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ABSTRACT

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) (Y-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, = Y, altitude (H) = Y++++ m, and mass
flow rate (m)=30Kg/sec).

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 (~).) to ©) and cone angles () +° to ©+°). 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

B



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 (5 = Y +°) then
decreases, also increases with increase the second cone angle for constant first
cone angle until it reach maximum value at (6. = YA°) 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

partisa [AR =).Ye and 6 = \’O], where the latter value is validated from ref.
Y.

The overall design data for supersonic air intake are: -
5v= Yo, dor= YA, Ly = YY.OYEVY cm, Ly = YV.1IYAC00 om, hy, =
YV ovevyem, ry = V.YYVYSA em, 1y, = Voo AY WY em, iy = VY0 €3YY em, Ly =
Y.omm, Ly = YY.YAYYO cm, 0=V Loan = 01,00+ em,

This design was tested for different Mach numbers and altitudes.
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pERIVATION OF EQUATIONS (Y. Y €y anD (Y. Y A

Equation (V . ) o) 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 =
+) and negligible a potential energy term (g (z-z,)), so.

V7

2
h1+7=h2 +V—2

5 =constant ,,,(A,.))
For a perfect gas flow, dh=c, T

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

Hence,

2 2 2
CpTy + Vi cpTy + Va2 cpT + VT _constant (A7)
2 2 2
Also for a perfect gas,
__1R

(y-1)
a’ =yRT (A1)

Cp ..(A)Y)

Substitute equations (A..Y), (A,.£) in equation (A,.Y) to get,

) 2 2 2 2 2
ay +V1 _ 82 +V2 _a +V = constant c-(Ay.°)
y-1 2 «y-1 2 «y-1 2

(ALY

o | <

So,
Then,

A



af[1+%Mf]:ag(u%lmg}a{uYT'lej:constant (ALY)
If the station () is sonic flow ——> My=) —— a.=a
Where VY = ay

Then,
2
a2 1+y 1V :y+la*
2 a2 2
a2+('Y'1)V2:V+1a*
2 2
Then,

(i)z _y+1l (Y_l)(ij :Y_H_Y__lm*zm(A\_A)

2" 2 2 g 2 2

Equation of (M") as function of local Mach number (M ) , is drived as follows:

2 2 2
M*2 :(alj *G) _ Mz(a%j o o(AvY)

2 M* 2
(i) :[Vj (ALY)
a

Substitute equation (A.. ¥) in equation (A,. A), to get: -

N 2
y—lM*2+ M :y+1
2 M 2

Then,

G+DM?
2+(y-1)|v|2”( "

*2
M™“ = )

ALY
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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+\:yn+ %(k\'l'*kv +ka+kz)

k\:f\(Xn,yn,Zn)h

h K I
kY:f\ Xn+ . n+ _1, Zn +_1 h
(%ot = ¥t 5)

ke = f,(Xq+ h,yn k zn+2)h

kz:f\(xn+ h,yn+ k3 y Lp +|3) h

1
Zopy=Zpt 6('\"‘ Yie + ¥+ 1)

I\ :fv(Xn,yn , Zn)

h k |
IV = fY Xn+ — n+ _l y Zn +_1 h
(Xt =0 Y+ = 5)

le = fo(Xq+ h,yn k2 zn+|2)h

l. = (X+ h, yot K3, 2, +13) h

Where,
h .... Step.

B.)



Newton-Raphson method for system of equations: -

Consider the following system of nonlinear algebraic equations, evaluated
at Xq,...,Xp: -

FL(Xq, X,y Xy ) = P (X;)
Fo (X1, X2, X)) =B (X{)

Fi (Xl’XZ’---’Xn) =F, (%)

Using Taylor series, where the functions F,, F+, ..., F, can be evaluated at

Xy+ hy, Xy + hy, ..., x,+ h, by expanding about the initial values x,, ...,x,. Thus,

Fl(xl + hl,Xz + h2,...,Xn + hn) = Fl(xl)

Fo(Xg +hy, Xy +ho Xy + ) =F(X5)

F,(Xy +hy, X5 + o,y Xy +hy) =F,(X5)

\
(K =R(x)+ Th; T1)
=1 i
oF, (%)
F (X;) = F(x)+zh 2
2 2 X > . (CY)
Ry (Xi)
F, F, hj
X;) =F, (%) + JZl o, )

C.)



Equations (C.V) 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 F (X;),..., F,(X;) to be zeros

permits the derivation of an iterative formula for determining roots of nonlinear
algebraic equations, that is,

ok (X;)

0= Fl(x)+zh >
OF, (x;)

0=F h; =222
2 (Xj) + le x,
0=F, (x;) + zh OFn (i)
j=1 6x

Expanding, then using the matrix form yields:

[ OR(Xi)  R(x)) Ry () |
0X1 OX o OXp hy FL(X;)
aI:Z(Xi) aI:Z(Xi) aI:Z(Xi) h2 ~ F2(Xi)
0X1 OX o OXp (=T
: : : ‘ ’ ..(C.Y)
OF, (X)) 6F, () OF, (x;) |LMn Fn (Xj)
| 0xy X, Xy |

Or more simply

[3fh}=—{F}

Where:

{h } ... Increments vector.
{F} ... Function matrix.

{J}... Jacobian matrix (matrix of partial derivatives).

C.Y



Solving for the increments vector gives:
h}=-B1" {F) A(C1)

However, since h; =X; —Xq, ho =X, — X5, ..., h,; =X,; —X,, substitute into

equation (C.Y) yields: -

X}=00-[] ) (C.6)

C.Y



INTRODUGTION

\.) GENERAL: -

Aircraft propulsion systems can be classified according to flight speed
into subsonic (M<)Y) and supersonic (M> 1)), Fig. ().)) 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<..c) 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<..), the outside air is

accelerated by a conventional propeller.

For the by pass turbofan propulsion system (M<»), 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 “+”. The type of intake used for prop-fan, and high by pass ratio-

turbofan (M <), propulsion system is a pitot intake type as shown in Fig. (v.v.a).

The supersonic propulsion system can also be classified into five types

according to the value of Mach number.



= C@/m Dler @/m

| Air craft propulsion system. |

—)| Subsonic (M<)). |

Piston-prop (M<-.°).

| Supersonic (M 2)). |

7 , ,
{ﬁ//}’(/(é/{ﬂ(ﬂﬂ/

\
| Turbo-prop (M< - ).
[
| Prop-fan (M< -.4). | >—| Pitot intake.
High-bypass-ratio-
turbofan (M<)). D

—>| Dry low-bypass-ratio-turbofan (M < ).9). |

(M<h.R).

Pitot intake (Normal shock intake)

Afterburning low-bypass-ratio-turbofan

(ML), Internal compression intake
(M21.4).
—>| Afterburning turbojet (M < v.0). |
—>| Ramjet (+.c<M < ), |
| (Conical or spike or round intake). | | (Y-dimensions ramp intake).

| External compression intake. |

| External compression intake. |

Fixed geometry
intake.

Variable geometry
intake.

—>

Y-oblique shock compression system
(¥-shock system).

<€

Y-oblique shock compression system

(*-shock system).

External isentropic compression

—> . .
system (External isentropic system).

-

Fixed geometry
intake.

Mixed compression intake. |

Fixed geometry
intake.

Variable geometry
intake.

Variable geometry
intake

\

| Mixed compression intake.

—>

¥-oblique shock compression system
(¥-shock system).

|

¥-oblique shock compression system

(¢-shock system).

Scramjet (M>¢).

Mixed isentropic compression system
(Mixed isentropic system).

-

Fixed geometry
intake.

Variable geometry
intake.

\

Fig. (1.v) Aircraft propulsion systems and its types of intakes.
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In some of supersonic propulsion systems air to fuel mixture ratio is about
(x+ 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<>.¢) and
afterburning low-bypass-ratio turbofan (M <v)) is either a pitot intake or an
internal compression intake, according to the value of design Mach number.
Where for (M<>.1) used a pitot intake type (normal shock type) Fig. (1.x.b), and

for (M=) 1) used internal compression intake type Fig. (>.v.c).

The ramjet propulsion system (-.e.<M <) is used for fast traveling aircraft.
There are two types of intakes used for afterburning turbojet (M<r.c) and ramjet
propulsion system, they are (two-dimensions ramp intake) and (conical or spike
or round intake), as shown in Fig. (1.v.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. (o.r). 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. ((*.¢) and (.¢)).
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Translation

Fig. (1.Y) Supersonic variable geometry intake, [Y4].
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Y-Oblique shock Y-Oblique shock Y-Oblique shock
compression system compression system compression system
(Y-shock system). (Y-shock system). (£-shock system).

External isentropic
compression system
(External isentropic system).

Fig. (1.¢) Supersonic intake-external compression, [£Y].

Y-Oblique shock Y-Obligue shock ¢-Oblique shock
compression system compression system compression system
(Y-shock system). (£-shock system). (°-shock system).

Mixed isentropic
compression system
(Mixed isentropic system).

Fig. (1.¢) Supersonic intake-mixed compression, [£Y].
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V.Y 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.r). 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. (0.v).

Cowllip_“Normal weak  Normal strong

Throat area Oblique or Conical shock wave }mck wave
7

(Aw) shock wave

\{ N<_/ 77

Face of

Diffuser
compressor

M <)

I/ 777777777777

Fig. (1.%) 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
+.Y~+.°, with acceptable velocity distribution with as little loss of stagnation

pressure (P,) 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. (1.V) [Y4], where
the intake is required to do this at all flight conditions and at least weight, cost,

and drag.

