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ABSTRACT 

The aim of this research is to carryout a design study on a variable geometry 

rectangular supersonic air-intake at different flight conditions. The design of the 

air-intake at supersonic Mach number according to “on-design” condition 

( mHM 10000,0.2 
), to get a maximum total-pressure recovery, and study the 

performance of air-intake at supersonic Mach number according to “off-design” 

conditions ( 5.26.1 M ). The air-intake consists of convergent-divergent nozzle. 

The number of oblique shock waves is induced by the sharp cowl lips at the nozzle 

entrance and their reflections may continue along the convergent passage 

depending on the free-stream Mach number and nozzle wall turning angle. The 

location of the normal shock wave is just downstream the throat, for an “off-

design” condition, and at nozzle throat, at its “on-design” condition [21]. The flow 

is assumed as one-dimensional compressible, and inviscid. The flow properties 

were calculated using the analytical method based on the relation of the oblique 

shock and normal shock waves. The divergent part was analyzed for different 

divergent lengths, to maintain the divergent angle less than value that causes flow 

separation and to get the maximum total pressure recovery. The convergent part 

was analyzed for different convergent lengths, to maintain the oblique shock and 

their reflected terminated before the throat position to get maximum total pressure 

recovery, [21].  

Keywords: Convergent-Divergent Nozzle, Supersonic Air Intake, Normal and    

                    Oblique Shock Waves. 

 

 تعمل بمبدأ  صوتيةالخة  وواء وو  لآوتخمين أداء  دراسة تصميمية 

 الانضغاط الداخلي

 
 الخلاصة

صووتية تمموب بمبودلا اغاطوالد الوداخدي لمودة التصميم آخذة هواء فوو  دراسة في هذه البحث تم 
ظوووووووروم تويوووووووة مختدتوووووووةذ وهوووووووذا ييووووووومب تصوووووووميم ا خوووووووذة  اووووووود ظوووووووروم تصوووووووميمية 

)mHM 10000,0.2 
دحصوووب  دووب لاضبوور طوواد ورتوول يد ودراسووة لاداء ا خووذة لظووروم ل )

ماترج يمموب بسورف فوو  صووتية  لليوةذ ون  -مدتم ماتثتوية غير تصميميةذ يتألم هذا التزء من 
 دد موتلت الصدملت الملئدة المحتثوة بواسودة مودخب ا خوذة الحولد واامضلسولتال ربمول تسوتمر  دوب 
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خ التريلن الحر وزاوية استدارة تدار الاليرذ ون موقع موتة المدتم ممتمدا  دب رقم مل دوب الممر
الصدمة الممودية مبليرة مل بمد موقوع الماو  لدظوروم المتصوميميةد و اود  او  الاليور لدظوروم 
التصووميمية تووم حسوولبال موون  مقوولت الصوودملت المموديووة والملئدووةذ تووم افتوورا  التريوولن  دووب ااوو  

تخدمت الدريقة التحديدية لحسلب خواص التريلن مبايل  دب ااطالديد غير لزجد لاحلدي البمدذ اس
 مقلت موتلت الصدمة الملئدة والصدمة المموديةذ حدب التزء الماترج لمدة لادواب ماترتة لإبقولء 
زاوية اغاتراج لاقب من القيمة المسببة غاتصلب التريلنذ ضمل حدوب التوزء المدوتم لمودة لادوواب لإبقولء 

سلتال تتميب مل قبب موقع الما  لتتاب تيوه التريولن ولدحصووب  دوب اضبور الصدمة الملئدة واامضل
 طاد ضدي ورتل يذ

INTRODUCTION 

he prediction of flow in air intake is based on a practical importance in the 

development and design of air intake. So a large number of studies has been 

done to analyze the characteristics of flow field as follows.  

A supersonic wind tunnel was investigated in the NACA Lewis      18 18 inch 

for the optimum design configurations for a convergent-divergent type of 

supersonic nozzle with a subsonic nozzle of 5º included divergence angle at a 

Mach number of 1.85 and at angles of attack from 0º to 5º, [1].  

 The perforated convergent-divergent supersonic nozzle was investigated 

for the total pressure recovery and characteristics of operating with initial boundary 

layer has been conducted at a Mach number of 1.90 at NACA Lewis laboratory, 

[2].  

