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Abstract. This work shows preliminary results of the design and analysis of a scramjet inlet and combustor for heat
addition rate studies. The inlet was modeled using oblique shockwave equations for a perfect gas and the combustor was
assumed to be in chemical equilibrium, considering 10 species. Inviscid flow was assumed. The fuel was hydrogen. The
scramjet design Mach number was 7.0 at an altitude of 30 km, with a design fuel equivalence ratio of 0.15. The analysis
focuses on how the heat addition rate influences combustor exit temperature, Mach number and geometry. It was found
that, independently of the energy added when the flow approaches Mach 1.0, the combustion exit properties values get
closer.
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1. INTRODUCTION

Laser energy addition in supersonic combustion has been investigated, in the Prof. Henry T. Nagamatsu Laboratory
of Aerothermodynamics and Hypersonics. In the open literature it has been reported the usage of laser energy addition
to promote supersonic air mixing with fuel, to improve combustion efficiency and to reduce the ignition time (and conse-
quently the required length for the combustion process), and acting as a flame holder (Brieschenk ez al., 2011, 2013). This
paper presents a methodology to design a scramjet model (inlet and combustor) for heat addition rate studies in supersonic
combustion, considering flight conditions at 30 km altitude at Mach number 7, and the design equivalence ratio was 0.15.

2. METHODOLOGY

TIn the aerodynamic design of the scramjet (Fig.1), we considered the following assumptions: i) in the inlet, air flow
with calorically perfect gas behavior, inviscid and adiabatic flow, with oblique shockwave relations, so that the incident
shockwave of the compression system focuses in the cowl leading edge (shock-on-lip) and the reflected shockwave fo-
cuses at the combustion chamber entrance (shock-on-corner); ii) combustion with constant pressure is considered; iii)
combustion process in chemical equilibrium is calculated considering a Gibbs energy minimization process (Gordon and
Mcbride, 1994); iv) quasi-one-dimensional inviscid flow in combustor; and v) fuel injection effects were simplified by
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using an empirical model to estimate the mixing efficiency (Northam and Anderson, 1986).
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Figure 1: Scramjet scheme for constant pressure combustor.

2.1 Inlet

From the assumptions considered for the inlet, calorically perfect gas, inviscid, two-dimensional and adiabatic flow,
we used the oblique shockwave relationships. For the pressure ratio across the shockwave, we have (Anderson, 2007):

270 2
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where 7 is the ratio of specific heats and M), pe fore 1 the upstream normal Mach number.
For the density and velocity ratios:
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For temperature ratio and specific enthalpy ratios:
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For the normal Mach number downstream the shockwave we have:
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For the downstream Mach number we have:
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Finally, for the shockwave angle /5 we have:
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where, My ore is the upstream Mach number and 6 is the local flow deflection. After defining the ramp angle and
calculating the shockwave angle, one can obtain the cowl axial position as:
~ tanf

)

T
And, the axial position of the intersection point between the compression ramp and the oblique shockwave from the
reflected flow in the cowl leading edge:

bo — b3
tan @
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Tr3 =
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The ramp length, used in boundary layer analysis, is calculated via:

= cos 0 ©)

In the equations above, by is given as a function of the combustor height b3, ramp angle, ramp shockwave angle and the
reflected shockwave angle, 6, 5 and Sk, respectively:

1 1 1 117!
bo = ~b: tan 6 + tan(Br — 9)} {tanﬂ a tanﬁ] (19)

To provide an area relief, necessary to avoid thermal choking, we consider that the divergence starts at the theoretical
point where ignition starts given by:

35 = 23 + L; (11)
where L; is the estimated ignition length. The axial position of the combustor exit is given by:

x4 =x3+ L, (12)
where the total combustor length is determined by:

Le=L;i+ Ly + Ly,,.,=1) (13)

where L. is the reaction length, and L ) is the total mixing length.