Nozzle

Co Stion

Enthalpy

Compressor ressure curve

A\ 4

Entropy

Fig. (1.Y) Supersonic gas turbine cycle [Y4].

V.Y THE AIM OF THE WORK: -

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

air intake, as follows: -

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

around the cone.
Y- Design the geometry of the internal part.
B- Performance study: -
i- On design.
The on design conditions are Mach number (M = Y), (=30 kg/sec ), and the

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

\¢
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1i- 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.



LITERATURE REVIEW

Y.\ 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.

Y.Y EXPERIMANTAL INVESTIGATION: -

The first serious work on supersonic inlets was done by Oswatitsch, Y4 ¢ ¢,
[V], in Germany during the World War Il 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. (Y.)).

MwSin(Ss:Ms sinoy ...

Fig. (¥.1) *-Shock intake showing wedge angles.



7 — VA Ny 7\
—_— %X(y)/()/’ J)/;; —— %ﬂ/{(ﬁ/fﬁ c@f//ﬂ‘f/ﬂ/ —_—

Brajnikoff, Y4 ¢A [Y], used a model of an annular inlet having a ramp to
create a single oblique shock wave in the A-by A-inch supersonic wind tunnel in
the range of Mach numbers between Y.¥% and Y.+). 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, Y4¢A [Y], 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 ¥.Y, Y.Ve,
and Y.¢o 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 +.eV, +.3V, and +.VA at
Mach numbers of ¥.¥, Y.V and Y.£° respectively have been obtained with very

low external drag.

Ferri and Nucci, Y4eY, [¢], presented a theoretical analysis on supersonic
axisymmetric inlet with external compression fixed geometry, Y-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 (4¢7) for a

Mach number of Y.VY and (A7) for a Mach number of ¥.) are possible with the

S
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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, V4o [¢], 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 (¥-°) and (¥A°) respectively).
And isentropic ((¥-°) tip cone semi-angle followed by isentropic surface to
(v+.¥°), nose inlets in terms of total-pressure recovery, mass flow, and external
drags. The test was done in YA-by YA-inch supersonic wind tunnel. The air was
maintained at (T, = AY.yry¥y.vwa °C), the simulated pressure altitude was
approximately (Yvvya.exYy 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 (-°, £°, and A°). One of
the results of investigation is critical total-pressure recovery for two-cone and

isentropic inlets are +.2Y and +.9¢ respectively.

McGregor, Y4vy, [1], 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 (Y-shock
system) and two obliques and one normal shock system (¥-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, YaAy, [v], presented a testing of a semiconical and two-
dimensional external compression inlets at Mach number (¥) in Ye by Ye 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
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semicone angles are (14°) and (¥4°) respectively, and the first and second two
dimensions semi angles are (1+°) and (v-°) 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. ¥+, [A], 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
() and (¥.¢) 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. ¥..., [4], presented an experimental
investigation of two-dimensional, mixed-compression variable geometry
supersonic air intake, by using supersonic wind tunnel at Mach (). 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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Y.Y NUMERICAL INVESTIGATION: -

Connors and Meyer, Y4aev, [v:.], presented design charts for Mach
numbers up to ¢, 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, ‘YavA, [VV], 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. YA+, [V¥], 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, YsAy, [V¥], 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 (¥.¢) and Reynolds number of 1.4%10"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. Y4AY, [V¢], 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 (Y, ¥.¥, and
Y.ee), At Mach (¥) axisymmetric mixed-compression inlet provided the best
aircraft range. At Mach (¥.v), 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. Y&4AY, [Ye], conducted an analysis study for various
inlet-engine combinations for a Mach (Y.Y), 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., yaA¥, [V1], 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 (¥).

A



7 — VA Ny 7\
—_— %X(y)/()/’ J)/;; —— %ﬂ/{(ﬁ/fﬁ c@f//ﬂ‘f/ﬂ/ —_—

Biringen, YsA¢, [VVv], 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 (v.°). 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. Y4A1, [VA], 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 (°) wedge inlet at free stream
Mach number equal to (¥). The results were in a good agreement with other

methods, and/or experiments.

Bradley, et al. v4A3, [V4], 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, Y4AA, [Y+], 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 (¥), ended at outlet of duct of (-.v) Mach.

Yo



7 — VA Ny 7\
—_— %X(y)/()/’ J)/;; —— %ﬂ/{(ﬁ/fﬁ c@f//ﬂ‘f/ﬂ/ —_—

Gilding, Y4AA, [¥Y], 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, YaAs, [YY], 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. Y..+, [Y¥], 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 (¥). 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. Y.+., [Y¢], 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 Y.+, [Y¢], 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 (V). 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.

¥.¢ 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,
V. To design the external part, the Taylor-Maccoll method will be used.

Y. 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.

Y. The work will include writing a master program, which will solved
iterativelly (momentum, continuity, energy, and state) equations in

cylindrical coordinate.

€. 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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THEORY

¥.): INTRODUCTION: -

The supersonic intake type considered as a fixed geometry axisymmetric
external compression with two-cone (v-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.

¥.Y: OPERATIONAL DISCRIPTION OF SUPERSONIC INTAKE: -

Supersonic air intake considered as illustrated in Fig. (v.V). 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. (r.y) External compression supersonic air intake.
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¥.Y.): INTAKE OPERATING CONDITIONS: -

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

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

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. (v.v.a). Other

characteristics of this operation are:

i- High total pressure recovery.

1i- Full capture area ratio.

1ii- 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. (v.v.b). Other

characteristics of this operation are: -
I- Low total pressure recovery.
1i- 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

14
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over of the incoming air over the intake lip. Operating under this condition is

said to be subcritical Fig. (v.v.c). Other characteristics of this operation are: -
I- High total pressure recovery (if stable).
Ii- Reduce capture area.
- High drag.

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

Conical shocks Conical shocks Normal shock

Normal shock

M< )
Mgy> ) Mgo> )

a- Critical operation. b- Supercritical operation.

Conical shocks Detached shock

Mo>)

c- Subcritical operation.

Fig. (r.Y) Intake operation conditions.

Fig. (v.v) 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, [*4].
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Fig. (v.r) Air-intake characteristic curve, [Ye].

¥.Y.Y: 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.
¥.Y.¥.V:DESIGN MACH NUMBER: -

At design Mach number, Fig. (v.¢.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.

Y.Y.Y.Y: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. (¥.t.b). The supersonic intake is

characterized by: -

AR
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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. (¥.£.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.

Conical shocks Normal shock Conical shocks ~ Normal shock

a- On design Mach number. b- Below design Mach number.

Conical shocks Normal shock

c- Above design Mach number.

Fig. (*.¢) Intake flowfield characteristics.

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,

Yy
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A

© _1
ACO
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, [¥A].

¥.Y:EXTERNAL PART: -

This part consists of a sharp cone with semi-vertex angle (6¢,), followed by
a second cone with semi-angle (d¢v) as in Fig. (v.¢). 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

Fig. (r.¢) v-Shock intake showing cone angles.

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. (*.%). The conservation of mass
will require that the streamlines of flow downstream of a conical shock wave be
curved as in Fig. (v.v),( [V, [*V], [*1, [™ ], [¥¥], [¥¥T, [7e], [££], and [<°]).

Yy
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Flow areas

Area=Yrr,dr
?onsidered

Area =Yrrdr

Fig. (v.7) Flow area between cone surface and conical shock.

Curve streamlines

Conical shock wave

Fig. (¥.V) Curved streamlines downstream of conical shock wave.

¥.¥.Y: MATHEMATICAL MODEL: -

The external part of intake consists of: -
Y- Adiabatic compression system.
a- Conical shock waves system.
b- Normal shock waves system.

Y- Isentropic compression system.

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

the spherical coordinate system as in Fig. (¥.A).

Y¢



(—\ S —
_— (Y, apler Tiree

Fig. (¥.M) The spherical coordinate system.

Calculation of the angle of the conical shock wave (6s), necessary to
calculate the flow properties between the cone with a semi vertex angle (56c) 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 6 = 65 and 6 = &¢) Fig. (Y-4). And change only from one surface to another,
then on the basis of this property, any partial derivative with respect to r-
coordinate Fig. (¥.A) is equal to zero, also the flow properties are independent of
the angle () due to the axial symmetry of the flow field (angle of attack is zero),
so the flow properties depend only on the spherical angle (0) and the governing

partial differential equations reduced to the ordinary differential equations.
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Shock wave

Fig. (¥.%) Relationship between 0 , 05, dc and ray (r).

¥.¥.Y: ASSUMPTIONS: -

The following assumptions are made: -
The airflow is treated as a perfect gas.
Zero angle of attack (Axisymmetric flow).
¥- Non-viscous flow.
¢- The cone has straight surface.

o- Steady flow.