An oblique-shock nozzle (supersonic nozzle) was investigated how the should 

work, and where the oblique-shocks should intersect and reflect. The oblique-

shocks angles and their relation had been described to deal with the wall angle if 

the first shock is reflected or intersected, [3]. 

A variable geometry inlet in combination with a J34 turbojet engine had been 

inspected in the experimental investigation on Mach number 2.0 of shock 

positioning control system. The shock-positioning controls designed to actuate the 

variable bypass of variable geometry inlet were investigated in the 8-by 6-foot 

supersonic wind tunnel. The operation of this inlet was observed in combination 

with a J34 Turbojet engine at tunnel Mach number from 1.7 to 2.0, [4]. 

The circular internal-compression inlets with translating center bodies was 

investigated for the total pressure recovery characteristics at free-stream Mach 

numbers from 2.1 to 3.0 at 0° angle of attack. Each of the inlets had the same ratio 

of the minimum area to the entrance area (At/Ac=0.39) at the design Mach number 

2.5. The three inlets differed only in the shape of the internal compression 

contours, [5]. 

A variable internal contraction inlet has been studied for the performance of 

without boundary layer removal at Mach number 2.0, 2.5, and 2.92. The total 

pressure recovery at the design Mach number 2.5 was 0.78. At Mach number 2.0 

and 2.92 the maximum total pressure ratios were 0.87 and 0.54, respectively, [6].  

A single and double-oblique and conical-shock inlets were presented for the 

design charts for Mach numbers up to 4, for isentropic  axi-symmetric and two-

dimensional surfaces having theoretically focused Mach lines. The investigations 

concentrate solely on supersonic portion of air intake and the subsonic portion, 

especially the experimental and some of numerical investigations. Also some of the 

results of these investigations cover the variation of mass flow ratio with total 

pressure recovery and ignore the effect of other properties of flow, [7]. 

T 
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The air intake reduces free stream air speed and converts kinetic energy to 

pressure energy terms. On the increment of exhaust velocity, the static pressure of 

entrance air has a significant role in the engine efficiency improvement,[8]. 

The other method to obtain high pressure recovery is used of multiple oblique 

shocks with special arrangement. Usually use oblique shock to diffusing in stream 

for Mach 1.5 to 3.5 that lead to product a low weight geometry and desirable 

pressure recovery than isentropic design. An American scientists of NACA have a 

good research for bookmark and tales supersonic ramjet 

Missile,[9]. 

In 2002, flow stability test in axisymmetric dual Y shape intake in mach 1.6 

accomplished with Indian aeronautic department. In this test, several aspect ratios 

were considered experimentally,[10]. 

In 2006, study of flow filed in the entrance of a supersonic turbojet engine was 

performed by "Joe Iannelli" in aeronautic research university. In these numerical 

studies, flow filed was simulated steady and unsteady and fluid equation has been 

solved with and without (Euler equation) viscosity effect. The main goal of this 

research is optimization of supersonic diffuser design in mach 2 with 1 Kg/s of 

flow rate,[11]. 

The preliminary design of the silent supersonic technology demonstrator, S3TD, 

has been done in Japan Aerospace Exploration Agency, JAXA. S3TD is an 

experimental unmanned air vehicle. The one of the main object of developing the 

demonstrator is to validate the unique design technology for the reduction of 

sonic boom in supersonic flight. In order to minimize the effect of the 

propulsion system, such as exhaust jet or spillage flow, on the characteristics of 

sonic boom, top mounted propulsion system was adopted to S3TD,[12]. 

CFD analysis was employed to evaluate inlet performances. Especially, the 

estimation of the external drag of the inlet, which is thought to be difficult to 

evaluate by wind tunnel tests, is expected. Three dimensional N-S equation was 

solved by CFD method including turbulence model using unique boundary 

condition, [13]. 

The purpose of this paper is to design and performance prediction of air-intake 

at different Mach numbers, that includes: - 1. Preliminary to design the supersonic 

air intake at high supersonic Mach number ( 5.1M ) according to “on-design” 

condition ( mHM 10000,0.2 
),to get a maximum pressure recovery,    2. study 

the performance of a variable geometry rectangular supersonic air intake at 

different flight conditions according to “off-design” condition ( 5.26.1 M ). 

