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Abstract: Laser energy addition in supersonic combustion has been investigated, in the Prof. Henry T. Nagamatsu
Laboratory of Aerothermodynamics and Hypersonics, in order to reduce the drag, to promote supersonic air mixing
with fuel, to improve combustion efficiency and to reduce the ignition time (and consequently combustor length), and
acting as a flame holder. This paper presents a methodology to design a scramjet model (inlet-combustor) for laser
energy addition in supersonic combustion for experimental investigation at the Hypersonic Shock Tunnel T3. In the
aerodynamic design of scramjet with one compression ramp, flying at 30 km altitude with Mach number 7, one may
considered the following steps: i) air flow with perfect gas behavior, inviscid (no boundary layer), and mass flow
captured by the scramjet inlet will pass through the scramjet engine combustor (so that the incident shock wave of the
compression system focuses in the cowl leading edge (shock-on-lip) and the reflected shock wave focuses at the
combustion chamber entry (shock-on-corner), ii) boundary layer (viscous effects); and iii) fuel injection. It should be
noted that the methodologies addressed obey the fundamental principles of physics with respect to the Mass, Linear
Momentum and Energy. The quantification of the fundamental principles of physics is carried out through the Navier-
Stokes Equations, which are valid, a priori, to continuous medium (altitudes up to 100 km). In general, Navier-Stokes
Equations may applied for transient flow; incompressible or compressible; laminar and turbulent; neglecting field
forces, volumetric heating and mass diffusion. Finally, oblique shock wave theory and one-dimensional flow with
friction theory, which are based on the Navier-Stokes Equations, may be applied at the inlet and combustor sections of
the scramjet experimental model. Fuel injection will be considered in order to determine the mix, ignition and reaction
times, and consequently the total combustor length.

keywords: scramjet, Hypersonics, Laser Energy Addition, Supersonic Combustion.

1. INTRODUCTION

The interest in laser energy addition in supersonic combustion has increased along the past years, in the sense to
reduce the drag, supersonic air mixing with fuel, combustion efficiency improvements and reduction of the ignition
time (Fendell et al., 1993; Horisawa et al., 2004; Tsuchiya et al., 2003), and as a flame holder (Brieschenk; et al., 2013).
This paper presents a methodology to design a scramjet engine (Fig.1), inlet-combustor, for laser energy addition in
supersonic combustion studies, considering the flight conditions at 30 km altitude and the conditions at the Hypersonic
Shock Tunnel T3 of the Prof. Henry T. Nagamatsu Laboratory of Aerothermodynamics and Hypersonics.
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Figure 1. Experimental apparatus for investigation on supersonic combustion with laser energy addition.
2. AERODYNAMIC DESIGN

The aerodynamic design of the scramjet engine with one compression ramp considers: i) air in perfect gas behavior,
inviscid flow (no boundary-layer), shock-on-lip and shock-on-corner conditions where the mass flow captured by the
scramjet inlet will pass through the scramjet engine combustor (so that the incident shock wave of the compression
system focuses in the cowl leading edge (shock-on-lip) and the reflected shock wave focuses at the combustion chamber
entry (shock-on-corner), ii) viscous effects (boundary-layer) considering the displacement thickness approach, and iii)
fuel injection evaluating the wall injection angles in order to determine the combustor length (based on the necessary
time to fuel/air reaches the complete mixture, ignition time and reaction time), considering the constant area approach.

It was studied a compression ramp with 19 degrees, in the sense to reach a satisfactory result limited by the
temperature (above 850 K) for the hydrogen self-ignition, pressure around 1 atm, and supersonic speed correspondent to
Mach number 2.6, at the combustor entry. Once set the basic geometry of the inlet, the leading edge of the scramjet
cowl must be replaced due the boundary-layer existence. The presence of the boundary-layer at the compression ramp
will cause an estrangement of the shockwave angle from the compression ramp that originated it. In this case, we need
to consider that the boundary-layer will originate a virtual compression ramp, and this phenomenon is called
displacement thickness of the compression ramp. At the combustor, the influence of the boundary-layer will change the
height of the combustor.