¥.Y.Y: THE GOVERNING EQUATIONS: -

According to the assumptions, the system of governing equations in

spherical coordinate system are [*]: -

\-Mass balance: -

iza(przvr)_i_ ]_ a(pVGSine):O (T
r or rsin o 09

By drive it,

Y1
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i(varrq+r28pvrj+ L vesineé—p+p(vecose+sine%J =0
2 or rsin® o0 o0

r or
0 :
a_:0 (Properties are constant along (r)),
"
2p Vv, +V65_'n0@+—p\_/9 cos) +—P—sinp « Mo =0 X
r rsind o0 rsind rsind o0 we(7Y)

Multiplying both side of equation (Y.Y) by (r) to get,

ov
2pVv, + vy %+p\/ecot0+pa—ee =0

Now o —— d.
So,

d dv
2pvr+ve£+pd—§+p\/ecot920 ()

Y- Momentum balance: -

r-momentum.

oV Vedv, Vveo 1P

= (T
Vo Tr e r por (r-5)
S,

or
Then,

Vo Ve _ Yo"

r oo r
Ly
“de e (7.2)
Il. 0-momentum,

OVg = Vg OVg  V,Vy 1 0P
Vi T Ty T T T T (%)

or r oo r rp 00
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Also - 2 =0
or

Then,

V_e%+VrVe _1oP

r oo r rp 00

Multiply the last equation by (rp) to get to,
PVy—2 +pv,vg+—=0 (V)

From sonic velocity equation,

a’ = dp d—P 9 (Chain rule).
dp do dp
~dpP g2 2 dp
) do (™)

Substituting equation (Y.A) into (¥.Y) to get,

pvedL+pv Vg +a [dpj 0

do do
dvy
‘ @ - —PVe E—P\’rve
T do a2 <..(r.9)

By substituting equation (¥.4) in (*.*) then,

+ p%-l— pvecotd=0

2pv, a? —pVy ddve —pV ve +pa Z—e+pa vgcot0=0

d d
2v,a’ —vg —2 Ve —v, Vi +a2ﬁ+a2vecot6:0
de do
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d
(@2 —vg)dlee:vrvg — 2vra2 —a“vycoto

2 2

dv
(@° —vg)d—ee:vrve -v,a —vraz—azvecote

dvg vr(vg —a%)-a? (v, —veycotd)

do (@* - vp)
V2
\z (—g —2)+ vgCcot
dvo __a AD
do V2
(1—a2)

Equation (*.¢) and (*.)+) may be written in dimensionless form by dividing by

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

Thus,
« Vi ¥

vi=—=M
r a* r Cti(vo\\)
® Ve _ *

Vg _a_*_Me (PN

So equation (¥.¢) and (*.) +) becomes,

dv, .
%—Ve (YY)
2
.V %—2)—\/300&9
dVe _ a Ye
_ . (T 8)
do vy
Q-2
a
Where,
a) y+1 (y-1)
a~2:(_j _y+L W=\ AD
a* 2 2

A\
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V
*
M :—*
a
Vzwlvf +v§
So,
2 2 2 2
M*szr +V9 _ Vr + Ve
w2 2 T 2
a a”? a
Then,
M2 = v2 4y e (P0Y)
u* =vicosd — vysing e (TY)
V" =vysin0 + v5cosh e (TA)
V* u*
®=0-tan| 2 |=tan7!| — ¥ 14
£ * ooo( . )
v v

Where equation (¥.)®) is derived in Appendix (A). Fig. (¥.)+) shows the flow

nomenclature on cone.

Shock wave

Fig. (¥.) *) Flow nomenclature.
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Equation (Y. Y) and (¥.'¢) comprise a set of two coupled ordinary
differential equations, for the determination of the non-dimensional velocity
components (v;) and (vy) 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).

¥.¥.£: PROPERTY RATIOS ACROSS AN OBLIQUE SHOCK WAVE:

From Fig. (v.2) the properties ratios according to ref. [¢1] are: -

P . -
_S:ﬂMEOS”]ZeS _'Y_l e
P, 7v+1 y+1 (1Y)

ps _tandg  (y+1)MZsin®0g
P, tanB 24 (y—1)MZsin?0,

GAL)

Vs (\%) M _sines( 2 N y—l] (RN

V, (v%)_ M sinB | (y+1)M32sin 20, y+1
a*

vrs = M cosB cee(TLYY)
vgs = M sinp SAUAL)

¥.¥.%: PROPERTY RATIOS FOR ISENTROPIC FLOW: -

The isentropic flow property ratios are as in ref. [£ 1],

To_ v+l AL
T (y+1)-(y-1M™

&:(EJ%“ ()
P LT

)
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Po _(To)%“) (YY)

p

T

Where in general form,

2 M
2+ (y—1)M?

(YA

Where equation (¥.YA) is derived also in Appendix (A).

¥.£: 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. (v.)).

Fig. (*.VY) Internal part of intake.

¥.¢.): ASSUMPTIONS: -

The following assumptions are made: -
V- The airflow is treated as a perfect gas.

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

Y'Y
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¥- Non-viscous flow.

¢- The flow is steady.

r.c.v: 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. (*.)Y).

According to the assumptions, the systems of equations in cylindrical

coordinate system are [¥]: -

\-Mass balance: -

a(pVx)+ a(er)_i_ pVy
OX or r

=0 we(7LY9)

Y- Momentum balance: -

I. Xx-momentum.

OV v, oP
Vv +pV =—— (YUY
P Vyx P Vy ar ox ( )
I. r-momentum.
v, ov,  oP
Vx — +PVyr— = (T
P¥xox TPV 5 or r.m)

Y- Energy balance: -

o v2 +v2 o v2 +v2
Vy, —|epT+| 2X2—L | |+v, =—|cpT+| ZXZ—TL||=0 (TN
xax[ P ( > }J rar( P ( > ( )

¢- State equation: -
The equation of state for perfect gas is: -

P=pRT (T

I. x-direction.
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® (o o7)
OX

a_x OX (VLY E)
r-direction.

oP oT op

—=R|p—+T—

or (p or arj -(TT)

The set of equations ((*.Y?) to (v.ve)) 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.

¥.£.Y: 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, [Y¢]. In
the present analysis only the backward difference expression used for all the

nodes, due to the nature of boundary.

¥.£.%: 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:
V- Algebraic method.
¥- Partial differential method.
¥- 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 (Y4A¢) [*3], and
Hoffman (V4A4) [¢V]). 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.

¥.£.9: 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 (&) and (1) coordinates.

Yo
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A completely general two-dimensional transformation function for a fixed

grid is: -
E=8&x,1)
n=nr ()

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: -

o() _a() a8  o() on 5()53 Q
X ok ox on ox ok x ¥ an - (7.7Y)
() _o()eg o()on_o(), , a()
o ocar oo e o (77N

The quantities (&, ,ny,&, ,M,) 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
(Y4A£), 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:

=X

r AL
fw (X)

Where 1, (X) is the function describing the wall of a diffuser. Expressions for the

Tl:

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

M =TTy (%) b o(NEr)

1
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- rw (X)

Ny

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

¥.£.7: 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 (&, 1), for the application of converge-diverge diffuser, by substituting the

metrics of transformations for fixed grid given in equation (Y.Y4) the general

partial differential for any property equations (¥.YV) and (¥.YA) yields:

°0_20 20,

oXx 05 On
20) a0
o on Nr

Iy
lth

X

Centerline

(R8Y)

(T

LY

A- (x, r) Physical Domain.

Al g

—

Ay

le—

YV

Ex

B- (. n) Combputational Domain.
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quations (Y.€Y) and (¥.£Y) may be used to transform the original set of
governing equations (¥.Y4%) to (¥.Y®) from cylinderical symmetry coordinate (X,

r) to computational coordinate (&, n), as follows: -

¥.£.7.):Continuty equation: -

The continuty equation (¥.Y ) my be drived and become as follows:

OV y v op p@vr op PVr _g (ET)

Which may be transformed to computational coordinate by using equations
(Y.€V)and (Y.£Y) as follows: -

Vy :avx + Vy Nx (Y8 E)
ox 0§ On

P _%, %, (52)
OX 0& oOn

%:%nr "'(“‘iﬂ)
o on

op O

—p=—pﬂr (TLEY)
or  on

By substituting equations (Y.< £) to (¥.£V) into equation (¥.£Y) yields: -

p(%"‘%'nxj"‘vx[@+8_p'nx)+9(%'nrj+vr(%'nrJ+
o0& on o0& on on an (TN

PV g
r

¥.£.7.Y: Momentum equation (Euler equation): -
I. X-momentum: -

YA
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The pressure term into equation (Y.Y+) may be substituted from state

equation in x-direction (¥.Y £) and the resulting equation becomes: -

ov, ov, oT  _op
Vy —2+pV,—2+R +T— |=0 (Yo
PV ox TPV gy ( X 8xj (r.£%)

By combinning equations (Y.£¢) and (Y.¢%) with equation (¥.¢3) and by

setting: -
ar _ ot 6T

— t ok e(Y0)
'S o0& an
%:%nr ...(“.O\)
or 0oy

.. The momentum equation in computational coordinate then becomes: -

(GT LT j
Vx(%Jrav—x'nijrPVr(%'ﬂerrR o o =0 ...(%.°Y)
: n n +T(@+a—p j
g on

iIl. r-momentum: -

Also the pressure term into equation (¥.Y)) may be substituted from state

equation in r-direction (¥.Y®) and the resulting equation becomes: -

pvx%+pvr%+R(pa—T+T@):0 (Y.07)
X r or or

By combinning equations (¥.£7) and (¥.£V) with equation (¥.°Y) and by

setting: -

ar _ar
Ny (Y0f)

o an

Y4
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aVr_aVr_i_aVr.
ox 0t on

Ny ..(Y.09)

.. The momentum equation in computational coordinate then becomes: -

p(aT ; j+
Lo
pVx(%+%°nx]+PVr(%'nr\]+R n =0 (.21

% o,
on '

¥.£.1.¥: Energy equation: -

The energy equation (Y-YY), may be written as follows: -

oT OVy oV, oT OV y avr)
Vy| C +V +V,—F |+VCp—+Vy —X+v,—L|=0 ...(F.0V
X(Pax X ox r@xj r(Pér “or " ar (7-2Y)

By combination of equations ((v.¢¢), (v.¢1), (¥.2+), (*.2)), (v.e£) and (¥.c°))
with equation (¥.ev) to get energy equation in computational coordinate as

follows: -
VX(CP(ﬁ"‘g'nxj"'Vx(avx +8VX 'ﬂxj*‘vr(%"‘%'nxj)"'
o on og  On o8 on

VrLCP(a_T'T]rJWLVX(%'nrj+vr[%’nrJ]:O
o o o

¥.£.7.¢; State equations: -

("8

I. Xx-direction: -

In computational coordinate, the equation of state may be written as
follows after combination of equations (v.¢¢) and (¥.c+), with equation (*.v¢) and

by setting: -
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PRRF, (7.08)
ox o€ 811

The equation of state become as follows:

oP oP or oT op Op

—+—ny =R [—+— j+T(—+—-n D (YY)
o on [ o on o o

Ii. r-direction.

