1.51) presents the total pressure recovery (the ratio of stagnation 

pressure behind the two conical and one normal shock wave to free stream 

stagnation pressure (    )) as a function of the second cone angle for a series of 

values of the first cone angle, for design Mach number ( 2M  ). Where this 

ratio increases for all values of first cone semi angles ( c1δ ), with the increase of 

the values of second cone semi angle ( c2δ ), but for different increase ratios. And 

at different values of ( c2δ ), these increases in total pressure ratio will decrease. 

Hence, to get on the highest total pressure recovery, the optimum values of first 

and second semi cone angles are ( o20 ) and ( o18 ) respectively, where at these 

values the value of total pressure recovery is equal to (1.5031551). 

 

1.3: RESULTS OF THE INTERNAL PART: - 
 

 A finite difference method was employed to solve the equations of 

continuity, momentum and energy for an axisymmetric flow. In this section the 

results of diverge part are presented. These results present the optimum design 

annular diverge part diffuser for several area ratios (AR) and angle of diverge 

wall (θ). For each area ratio the angle was increased until circulation takes place. 

And for each area ratio, Mach numbers distribution at the exit section for a series 

of angles are presented. 

 Fig. (1.55) shows the results for a diffuser for three paths. Path (5) is at 

the row (J = 5), path (5) is at the row (J = 1), and path (3) is at the row (J = 1). 

 Fig. (1.55) presents the axial velocity component (vx) distribution along 

the divergent portion of internal part of intake, for area ratio (AR = 5.3) at path 

o

o3

P

P
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(5) and different inclination wall angles (θ). The velocity decreases along the 

divergent portion for the same angle and approximately the same velocity for all 

angles, except a small different in the beginning of this portion due to the 

increase in the divergent wall angle.  

 Fig. (1.53) presents the axial velocity component (vx) distribution along 

the divergent portion of internal part of intake, at path (5). The velocity decreases 

with the distance for the same angle, except for angle (θ = 13 ), where the 

velocity decreases for (X/L=1.1 to 1.5) and then slightly increases and then 

drops. The reason of this response at flow axial velocity is due to the fact that the 

input condition for this part is the output of the normal shock wave. Where the 

value of (vx) at path (5) is smaller than its value at path (5) and the value of (vx) 

at path (5) is smaller than its value at path (3). So the flow at path (5) is under 

effect of other two paths one of them is path (5), which is not affected by the 

increase of the divergent wall due to far from diverge wall (nearly of the 

horizontal). The other, path (3) which is affected by the increase of the divergent 

wall due to nearly of it. Hence for small values of (θ), the flow at path (5) has 

more effected on the flow at path (5) than the flow at path (3). And for high 

values of (θ), the flow at path (3) has more effected on flow at path (5) than the 

flow at path (5). 

 Fig. (1.51) presents the axial velocity component (vx) distribution along 

the divergent portion of internal part of intake, at path (3). The velocity decreases 

with distance for the same angle, except for angles (θ = 9 to 13 ), where the 

velocity decreases for (X/L=1.1 to between (1.1~1.51)) and then increases and 

after this may be decreased due to the same reason mentioned in Fig. (1.53). 

 Fig. (1.51) presents the radial velocity component (vr) distribution along 

the divergent portion of internal part of intake, at path (5). It shows that the 
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velocity in the initial section increases with distance and then slightly decreases 

and then levels out for all angles due to the sudden change in flow direction as 

the flow enter to the diverge portion. Also the velocity increases with the increase 

angle values due to the increase in the divergent wall. 

  Fig. (1.55) presents the radial velocity component (vr) distribution along 

the divergent portion of internal part of intake, at path (5). It shows that in range 

(  9to3 ) the velocity increases with distance and then slightly decreases and then 

levels out due to the same reason mentioned in Fig. (1.51). And in range 

(  31to11 ) velocity increases with distance and then drops as it is approach 

circulation and then increases due to the same reason mentioned in Fig. (1.53). 

 Fig. (1.50) presents the radial velocity component (vr) distribution along 

the divergent portion of internal part of intake, at path (3). It shows that in range 

(  9to3 ) the velocity increases with distance and then slightly decreases and then 

levels out due to the same reason mentioned in Fig. (1.51). And in range 

(  31to11 ) the velocity increases in strong form with distance and then falling in 

strong form to negative value at distance (X/L = 1.55~1.05) for angle (
o11 ) and 

at distance (X/L = 1.50~1.53) for angle ( o13 ) and then increases to reasonable 

value at the exit section due to the same reason mentioned in Fig. (1.53). 

 Fig. (1.55) presents the Mach number (M) distribution along the divergent 

portion of internal part of intake, for path (5). The Mach number decreases along 

the diverge portion for the same angle and approximately the same Mach number 

for all angles except a small different in the beginning of this portion due to the 

increase in the divergent wall angle. 

 Fig. (1.55) presents the Mach number (M) distribution along the divergent 

portion of internal part of intake, for path (5). The Mach number decreases with 
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distance for the same angle, except for angle (θ = 13 ) where the Mach number 

decreases for (X/L = 1.1 to 1.5) and then slightly increases and then decreases 

due to the same reason mentioned in Fig. (1.53). 

 Fig. (1.51) presents the Mach number (M) distribution along the divergent 

portion of internal part of intake, for path (3). The Mach number decreases along 

this part for the same angle, except for range ( 9  to 13 ) where the Mach number 

decrease for (X/L = 1.1 to between (1.11~1.51)) and then increases to 

reasonable value at the exit section due to the same reason mentioned in Fig. 

(1.53). 

 Fig. (1.55) presents the Mach number (M) distribution at the exit section 

of the divergent portion of internal part of intake, for area ratio (AR = 5.3). The 

Mach number near the horizontal wall has the same values for all angles due to 

the fact that at the horizontal wall or near from it, the Mach number is far from 

divergent wall effects. But at the diverge wall or near from it, the Mach number 

has different values for different angles due to the effect of divergent wall, where 

Mach number decreases with the increase of angle. For this area ratio the values 

of Mach numbers at the exit section lies between (1.131 to 1.55) for all angles. 

 Fig. (1.55) presents the axial velocity component (vx) distribution along 

the divergent portion of internal part of intake, for area ratio (AR = 5.31) at path 

(5) and different inclination wall angles (θ). The velocity decreases along this 

part for the same angle and approximately the same velocity for all angles, except 

a small different in the beginning of this portion due to the same reason 

mentioned in Fig. (1.55).  