Nmiz=1
2.2 Constant pressure combustor

The conservation equations were applied to the control volume showed in Fig.2 with the assumptions: steady and
quasi-one dimensional flow, chemical equilibrium, and neglecting the effects of gravitational, acceleration, electrical, and
magnetic fields on the motion or energy of the fluid. For mass conservation we have:

Mg +my = 1y (14)
where 11 is the fuel mass flow rate. For momentum conservation in the axial direction:

p3As 4+ maus + mpus + Fp = paAs + mhgug (15)
For energy conservation:

R Y AU
ms h3+7 +my hf+7+? +W+Q =1y h4+? (16)

The total rate of heat added is given by:

Q = Qvisc + Pext (17)

where Qm-sc is the heat transfer rate due to the viscous effects, and P, is the rate of heat added by an external source.
We assume the total axial force applied to the control volume is equal to the viscous forces, which can be estimated by:

Fy = —74Su (18)

where 7, is the wall shear stress (estimated via the skin friction coefficient), and S, is the combustor wetted area. From
the geometry given by Fig. 2, the wetted area is given by:
As+ Ay L.—L;

+ L;w+ Lew+ (L. — L;) " + p— (19)
div

2L;A
Sw _ 1413
w
where w is the combustor width and 64, is the divergence angle.
With the assumption of a constant pressure combustion p; = ps, one can obtain the combustor exit velocity after some
algebraic manipulation of Eq. (15):

1

Uy = s (Fyp + Asps + mhigus + mivguy — Agpa) (20)
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For the density at station 4 one may calculate it by:

My
— 21
P A, Q1)

From the energy conservation, Eq. (16), considering no work is done by the fluid W = 0, one can solve for the specific
enthalpy at combustor exit:

1 2 u? +v? .
h4:,[m3<h3+1;3>+mf<hf+ ! f>+Q

my 2

2
_
B (22)

In the numerical procedure, the objective was to find zero of the error function defined by:

€ = hy — h(p4, pa, do) (23)

by varying A4. The tolerances were 10~2 J/kg for the error function and 10~ m? for the area. The specific enthalpy
h(p4, pa, do) is calculated considering chemical equilibrium based on Gibbs energy minimization, the considered species
were No, HoO, Oo, Ho, OH, H, O, Ar, NO and N. The thermodynamic properties of each species were calculated using
the NASA polynomials (Gordon and Mcbride, 1994) with updates of the coefficients provided by Burcat and Ruscic
(2005). After this procedure one can calculate the combustor divergence angle by:
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Figure 2: Combustor control volume for constant pressure.

2.3 Sonic conditions

As written above, the set of equations, Eq. (20) to Eq. (24) is unable to find the conditions at Mach 1.0, uqy = a4 .
Thus, another equation must be added:

§=uq—ay (25)
which was solved with a precision of 10~3 m/s.

2.4 Boundary-layer

To account for the boundary-layer effects, we used the Simeonides model (Simeonides, 1990), considering a turbulent
flow over a flat plate. In this model, the skin friction coefficient is given by:

. _ 00592 (T)4/5 (,ﬁ)”"’ 6)
! Rel/5 T 2

S



17th Brazilian Congress of Thermal Sciences and Engineering (ENCIT 2018)
November 25th-28th, 2018, Aguas de Lindéia, SP, Brazil

Using the reference temperature concept (Weiland and Hirschel, 2009),
T =0.287 + 0.5T,, + 0.22T,, (27)

where:

—1
Ty =T (1 T 7«702 M2> (28)
For turbulent flow the recovery factor r becomes (Schlichting, 1979):

r=Pr'/3 (29)
where Pr = 0.71 (Anderson, 2007). The Reynolds number is calculated with:

_ pus
I

Res (30)

where s is a coordinate tangential to the compression ramp surface. We used the Sutherland’s law to calculate viscosities
(Weiland and Hirschel, 2009):

T1.5
=1458-107 66— — 31
H T+110.4 GD
T*1.5
*=1458-107 06— 32
H T* +110.4 (32)