 

METHODOLOGY 

The supersonic air intake is considered as a variable geometry, rectangular 

internal compression intake with two internal facing ramps, achieving compression 

through a series of internal oblique shock waves followed by a terminal normal 

shock positioned downstream of the throat at high supersonic Mach number 

( M >1.5) as shown in Figures. (1) and (2). This type of air intake requires a 

variable throat area to allow the inlet to swallow the normal shock at different 

operational Mach numbers, [14]. 

 

  



Eng. &Tech. Journal, Vol.31, Part (A), No.11, 2013             A Design Study and Performance       

                                                                                 Prediction of an Internal Compression  

                                                                                  Supersonic Air Intake  

   

2058 

 

THE OPERATIONAL DESCRIPTION OF SUPERSONIC AIR INTAKE 
One of the most important parameters that describe the intake operation 

efficiency is the total pressure recovery. The total pressure recovery is the ratio of 

total pressure after compression (behind the normal shock wave) to the free stream 

total pressure. The air intake operates at “on-design” condition at a certain Mach 

number, it is called the design Mach number, while it operates an “off-design” 

condition at any value other than “on-design” Mach number as shown in Figure 

(3). The inlet area (stream tube capture area at entry) may be defined as the area 

enclosed by the leading edge, or inlet highlight of the intake cowl, [15]. The 

maximum flow ratio achievable at supersonic speed occurs when the boundary of 

the free stream arrives undisturbed at the cowl lip. This means that, A


/Ac=1.0. 

The condition will be termed “full flow”. Hence, the maximum flow occurs when 

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

shock wave is at the cowl lip (starting position) or inside the nozzle, at throat 

position or just down stream of throat, [14]. 

 

DESIGN OF SUPERSONIC AIR INTAKE 

This first part of supersonic convergent-divergent nozzle consists of a 

convergent passage with a sharp inward-facing ramps with a wall deflection angle 

(δ), as shown in Figure (2). The shocks generated due to the sharp ramps in 

supersonic flow are called ‘oblique shock waves’. The flow behind the oblique 

shock is maintained in supersonic flow but at Mach number lower than free stream 

value. The loss in total pressure across an oblique shock is less than across the 

normal shock wave. The length of the convergent nozzle (L1) is very important to 

design and it is predicted during the estimation of the oblique shock wave 

reflections, which must be terminated before the throat position, [2]. 

The first design elements of convergent nozzle are the convergent section length 

(L1) and the wall deflection angle ( ). The convergent section length of this 

nozzle may be optimized in terms of total pressure recovery, where all values of 

pressure recoveries are based on shock losses. These previous elements can be 

optimized to get intake with following characteristics:- 

1. Short enough to avoid the further weights and drags. 

2. Long enough to give low loss in the total pressure recovery, [9]. 

The second part of nozzle consists of diverging passage starts immediately 

downstream of the converging part. The length of the divergent section (L2) is very 

important in design and it is optimized to avoid flow separation. The design 

elements of divergent nozzle are divergent section length (L2) and divergence 

nozzle angle (θi). These elements can be optimized to get intake with following 

characteristics:- 

1. Short enough to keep weights and drags to minimum. 

2. Long enough to give Mach number range (0.2-0.5) at engine face, [4]. 

3. The flow reaching engine face must be uniform with high total pressure ratio, 

avoiding flow separation. 

The flow requirement of an existing turbojet engine is used to determine the 

ranges of entrance to throat area (contraction ratio) variations that are employed in 

the mechanical design of the model. These area ratios and the shock configuration 

for optimum pressure recovery at the design point determine the length of the 

converging part. The length of the rear part is selected so that the maximum 
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divergence angle at the design condition does not exceed (7o), to avoid flow 

separation, [6]. This angle is considered to be a reasonable compromise between 

the requirements of minimum nozzle length and of maximum subsonic nozzle 

efficiency, [6].  

The supersonic convergent-divergent nozzle consists of the following 

compression processes: - 

1. Adiabatic compression process through shock waves  

2. Isentropic compression process after normal shock eave. 

 

CONVERGENT-DIVERGENT SUPERSONIC NOZZLE DESIGN 

ANALYSIS 

Several studies have been made in the attempt to optimize such configuration 

variables as the convergent nozzle length, and divergent nozzle length. For each 

flight Mach number there is a certain value of nozzle throat section area, then it is 

important to find the optimum convergent length. In the present design of the 

internal compression intake, an attempt is made to minimize shock-induced 

separation by keeping the pressure rise across each shock wave low through small 

angularity of the internal compression surfaces and multi-shock compression, [15]. 