 Fig. (1.53) presents the axial velocity component (vx) distribution along 

the divergent portion of internal part of intake, at path (5). The velocity decreases 

with distance for the same angle, except for angle (θ = 13 ). Where the velocity 
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decreases for (X/L=1.1 to 1.1) and then slightly increases and then decreases. 

The velocity at the exit section (X/L = 5) has the same value for all angles due to 

the same reason mentioned in Fig. (1.53). 

 Fig. (1.51) presents the axial velocity component (vx) distribution along 

the divergent portion of internal part of intake, at path (3). The velocity decreases 

with distance for the same angle, except for angles (θ = 11 to 13 ), where the 

velocity increases at (X/L=1.1 to 1.5) then decreases due to the same reason 

mentioned in Fig. (1.51). 

 Fig. (1.51) presents the radial velocity component (vr) distribution along 

the divergent portion of internal part of intake, at path (5). It shows that the 

velocity in the initial section increases with distance and then decreases and then 

levels out for all angles due to the same reason mentioned in Fig. (1.51). 

Fig. (1.55) presents the radial velocity component (vr) distribution along 

the divergent portion of internal part of intake, at path (5). It shows that in range 

(  9to3 ) velocity increases with distance and then slightly decreases and then 

levels out due to the same reason mentioned in Fig. (1.51). And in range 

(  31to11 ) the velocity increases with distance and then drops as it is approach 

circulation and then increases due to the same reason mentioned in Fig. (1.53). 

 Fig. (1.50) presents the radial velocity component (vr) distribution along 

the divergent portion of internal part of intake, at path (3). It shows that in range 

(  9to3 ) the velocity increases with distance and then slightly decreases and then 

levels out due to the same reason mentioned in Fig. (1.51). And in range 

(
 31to11 ) the velocity increases in strong form with distance and then falling in 

strong form to negative value for angle ( 31 ) at distance (X/L = 1.0) and then 
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increases to reasonable value at the exit section due to the same reason mentioned 

in Fig. (1.53). 

 Fig. (1.55) presents the Mach number (M) distribution along the divergent 

portion of internal part of intake, for path (5). The Mach number decreases along 

the diverge portion for the same angle and approximately the same Mach number 

for all angles except a small different in the beginning of this portion due to the 

same reason mentioned in Fig. (1.55). 

 Fig. (1.55) presents the Mach number (M) distribution along the divergent 

portion of internal part of intake, for path (5). The Mach number decreases with 

distance for the same angle, except for angle (θ = 13 ) where the Mach number 

decreases for (X/L = 1.1 to 1.5) and then slightly increases and then decreases 

due to the same reason mentioned in Fig. (1.53). 

 Fig. (1.31) presents the Mach number (M) distribution along the divergent 

portion of internal part of intake, for path (3). The Mach number decreases with 

distance for the same angle, except for angles (
11  and 13 ) where the Mach 

number decreases for (X/L = 1.1 to between (1.1~1.5)) and then increases and 

after this decreases due to the same reason mentioned in Fig. (1.53). 

Fig. (1.35) presents the Mach number (M) distribution at the exit section of 

the divergent portion of internal part of intake, for area ratio (AR = 5.31). The 

Mach number near the horizontal wall has the same values for all angles. But at the 

diverge wall or near from it, the Mach number has different values for different 

angles due to the same reason mentioned in Fig. (1.55). For this area ratio the 

values of Mach numbers at the exit section lies between (1.1 to 1.53) for all 

angles. 

 Fig. (1.35) presents the axial velocity component (vx) distribution along the 

divergent portion of internal part of intake, for area ratio (AR = 5.1) at path (5) 
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and different inclination wall angles (θ). The velocity decreases along this part for 

the same angle and approximately the same velocity for all angles, except a very 

small different in the beginning of this portion due to the same reason mentioned in 

Fig. (1.55).  

 Fig. (1.33) presents the axial velocity component (vx) distribution along the 

divergent portion of internal part of intake, at path (5). The velocity decreases with 

distance for the same angle, but at different range especially for angles (θ = 11 and 

13 ) at distance (X/L = 1.1 to 1.5). The velocity at the exit section (X/L = 5) has 

approximately the same value for all angles due to the same reason mentioned in 

Fig. (1.53). 

Fig. (1.31)  presents  the  axial  velocity  component  (vx)  distribution  

along the divergent portion of internal part of  intake,  at path (3).  The velocity 

decreases with distance for  the  same  angle,  except for angles  (θ = 11 and 13 ),  

where the  velocity increases at  (X/L=1.1 to 1.11)  then  decreases  due  to the  

same  reason mentioned in Fig. (1.51). 

 Fig. (1.31) presents the radial velocity component (vr) distribution along 

the divergent portion of internal part of intake, at path (5). It shows that the 

velocity in the initial section increases with distance and then decreases and then 

levels out for all angles due to the same reason mentioned in Fig. (1.51). 

Fig. (1.35) presents the radial velocity component (vr) distribution along 

the divergent portion of internal part of intake, at path (5). It shows that in range 

(  9to3 ) the velocity increases with distance and then slightly decreases and then 

levels out due to the same reason mentioned in Fig. (1.51). And in range 

(  31to11 ) the velocity increases with distance and then drops at different range 

as it is approach circulation and then increases to levels out due to the same 

reason mentioned in Fig. (1.53). 
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 Fig. (1.30) presents the radial velocity component (vr) distribution along 

the divergent portion of internal part of intake, at path (3). It shows that in range 

(  9to3 ) the velocity increases with distance and then slightly decreases and then 

levels out due to the same reason mentioned in Fig. (1.51). And in range 

(  31to11 ) the velocity increases in strong form with distance and then falling in 

strong form to negative value for angle ( 31 ) at distance (X/L = 1.51) and then 

increases then levels out due to the same reason mentioned in Fig. (1.53). 

 Fig. (1.35) presents the Mach number (M) distribution along the divergent 

portion of internal part of intake, for path (5). The Mach number decreases along 

the diverge portion for the same angle and approximately the same Mach number 

for all angles except a very small different in the beginning of this portion due to 

the same reason mentioned in Fig. (1.55). 