2.1. Obligue Shock Relations

The oblique shockwave with S angle is caused when the incident flow meets a positive deflection with € angle

(compression ramp). The deflection of the flow increases the aerothermodynamic properties (pressure, temperature,
density and speed of sound), and decreases the speed and Mach number. Considering the flow speed may be
decomposed in the perpendicular and tangential speeds to the oblique shockwave u, and u,, respectively, and the flow is
inviscid, adiabatic, steady state without field forces and that there is no mass diffusion. The Eqgs. 1-6, show the oblique
shockwave relations, considering the air as calorically perfect gas:
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Using some numerical method (Newton-Raphson, secant, etc.) we can obtain the / shockwave, in relation to local
flow deflection @, throughout the equation:

2¢in2 p_
tan & = 2cot ZMlsm p-1 @)
MZ(y +con23)+2

2.2. Boundary-Layer

The viscous effects have an important influence on the flow, because will introduce a new deflection angle & at the
compression ramp and will change the aerothermodynamic property values, consequently. For this purpose, this work

considers the (laminar) displacement thickness O ) approach, which represents the physical distance where the inviscid
flow is displaced from its initial place due the boundary-layer presence, originating a virtual ramp (Fig. 2).

We can define the displacement thickness 5 through Chapman-Rubesin theory, as follow (Bonelli, 2011):

o1& 1,72+2,21[7/—_1ij 11,03 Lv T ®)
s, \Reg, 2 T,

where, S, corresponds to the tangential coordinate to the wall (Eg. 9), C’ isthe Chapman-Rubesin constant, Re is the
Reynolds number, y is the ratio of the specific heats, M is the Mach number, and the subscripts W and aw represent,

respectively, the wall and adiabatic wall conditions. The local Reynolds number based on the S, coordinate (Fig. 2) is
given by Eq. 10:
cosd

S ©)

Re s = % (10)
H

where, the subscript 2 corresponds to the upstream oblique shockwave conditions.
The Chapman-Rubesin constant could be expressed by:

C' = To4 (11)

T*,Uz

where, the superscript * corresponds to the properties evaluated to the reference enthalpy.
The dynamic viscosity was obtained by Sutherland’s law:

(12)

3/2
U= 1,7894x10°° T 398,16
28816 ) T +110

The reference temperature is calculated by:
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where, the subscript e corresponds to the properties at the edge of the boundary-layer.
The adiabatic wall temperature, which represents the maximum temperature inside the boundary-layer, may be
obtained by:

I@N:1+rZ§}M§ (13)
2

where, r is the recovery factor given by r =+/Pr for laminar flow and r = 2/Pr for turbulent flow (Schlichting,
1979), in this case Pr represents the Prandtl number assumed as 0,71, for this being value be a good approximation up
to temperatures near 800 K (Anderson, 2010). In the absence of the temperature profile at the wall was chosen to

assume the adiabatic condition on the wall Tw = Taw.
To obtain the effective geometry of the inlet considering the displacement thickness, we need to follow six steps, as
described:

Evaluate the thermodynamics properties considering inviscid flow;
Calculate the displacement thickness S through Chapman-Rubesin theory;
Based on the displacement thickness & get a new compression ramp with the effective angle Oy

The thermodynamics properties values one may be recalculated, based on 6. ;

The process 2-4 one may be iterated up to reach the convergence for the O ;

© o A~ Wb

Finally, the geometry must be adjusted due the boundary-layer presence.

The displacement thickness will be necessary to adjust the inlet geometry (Fig. 2) in order to satisfy the continuity,
and to cancel the reflected oblique shockwave at the combustor entry.

shockwave

IO

3

" displacement
thickness

Figure 2. Boundary layer considering displacement thickness.