The design analysis of this nozzle starts with:- 

1. Finding the walls setting angle of the converging part so as to make the oblique 

shocks from the upper and lower corners (cowl lips) meet at a point that their 

reflections come to touch the nozzle ramps before the throat position. 

2. Determining the oblique shock waves location and their reflections and points of 

intersection inside the nozzle.    

3. Determining the normal shock wave strength and location inside the diverging 

portion of the nozzle depending on the stagnation pressure ratio across it. 

4. Calculating the Mach number distribution along the convergent nozzle after each 

oblique shock wave. 

5. Calculating the stagnation pressure ratio and all other flow properties 

distribution along the convergent nozzle after each oblique shock wave. 

6. Calculating the geometrical dimensions of this nozzle (L1,  , L2,, θi,). 

7. Drawing the whole nozzle with the oblique shock waves and their reflections 

with the normal shock wave. 

 

CONVERGENT-DIVERGENT NOZZLE DESIGN PROCEDURE 

A brief explanation of these calculations are listed in the following steps (1):- 

For un specified engine specifications, let the engine mass flow rate and engine 

face diameter was assumed equal to  ( m =60 kg/sec, D=58.4733 cm) respectively. 

Then the geometrical capture area  cA  at “on-design” condition (
M =2.0), 

(H=10000 m), can be estimated by applying the continuity equation at entry station 

as follows:- 

 

                                     
cAVm   ... (1) 

 

where:- 

  TRMV                                 … (2) 
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And, 

                                     









TR

P
 ... (3) 

 

Now by Substituting equations (2) and (3) into equation (1) gives:-  

 

                
cAM

TR

P
m 


 



  ... (4) 

 

Where:- 

m =60 kg/sec,R=287J/kg.K, 
M =2.0, H =10000 m,  =1.4. 

Then the Mach number at exit station can be calculated by applying mass flow 

parameter equation between entry and exit stations as follows:-  

 

 12

1

2

2

2

1
1

2

1
1











































e

e

e

c

M

M

M

M

A

A                ... (5) 

 

Where,  eA  is the area at end of convergent - divergent nozzle. The above 

equation can be solved iteratively using (trial and error method) to find the value of 

exit Mach number. The exit area  eA  is equal to the area at engine face  
fA , that 

may be estimated as follows:- 

 

e

f

f A
D

A 



4

2
                          ... (6) 

Step: (2) The Mach number of the flow entering the nozzle is the free-stream Mach 

number, since (
cAA 
). Hence, for any operating Mach number, there is a 

maximum value of wall turning angle (δmax) at which an oblique shock solution 

exists, [3]. 

Step: (3) To calculate the nozzle throat area needed to start the nozzle, (shock at 

cowl lips), the following equation can be applied. 

 

 12

1

2

* 2

1
1

1

21 


















 












y

yy

y
M

MA

A
... (7) 

 

where the throat area required to start the nozzle is calculated by equating the sonic 

area ratio (Ay /Ay
*) corresponding to subsonic Mach number downstream of normal 

shock, to the contracting area ratio (Ac /Ats). 
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Step:(4) To find the nozzle throat area required to operate the intake with a normal 

condition (normal shock just down stream of throat), the following empirical 

formula can be applied,[21]. 

 









 65432 gMfMeMdMcMbMa

A

A

tn

ts ... (8) 

 

Where the confidents of above equation are listed below such that: 
a=-0.00673, b=4.8409, c=-8.5311, d=7.1747,           e=-3.1144,        f=0.691,   

g=-0.00673. 

Step: (5) To find the nozzle wall turning angle (δ that does not exceed δmax), and 

angle of oblique shock wave (σ), the following equation can be applied,  to make 

the oblique shock and their reflection strikes the nozzle wall surface ahead of the 

throat position.    

  

   
  






22

22

sin1

sin12

tan

tan

x

x

M

M






 … (9) 

 

If not, changing the length of the convergent nozzle (L1) until the above 

condition is satisfied by re-calculating the step (5) again. 

Then the following equation is applied to find the nozzle convergent section 

length (L1). 