 Fig. (1.35) presents the Mach number (M) distribution along the divergent 

portion of internal part of intake, for path (5). The Mach number decreases with 

distance for the same angle, but at different range especially for angles (θ = 

11 and 13 ) at distance (X/L = 1.1 to 1.5). And then decreases, where the Mach 

number at the exit section (X/L = 5) has approximately the same value for all 

angles due to the same reason mentioned in Fig. (1.53). 

Fig. (1.11) presents the Mach number (M) distribution along the divergent 

portion of internal part of intake, for path (3). The Mach number decreases with 

distance for the same angle, except for angles (
11  and 13 ) where the Mach 

number decreases for (X/L = 1.1 to between (1.1~1.11)) and then increases and 

after this decrease due to the same reason mentioned in Fig. (1.53). 

 Fig. (1.15) presents the Mach number (M) distribution at the exit section 

of the divergent portion of internal part of intake, for area ratio (AR = 5.1). The 
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Mach number near the horizontal wall has the same values for all angles. But at 

the diverge wall or near from it, the Mach number has different values for 

different angles due to the same reason mentioned in Fig. (1.55). For this area 

ratio the values of Mach numbers at the exit section lies between (1.30 to 1.15) 

for all angles. 

 Fig. (1.15) presents the axial velocity component (vx) distribution along 

the divergent portion of internal part of intake, for area ratio (AR = 5.11) at path 

(5) and different inclination wall angles (θ). The velocity decreases along this 

part for the same angle and approximately the same velocity for all angles, except 

a very small different in the beginning of this portion due to the same reason 

mentioned in Fig. (1.55).  

 Fig. (1.13) presents the axial velocity component (vx) distribution along 

the divergent portion of internal part of intake, at path (5). The velocity decreases 

with distance for the same angle, but at different range especially for angles (θ = 

11 and 13 ) at distance (X/L = 1.1 to 1.5). The velocity at the exit section (X/L 

= 5) has approximately the same value for all angles due to the same reason 

mentioned in Fig. (1.53). 

Fig. (1.11) presents the axial velocity component (vx) distribution along 

the divergent portion of internal part of intake, at path (3). The velocity decreases 

with distance for the same angle, except for angle (θ = 13 ), where the velocity 

increases at (X/L=1.1) then decreases due to the same reason mentioned in Fig. 

(1.51). 

 Fig. (1.11) presents the radial velocity component (vr) distribution along 

the divergent portion of internal part of intake, at path (5). It shows that the 

velocity in the initial section increases with distance and then decreases and then 

levels out for all angles due to the same reason mentioned in Fig. (1.51). 
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Fig. (1.15) presents the radial velocity component (vr) distribution along 

the divergent portion of internal part of intake, at path (5). It shows that in range 

(  9to3 ) the velocity increases with distance and then slightly decreases and then 

levels out due to the same reason mentioned in Fig. (1.51). In angles 

(  13and11 ) the velocity increases in strong form then falls with strong form 

also at different range as it is approach circulation and then increases to levels out 

due to the same reason mentioned in Fig. (1.53). 

Fig. (1.10) presents the radial velocity component (vr) distribution along 

the divergent portion of internal part of intake, at path (3). It shows that in range 

(  7to3 ) the velocity increases with distance and then slightly decreases and then 

levels out due to the same reason mentioned in Fig. (1.51). And in angle ( 9 ) the 

velocity increase with distance and drops then slightly increases at distance (X/L 

= 1.10) to levels out. In angles (  13and11 ) the velocity increases in strong 

form then falls with strong form also at different range and then increases at 

distance (X/L = 1.1 to 1.5) to decrease again with little range at the exit section 

due to the same reason mentioned in Fig. (1.53). 

 Fig. (1.15) presents the Mach number (M) distribution along the divergent 

portion of internal part of intake, for path (5). The Mach number decreases along 

the diverge portion for the same angle and approximately the same Mach number 

for all angles except a very small different in the beginning of this portion due to 

the same reason mentioned in Fig. (1.55). 

 Fig. (1.15) presents the Mach number (M) distribution along the divergent 

portion of internal part of intake, for path (5). The Mach number decreases with 

distance for the same angle, but at different range especially for angles (θ = 

11 and 13 ) at distance (X/L = 1.1 to 1.15). And then decreases, where the 
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Mach number at the exit section (X/L = 5) has approximately the same value for 

all angles due to the same reason mentioned in Fig. (1.53). 

Fig. (1.11) presents the Mach number (M) distribution along the divergent 

portion of internal part of intake, for path (3). The Mach number decreases with 

distance for the same angle, except for angles ( 13 ) where the Mach number 

decreases for (X/L = 1.1 to between 1.1) and then increases and after this 

decreases due to the same reason mentioned in Fig. (1.53). 

 Fig. (1.15) presents the Mach number (M) distribution at the exit section 

of the divergent portion of internal part of intake, for area ratio (AR = 5.11). The 

Mach number near the horizontal wall has the same values for all angles. But at 

the diverge wall or near from it, the Mach number has different values for 

different angles due to the same reason mentioned in Fig. (1.55). For this area 

ratio the values of Mach numbers at the exit section lies between (1.315 to 

1.1151) for all angles.  

 

1.1: RESULTS OF THE PERFORMANCE STUDY: - 
 

 The performance study was done at on and off design conditions by offer 

of properties of flow along the intake that designed in previous section. Where 

the parameter of intake that designed are: 

δc5 = 51
°. 

δc5 = 55
°. 

hco = 53.15105 cm. 

LN = 53.15105 cm. 

LW = 50.5535111 cm. 
 

r5 = 0.50055 cm. 

 

Calculated From 

numerical method for 

“external part”. 

Calculated From equation (5.55). 

Calculated From equation (5.55). 

Calculated From equation (5.55). 

Calculated From equation (5.51). 

Calculated From numerical method for internal part “converge 

portion” to get sonic or nearly sonic flow at throat section.  

Calculated From equation (5.54). 

Calculated From numerical method for internal part 

“diverge portion” where optimization was takes place. 
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L5 = 5.1 mm. 

 

rth = 0.15553 cm. 

L5 = 35.55531 cm. 

θ = 0
°. 

r5 = 55.11535 cm. 

 

The overall length of supersonic air intake (Loverall) = LN + L5 + L5 = 53.15105+ 

1.51 + 35.55531 = 15.11515 cm. 