On the Fig. 2 h0 represents the height of the inlet air capture between the compression ramp leading edge and the
cowl leading edge, X, is the horizontal coordinate between compression ramp leading edge and the combustor entry.

The dimension X, (COrT)indicates the corrected horizontal coordinate for the new start point of the combustor entry.

The points R and | are the reflection vertex of the oblique shockwave at the cowl leading edge and intersection between
the reflected oblique shockwave and the boundary-layer, respectively.
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0,

.+ could be obtained by Eq. 14, using a iterative method:

X, tan @+ 38" /cosé.
tan g, = 3 / eff

(14)
X3

The coordinates of intersection point between the boundary-layer and oblique shockwave (Fig. 2) are described:

_ Ypttana+xg
tan 04 +tana

1 (15)

y, =1an G X, (16)

where, X, and Y, (Egs. 17-18) correspond to the vertex coordinates of the scramjet cowl, where will occur the
reflection of oblique shockwave. The « angle is the reflected shockwave angle, calculated by Eq. 19:

Ve =h, 17)

X =D (18)
" tan g,

a = fr — O (19)

3. COMBUSTOR DESIGN
3.1. Combustor dimensioning

Following the terminology applied to sections of a scramjet defined by Heiser and Pratt (1994), Fig. 3, we have the
compression sections (internal and external), the combustor and expansion (internal and external) which allow the
analysis of thermodynamic cycle and consequent design of the scramjet engine components (Costa, 2011).

The inlet produces suitable conditions of pressure and temperature to occur in the ignition fuel-air mixture. The
region between points 0 and 1 corresponds to the inlet external compression section. Between points 1 and 3, there is
the inlet internal compression section. Among the points 3 and 4 the fuel is injected into the combustion chamber
section, where it will be mixed with atmospheric air at supersonic speed. The pre-expansion occurs between points 4
and 9, the effect to prevent the thermal choke due the heat addition with constant area combustor. The region between
the points 9 and 10 is responsible for external expansion of the combustion products.

Compression Section _|_ Combustor Expansion Section
External Internlal Internal | External
0 ‘1 é 4 Sg 10
I
Pt~ DN R .

Figure 3. Terminology applied to the scramjet sections (Costa, 2011).
The height of the combustor could be given by continuity equation:
M= poUoAy = P A = pU, A, = paUs Ay (20)

where, M is the mass flow and A corresponds to the cross-section.
For a combustor with rectangular geometry, we have that the height of combustor h could be obtained by:

h= (21)
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where, L is the combustor width.
The position of the cowl leading edge corresponds to the horizontal line of the point of intersection that limit the

capture area A,, design point, and the oblique shockwave originated at the edge compression ramp (Fig. 4),

establishing the shock-on-lip (SOL) condition to minimize the flow spillage. The position of compression ramp end is
determined by its intersection with the reflected oblique shockwave coming from the cowl leading edge (Fig. 4).

h0 is the height between the vehicle leading edge and the cowl leading edge (given by the point of incidence
R(XR, yR)), defining the air capture (Fig. 4). & and S correspond to deflection and oblique shockwave angles. The
reflected oblique shockwave angle is given by S, —@. The height of the combustion chamber is given by h3 and
considering constant area, h3 = h4. The coordinates X;, X;,;and X, correspond to the length of the compression

ramp, horizontal location of the injectors (defined as design premise the value of 20 mm from X,) and total length of

the scramjet engine, respectively. It is noteworthy that in this project was neglected the isolator section, and the
beginning of the combustor is immediately after the compression ramp.

R(Xy¥o=h,)

fuel
injection

Figure 4. Shock-on-lip condition with the shockwaves focusing at the cowl leading edge vertex and combustor
entry.