In computational coordinate, equation of state in r-direction may be written
as follows after combination of equations (¥.¢Y) and (¥.e¢), with equation (¥.v°)
and by setting: -

oP _oP
ar aﬂ My

()

The equation of state become as follows:

oP oT op
M =R r T r
5 n (P(a ‘M }L (5 ‘M D e (TY)

Equations (¥.¢A), (v.eY), (Y.°1), (¥.°A), (v.1+), and (v.1Y) are partial
differential equations in regular constant stepsize computational coordinate
domain (&, n). The set of these equations may be expressed in algebraic form by

using finite defference technique.

¥.£.V:INITIAL VALUES AND BOUNDARY CONDITIONS: -

The set of equations ((v.¢A), (v.eY), (¥.°1), and (v.eA)) is used to compute

the flow field properties inside the intake.

The initial distributions of flow variables (p, T, vy, v, 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, [¢°] where:

y=1, .2
dM?2 2(“ o M jdA

5 == 5 (T
M 1-M A
Integration between two ends of state gives: -
(v+1)
M, [1+(y—1)M3)20-1) A
= ~ AT
My 1+ (y—1)M2 A, BNLATY

The isentropic flow properties are calculated from the following equations: -

:1+Y__]-M2 ."(\'.'\0)

The pressure and density ratios are calculated from equations (¥.¥1) and (v.Yv)

respectively.

¥.¢.A: 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. (v.'¥), where A& and An
represents the pivotal spacing step in & and n respectively as a computational

plane, [71].

£y
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n I, J+)
j T
An
i-), i+)
oL g
T:-_ e g
< A%

—f sz} :

Fig. (*.\*) Finite difference grid

The governing equations of section (¥.¢.1) 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 (.¢.1) gives: -

X/

X The equation of continuity (*.¢A) as : -

X, J) X(i -1, j) (i, j) x(, j-1)
(8 j){ AE + [ An J“X(i, ) } T VX, )

PG, i)~ Pli-L,) {P(i, i _p(”l)j
+ "I"l . u + p . .
i Aé An X(I’ .I) (IIJ) ...("‘.11)

Vi, ) — Vr(, j-1) PG j) —PG,j-1)
L An M j) |+ Ve ) An ey |+

PG Vrij) _
r

0

The left-hand side of equation (¥.11) is abbreviated as ( F¢).

X/

X The equations of momentum : -

Yy



. in & direction (*.oY) : -

(i, J) — "X(i-1)) X, J) — U, j-1)
Pa.j Vxi. j){ AE * L An Jﬂx(i, ) } PG

Tap—Taap , |
Vi iy — Vi i AE
X)) — "X - LTy
e H An Jnr(i’j)}Rp(i’D 16 —T(i,rl)j -
i, )
An

PG.) ~PG-1]) , (PGD ~PGiD _
+RT(LJ){ A +( An G j)}_o

The left-hand side of equation (¥.1v) is abbreviated as ( Fux ).

¢ in n direction (*.e1) : -
VG j) —Vir-1j) [ Ve d) ~ VrG,j-n)
PG.j) Vxi ,{ AE * A i, ) | PG )

Vi, j) — Vi, j-1) T6,) — 16 j1)
Ve, j) K An e j) |+ RPG,j) An e, j) o)

PG.j) ~ PG i)
*RTGj H An jﬂ { j)} =0

The left-hand side of equation (¥.7A) is abbreviated as ( Fyy ).

> The equation of energy (*.eA) : -

23



T v =T/ 4 T~ =T, -
. @i.J) (i-1,)) (i) (i, j-1) . 2
Vxi ) CP{ AE * ( A Jnx(., ) } TVx )

Vi iy = Vi1 [ Vxi iy — Vi i
X, j) — "X -1)) x(, ) — X j-1)
AE M [ An Jnx(i, ) } Vi Ve j)

_Vr(i, D Vri-1)) | VG, d) Vi i1
A + A NxG, j) | Vi, j)Cr < (T09)

T Lo — T . Voi n — Vo
(Il J) (|1 .I-l) X(Il .I) X(Iv J_l)
[ An Jﬂ () } Ve, Vi J) K An Jﬂr(i, j } *

2 || VrG.p) ~ Vi _
Vi(i, ) K An jﬂr(i, ) } =0

The left-hand side of equation (.74) is abbreviated as ( Fg).

¢0o



METHOD OF SOLUTION

¢.): 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, ['].

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: -
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¢.Y: EXTERNAL PART ANALYSIS: -

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

M,P,,T,,and dc are specified, and 6sand the velocity distributions (v,(0))

and (vg(0)) are determined. An iterative procedure is required to determine

initial value condition for v; and vy behind the shock wave, since (0s) is

unknown.
Several iterative approaches are possible, where in the beginning (6s) is
assumed, by equation (£.)). And (vi,) and (vg), are calculated from the

properties ratios across an oblique shock wave, section (Y.Y.¢), where these
values are the initial conditions for initiating the numerical integration of

equation (Y.V¥) and (¥.) ¢) by fourth-order Range-Kutta numerical method which

is presented in Appendix (B). (v;(0)) and (vy(0)) are calculated from the

governing equation downstream of the shock wave reaching to the surface of the
cone according to chosen step (A0), which is determined by equation (£.Y), where

(6¢) is determined.

o
0 =6c + 7 we(82Y)
Where (a) is the free stream Mach angle.
a=sinY 1 £y
M., <o (£.Y)
AO :_M . (£.Y)
N

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 (&c) determined is equal to

(6¢c) specified and (v’:(SC)) 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(0), ©(0), P(0), T(0), p(0), ...etc) may be calculated from equations of sections
(Y.Y.Y), (Y.¥.9), and (¥.Y.®). But when (&¢) that determine is not equal to (d¢) that

specified, and/or (v’:(é‘)c)) Is not equal to or nearly zero, then the new value of

(6s) is assumed and the procedure is repeated again and so on, [Y1][YV]
[ I Y] £]Ee].

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 [ +]. 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. (£.)).

def.angle = 8.1 +8cp — Payerage (£.8)

Second conical

First conical shock
shock

Fig. (£.Y) Angles nomenclature.

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

presented in Fig. (£.Y).

1A%
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¢.Y.): DESIGN PROCEDURE: -

The design elements of this part are dc», dcv, Lw, Ly, and heo, 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 =Y, H ="

km, and m =Y+ kg/sec).

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

part of intake Fig. (£.Y) may be limited to the follows, [YA]: -

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

expressed as, [A].

. Poo
M max :pooACOVoo :FACOVOO ...(f.")

o0

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

follows [Y¢]: -

o _ 101.325 (£.3)
N 10('%9200)
T, = 288.16 —0.0065H (2Y)

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

M, :V;'O «..(£.N)
a

a=.,vYRT, «o(£.9)

Ay =mh2, AD

EA
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By substituting equations (£.1), (£.V), (£.A), (£.9), and (£.) +) into equation (£.°)

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

H
ho 2mJR(288.16—0.0065H)*10(49200) (EY)
©0 m/y *101.325M
Where: -
m =30Kkg/sec .
M, =2

R = «.YAY kJ/kg. K
H:\h’nhh m

vy=14
L = Neo (B0Y)
tan 01
Lw  Lw tan(o;) = tan(cs + Payerage) — tan(oy) cn(£0F)
_ l =
Ly heo tan(c, + Payerage) — tan(S¢1)

Fig. (¢.Y) External part geometry.

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

presented in Fig. (£.¢).

€9
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¢.Y: INTERNAL PART ANALYSIS: -

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

Yy )
e;//(’;/fn(/ (//—)’(://///(//// —

(Y.VY), so this part has non-uniform shape, hence the grid generation on it has
non- uniform grid space, section (¥.£.¢). So it needs to be transformed to uniform

grid space, section (¥.£.°).

Equation (¥.7¢) 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 (£.) ¢), 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.

f(x) (£ )
f1x;)

Xiy1 = Xj —

Where: -
Xi ... approximate root after 1 iterations.
Xi+\ ... approximate root after i+) iterations.
f(X;) ... functional value at x;.

f(x;) ... first derivative value of the function at x;.

Then equations (¥.717) to (¥.7%) may be solved simultaneously in & and n
coordinate at each node of mesh, using Newton-Raphson iteration technique,

section (£.Y.Y).

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 (L) which equal to (Y.© mm), with

inclination wall angle equal to (8.1 +3.»), as in Fig. (Y. Y.A).
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o The number of grids along (i) is equal to (1 )). And the number of grids

along (j) equals (), hence this part consists of (1) nodal mesh points, Fig.
(V.\ \‘)_

o The station (i = +) 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.