 

 Fig. (1.15) presents the vector plot distribution along the supersonic air 

intake at design conditions, this figure shows the direction and the values of the 

absolute velocity.  Where the velocity distribution has high values behind the 

conical shock wave and drop gradually to small values at the end of intake due to 

the shock waves (conical and normal) and the diverge wall which starting at 

(53.15105 cm). 

 Fig. (1.13) presents the contour lines of the Mach number (M) distribution 

along the supersonic air intake at design conditions. Where the Mach distribution 

has high values behind the conical shock wave and drop gradually to small values 

at the end of intake due to the same reasons mentioned in Fig. (1.15). 

 Fig. (1.11) presents the contour lines of the pressure ratio )P/P (   

distribution along the supersonic air intake at design conditions. Where the 

pressure ratio distribution has small values behind the conical shock wave and 

increases gradually to high values at the end of intake due to the same reasons 

mentioned in Fig. (1.15). 

Fig. (1.11) presents the contour lines of the temperature ratio )T/T(   

distribution along the supersonic air intake at design conditions. Where the 

temperature ratio distribution has small values behind the conical shock wave and 
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increases gradually to high values at the end of intake due to the same reasons 

mentioned in Fig. (1.15). 

Fig. (1.15) presents the vector plot distribution along the supersonic air 

intake at off-design condition (H = 55111 m), this figure shows the direction 

and the values of the absolute velocity. Where the velocity distribution has high 

values behind the conical shock wave and drops gradually to small values at the 

end of intake due to the same reasons mentioned in Fig. (1.15). 

The other graphs of Mach and flow property ratios are the same graphs of 

design conditions in Figs. (1.13), (1.11), and (1.11) respectively. 

Fig. (1.10) presents the vector plot distribution along the supersonic air 

intake at off-design condition (H = 1 m), this figure shows the direction and the 

values of the absolute velocity.  Where the velocity distribution has high values 

behind the conical shock wave and drops gradually to small values at the end of 

intake due to the same reasons mentioned in Fig. (1.15). 

The other graphs of Mach and flow property ratios are the same graphs of 

design conditions in Figs. (1.13), (1.11), and (1.11) respectively. 

Fig. (1.15) presents the vector plot distribution along the supersonic air 

intake at off-design condition (M = 5.1), this figure shows the direction and the 

values of the absolute velocity.  Where the velocity distribution has high values 

behind the conical shock wave and drops gradually to small values at the end of 

intake due to the same reasons mentioned in Fig. (1.15). Also this figure shows 

that the conical shock wave moves ahead of the cowl lip, and the normal shock 

wave expelled out at (X ≈ 51.1 cm) due to the drop in Mach number (5.1). 

Fig. (1.15) presents the contour lines of the Mach number (M) distribution 

along the supersonic air intake at off-design condition (M = 5.1). Where the 

Mach distribution has high values behind the conical shock wave and drops 

gradually to small values at the end of intake due to the same reasons mentioned 
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in Fig. (1.15). Also this figure shows that the conical shock wave moves ahead 

of the cowl lip, and the normal shock wave expelled out at (X ≈ 51.1 cm) due to 

the same reason mentioned in Fig. (1.14). 

Fig. (1.51) presents the contour lines of the pressure ratio )P/P (   

distribution along the supersonic air intake at off-design condition (M = 5.1). 

Where the pressure ratio distribution has small values behind the conical shock 

wave and increases gradually to high values at the end of intake due to the same 

reasons mentioned in Fig. (1.15). Also this figure shows that the conical shock 

wave moves ahead of the cowl lip, and the normal shock wave expelled out at (X 

≈ 51.1 cm) due to the same reason mentioned in Fig. (1.14). 

Fig. (1.55) presents the contour lines of the temperature ratio )T/T(   

distribution along the supersonic air intake at off-design condition (M = 5.1). 

Where the temperature ratio distribution has small values behind the conical 

shock wave and increases gradually to high values at the end of intake due to the 

same reasons mentioned in Fig. (1.15). Also this figure shows that the conical 

shock wave moves ahead of the cowl lip, and the normal shock wave expelled out 

at (X ≈ 51.1 cm) due to the same reason mentioned in Fig. (1.14). 

Fig. (1.55) presents the vector plot distribution along the supersonic air 

intake at off-design condition (M = 5.5), this figure shows the direction and the 

values of the absolute velocity.  Where the velocity distribution has high values 

behind the conical shock wave and drops gradually to small values at the end of 

intake due to the same reasons mentioned in Fig. (1.15). Also this figure shows 

that the conical shock wave moves inside of the cowl lip, and the normal shock 

wave go to diverge section at (X ≈ 54 cm) due to the increase in Mach number 

(5.5). 
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Fig. (1.53) presents the contour lines of the Mach number (M) distribution 

along the supersonic air intake at off-design condition (M = 5.5). Where the 

Mach distribution has high values behind the conical shock wave and drops 

gradually to small values at the end of intake due to the same reasons mentioned 

in Fig. (1.15). Also this figure shows that the conical shock wave moves inside 

of the cowl lip, and the normal shock wave go to diverge section at (X ≈ 54 cm) 

due to the same reason mentioned in Fig. (1..5). 

Fig. (1.51) presents the contour lines of the pressure ratio )P/P (   

distribution along the supersonic air intake at off-design condition (M = 5.5). 

Where the pressure ratio distribution has small values behind the conical shock 

wave and increases gradually to high values at the end of intake due to the same 

reasons mentioned in Fig. (1.15). Also this figure shows that the conical shock 

wave moves inside of the cowl lip, and the normal shock wave go to diverge 

section at (X ≈ 54 cm) due to the same reason mentioned in Fig. (1..5). 

Fig. (1.51) presents the contour lines of the temperature ratio )T/T(   

distribution along the supersonic air intake at off-design condition (M = 5.5). 

Where the temperature ratio distribution has small values behind the conical 

shock wave and increases gradually to high values at the end of intake due to the 

same reasons mentioned in Fig. (1.15). Also this figure shows that the conical 

shock wave moves inside of the cowl lip, and the normal shock wave go to 

diverge section at (X ≈ 54 cm) due to the same reason mentioned in Fig. 

(1..5). 