3.2. Fuel injection

For the fuel injection model, we use the concept of mixing efficiency. The mixing efficiency is defined as the ratio
between the amount of fuel available for the reaction and the total amount of fuel injected. Based on experimental data,
the mixing efficiency for axial injection is a function of the axial distance and the required distance for complete mixing
of the reactants (Northam; Anderson, 1986). The mixing efficiency for axial may then is given as:

N = X/ Ly, (22)

L, |0.179C,e""* 4, <1.0
M = (23)
b |3.333C,,e**,4, >1.0

given that b is the height of the combustor duct and C,\,I is an empirical constant of mixing rate ranging from 25 to 60

(Pulsonetti; Erdos; Early, 1991). In this work, it was considered C,, =25 (C,, =60in the model of Northam and
Anderson (1986)). In the case of normal fuel injection, we have:

T =1.01+0.1761n [Lij (24)

M

This mixture model, once known values of the mixing efficiency for axial and normal cases, we can obtain the
values for injection angles between 0°-90°, applying a linear interpolation.

3.3. Ignition and reaction times
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There are four parameters that must be known for the occurrence of self-ignition and subsequent combustion, they
are static temperature, static pressure, fuel-air mixture, and residence time. Thus, we can define the ignition time t; as

the necessary time, from ignition until 95% of the heat is released, via the formation of products, in this case HZO .

9600

L, 8x10°%e T

t=—=" (25)
Us P

in this relation, pisinatmand T in K.
Equation 28 is relative to the reaction time t, :
=1.121

L, 1.05x10“g 1000

t =—"= = (26)
Us P

The nonlinear variation og the ignition temperature for a mixture hydrogen-air is because the reagent has power
able to overcome the activation energy needed to start the chain reaction. The likelihood of an ignition may be small if
the reagents energy levels are close to the minimum value, and thus the ignition time will be much higher. Whereas the
hydrogen self-ignition temperature is close to 800 K, and if we work close to this temperature at which the ignition time
will tends to infinity, and consequently, there will be no self-ignition. There will be no great energy of activation after
ignition due to the fact that there are already formed reactive chain carriers (Huber, et al., 1979).

4. RESULTS

This engine was designed to meet a mission considering the speed correspondent to Mach number 7 and 30 km
altitude. Furthermore, the test platform will be mounted on T3 Hypersonic Shock Tunnel. Table 1 shows the values of
the thermodynamic properties and flow velocity considering project altitude (U.S. Standard Atmosphere, 1976).

Table 1.Thermodynamic Properties and Mach number.

Condition  Temperature [K] Pressure [Pa] Density [kg/m’]  Speed of Sound [m/s] Mach Number

30 km 226.50 1197 1.841x107° 301.70 7.00

4.1. Inlet

The assumption is based on ensuring a temperature at the combustor entry between 1000-2000 K and a pressure of
0.25-1.00 atm, in order to have an effective combustion in a combustor with a reasonable length (O'Neill; Lewis, 1992).
The lower limit of this temperature range and pressure is determined by the hydrogen-air reaction mechanism.
However, the upper limit is linked to the fact that the excessive temperature rise would cause the dissociation of the air
and consequently lower combustion efficiency. Furthermore, to have the upper limit of the condition would be
necessary to increase the number of ramps for the compression system, which would result in a vehicle/model large. For
inviscid flow case we defined the combustor height as 15 mm, and using the equations presented on section 2.1 we
obtain the thermodynamic properties inside the combustor as show Table 2, at 30 km altitude. The Fig. 5 shows the
preliminary inlet dimensions, considering the inviscid flow approach.

Table 2. Thermodynamic Properties of the inlet at 30 km altitude.

Final of External Compression Final of Internal Compression

Properties (Station 1) (Station 3) Units
M 3.8 2.53 -
T 628.6 1071 K
D 13052.77 59973.88 Pa
P2 7.23x107 1.95x107 kg/m?
a 502.59 656.07 m/s
u 1911.09 1662.27 m/s
B 26.11 32.09 degrees
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255,26

125,10

Figure 5. Inlet dimensions considering inviscid flow.