Thenodes (i=+,j=+toi=)),j=+)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 (¥.£.V).

o The iteration is started at the nodei=),j=),andgotoi= ", =Y after

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

reachingto (i="),j="1).

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 (£.Y.¢).

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

are calculated as the following equations: -

r=heo —[(Ln — Lnw )tandcy + L *tan(8cq + 8¢, )] ce(820)
Where:

Lanw =Ly —Lw (ENY)

=0 — Ly *tan(8gy +8¢p) (£1Y)

For the diverge part : -

This part starts immediately downstream of the normal shock wave,
where Mach number is less than unity.

o)
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o This part will be subjected to optimization latter. Hence the length of
this part is designated by (L+), and the inclination wall angle designated by
(0), as in Fig. (Y. Y.A).

. The number of grids along (i) is equal to () )). And the number of grids
along (j) is equals to (1), hence this part consists of (1) nodal mesh points,

Fig. (Y)Y).

o The station (i = +) 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 #Y and/or H

# Y+ km).

) Thenodes (i=+,j=+toi=)),j=+)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 (¥.£.V).

o The iteration is started at the nodei=),j=),andgotoi= "), =Y after
achieving the limiting tolerance (percent relative error ( P.E ) <Tol), and so on

reachingto (i="),j="1).

¢.v.): DESIGN PROCEDURE: -

The design elements of this part are area ratio (AR), length (L), and angle
of inclination wall (6). 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 (+.Y ~ +.°) at the face of
COMpressor.

. The air has uniform flow with high pressure ratios.

oY
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The value of exit gap of flow of diverge part (rv) is calculated by the

followind equation.

o =ry + Lo *tand w(BVA)
Flow chart of the program for analysis and design of internal part of intake

is presented in Fig. (£.°).

£.Y.Y: 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, (Y3AV)[¢+]. This procedure is
shown in Appendix (C).

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

P, Vy, and v;).

The construction of Newton-Raphson equation (C.¢) has the form as that
for the single linear algebraic equation (£.) ¢). Therefore, (i) is used to designate
the number of iterations performed. Equation (C.%¢) can be expressed in the

following general form: -
o =5 DR =12, e (809)

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] # .

oy
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¢€.Y.Y: ELEMENTS OF JACOBIAN MATRICES: -

Consider section (Y.£.A), 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, p, T, vy,

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

X Continuity equation (¥.%1): -

OF _Vxi) “Vxi-1) [Vx(i, ) ~ Vi, j-1) Jnx@ )+ Vi j)
9P, j) AS An ] AS

AD)
i, j) [ Vi i) — VG, j-2) "r(i, j) (
R CP . +( A M) VD | Tpy

.
+_
r

ok 1 M j) PG,j) —Pi-1,j) PG, j) — PG, j-1)
Yy = _p(i,j)L—§+—A }{ AE * A o (£.1Y)
x(i, j) n n

i, )
oF; —P(i,j)Lnr(i’ j)j{P(i, ) _p(i""l)j*nr(i,j) PG (1)
Gvr(i, ) AT] AT] r
oF _, o (£.Y7)
T, j

X Momentum equation: -

I. in & direction (¥.1V): -

o¢
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VG, j)

Yy
c%/(‘;%ﬂ(/ (/o’n/////'{//z/ —

I

Ag

Vi, j) — Vi j-1)

| Vi ) TVxi-L)) +[Vx(i, ) ~ VX j-1)

An

An
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¢.Y.¢: 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 Y33A [£1]],

M)2(+L
M vy+1
Y 2Y \p2
M2 -1
y—-1
Y
y+1M2 (v-1)
Poy | 2 X *( 2y
Pox |14 Y12 v+l
y=1\,2
Ty 1+ 2 MX
T 1477 w2
Py 1+yM)2(_ 2y .2 v-1
Py X = 2
Px 1+yMy v+l v+1
1/2
y-1..2
Py Ve M, 1+ > My
Px  Vy My 1+L_1M)2(

c(5.YY)

e (£.7Y)

w(£.YA)

n(£.Y9)

cn(£64)

¢.Y.c: CONVERGENCE CRITERIA: -

oy
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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)”, [£°].

__currentapproximation — previousapproximation
currentapproximation

P.E

or in other form,

X =X

1+ 9% P.E = » c(8.69)

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

field variables, P, p, T, vy, and v,.
The convergence can be checked by the follows: -

P.E<Tol. wa(E.5Y)

¢.Y.v: 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 (£.) @), that value is modified by a weighted average of the results

of the previous and the present iterations:
xPeW — x[eW 4 (1—p)x P o (5.5Y)

Where A is a weighting factor that is assigned a value between + and Y.

If A=Y, (Y- A) is equal to * and the result is unmodified. However, if A is set
at a value between + and Y, the result is a weighted average of the present and the

previous result. This type of modofication is called underrelaxation. It is typically

oA
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employed to make a non-convergent system converge or to hasten convergence

by damping out oscillations.

For values of A from ) to Y, 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 A 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 X is often determined empirically, [£°]. In

the present study A = (+ ~ V).

Con>

Y

Input
My, Mpax, H, N, Tol,
80\, 80\‘, 'Y:14

Y

Calculate of the free stream flow
properties (P,,,T,,and V_,) by
using Egs. (£.7), (£.Y), (¢£.A), and
(£.9), at section (£.Y.)).

Y

Subroutine CALCULAS.

Y
Calculate the average of the
flow property ratios and
average of the flow directions.

OC
Calculate of the deflection
angle by using Egs. (£.¢%), at
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Inp
MOO’ mmax '

ut
H, N, Tol

vy=14

A

4

Calculate of the free stream flow
properties (P, T,,and V) by

using Egs. (£.1), (£.V), (¢.AM), and

(£.9), at section (£.Y.)).

3
rd
A

4

<:or 5=+ to Y>

A

Subroutine CALCULAS

A

4

Calculate the average of the
flow preperty ratios and
average of the flow directions.

N
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Calculate of the normal shock
wave, by using Egs. (¢.Y7) to
(¢£.¢€+), at section (£.Y.%).

Y

P
Calculate of the total pressure recovery (ﬁJ as
(0]e0]
follows: -
Pos_ P01 _P02_ Pos

POoo POoo POl POZ

Where
h — k
Poy P02

Y

Print calculation
80116025 es’; 68"1 POS

Qoo

1)

Y

Next
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Subroutine CALCULAS

Y

Estimate the conical shock wave
angle (0s), by using Egs. (£.)),
and (£.Y), at section (£.Y).

3|
e

y

: Calculate the flow properties immediately behind
Estimate new the conical shock wave angle (6s), by using Egs.

comc;a:ll SIZO(((;k)wave (V.Y ) to (V.Y %), at section (¥.Y.£), and also by
gle Bs). using Eq. (Y.Y1), at section (¥.Y.2), to calculate

(P—O]asfollows:- Po = PR P .
Pow Po P Py

Qoo

No,

A

B <0s

Yes,

Calculdte the flow velocity
components Vi, and vy by

R Y L R N U T L <k 24
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v

Estimate new
conical shock wave
angle (0s).

Y

l Yes,

Calculate the flow properties between
the shock wave and the surface of cone

at step (A0), by using Egs. (Y.)°) to
(Y.) %) section (Y.Y.Y), and Egs. (¥.Y?)
to (Y.YA) section (Y.Y.9),
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G

Input
The exit conditions of
external part analysis of intake, and
(damping or weighting factor)(A)

A

y

Converge part of intake.

A

y

Input
L,

A

y

Egs. (£.)°)and (¢

Calculate the value of ry and ry, by using

.VY), at the section

A

Apply of grid
physical

generation in
domain.

A

1
R4

Calculate of all flow properties (P, T, p, Vx, V1),
at axial stations by using Egs. (¥.1¢)
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Start the Newton-Raphson iterative
method.

ForJ=)to "

o>
T

Subroutme N.R.

Y

Print
The output of internal
converge part analysis

Next J

10

A

NiAa+ | |
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Calculate the value of rv, by using
Egs. (£.)A), at the section (£.Y.)).

Apply of grid generation in
physical domain.

A

Calculate of all flow properties (P, T, p, vy, and
v,), at axial stations by using Eqgs. (V.71 ¢)
iteratively by using Newton-Raphson formula
Eq. (£.) £), at the section (£.Y).

Y

Decoded all flow properties at one-
dimension into two-dimensions.

A

Transformation of physical domain (X, r) to
computational domain (&,n), by using Eqgs.

(YY) to (V'3 +), at the section (¥.£.9).

Y
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Print
The output of internal
diverge part analysis 0

Y

Next J

A

Next |

Y

End

Fig. (¢.¢) Flow chart of the program for analysis and design of intake
“Internal Part”.

v
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Subroutine N.R

Fy >
\

ITR="

Y

Calculate of the governing algebraic
equations in (&, n) computational
coordinate at the nodal (I, J), by using

Eq. (V.10 to (Y.19), at the section

A

Calculate of the derivatives of governing algebraic
equations in (&, ) computational coordinate at the
nodal (1, J), with respected to properties of flow
variable by using Eqgs. (£.Y +) to (£.Y°), at the
section (£.Y.Y) (Elements of Jacobian matrices).

ITR = ITR+) v

Calculate of the of Jacobian matrix
inverse at the nodal (I, J).