 

 



 

 

 

 

 

 

 

6.1: CONCLUSIONS: - 
 

 The conclusions of this study may be classified into two parts according to 

parts of intake under study: - 
 

6.1.1: EXTERNAL PART: - 
 

 The part of intake consists of a sharp cone with angle (δC1) follows by a 

second cone with angle (δC2). 

 The following conclusions can be withdrawn for the cone are: - 

1. The flow over the cone is complex, where this flow has curve form, so it 

is non-uniform, thus, its properties are non-uniform, so it needs to three 

dimensions to study (or quasi-three dimensions (axisymmetric)). 

2. The flow which is initially supersonic just behind the shock front may 

either remain supersonic or go over to a subsonic flow at some surface (θ = 

constant (the sonic cone or sonic line)). Where in the latter case, the flow field 

is mixing supersonic and subsonic. Finally, a flow, which is initially subsonic 

behind the shock, will necessarily remain subsonic. 

3. The total pressure recovery (        ) increases with increasing the first 

cone angle for range ( oo 2010  ) for constant second cone angle until it 

reaches to maximum value then decreases for range (
oo 2421  ). Also total 

pressure recovery increases with increasing the second cone angle for constant 

first cone angle but at different range then drop. So the optimum first and 

second cone angle was ( o20 ) and ( o81 ) respectively, as shown in Fig. (5.15). 
  

6.1.2: INTERNAL PART: - 
 

CONCLUSIONS AND RECOMMENDATION 

 

 ج
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This part of intake consists of a converge diverge diffuser, the designing 

process was concentrated on the diverge portion of diffuser, while the converge 

portion was used as isentropic compression to decrease supersonic flow to sonic 

or nearly sonic flow. 

The following conclusions can be withdrawn for the diverge portion of 

internal part of supersonic air intake are: -     
 

1. The results indicated that the axial velocity component (vx) for paths (1) 

and (2) decreases with distance and increases with increase of the angle for the 

same area ratio near inlet and approximately the same value at exit. Also these 

values decreases with the increase area ratio for the same angle. For path (3) 

and for angles ( oo 73  ) the velocity behave as in paths (1) and (2), and for 

larger than these angles the velocity decreases with the distance until it 

reaches to minimum value at large angle then increases to normal value at 

diffuser exit for the same area ratio. This behavior eliminates gradually with 

the increase area ratio for the same angle. 

2. The radial velocity component (vr) for path (1) increases with distance 

until it reaches to maximum value near the inlet, then decreases then level out, 

at the same angle for all area ratio. Also the velocity increases with increase of 

the angle for the same area ratio. For paths (2) and (3) and for angle ( oo 73  ) 

the velocity behaves as in path (1). For large than these angles the velocity 

increases with distance then decreases until it reaches minimum value at large 

angle then increases to normal value at diffuser exit for the same area ratio. 

This behavior eliminate gradually with increase of the area ratio for the same 

angle  

3. Mach number (M) behaves as axial velocity in paragraph (2). Mach 

number at the exit section decreases from high to low values (subsonic) with 

the increase distance from straight to diverge wall. 
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4. From studying the results of the analysis of flow through the divergent 

portion for several models, the geometry data for optimum design found are: - 

AR = 1.35, 

    θ = o7
 

6.1.3: GEOMETRY DATA FOR OPTIMUM DESIGN OF SUPERSONIC         
           AIR INTAKE: - 

 

 From studying the results of the analysis of the flow through the external 

and internal parts of supersonic air intake for several models at design conditions 

(M∞ = 2, H = 15555 m, and kg/sec 30m  ), the geometry data for optimum 

design found are: - 
 

δc1 = 25
°. 

δc2 = 11
°. 

LN = 23.52431 cm. 

LW = 13.6631555 cm. 

hco = 23.52431 cm. 

r1 = 3.233.1 cm. 

rth = 3.51263 cm. 

r2 = 11.54631 cm. 

L1 = 2.5 mm. 

L2 = 32.21135 cm. 

θ = 3
°. 

Loverall = 56.55656 cm. 

  

 The intake selected was tested under variable altitude and Mach numbers, 

and gave a good performance. 
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 []6.2: RECOMMENDATIONS: - 

 

 The following recommendations are suggested for a further work to 

achieve a complete analysis and design of supersonic air intake: - 

 

1. Developing the work by employing non- zero angle of attack (non-

axisymmetric). 

2. Design of the transient section (Throat section), which includes the cowl 

lip and the surface of spike. 

3. Developing the work by employing viscous flow, and comparing the 

results with the present (unviscous). 

4. Change the geometry of the spike as the follows: - 

 4-shock system (Three - cone). 

 Isentropic compression system. 

5. Employing another technique to solve the governing differential 

equations, such as characteristic method, finite element method and 

MacCormack method. 
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Fig. (5. 2) Angle of the shock wave versus free stream Mach number 

for different cone angles. 
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Fig. (5. 1) Mach number behind the shock wave and at the surface of 

cone versus free stream Mach number for different cone angles. 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

∞ 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

M

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

M
s

  
o

r 
 M

c

CONTINUOUS LINE .... mean  MACH  immediately  behind the shock wave.

DISCONTINUOUS LINE .... mean  MACH  on the cone surface.






















c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

∞ 
∞ 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

M

0

2

4

6

8

10

12

14

16

18

20

22

24

26

(P
s

/P
  

) 
  

o
r 

  
(P

c
/P

  
)






















CONTINUOUS LINE .... mean property immediately behind the shock wave.

DISCONTINUOUS LINE .... mean property on the cone surface.

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

M

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

































CONTINUOUS LINE .... mean property immediately behind the shock wave.

DISCONTINUOUS LINE .... mean property on the cone surface.



 

 68 

Chapter Five Results and Discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

M

0

50

100

150

200

250

300

350

400

450

500

550

P
o

/ 
P























c 
o 

Fig. (5. 5) Temperature ratio behind the shock wave and at the surface 

of cone versus free stream Mach number for different cone angles. 
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Fig. (5. 7) Density ratio of total density behind the shock wave to free stream 

static density versus free stream Mach number for different cone angles. 
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Fig. (5. 9) Total Pressure ratio of total pressure behind the shock wave to 

free stream total pressure versus free stream Mach number for different 

cone angles. 