4.2. Boundary-layer influence

Table 3 shows the values of the thermodynamic properties calculated for the station 1 of the scramjet engine,

besides the Mach number, the properties versus the reference temperature, the value of & " . To obtain the values shown
in Table 3 were performed six iterations. Based on the properties found for the scramjet station 1 (Table 3) were
calculated the thermodynamic properties, Mach number and angle of the reflected oblique shockwave at the station 3 of

scramjet engine and is shown in Table 4. Also, Table 4 shows O, , S and a = B; — O angles that correspond to
the effective angle of the compression ramp, oblique shockwave and reflected oblique shockwave angle, considering
viscosity. The coordinates X, Yg,X; and Y; corresponding to R and | points (vertices of reflection of the oblique
shockwave at the cowl leading edge and the intersection of reflected oblique shockwave and boundary layer,
respectively) were calculated from the new compression ramp angle called &, (Table 4) and are presented in Table 5.

Table 3. Thermodynamic Properties and Mach number to calculate the displacement thickness 5 , after six

iterations.
Properties Value Units
M, 3.83 -
2, 7.19x107 kg/m3
T, 621.2 K
a, 301.7 m/s
10 3.09x10° Kg/(m.s)
Tw=Taw 2249.3 K
T" 1793.4 K
i 5.81x10” Kg/(m.s)
c” 6.53x10™ -
Re, , 1.47x10° -
S 1.80x10°° m

Table 4. Thermodynamic Properties and Mach number to calculate the displacement thickness S, after six

iterations.
Properties Value Units
M, 255 :
T 3
Ds 1.95x10 kg/m
T, 1063.1 K
p 59461.55 Pa
3

u, 31.97 degrees
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B 1666.60 m/s
p2] 19 degrees
0. 19.31 degrees
Yij 25.86 degrees
Be — O 12.66 degrees

Table 5. Thermodynamic Properties, Mach number after reflected oblique shockwave and coordinates of
intersection and reflection points, considering 5.

Properties Value Units
X 0.2581 m
Yo =h, 0.1251 m
X, = X, 0.323 m
A 0.1099 m
h, 0.01678 m
0.343 m

4.3. Combustor length

Table 6 shows the required length for complete fuel-air mixture to the case of axial fuel injection (Lm’axia,) and
fuel injection normal to the direction of flow inside the combustor(Lm'norma,). Also, are presented in Table 7 the

Xrear Xgaxiar @Nd X lengths, required for the occurrence of ignition and reaction, total length, considering

rea’ “daxia 4normal

Xign’
axial and normal fuel injection, respectively. Finally, Table 6 shows the required times for ignition and reaction t;;, and

t,e, respectively.

Table 6. Required lengths and necessary times to occur ignition and reaction.

Properties Value Units
Lo et 0.11545 m
L 0.03135 m
m,normal
Xign 0.18974 m
X, s 0.13165 m
X 0.77985 m
4axial
X 0.69575 m
4normal
t 1.139x10™ s
ign
t 7.90x10° s

rea

The Fig. 6 corresponds to the effective geometry of the scramjet engine, as result of presented approaches at the
adopted methodologies of this work.
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Figure 6. Inlet and combustor final dimensions.

5. CONCLUSION

In this study, we sought a scramjet configuration that meets, according to O'Neill and Lewis (1992), the necessary
conditions for self-ignition of hydrogen, being between 1000-2000 K and pressure of 0.25-1, 00 atm, so as to ensure a
combustion process efficiently in a compact length of the combustor. It is concluded that the design, presented in this
paper covers the main methodologies for the development of a scramjet engine aiming the combustion efficiency and
for the laser energy addition experimental research. Studies in order to develop a combustor with constant pressure
considering energy addition, chemical equilibrium, and 10 chemical species for the combustion process have been
developed.
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