 
 

1

1

2
tan

L

dd tnc 


                         ... (10) 

 

Step: (6)To calculate the stagnation pressure, Mach number, and all other flow 

properties distribution after each oblique shock wave or their reflection, the 

equations of oblique shock waves can be used to calculate these values. 

Step: (7)For a given 1M  there is a maximum value of wall turning angle for which 

the type of reflection known as regular reflection is possible. In other words for a 

given turning angle (δ) there is a minimum value of M1 below which regular 

reflection is impossible. This minimum value of Mach number makes the 

reflections impossible determined [3]. 

Step: (8)Continue with calculation for the possible reflections till reaching the 

minimum Mach number that is determined in the above step. 

Step: (9)Update all these reflections and their locations and flow properties, then 

from the above step the flow Mach number and stagnation pressure after last 

reflected oblique shock wave had been found, after this point the throat Mach 

number can be calculated using the following equation:- 

  12

1

2

* 2

1
1

1

21 


















 












t

t

tn M
MA

A ... (11) 
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Step: (10)The length of the divergent section (L2) is estimated in the manner 

similar to that achieved at convergent part, but with maintaining the maximum 

nozzle wall divergent angle less than 7o (as a limitation to flow separation) from 

the following equation:- 

 

2

1

2
tan

L

dd tne

i 


                          ... (12) 

 

Step: (11) The stagnation pressure downstream of normal shock is not given at 

each operating condition from engine manufacturing. Then it is required to 

compute a value of normal shock Mach number higher than throat value at each 

operating condition to satisfy the acceptable range of Mach number at engine face 

(0.2-0.5) with low loss in total pressure recovery, [21].  

Then at higher operating Mach number ( M =2.5), the value of throat Mach 

number close to (1.205), it is desirable to select value of normal shock Mach 

number higher than this value and it was found close to (1.3), [24].  

To find another value of normal shock Mach number at another     free-stream 

Mach number value, it is required to hold a value of (Xn.s.w) to the corresponding 

value of above condition ( xM =1.3). Then the area at which the normal shock wave 

took place  xA  has been found from the following equation:- 

 

 
sn

xx

i
X

AA

.2
tan


                             … (13) 

 

Then at each case, the value of normal shock Mach number was changed while 

remain its position is fixed.  

Step: (12) To find each normal shock Mach number at each operating condition 

apply the following equation:-  

 12

1

2

* 2

1
1

1

21 


















 












x

xx

x M
MA

A ... (14) 

 

where the choked area  *

xA   is the geometrical throat area  tnA  and it was 

estimated in the above steps. The value of stagnation pressure downstream of 

normal shock can be estimated from the following equation, as follows: 

     
 

 1

2

21

1

2

12

1

1

12 















































x

xx

x

y

M

MM

P

P … (15) 

 

Step: (13) From the stagnation pressure ratio across a normal shock, the choked 

area down stream of the normal shock  *

yA  is calculated from the relation:- 
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*

*

y

x

x

y

A

A

P

P




                                       … (16) 

 

Step: (14) It is desirable to compute the nozzle throat area at “on-design”  (when 

normal shock setting at throat position). When the aircraft fly at Mach numbers 

other than design value, the normal shock sets at nozzle diverging section. Then to 

return to the design Mach number value at any Mach number, it is required to bring 

the normal shock from its position to the throat position, by reducing the 

geometrical throat area to a value corresponding to sonic area at that Mach number 

or by equating contraction area ratio (Ac /Atn) with sonic area ratio (Ac /A
*) at intake 

entry.  

Finally a Fortran-95 program was applied to calculate the same above steps and 

draw the nozzle with the oblique shock waves and their reflections as shown 

below. 

 

RESULTS AND DISCUSSION 

An analytical method is employed to analyze the supersonic inviscid flow 

through the convergent-divergent nozzle by using the equations of oblique and 

normal shock waves in the Cartesian coordinate system. In this section the results 

are concerned with flow properties along the convergent-divergent nozzle at 

supersonic free stream Mach number (1.6-2.5).  

The throat area operating ranges were found equal to  (37.509cm -18.304cm) 

corresponding to free stream Mach number values at off-design operating condition      

(1.6-2.5) respectively. While the same throat area was found equal to  27.70 cm 

when the nozzle operates at on-design condition (2.0) as shown in figures and 

tables below. 