Fig. (5115) Total pressure recovery of total pressure behind the normal shock to 

free stream total pressure versus second cone angle for different first cone 

angles. 
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Fig. (31.5) Flow axial velocity component across the 

diverge portion of intake. 

Fig. (31.5) Flow axial velocity component across the 

diverge portion of intake. 
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Fig. (31.5) Flow radial velocity component across the 

diverge portion of intake. 
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Fig. (31.5) Mach number distribution across the diverge 

portion of intake. 
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LATIN SYMBOLS 

SYMBOL DESCRIPTION UNIT 

A Area. m1 

a Acoustic speed, (speed of sound). m/sec 

Cp  Specific heat ratio, taken as (1443) J/kg.ºK 

det. Determinant. - 

E.T Error tolerance. - 

FC Continuity equation. - 

FMX Momentum equation in x-direction. - 

FMr Momentum equation in r-direction. - 

FE Energy equation. - 

FDEs Finite difference equations. - 

H Altitude. m  

h Step in Runge-Kutta integration method. - 

hCO Radius of intake cowl. m 

J Jacobian. - 

L1 Length of converge part of intake. m 

L1 Length of diverge part of intake. m 

LN Length of the spike. m 

LNW Length of the second cone. m 

LW Length of the first cone. m 

M Mach number. - 

m  Mass flow rate. kg/sec 

N 
Steps number between the shock wave and the surface of 

cone. 
- 

P Static pressure. N/m1 

PDEs Abbreviated of (Partial differential equation) - 

P.E Abbreviated of (Percent relative error). - 

R Gas constant, taken as (117). J/kg.ºK 

r Radius. m 

r1 Inlet gap of flow of intake. m  

r1 Exit gap of flow of intake. m  

rth Throat gap of flow of intake. m  

 

NOMENCLATURE 



 G 

rW(x) Function describing the wall of a diffuser. m  

T Static temperature. ºK 

TOL. Abbreviated of (error tolerance).  

u  Velocity component with horizontal axis.  m/sec 

v  Velocity component with vertical axis. m/sec 

V Absolute velocity. m/sec 

rν  Velocity component in r-direction (for external part intake). m/sec 

θν  Velocity component in θ-direction (for external part intake). m/sec 

vx  Velocity component in x-direction (for internal part intake). m/sec 

vr  Velocity component in r-direction (for internal part intake). m/sec 

x,r Physical plane coordinate. - 
1 Region behind the first conical shock wave.  - 
1 Region behind the second conical shock wave.  - 
1 Region behind the normal shock wave.  - 

 

 

 

GREEK SYMBOLS 

SYMBOL DESCRIPTION UNIT 

γ  Specific heat ratio, taken as (1.2). - 

θ 
Ray angle (for external part), and diverge angle of diffuser 

(for internal part). 
deg. 

φ  Third dimension of spherical coordinate system. deg.  

Φ  Angle of direction of flow with horizontal axis. deg.  

β 
Angle between shock wave and the flow direction 

immediately behind the shock wave. 
deg. 

α  Mach angle. deg.  

ø Third dimension of cylindrical coordinate system. deg. 

∞ Free stream condition. - 

σ1  First conical shock wave. deg. 

σ1  Second conical shock wave. deg. 

δC1 First semi cone angle. deg. 

δC1 Second semi cone angle. deg. 

ρ Density. kg/m1  

ξ,η Computational plane coordinate. - 
 

 

 

 



 H 

SUBSCRIPT AND SUPERSCRIPT SYMBOLS 

SYMBOL DESCRIPTION UNIT 

∞ Free stream condition. - 

s Property immediately behind the shock wave. - 

c  Property in the surface of cone. - 

co  Abbreviated of (cowl). - 

act  Abbreviated of (actual). - 

O Signifies stagnation state. - 

ξ,η Derivative with respect to coordinates ξ,η respectively. - 

i, j Grid points in x, r coordinates respectively. - 

* Dimensionless property. - 
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1- Introduction: - 

        The supersonic intakes have been developed since the second World 

War, in parallel with the development of the jet engine itself, so due to 

this development supersonic intakes have many different shapes, but for 

the same basic function. The intake consists of a duct (rectangular, 

cylindrical or conical) as in Fig. (1) with fixed or variable geometry 

depending on the surface of compression or spike moving inside the 

intake Fig. (2). 

a- Pitot intake  

(for subsonic aircraft). 

b- Pitot intake  

(for supersonic aircraft). 

c- Internal compression 

intake. 

d- (2-Dimensions) intake. 

e-Conical or spike or round 

intake. 

(Half Round) (Quarter Round) 

Fig. (1) Intake types. 



      Supersonic intake consists of two parts, supersonic part (shock wave 

part) which consists of number of shock waves (oblique or conical) and 

finished with a weak or a strong normal shock wave depending on its 

position from intake, the another is subsonic part (shockless part), 

where this part consists of divergent walls (diffuser). Where the 

subsonic flow will be further slowed down to the speed required by the 

engine. Thus, a diffuser is increasing in a cross-sectional area from front 

to back, as shown in Fig. (3). 

Translation 

Rotation 

Fig. (2) Supersonic variable geometry intake. 

  Face of 

compressor Diffuser 

  M < 1 

  M > 1 

Oblique or Conical         
shock wave 

 

Ramp or Spike 

Normal weak                      
shock wave 

Cowl lip 
Normal strong                      

shock wave 

Cowl  

Projected cowl    
area (ACO) 

Throat area     
(Ath) 

Fig. (3) Supersonic intake.  

        The basic function of a supersonic air intake is to supply the correct 

quantity and quality of air to the compressor face of the engine. The 

correct mass flow of air must be delivered to the compressor face at about 

Mach 0.3~0.5, with acceptable velocity distribution with as little loss of 

stagnation pressure (Po) as possible. Consequently the intake delivers air 

to the compressor at a static pressure considerably greater than ambient 

and it is, therefore, able to  contribute significantly to the cycle 

compression process Fig. (4) [29], where the intake is required to do this  

 



 at all flight conditions and at least weight, cost, and drag.  

Combustion 

Nozzle 

Turbine 

Compressor 

Intake 

Constant pressure curve 

Reheat 

Entropy 

E
n

th
a
lp

y
 

Fig. (4) Supersonic gas turbine cycle. 