A

Improved the new iteration A
value of all properties, with v
underrelaxation, by using Eq. Calculate of the new iteration value

(¢ ¢wW\ A+t +tlhhA AcAAFIAl Fe¢ W v\ ~F ALl A AN A dim~nms v r riAatAa~Ns A
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RESULTS AND DISGUSSION

.V: 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.

o.Y: 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 () +° to ©+°) with different free stream Mach
number (~).) to ©°). Finally the optimization takes place to design this part as
mentioned in section (£.Y.Y).

Fig. (°.)) 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. (e.Y) 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
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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. (o.v), (e.£), and (°c.°) 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. (°.V). 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. (°.)).

Figs. (°.1), (°.Y), and (°.A) 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. (°.)), 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. (¢.%) 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. (°.Y).

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

supersonic and subsonic. The data presented in table ().)) give the minimum

Yo
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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.

5o ) Y \l

A YoOFA | Y v0AA [ Y IV

YY. O [ Y oAYA [ Y W AEA [ Y Vg0
Yo Y. NNAY Yy Y.YYAY
YY.o [ Y NIYY [ Y NTAA Y YVYAY
A Y.YVYo [ Y YYYY [V YEYA
YY.©o [ Y. YIVYY [ Y. YAoY | ¢3Yo
Yo VYY) Y yoevYy | ). €4y
Yo Y EAY YOy | y.avy
Yo YAIAYE LY VTIAT [ Y AN ¢
<o Y A40AY | Y. «9490 | Y YEAT
¢o Y.YY) YAYY1 [ Y. Vo

o Y Yoo ¥avay |[y.4e14

Notes: -
Col. Y: Minimum value of (M., ) for which conical flow is possible.

Col. Y: Maximum value of (M_,) for completely subsonic flow between

the cone and the shock wave.
Col. Y: Minimum value of (M_,) for completely supersonic flow between
the cone and the shock wave.

Table (°.Y) 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,

[v1].
Ky =Mgsind. ...(e.Y)

M.,sinfg =(1+(7;1) Ksz e(8Y)

A
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FF:—C =1.493 K, % +1.302 (B
I—C=O.240€( K M7 +1.119 CE)

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

pressure behind the two conical and one normal shock wave to free stream
. 03 ] ;
stagnation pressure ( p)) as a function of the second cone angle for a series of
0o

values of the first cone angle, for design Mach number (M =2). Where this
ratio increases for all values of first cone semi angles (6.1), with the increase of
the values of second cone semi angle (6.,), but for different increase ratios. And
at different values of (8.,), 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 (20°) and (18°) respectively, where at these

values the value of total pressure recovery is equal to (+.1VY£AY0),

o.¥: 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 (0). 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. (°.))) shows the results for a diffuser for three paths. Path (V) is at
the row (J = V), path (V) is at the row (J = ¢), and path (¥) is at the row (J = °).
Fig. (°.)Y) presents the axial velocity component (v,) distribution along

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

\Al
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(1) and different inclination wall angles (0). 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. (°.)Y) presents the axial velocity component (v,) distribution along
the divergent portion of internal part of intake, at path (Y). The velocity decreases
with the distance for the same angle, except for angle (6 = 13%), where the

velocity decreases for (X/L=+.* to *.71) 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 (v,) at path (V) is smaller than its value at path (V) and the value of (vy)
at path (V) is smaller than its value at path (¥). So the flow at path (V) is under

effect of other two paths one of them is path (1), which is not affected by the
increase of the divergent wall due to far from diverge wall (nearly of the

horizontal). The other, path () which is affected by the increase of the divergent
wall due to nearly of it. Hence for small values of (0), the flow at path (1) has
more effected on the flow at path (V) than the flow at path (¥). And for high
values of (0), the flow at path (¥) has more effected on flow at path (Y) than the
flow at path (V).

Fig. (°.) ¢) presents the axial velocity component (v,) distribution along
the divergent portion of internal part of intake, at path (¥). The velocity decreases
with distance for the same angle, except for angles (6 = 9°to 13°), where the
velocity decreases for (X/L=".+ to between (*.°~+.7¢)) and then increases and
after this may be decreased due to the same reason mentioned in Fig. (°.)Y).

Fig. (°.)°) presents the radial velocity component (v,) distribution along

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

VY
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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. (°.)7) presents the radial velocity component (v,) distribution along

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

(3°t09°) the velocity increases with distance and then slightly decreases and then

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

(11° t013°) velocity increases with distance and then drops as it is approach
circulation and then increases due to the same reason mentioned in Fig. (°.1Y).
Fig. (°.)V) presents the radial velocity component (v,) distribution along

the divergent portion of internal part of intake, at path (Y). It shows that in range
(3°t09°) the velocity increases with distance and then slightly decreases and then
levels out due to the same reason mentioned in Fig. (°.)°). And in range
(11° to13°) the velocity increases in strong form with distance and then falling in
strong form to negative value at distance (X/L = *.7Y~+ Y1) for angle (11°) and
at distance (X/L = +.1V~+.4Y) for angle (13°) and then increases to reasonable
value at the exit section due to the same reason mentioned in Fig. (¢.)Y).

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

portion of internal part of intake, for path (). 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. (°.)9) presents the Mach number (M) distribution along the divergent

portion of internal part of intake, for path (¥). The Mach number decreases with

V¢



] %%(;///m' 1%7(/ (% sults and ,@3{%{@2}"/{%/1 —

distance for the same angle, except for angle (6 = 13°) where the Mach number

decreases for (X/L = +.* to *.1) and then slightly increases and then decreases
due to the same reason mentioned in Fig. (°.)Y).

Fig. (°.Y +) presents the Mach number (M) distribution along the divergent
portion of internal part of intake, for path (V). 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 = +.* to between (+.°°~+.1¢)) and then increases to
reasonable value at the exit section due to the same reason mentioned in Fig.
(eY).

Fig. (°.Y)) presents the Mach number (M) distribution at the exit section
of the divergent portion of internal part of intake, for area ratio (AR = ).Y). 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 (+.£Y° to +.) 1) for all angles.
Fig. (°.YY) presents the axial velocity component (v,) distribution along
the divergent portion of internal part of intake, for area ratio (AR = ).Y®) at path

() and different inclination wall angles (8). 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. (°.)Y).
Fig. (°.YY) presents the axial velocity component (v,) distribution along

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

with distance for the same angle, except for angle (6 = 13°). Where the velocity

Yo
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decreases for (X/L=*.* to *.°) and then slightly increases and then decreases.
The velocity at the exit section (X/L = ) has the same value for all angles due to
the same reason mentioned in Fig. (°.1Y).

Fig. (°.Y¢) presents the axial velocity component (v,) distribution along
the divergent portion of internal part of intake, at path (¥). The velocity decreases
with distance for the same angle, except for angles (6 = 11°to 13°), where the
velocity increases at (X/L=+.° to *.7) then decreases due to the same reason
mentioned in Fig. (°.) £).

Fig. (°.Y°) presents the radial velocity component (v,) distribution along

the divergent portion of internal part of intake, at path (V). 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. (°.) ).

Fig. (°.Y1) presents the radial velocity component (v,) distribution along
the divergent portion of internal part of intake, at path (Y). It shows that in range
(3°t09°) velocity increases with distance and then slightly decreases and then
levels out due to the same reason mentioned in Fig. (°.)°). And in range
(11° t013°) the velocity increases with distance and then drops as it is approach
circulation and then increases due to the same reason mentioned in Fig. (°.Y).

Fig. (°.YVY) presents the radial velocity component (v,) distribution along
the divergent portion of internal part of intake, at path (¥). It shows that in range
(3°t09°) the velocity increases with distance and then slightly decreases and then
levels out due to the same reason mentioned in Fig. (©.1°). And in range

(11" t013°) the velocity increases in strong form with distance and then falling in

strong form to negative value for angle ( 13°) at distance (X/L = +.Y) and then

&
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increases to reasonable value at the exit section due to the same reason mentioned
in Fig. (6. Y).

Fig. (°.YA) presents the Mach number (M) distribution along the divergent
portion of internal part of intake, for path ()). 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. (2. A).

Fig. (°.Y9) presents the Mach number (M) distribution along the divergent
portion of internal part of intake, for path (Y). The Mach number decreases with
distance for the same angle, except for angle (6 = 13°) where the Mach number
decreases for (X/L = +.+ to +.1) and then slightly increases and then decreases
due to the same reason mentioned in Fig. (°.)Y).

Fig. (°.Y+) presents the Mach number (M) distribution along the divergent
portion of internal part of intake, for path (). The Mach number decreases with
distance for the same angle, except for angles (11° and 13°) where the Mach
number decreases for (X/L = +.* to between (*.©~+.1)) and then increases and
after this decreases due to the same reason mentioned in Fig. (°.)Y).

Fig. (°.Y)) presents the Mach number (M) distribution at the exit section of

the divergent portion of internal part of intake, for area ratio (AR = Y.Y®). 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. (°.Y)). For this area ratio the
values of Mach numbers at the exit section lies between (+.¢ to +.)Y) for all

angles.

Fig. (°.YY) presents the axial velocity component (v,) distribution along the

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

8%
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and different inclination wall angles (0). 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. (°.)Y).
Fig. (°.YY) presents the axial velocity component (v,) distribution along the

divergent portion of internal part of intake, at path (¥). The velocity decreases with

distance for the same angle, but at different range especially for angles (6 = 11°and
13°) at distance (X/L = +.* to *.%). The velocity at the exit section (X/L = V) has
approximately the same value for all angles due to the same reason mentioned in
Fig. (°.\Y).