We evaluated Egs. (26) through (32) at station 3, where, as a design option, we considered 7;, = 800 K (constant along
the inlet) and we assumed that the wall shear stress is constant along the combustor, so that it can be calculated by the
relation:

1
Tw = 5P3U5CH (33)

Following, according to Simeonides (1990), the heat flux is calculated by:
Qw = Stpu (haw - hw) (34)

which was also evaluated at station 3, according to our assumption. The Stanton number is estimated by means of a
Reynolds analogy:

Sy =cy/2 (35)
So the heat added by the viscous effects may be expressed by:

Qvisc = (jw S’w (36)

However, in order to simplify the calculations and since we are emphasizing the effects of the heat addition rate on the
flow in the combustor, we considered adiabatic wall condition h,, = hg » SO Quise = 0.

2.5 Fuel-air mixture

The fuel and air mass flow ratio f, or fuel-air ratio, is a general indicator of the combustor process (Heiser et al.,
1994). The fuel-air ratio is given by:

g

f= (37

mo
The stoichiometric value of f, or the ideal fuel-air ratio named f; is related with a greater energy release in the combus-
tion, and if one consider a hydrocarbon complete combustion reaction (without Argon)(Heiser et al., 1994):

79

79
CoHy + (2 + %) <02 + 21N2) — 2C0; + SH0 + o

(:c n %) Ny (38)
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One can calculate the general expression for the stoichiometric fuel-air ratio, considering the atomic weight of the ele-
ments, by:

36x + 3y

~ 103(4z + y) (%9)

fst

For hydrogen fs; = 0.0291. Another important parameter for the combustion is the equivalence ratio ¢g, that allows to
quantify the amount of fuel injected and it is defined by:

_ I
fst

With the equivalence ratio one can determine if the mixture is rich or poor in fuel: when ¢y < 1 the mixture is poor, in
other hand, when ¢y > 1 the mixture is rich.

o (40)

2.6 Fuel-air mixing model

For the fuel-air mixing model, we use the concept of mixing efficiency with the methodology adopted by Northam and
Anderson (1986). 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 is a function of the axial distance and
the required distance for complete mixing of the reactants. The mixing efficiency for axial injection may then given as:

T
NMmiz,00 = 7 41
L(nmmw =1)

In the case of normal fuel injection, we have:

Hmiz.o00 = L.OL + o.mam% (42)
Nmiz=1

In this mixing model, once the values of the mixing efficiency for axial and normal cases are known, one can obtain the
values for injection angles between 0° — 90, applying a linear interpolation.

Lignin=1) _ {0.1790me1-72¢°, do <1 )

bs 3.333C e 120400 gy > 1

given that bs is the height of the combustor entrance and C,,;, is an empirical constant of mixing rate. In this work, it
was considered C,,;, = 47 as suggested by Pulsonetti, Erdos and Early Pulsonetti et al. (1991).

2.7 Ignition and reaction times and estimation of the combustor length

According to Paull and Stalker (2000), there are four parameters that must be known for the occurrence of self-ignition
and subsequent combustion, they are the static temperature, the static pressure, the fuel-air mixture, and residence time.
Thus, we can define the ignition time ¢; as the necessary time from ignition until 95% of the heat is released via the
formation of products, in this case HoO. The ignition time is given by:

9 9600
t = §x 107" (44)
p

in this relation, p is in atm and 7" in K. Similarly, the reaction time can be estimated by

1.05 x 10— e 00~
- p1.7

(45)

™
In this work, the necessary length for ignition and reaction processes are estimated by:

L; = ugt; (46)
and

L, = ust, (47)
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3. RESULTS AND DISCUSSIONS
3.1 Chemical equilibrium validation

It was conducted an analysis for the chemical equilibrium validation between the developed code and NASA CEA
code (Gordon and Mcbride, 1994). The conditions were pressure of 1.0 atm with equivalence ratios of 1.0 and 0.5. The
temperature varied from 600 to 5000 K. The results are presented in the Fig. 3. The presented results indicate that
the developed code have almost identical values compared with those from the NASA CEA code for all species. The
considered species were Ny, HoO, O2, Hy, OH, H, O, Ar, NO and N.