2- Supersonic Intake Under Study: - 
     The Supersonic intake type considered as a fixed geometry 

axisymmetric external compression with two cones (bicone) Fig. (5). 

Where running on-design Mach number, the supersonic part consists of 

two conical shock waves, followed by a normal shock wave. 

Fig. (5) External compression supersonic air intake. 



3- The Aim Of The Work: - 

A-The aim of the present work is to design an axisymmetric bicone 

supersonic air intake, as follows: - 

1- Design the external part and analyze the supersonic flow around the 

cone by using Taylor-Maccoll method. 

2- Design the internal part, a numerical solution will be employed 

based on a finite difference technique, where the set of equations 

governing the problem will be solved iteratevilly by using Newton-

Raphson method. 

 

B- Performance study: - 

i- On design. 

     The on design conditions are Mach number (M = 2),(                         ) 

, and the flow properties are at an altitude of (H = 10 km). 

ii- Off design. 

 The values of Mach number and flow properties are then changed 

to predict the intake flight envelope.  
 

        The results are to be obtained at a different flow Mach number, 

different angles of cone, different altitudes, and at different area 

ratios for subsonic portion, where optimization is the final goal.  

4- External Part: - 
 

         This part consists of a sharp cone with semi-vertex angle (δC1), 

followed by a second cone with semi-angle (δC2) as in Fig. (6). The shocks 

generated due to the sharp cones in supersonic flow are called ‘conical 

shock waves’. The flow behind the conical shock wave is itself conical, 

and called as ‘conical flow’, in such flows, the flow properties are 

constant along rays from the vertex of  a cone but varies along a 

streamline.  

 

kg/sec 30m 



 So For the conical flow it is convenient to express the governing 

equations in the spherical coordinate system. 

Fig. (6) External part geometry.  
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4.1- Assumptions: - 

       The following assumptions are made: - 
 

1- The airflow is treated as a perfect gas. 

2- Zero angle of attack (Axisymmetric flow). 

3- Non-viscous flow. 

4- The cone has straight surface. 

5- Steady flow. 

 

4.2- Limits Of Design: - 

        The design elements of this part are δC1, δC2, LW, LN, and hco, the 

geometric angles of first and second angles of cone may be optimized in 

terms of pressure recovery. Where all pressure recoveries are based on 

shock losses. In the intake under consideration the total pressure losses, 

occur across the two conical shock waves and the normal shock wave. 



5- Internal Part: - 
        This part starting immediately downstream of the external part of 

intake, this part of intake has axisymmetric convergence-divergence 

form, as shown in Fig. (7). So it is convenient to express the governing 

equations in cylindrical coordinate system.  

Fig. (7) Internal part of intake. 
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5.1- Assumptions: - 
The following assumptions are made: - 
 

1- The airflow is treated as a perfect gas. 

2- The flow is treated as quasi-three dimensional (Axisymmetric flow). 

3- Non-viscous flow. 

4- The flow is Steady. 

5.2- Limits Of Design: - 
         The design elements of this part are area ratio (AR), length (L2), and 

angle of inclination wall (θ). These elements must be optimized to get 

intake with the following characteristics: - 

 Short enough to keep weight and drag to minimum. 

 Long enough to give Mach equals to (0.3~0.5) at the face of compressor. 

 The air has uniform flow with high-pressure ratios. 



6-Results And Discussion: - 
        The results are the output of the computer programs. These 

computer programs are built to analyze and then design of the two-parts 

of intake (external and internal flow parts). Hence, so as to obtain deep 

understanding, the results will be presented for each two parts 

separately and then the collection takes place. 

6.1-Results Of The External Part: - 
        A Taylor-Maccoll method was employed to analyze the supersonic 

inviscid flow around the cone by solves the equations of continuity and 

momentum in spherical coordinate system. The results are concerned on 

presented of flow properties over a cone in supersonic Mach number for 

different angle of cone (10o to 50o) with different free stream Mach 

number (~1.1 to 5). Finally the optimization takes place to design this 

part.  

Fig. (8) Mach number behind the shock wave and at the surface of 

cone versus free stream Mach number for different cone angles. 
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Fig. (9) Angle of the shock wave versus free stream Mach 

number for different cone angles. 
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Fig. (10) Pressure ratio behind the shock wave and at the surface of cone 

versus free stream Mach number for different cone angles. 
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Fig. (11) Total Pressure ratio of total pressure behind the shock wave to free 

stream total pressure versus free stream Mach number for different cone angles. 

Fig. (12) Total pressure recovery of total pressure behind the normal shock to 

free stream total pressure versus second cone angle for different first cone angles. 
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         The flow over cone may be supersonic, subsonic or mixing between 

supersonic and subsonic. The data presented in table (1) give the 

minimum values of the freestream Mach number for which flow between 

the cone and the shock remains supersonic. At lesser Mach numbers, 

subsonic regions appear and cause deviations from conical flow. 


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1.4911 

1.6736 

1.9114 

2.2486 

2.795 

3.9569 

Table (1) Values of freestream Mach number for various flow 

regimes for supersonic conical flow.  

Notes: - 

       Col. 1: Minimum value of(        ) for which conical flow is possible. 

      Col. 2: Maximum value of (       ) for completely subsonic flow            

                   between the cone and the shock wave.  

        Col. 3: Minimum value of (       ) for completely supersonic flow        

                   between the cone and the shock wave. 
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          In order to validate the present study, some of empirical formulas, 

in which the properties of flow and the conical shock wave angle can be 

found with small different on the values that calculated from present 

study, are presented down, [31]. 
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6.2-Results Of The Internal Part: - 
          A finite difference method was employed to solve the equations of 

continuity, momentum and energy for an axisymmetric flow. In this 

section the results of diverge part are presented. These results present 

the optimum design annular diverge part diffuser for several area ratios 

(AR) and angle of diverge wall (θ). For each area ratio the angle was 

increased until circulation takes place. And for each area ratio, Mach 

numbers distribution at the exit section for a series of angles are 

presented. 

         Fig. (13) shows the paths of results for a diverge portion of diffuser. 

Path (1) is at the row (J = 1), path (2) is at the row (J = 4), and path (3) is 

at the row (J = 5).  