Figure (4) presents the Mach number behind the first oblique shock wave as a 

function of free-stream Mach number for different convergent nozzle length. The 

oblique shock Mach number increases with increasing of free-stream Mach number 

for constant convergent nozzle length. This is due to the decrease of oblique shock 

angle (decrease of shock strength). It increases with increasing convergent nozzle 

length for constant free-stream Mach number. This is due to the decrease of shock 

angle (decrease of shock strength). 

Figure (5) presents the angle of oblique shock wave as a function of free-stream 

Mach number for different convergent nozzle length. The angle of oblique shock 

wave decreases with increasing of free-stream Mach number for constant 

convergent nozzle length, and it decreases with increasing convergent nozzle 

length for constant free-stream Mach number. This is due to reducing in wall 

deflection angle as convergent nozzle length increases (geometrical consideration). 

  Figure (6) shows the static pressure behind oblique shock wave as a function 

of free-stream Mach number for different convergent nozzle length. The pressure 

increases with increasing of free-stream Mach number for constant convergent 

nozzle length. This is due to the increase of Mach number after first oblique shock 

wave as free-stream Mach number increasing. It decreases with increasing 

convergent nozzle length for constant free-stream Mach number. This is occur due 

to small rise in pressure across each oblique shock as convergent length increases.  

Figure (7) shows the total-pressure recovery as a function of free-stream Mach 

number for different convergent nozzle length. The total-pressure recovery 
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decreases as free-stream Mach number increases for constant convergent nozzle 

length. This is due to the loss in total pressure across each oblique and normal 

shock waves. It decreases rapidly as convergent nozzle length decreases for 

constant free-stream Mach number. This is due to the increasing of shock strength 

as nozzle wall turning angle increases. 

Figure (8) shows the static pressure distribution respectively along the 

convergent-divergent nozzle for different free-stream Mach number values. In this 

figure, the pressure starts to increase from nozzle entrance and continue along each 

oblique shock wave until reaching at throat position. This is due to the supersonic 

compression process. Then the pressure starts to decrease along the divergent 

portion until reaching to normal shock position. This is due to expansion process. 

Finally, it starts again to increase behind the normal shock wave and continue until 

reaching to the engine face, and this is due to subsonic compression process. It 

appears as free-stream Mach number increases the values of these properties 

increasing. This is due to the increasing of shock strength as free-stream Mach 

number increases.  

Figure (9) presents the Mach number distribution along a whole nozzle for 

different free-stream Mach number values. The value of each Mach number starts 

to decrease from nozzle entrance to the throat position. This is due to the 

supersonic compression process across each oblique shock wave. It increases at a 

certain distance between the throat position and normal shock wave. This is due to 

supersonic expansion process. After normal shock, the flow decreases along the 

divergent passage due to subsonic compression process until, reaching engine face 

at acceptable Mach number value     (0.2-0.5). It appears as the free-stream Mach 

number increases, the value of Mach number at engine face decreases respectively.  

Figure (10) shows the Mach number ahead the normal shock verses the free-

stream Mach number for different divergent nozzle length. The upstream Mach 

number increases with increasing of free-stream Mach number. This occur due to 

the increasing of Mach number distribution along the nozzle as free-stream Mach 

number increases. It decreases with increasing of divergent nozzle length for 

constant free-stream Mach number. This is due the small height of divergent nozzle 

when shock occurs. 

Figure (11) shows the static pressure values down stream the normal shock 

verses the free-stream Mach number for different divergent nozzle length. The 

value of pressure increases with increasing of free-stream Mach number value for 

constant divergent length. The value of pressure decrease with increasing of 

divergent nozzle length for constant free-stream value. This happened due to the 

decreasing of shock strength as divergent nozzle length increases. 

Figure (12) presents the total-pressure recovery as a function of free-stream 

Mach number for different divergent nozzle length. The total-pressure recovery 

decreases as the free-stream Mach number increases for a constant divergent 

nozzle length. This is true due to the increasing of shock waves strength as the free-

stream Mach number increases. The total pressure decreases rapidly as the 

divergent length decreases for constant free-stream Mach number value. This is 

due to the increasing of normal shock strength as nozzle divergent length 

decreases.       