1 1
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Figure 3: Comparisons with NASA CEA code, pressure of 1.0 atm and equivalence ratios of 1.0. and 0.5.

3.2 Combustor Exit Properties

The analysis was carried on with the heat addition rate varying from 0 to 10° W, and the equivalence ratio varying
from 0.1 to 1.0. However, for the heat addition rate of 105 W all cases presented thermal choking (M, < 1.0) and in
this case, the calculation stops because only supersonic flow was considered, this fact also limits the equivalence ratio. In
Fig. 4a, one can see the variation of the combustor exit temperature with the equivalence ratio up to choking condition for
several values of the heat addition rate (0, 10, 102, 103, 10* and 10° W). The temperature is increased with the increase of
equivalence ratio because more chemical energy is available to be converted in internal energy. It can be noted an almost
linear variation for all values of the heat addition rate, with the results very close together when the heat addition rate
varied from 0 to 10* W, however, for 10° W the combustor exit temperature values were pronounced higher. With no heat
addition rate (0 W), the combustor exit temperature reaches 1455 K at ¢y = 0.1 and 2579 K as final value. Considering
the heat addition rate 10° W we have the combustor exit temperature of 1702 K at ¢ = 0.1 and 2609 K as final value. The
relative difference between the maximum and minimum values of the combustor exit temperature with no heat addition
rate (0 W) is 77.19 %, and 53.28 %, considering the maximum heat addition rate of 10°> W. According to the graph, Fig.
4b, the Mach number sensibly decreases from 2.11 to 1.00 considering no heat addition rate (0 W), while considering
the heat addition rate 10> W the Mach number decreases from 1.89 to 1.00, approaching to the thermal choking due to
the increase of the speed of sound with the temperature augmentation. Indeed, the curve of Mach number variation was
almost the inverse of the temperature variation curve, Fig. 4a.

In Fig.5a with no heat addition rate (0 W) the minimum area ratio A4/A3 was 1.47 and the maximum was 4.61.
Considering the heat addition rate of 10° W we have the minimum area ratio equal to 1.78 and maximum equal to 4.62.
The area is increased due to the constant pressure assumption, however, the area change does not avoid near thermal
choking condition, when the heat addition rate was zero the maximum equivalence ratio was 0.525 and when the heat
addition rate was 10° W the equivalence ratio was 0.466 when My = 1.0. In practical terms, the area increase is related
to the divergence angle (04;,) defined in the Fig. 1 and presented in Fig. Sb, where the minimum divergence angle of the
combustor was 1.42 deg. and the maximum was 10.86 deg., considering no heat addition rate. Applying the heat addition
rate of 10° W, the minimum divergence angle of the combustor was 2.38 deg. and the maximum was 10.87 deg.
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Figure 4: Combustor exit temperature and Mach number as function of the equivalence ratio (¢ varying from 0.10 to
0.525 ) and heat addition rate (varying from 0 to 105W).
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Figure 5: Area ratio and combustor divergence angle as functions of the equivalence ratio (¢ varying from 0.1 to 0.525)
and heat addition rate (varying from 0 to 10°W).
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An important remark is that independently of the added energy, when the flow approaches to Mach 1.0, the combustion
exit properties values get closer.

4. CONCLUSIONS

This work shows the preliminary results from the design and analysis of a scramjet inlet and combustor for heat
addition rate studies. The design presented in this paper covers the main methodologies for the development of a scramjet
engine from inlet to combustor. The results were presented firstly by showing the validation of the chemical equilibrium
methodology used on the developed code with the NASA CEA Code. Secondly, we evaluated the heat addition rate
influence on the key properties considering constant pressure combustor with a viscous flow approach. From this study,
we could conclude that the heat addition rate produces higher combustor exit temperatures, divergence angles and exit
pressures. On other hand, it causes a decrease in the combustor exit Mach number. It was also noted that the heat addition
rate causes an early thermal choking at the combustor.
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