 

Path (1) 

 

Path (2) 

 

Path (3) 

Fig. (13) Paths of diverge portion of supersonic air intake. 
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Fig. (14) Flow axial velocity component across the 

diverge portion of intake. 
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Fig. (15) Flow axial velocity component across the 

diverge portion of intake. 
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Fig. (16) Flow axial velocity component across the 

diverge portion of intake. 
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Fig. (17) Flow radial velocity component across the 

diverge portion of intake. 
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Fig. (18) Flow radial velocity component across 

the diverge portion of intake. 
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Fig. (19) Flow radial velocity component across 

the diverge portion of intake. 
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Fig. (20) Mach number distribution at the exit section. 
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Fig. (21) Flow axial velocity component across the 

diverge portion of intake. 
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Fig. (22) Flow axial velocity component across the 

diverge portion of intake. 
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Fig. (23) Flow axial velocity component across the 

diverge portion of intake. 
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Fig. (24) Flow radial velocity component across the 

diverge portion of intake. 
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Fig. (25) Flow radial velocity component across 

the diverge portion of intake. 
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Fig. (26) Flow radial velocity component across 

the diverge portion of intake. 
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Fig. (27) Mach number distribution at the exit 

section. 



7-Results Of Performance: - 

         The performance study was done at on and off design conditions 

by offer of properties of flow along the intake that designed in previous 

section.  

Fig. (28) Vector plot distribution along supersonic air intake. 

 

M∞ = 2 

H = 10000 m 

 

Spike 

δc2 

δc1 

Conical 

shock wave 

0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 0 4 5 5 0 5 5 

X - a x i s ( c m ) 

0 

5 

1 0 

1 5 

2 0 

2 5 

3 0 

3 5 

Y
- 

a
x
is

 (
c
m

) 

kg/sec30m 

Fig. (29) Mach number (M) distribution along supersonic air intake. 
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Fig. (31) Vector plot distribution along supersonic air intake. 
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Fig. (34) Vector plot distribution along supersonic air 

intake. 
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Fig. (35) Mach number (M) distribution along 

supersonic air intake. 
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8-Conclusions: - 
        The conclusions of this study may be classified into two parts 

according to parts of intake under study: - 

8.1- External Part: - 

 ج

 

1.  The flow over the cone is complex, where this flow has curve form, so 

it is non-uniform, thus, its properties are non-uniform, so it needs to 

three dimensions to study (or quasi-three dimensions (axisymmetric)). 

     

2. The program written was used successfully to solve equations 

(Momentum and continuity) for the compressible, steady state and 

quasi three-dimensional (axisymmetric (annular diffuser)) inviscid 

flow, to analyze the flow over the cone and predict the optimum 

design for the external part of supersonic air intake. 



3. The flow which is initially supersonic just behind the shock front may 

either remain supersonic or go over to a subsonic flow at some surface 

(θ = constant (the sonic cone or sonic line)). Where in the latter case, 

the flow field is mixing supersonic and subsonic. Finally, a flow, which 

is initially subsonic behind the shock, will necessarily remain subsonic. 

oo3 PP /4. The total pressure recovery (              ) increases with increasing the 

first cone angle for range (             ) for constant second cone angle 

until it reaches to maximum value then decreases for range (               ). 

Also total pressure recovery increases with increasing the second cone 

angle for constant first cone angle but at different range then drop. So 

the optimum first and second cone angle was (     ) and (    ) 

respectively, as shown in Fig. (12).  

oo 2010 
oo 2421 

o20
o81

8.2- Internal Part: - 
1. The program written was used successfully to solve equations 

(Momentum, continuity, energy, and state) for the compressible, steady 

state and quasi three-dimensional (axisymmetric) annular diffuser to 

analyze and predict the optimum design of this part. 

2. The results indicated that the axial velocity component (vX) for paths 

(1) and (2) decreases with distance and increases with increase of the 

angle for the same area ratio near inlet and approximately the same 

value at exit. Also these values decreases with the increase area ratio 

for the same angle. For path (3) and for angles (         ) the velocity 

behave as in paths (1) and (2), and for large than these angles the 

velocity decreases with the distance until it reaches to minimum value 

at large angle then increases to normal value at diffuser exit for the 

same area ratio. This behavior eliminates gradually with the increase 

area ratio for the same angle.  

oo 73 



3. The radial velocity component (vr) for path (1) increases with distance 

until it reaches to maximum value near the inlet, then decreases then 

level out, at the same angle for all area ratio. Also the velocity increases 

with increase of the angle for the same area ratio. For paths (2) and (3) 

and for angle (           ) the velocity behaves as in path (1). For large 

than these angles the velocity increases with distance then decreases 

until it reaches minimum value at large angle then increases to normal 

value at diffuser exit for the same area ratio. This behavior eliminate 

gradually with increase of the area ratio for the same angle  

oo 73 

4. Mach number (M) behaves as axial velocity in paragraph (2). Mach 

number at the exit section decreases from high to low values (subsonic) 

with the increase distance from straight to diverge wall. 

5. From studying the results of the analysis of flow through the divergent 

portion for several models, the geometry data for optimum design 

found are: - 

AR = 1.35, 
 

θ =  
o7

9- Geometry Data For Optimum Design Of 

Supersonic Air Intake: - 
        From studying the results of the analysis of the flow through the 

external and internal parts of supersonic air intake, for several models 

the geometry data for optimum design found are: - 

δc1 = 20°. 

δc2 = 18°. 

LN = 23.5247 cm.    

LW = 17.664 cm. 

hco = 23.525 cm.   

r1 = 7.27798 cm. 

rth = 7.083 cm.  

r2 = 11.046 cm. 

L1 = 2.5 mm.  

L2 = 32.28 cm. 

θ = 7°. 

Loverall = 56.056 cm. 



10- Recommendation: - 
        The following recommendations are suggested for a further work to 

achieve a complete analysis and design of supersonic air intake: - 

 

1. Developing the work by employing non-zero angle of attack (non-

axisymmetric). 

 

2. Design of the transient section (Throat section), which includes the 

cowl lip and the surface of spike. 

 

3. Developing the work by employing viscous flow, and comparing the 

results with the present (unviscous). 

 

4. Change the geometry of the spike as the follows: - 
 

 

  4-shock system (Three - cone). 

   Isentropic compression system. 

 

5. Employing another technique to solve the governing differential 

equations, such as characteristic method, finite element method and 

MacCormack method.  



Thank You for listen 

and 

 Iam ready to any 

Question  