 Now, Figures. (13), (14), and (15) showing the convergent-divergent 

supersonic nozzle operating at off-design conditions respectively. It clear there is a 
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certain number of oblique shock waves (which it induced due to the very sharp 

inlet cowl lips) at very small nozzle wall turning angle   (δ=2.4 -4.83deg.), for a 

range of Mach number (1.6-2.5) respectively. The length of the convergent nozzle 

was estimated by the principle of trail and error during the calculation of the 

oblique shock wave relations. The point is to be reached when the last reflected 

oblique shock does not cross the throat position. It appears that the length of the 

convergent nozzle is optimally selected equal to       (L1=110 cm) according to the 

lowest supersonic Mach number ( M =1.6) to avoid further nozzle length and to 

get acceptable total-pressure recovery. The length of the divergent nozzle is 

estimated to optimize the nozzle configuration by keeping the nozzle semi-

divergent angle below the value that causes the flow separation and to avoid the 

further length of the whole nozzle. It appears that each reflected shock has the 

same turning angle (δ) as the first oblique shock, [3]. Because the deceleration 

through each shock, a point is reached, depending on the initial Mach number 

( M ) and nozzle wall turning angle (δ), beyond which regular reflection is 

impossible. 

The normal shock wave position can be recognized by the red line that shown in 

these Figures. 

The final geometry of the whole nozzle can be summarized as follows: 
Convergent nozzle length(L1=110 cm),    divergent nozzle length (L2=140 cm),     

Intake entrance height (dc=46.74cm), intake exit height (de=51.82cm),  Engine frontal 

diameter (Df=58.47cm),  distance of normal shock occurrence after throat position 

(Xn.s.w=5.0 cm)      ,  

Nozzle divergence angle   (θi =3.45deg). 

Finally, Figure (16) shows a convergent-divergent nozzle operates at on-design 

condition ( M =2.0, H=10000m). It appears there is an increase in total pressure 

recovery over than off-design conditions due to holding the normal shock wave at 

throat position as shown in Table (4). Then there is no loss in stagnation pressure 

across the normal shock wave (100%). The position of normal shock at nozzle 

throat is called (critical location) and will cause the total internal flow pattern to be 

completely disrupted (intake unstarting), followed by formation of a normal shock 

ahead of the intake and causes low total-pressure recovery, reduced mass flow 

through the intake, high spillage drag, and possible engine flameout. Then the 

normal position of normal shock just down stream of throat it is favorable 

condition, [3]. 

 

CONCLUSIONS 

1. This work is associated with analytical solution of the shock wave system 

(oblique and normal shocks) at supersonic Mach numbers. The program that 

applied in this research is used successfully to solve equations of shock wave 

system and find the flow properties along the whole nozzle for compressible, 

inviscid flow and to predict the optimum design for supersonic internal 

compression air intake. The following conclusions can be drawn:-  

1. In this work the position of normal shock from the throat position is constant 

which corresponds to (Xn.s.w=5.0 cm) for each free-stream Mach number. Then the 

results show that, as the free-stream Mach number increases causes to increase in 
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value of upstream Mach number, and as free-stream Mach number increases the 

total-pressure recovery decreases.  

2. The use of nozzle convergent length less than (50 cm), causes no reflection of 

oblique shock at higher free-stream Mach number ( M =2.5), and the use of value 

exceeding       (150 cm) causes extra nozzle weight. 

3. The use of nozzle divergent length less than (100 cm), causes high flow 

separation and return some of flow in opposite direction, and the use of value 

exceeding (200 cm) causes extra nozzle weight. 

4. The nature of geometry form for the convergent-divergent nozzle limits the 

range of free-stream Mach number (1.6-2.5), to get a specified value of exit Mach 

number (0.2-0.5), if the free-stream value exceeds (2.5), the corresponding exit 

Mach number value is less than (0.2).  It is found that as the free-stream Mach 

number increases, the exit Mach number decreases. 
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Figure (1) Convergent-divergent supersonic nozzle. 
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Figure (2) Geometry angles of convergent-divergent supersonic nozzle. 

 

 

 

 

 

 

 

 

 

 
Figure (3) Intake flow operation modes. 

 

Figure (4) Mach number behind first oblique shock wave verses free-stream 

Mach number for different nozzle convergent lengths. 
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Figure (5) Angle of first oblique shock wave verses free-stream Mach number 

for different nozzle convergent lengths. 

 

Figure (6) Static pressure behind first oblique shock wave verses free-stream 

Mach number for different nozzle convergent lengths. 
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Figure (7) Total-pressure recovery verses free-stream Mach number for 

different nozzle convergent lengths. 