Fig. (°.Y¢) presents the axial velocity component (v,) distribution
along the divergent portion of internal part of intake, at path (). The velocity
decreases with distance for the same angle, except for angles (6 = 11°and 13°),
where the velocity increases at (X/L=+.°to *.°©°) then decreases due to the
same reason mentioned in Fig. (°.) €).

Fig. (°.Y°) presents the radial velocity component (v,) distribution along

the divergent portion of internal part of intake, at path (V). 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. (°.) ).

Fig. (°.Y7) presents the radial velocity component (v,) distribution along
the divergent portion of internal part of intake, at path (V). It shows that in range
(3°t09°) the velocity increases with distance and then slightly decreases and then
levels out due to the same reason mentioned in Fig. (°.)°). And in range
(11° to13") 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. (°.)Y).

YA
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Fig. (°.YV) presents the radial velocity component (v,) distribution along

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

(3°t09°) the velocity increases with distance and then slightly decreases and then

levels out due to the same reason mentioned in Fig. (°.)°). And in range
(11° to13°) the velocity increases in strong form with distance and then falling in
strong form to negative value for angle (13°) at distance (X/L = +.1£) and then

increases then levels out due to the same reason mentioned in Fig. (°.VY).
Fig. (°.YA) presents the Mach number (M) distribution along the divergent

portion of internal part of intake, for path (1). 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. (°.)A).
Fig. (°.Y) presents the Mach number (M) distribution along the divergent

portion of internal part of intake, for path (¥). The Mach number decreases with

distance for the same angle, but at different range especially for angles (6 =
11°and 13°) at distance (X/L = +.* to *.1). And then decreases, where the Mach
number at the exit section (X/L = )) has approximately the same value for all
angles due to the same reason mentioned in Fig. (°.1Y).

Fig. (°.€+) presents the Mach number (M) distribution along the divergent
portion of internal part of intake, for path (). The Mach number decreases with
distance for the same angle, except for angles (11° and 13°) where the Mach
number decreases for (X/L = +.+ to between (+.°~+.2¢)) and then increases and
after this decrease due to the same reason mentioned in Fig. (°.)Y).

Fig. (°.€)) presents the Mach number (M) distribution at the exit section

of the divergent portion of internal part of intake, for area ratio (AR = ).£). The

va
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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. (°.Y)). For this area

ratio the values of Mach numbers at the exit section lies between (+.YV to +.+ 1)
for all angles.

Fig. (°.£Y) presents the axial velocity component (v,) distribution along
the divergent portion of internal part of intake, for area ratio (AR = ).£9°) at path

() and different inclination wall angles (8). 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. (°.)Y).

Fig. (°.£Y) presents the axial velocity component (v,) distribution along
the divergent portion of internal part of intake, at path (¥). The velocity decreases
with distance for the same angle, but at different range especially for angles (6 =
11°and 13°) at distance (X/L = +.* to *.1). The velocity at the exit section (X/L
= )) has approximately the same value for all angles due to the same reason
mentioned in Fig. (°¢.)Y).

Fig. (°.£¢) presents the axial velocity component (v,) distribution along
the divergent portion of internal part of intake, at path (V). The velocity decreases
with distance for the same angle, except for angle (6 = 13°), where the velocity
increases at (X/L="+.°) then decreases due to the same reason mentioned in Fig.
(°.) %),

Fig. (°.£°) presents the radial velocity component (v,) distribution along

the divergent portion of internal part of intake, at path (V). 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. (°.)°).
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Fig. (°.€7) presents the radial velocity component (v,) distribution along

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

(3°t09°) the velocity increases with distance and then slightly decreases and then

levels out due to the same reason mentioned in Fig. (°.1°). In angles

(11° and 13°) 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. (¢.)Y).

Fig. (°.¢V) presents the radial velocity component (v,) distribution along
the divergent portion of internal part of intake, at path (¥). It shows that in range
(3°t07°) the velocity increases with distance and then slightly decreases and then
levels out due to the same reason mentioned in Fig. (°.)°). And in angle (9°) the
velocity increase with distance and drops then slightly increases at distance (X/L
= +.£VY) to levels out. In angles (11°and 13°) the velocity increases in strong
form then falls with strong form also at different range and then increases at
distance (X/L = +.° to *.7) to decrease again with little range at the exit section
due to the same reason mentioned in Fig. (°.)Y).

Fig. (°.£A) presents the Mach number (M) distribution along the divergent

portion of internal part of intake, for path (). 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. (°.)A).
Fig. (°.£9) presents the Mach number (M) distribution along the divergent

portion of internal part of intake, for path (Y). The Mach number decreases with

distance for the same angle, but at different range especially for angles (6 =

11°and 13°) at distance (X/L = +.* to *.®A). And then decreases, where the

AN
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Mach number at the exit section (X/L = V) has approximately the same value for
all angles due to the same reason mentioned in Fig. (°.)Y).

Fig. (°.©*) presents the Mach number (M) distribution along the divergent
portion of internal part of intake, for path (¥). The Mach number decreases with
distance for the same angle, except for angles (13°) where the Mach number
decreases for (X/L = +.* to between +.°) and then increases and after this
decreases due to the same reason mentioned in Fig. (¢.)Y).

Fig. (°.©)) presents the Mach number (M) distribution at the exit section

of the divergent portion of internal part of intake, for area ratio (AR = ).£°). 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. (©.Y)). For this area
ratio the values of Mach numbers at the exit section lies between (+.Y£Y to

.+ £Y0) for all angles.

o.¢: 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:

SEAK O. Calculated From
numerical method for
Scy =) A “external part”.

heo=YV.0YEVY cm.

Y

Calculated From equation (£¢.1Y).

Ly = YY.oYEvY om.

Y

Calculated From equation (£.1 Y).

Ly = Y. 1 YAwe0 om,

Y

Calculated From equation (£.1Y).

r=VY.YYYaAcm. > Calculated From equation (£.) @).

Calculated From numerical method for internal part “converge
portion” to get sonic or nearly sonic flow at throat section.

AY

Calculated From equation (£.1V).

\L | Calculated From numerical method for internal part |
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Ly =Y. mm.

f, = V.« AYY cm.

Ly =YY .YAYYOe cm.

o

o=V.

ry= VY. « €YY em.

The overall length of supersonic air intake (Loyeran) = Ly + Ly + Ly = YV, 0V eV 1+

VYO £ FY YAIYo =0T 0T o,

Fig. (°.°Y) 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
(YY.OV£VY cm).

Fig. (°.°Y) 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. (°.°Y).
Fig. (©.©¢) 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. (°.eY).
Fig. (©.°©°) 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

AY
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increases gradually to high values at the end of intake due to the same reasons
mentioned in Fig. (°.°Y).

Fig. (°.27) presents the vector plot distribution along the supersonic air
intake at off-design condition (H = Y)Y+ ++ 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. (°.°Y).

The other graphs of Mach and flow property ratios are the same graphs of
design conditions in Figs. (°.2Y), (.2 ¢), and (°.°°) respectively.

Fig. (°.°V) presents the vector plot distribution along the supersonic air
intake at off-design condition (H = * 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. (°.°Y).

The other graphs of Mach and flow property ratios are the same graphs of
design conditions in Figs. (°.2Y), (¢.2¢), and (°.°°) respectively.

Fig. (°.°A) presents the vector plot distribution along the supersonic air
intake at off-design condition (M = Y.9), 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. (©.°Y). Also this figure shows
that the conical shock wave moves ahead of the cowl lip, and the normal shock
wave expelled out at (X = Y ©.A cm) due to the drop in Mach number (1.9).

Fig. (©.©9) presents the contour lines of the Mach number (M) distribution
along the supersonic air intake at off-design condition (M = ).°). 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

A¢
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in Fig. (°.2Y). Also this figure shows that the conical shock wave moves ahead
of the cowl lip, and the normal shock wave expelled out at (X = Y ¢.A cm) due to
the same reason mentioned in Fig. (°.°V).

Fig. (©.1+) presents the contour lines of the pressure ratio (P/P,)

distribution along the supersonic air intake at off-design condition (M = Y.9).

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. (°.°Y). Also this figure shows that the conical shock

wave moves ahead of the cowl lip, and the normal shock wave expelled out at (X
~ Y @A cm) due to the same reason mentioned in Fig. (°.® V).
Fig. (°.1)) presents the contour lines of the temperature ratio (T/T.,)

distribution along the supersonic air intake at off-design condition (M = Y.9).

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. (°.°Y). Also this figure shows that the conical

shock wave moves ahead of the cowl lip, and the normal shock wave expelled out
at (X~ Y ©.A cm) due to the same reason mentioned in Fig. (®.8 V).

Fig. (°.1Y) presents the vector plot distribution along the supersonic air
intake at off-design condition (M = Y.Y), 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. (©.°Y). 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 = YV cm) due to the increase in Mach number

(V.9
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Fig. (°.7Y) presents the contour lines of the Mach number (M) distribution

along the supersonic air intake at off-design condition (M = Y.Y). 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. (°.@Y). 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 = YV cm)
due to the same reason mentioned in Fig. (°.1 ).

Fig. (°©.1¢) presents the contour lines of the pressure ratio (P/P,)

distribution along the supersonic air intake at off-design condition (M = Y.Y).

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. (°.°©Y). 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 = YV cm) due to the same reason mentioned in Fig. (.3 Y).
Fig. (°.1°) presents the contour lines of the temperature ratio (T/T,)

distribution along the supersonic air intake at off-design condition (M = Y.Y).