Figure (8) Static pressure distribution along convergent-divergent nozzle for 

different free-stream Mach numbers. 

Figure (9) Mach number distribution along convergent-divergent nozzle for 

different free-stream Mach numbers. 
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Figure (10) Mach number ahead the normal shock wave verses free-stream 

Mach number for different nozzle divergent lengths. 

Figure (11) Static pressure downstream the normal shock verses free-stream 

Mach number for different nozzle divergent lengths. 

Figure (12) Total-pressure recovery verses free-stream Mach number for 

different nozzle divergent lengths. 
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Figure (13) Convergent-divergent supersonic nozzle operates in 

 Off-deign condition. 

Figure (14) Convergent-divergent supersonic nozzle operates in off-deign 

condition. 

Figure (15) Convergent-divergent supersonic nozzle operates in off-deign 

condition. 
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Figure (16) Convergent-divergent supersonic nozzle operates in 

 on-deign condition. 
 

 

Table (1) Flow properties and Mach number distribution along supersonic air 

intake. 

Properties 
δ degree θ degree dt   cm dn.s.w  cm πN % 

2.4 2.926 37.5 38.03 99.34 

Mach no. 
M1 M2 M3 M4 M5 M6 M7 Mt Mx Me Mf

 

1.6 1.521 1.441 1.359 1.273 1.179 1.065 1.06 1.13 0.49 0.42 

 

Table (2) Flow properties and Mach number distribution along supersonic air 

intake. 

Properties 

δ degree θ degree dt   cm dn.s.w cm 
πN % 

4.83 4.80 28.159 29.02 98.35 

Mach no. 
M1 M2 M3 M4 M5 M6 M7 Mt Mx Me Mf

 

2.0 1.831 1.667 1.505 1.338 - - 1.145 1.20 0.34 0.29 

 

Table (3) Flow properties and Mach number distribution along supersonic air 

intake. 

Properties 

δ degree θ degree dt   cm dn.s.w  cm 
πN % 

7.36 6.826 18.3 19.52 94.85 

Mach no. 
M1 M2 M3 M4 M5 M6 M7 Mt Mx Me Mf

 

2.5 2.2 1.927 1.67 1.418 - - 1.205 1.30 0.22 0.202 

 

 

Table (4) Flow properties and Mach number distribution along supersonic air 

intake. 

Properties 

δ degree θ degree dt   cm dn.s.w  cm 
πN % 

4.95 4.92 27.7 - 99.02 

Mach no. 
M1 M2 M3 M4 M5 M6 M7 Mt Mx Me Mf

 

2.0 1.827 1.659 1.492 1.321 - - 1.01 - 0.33 0.286 
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NOMENCLATURE 

Symbol Definition Units 

A Cross-sectional geometrical area m2 

A* Cross-sectional sonic area m2 

D Diameter m 

d Height of nozzle m 

H Altitude m 

L1 Convergent nozzle length m 

L2 Divergent nozzle length m 

M Mach number - 

m  Mass flow rate Kg/sec 

P Static pressure N/m2 

PO Stagnation pressure N/m2 

R Gas constant J/kg.K 

T Static temperature K 

V Air flow velocity m/sec 

X Distance between normal shock and throat m 

Greek letters 

Symbol 
Definition 

Units 

δ Nozzle wall turning angle deg. 

σ Oblique shock wave angle deg. 

σ1 Reflected oblique shock wave angle deg. 

ΠN Total-pressure Recovery - 

 Air density Kg/m3 

θi Nozzle internal wall divergence angle deg. 

 Specific heat ratio - 
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SUBSCRIPTS 

Symbol Definition 

c Cowl capture air station 

e End of convergent-divergent nozzle zone 

f Engine frontal area station 

t Nozzle throat station 

x Condition upstream of normal shock wave 

y Condition down stream of normal shock wave 

1 
Condition before the first oblique shock wave 

2 
Condition behind the first oblique shock wave 

3 
Condition behind the second oblique shock wave 

4 Condition behind the third oblique shock wave 

5 Condition behind the fourth oblique shock wave 

6 Condition behind the fifth oblique shock wave 

7 Condition behind the sixth oblique shock wave 

tn Geometrical throat position 

ts Geometrical normal shock position 

n.s.w Normal shock wave 

 

 