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. (©.©Y). 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 = Yv cm) due to the same reason mentioned in Fig.

(e.1Y),

AT
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GONGLUSIONS AND REGCOMMENDATIO

1.): CONCLUSIONS: -

The conclusions of this study may be classified into two parts according to

parts of intake under study: -

1.).): EXTERNAL PART: -

The part of intake consists of a sharp cone with angle (d¢.) follows by a
second cone with angle (6¢y).
The following conclusions can be withdrawn for the cone are: -

Y, 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)).

Y. 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 (6 =
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.
P03
POoo
cone angle for range (10° —20°) for constant second cone angle until it

v The total pressure recovery ( ) increases with increasing the first

reaches to maximum value then decreases for range (21° —24°). 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 (20°) and (18°) respectively, as shown in Fig. (°.)+).

1.).Y: INTERNAL PART: -
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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: -

Y The results indicated that the axial velocity component (vy) for paths (V)
and (¥) 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 (¥)

and for angles (3% —7°) the velocity behave as in paths () and (¥), 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.

Y, The radial velocity component (v,) for path (V) 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 (¥) and (*) and for angle (3° —7°)
the velocity behaves as in path (V). 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

¥, Mach number (M) behaves as axial velocity in paragraph (¥). Mach
number at the exit section decreases from high to low values (subsonic) with
the increase distance from straight to diverge wall.

Y.
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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 = V.Yo,

0=7°

1.).Y: 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 =Y, H="++++ m, and m=30Kkg/sec ), the geometry data for optimum
design found are: -

RER R

Ser= YA

Ly = YY.0VEVY em,

Ly = Y. 1 YAw00 om,

heo=YT.0YEY) cm.

r=VY.YYYaAcm,

gy = Y. *AYY cm.

ry=Y).« €17 cm,

Ly=Y.° mm.

Ly=YY.YAYYo cm.

0=V,

L =0T 07«1 om,

overall —

The intake selected was tested under variable altitude and Mach numbers,

and gave a good performance.

ARG
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1.Y: RECOMMENDATIONS: -

The following recommendations are suggested for a further work to

achieve a complete analysis and design of supersonic air intake: -

Y Developing the work by employing non- zero angle of attack (non-
axisymmetric).
. Design of the transient section (Throat section), which includes the cowl
lip and the surface of spike.
¥, Developing the work by employing viscous flow, and comparing the
results with the present (unviscous).
£, Change the geometry of the spike as the follows: -
o ¢-shock system (Three - cone).
o Isentropic compression system.
o, Employing another technique to solve the governing differential
equations, such as characteristic method, finite element method and

MacCormack method.

YYY
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Fig. (. Y) 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. (°. ®) 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. (¢. v) 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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NOMENCLATURE

I
| a | Acoustic speed, (speed of sound). | misec |
I ¢ | Specific heat ratio, taken as (" « + ) | JkgK |
| det. | Determinant. | -
I ET | Error tolerance. | -
I Ff | Continuity equation. | - |
I Fwx | Momentum equation in x-direction. | - |
T Momentum equation in r-direction. | - |
I F | Energy equation. | - |
| FDEs | Finite difference equations. | - |
| H | Altitude. | m |
| h | Step in Runge-Kutta integration method. | - |
I ho | Radius of intake cowl. | m |
J Jacobian. -
L, Length of converge part of intake. m
L Length of diverge part of intake. m
Ln Length of the spike. m
Law Length of the second cone. m
Lw Length of the first cone. m
M Mach number. -
m Mass flow rate. kgl/sec
N Steps number between the shock wave and the surface of _
cone.
P Static pressure. N/m’
PDEs Abbreviated of (Partial differential equation) -
P.E Abbreviated of (Percent relative error). -
R Gas constant, taken as (YAV). J/kg.°K
r Radius. m
r Inlet gap of flow of intake. m
ry Exit gap of flow of intake. m
I'th Throat gap of flow of intake. m




rw(x) Function describing the wall of a diffuser. m
T Static temperature. °K
TOL. | Abbreviated of (error tolerance). |
u | Velocity component with horizontal axis. | misec
\ | Velocity component with vertical axis. | misec
v | Absolute velocity. | misec
\ Velocity component in r-direction (for external part intake). m/sec
Vo Velocity component in 8-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. -
) Region behind the first conical shock wave. -
v Region behind the second conical shock wave. -
¥ Region behind the normal shock wave. -

Specific heat ratio, taken as ().¢).

Ray angle (for external part), and diverge angle of diffuser
(for internal part).

Third dimension of spherical coordinate system.

Angle of direction of flow with horizontal axis.

Angle between shock wave and the flow direction
immediately behind the shock wave.

Mach angle.

Third dimension of cylindrical coordinate system.

Free stream condition.

First conical shock wave.

Second conical shock wave.

First semi cone angle.

Second semi cone angle.

Density.

Computational plane coordinate.




Free stream condition.
Property immediately behind the shock wave.

Property in the surface of cone.
Abbreviated of (cowl).
Abbreviated of (actual).
Signifies stagnation state.
Derivative with respect to coordinates &,n respectively.
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

/’\ e e YT
o @
(for supersonic aircraft). ﬂ
on L S R ﬁ(Half Round) (Quarter Round)

------------------------- i e-Conical or spike or round
intake.

c- Internal compression
Intake.

Fig. (1) Intake types.



Translation

Fig. (2) Supersonic variable geometry intake.

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 iIntake, 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).

Cowlip~Normal weak ~ Normal strong
Obligue or Conical shock wave shock wave
Throat area shockwg/ > NS

Face of
compressor

/

(Ag) ™ Diffuser
M<1

Projected cowl

area (Aco) e

[ [/ 77777777777

Fig. (3) Supersonic intake.

The basic function of a supersonic air intake is to supply the correct
guantity 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 iIs, 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.

Com

Enthalpy

Compressor Constantpressure curve

In/tﬁe

Entropy

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.

. A ) \\\\\\\\\
L
1 | Hm
TR
i
- SRS

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),(rh = 30 kg/sec)
, and the flow properties are at an altitude of (H = 10 km).

11- 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 (d.,),
followed by a second cone with semi-angle (6,) 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.



So For the conical flow it Is convenient to express the governing
equations in the spherical coordinate system.

Ly, |

Fig. (6) External part geometry.

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 6-,, 6~,, 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.

r A

Fig. (7) Internal part of intake.

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 (0). These elements must be optimized to get
Intake with the following characteristics: -

= Short enough to keep weight and drag to minimum.

* L_ong 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 (10° to 50°) with different free stream Mach
number (~1.1 to 5). Finally the optimization takes place to design this
part.

5.0 —
E DARK SIGN .... mean MACH immediately behind the shock wave.
4.5 — LIGHT SIGN .... mean MACH on the cone surface. 80:10(]
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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. (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.
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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.

52 1 2 3
10 ]1.0538 |[1.0588 |1.116
12.5 11.0828 |1.0848 |1.1645
15 |1.1193 |1.123 1.2187
17.5 11.1622 |1.1688 |1.2781
20 |1.2115 |1.2227 |1.3428
22.5 [1.2673 [1.2853 |1.4135
25 (13301 [1.3572 |1.4911
30 (1482 [1.5336 |1.6736
35 [1.6814 |1.7686 |1.9114
40 11.9582 |2.0995 |2.2486
45 12.321 |2.6216 |2.795
50 |3.155 |3.6791 |3.9569

Notes: -
Col. 1: Minimum value of(M,) for which conical flow is possible.
Col. 2: 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) 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, [31].



Kl = MOOSin SC ...(1)

- v+, Y
M,Sinfg = (1+ : Klj ...(2)
FF:—C =1.493 K, J* +1.302 ...(3)
Te _ 02409 K, M7 +1.119 ...(4)

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 (0). 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 (3)
_ Path (2)

_ Path (1)

Fig. (13) Paths of diverge portion of supersonic air intake.
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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.
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Fig. (29) Mach number (M) distribution along supersonic air intake.
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Fig. (36) Pressure ratio (i ) distribution along supersonic air
© Intake.

8-Conclusions: -

The conclusions of this study may be classified into two parts
according to parts of intake under study: -

8.1- External Part: -

1. The flow over the cone is complex, where this flow has curve form, so
It I1s 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
(0 = 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.

4. The total pressure recovery ( P,53/P,., ) Increases with increasing the
first cone angle for range ( 10° —20Q°) for constant second cone angle
until it reaches to maximum value then decreases for range (21° — 24°).
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 ( 20°) and (18°)
respectively, as shown in Fig. (12).

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 (vy) 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 (3° —7°) 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.



3. The radial velocity component (v,) 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 ( 3° —7°) 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

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,
0=7°

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: -

ocl = 20°. hco = 23.525 cm. L1 =2.5mm.
oc2 = 18°. rl1=7.27798 cm. L2 = 32.28 cm.
LN = 23.5247 cm. rth = 7.083 cm. 0.=77°.

LW =17.664 cm. r2 =11.046 cm. 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: -

. Developing the work by employing non-zero angle of attack (non-
axisymmetric).

. Design of the transient section (Throat section), which includes the
cowl lip and the surface of spike.

. Developing the work by employing viscous flow, and comparing the
results with the present (unviscous).

. Change the geometry of the spike as the follows: -

4-shock system (Three - cone).
Isentropic compression system.

. Employing another technique to solve the governing differential
equations, such as characteristic method, finite element method and
MacCormack method.
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