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Abstract

Scramjets are a type of air breathing propulsion that operate at speeds above Mach 5, and
provide opportunities for cheaper and more efficient transport to space. Traditional LH2/LOX
rocket engines have a specific impulse (Isp, a measure of efficiency) of around 450s [6], whereas
scramjets can have an Isp of around 3500s. However, scramjets face a multitude of issues, one
of which being that fixed geometry scramjets are a point design optimized for a single speed,
resulting in performance losses when not at the optimum speed. This paper is intended to
optimize the performance across a wider range of Mach numbers in fixed geometry ramp
intakes. The optimum number of ramps and the angles of them will be optimized to increase
pressure recovery and prevent shock impingement. Typically, a greater number of shocks with
oblique shocks at a less extreme angle results in better such performance. Research on such
improvement has been done, but have focused on different inlet designs. This research instead
focuses on fixed geometry external compression ramp intakes based on Oswatitsch and
Kantrowitz criteria, and optimizes the inlet for speeds from Mach 6 to 8.

Variables

γ = specific heat ratio, = 1.2 for this paper
Cr = contraction ratio
Pr = pressure recovery coefficient
Er = compression ratio
x = intake length
y = intake height
Θ0 = initial ramp angle
ΔΘ = ramp increment angle
Δf = change factor
Isp = specific impulse
M = Mach number

Introduction

Scramjet inlets are designed to compress supersonic flow for the engine. Unlike other traditional
airbreathing designs, such as gas turbine jet engines or ramjets, the combustion chamber of a
scramjet works with supersonic flow. Therefore, scramjet inlets compress air, but unlike other
inlets, do not slow the flow down below Mach 1 (speed of sound). Ref. [12] describes the lower
bound for the amount of compression necessary for this inlet. Based on Ref. [12], the minimum
Ec is 50, meaning that the stagnation pressure needs to be increased by 50 in the inlet for
operation to be possible.
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The development of more feasible scramjet technology would allow for space travel to be
cheaper. Ref. [5] describes these benefits. It also describes the primary differences between
scramjets and other jet propulsion technology. Scramjets are also advantageous since they are
significantly more efficient than rocket engines and are able to operate at much higher Mach
numbers than normal jet engines/ramjets. Ref. [8] compares the performance between
scramjets and other propulsion methods. Specifically, it shows that scramjets can operate at
much higher speeds than gas turbine jet engines and ramjets, while being able to have a higher
Isp than rocket engines. The theoretical Isp given for scramjets in this paper is up to 3500s, which
is significantly higher than rockets at around 400s.

External compression ramp intakes, like the one in this current study, operate by generating
oblique shocks by turning supersonic flow, as shown in Figure 1.

Fig. 1, Ref. [4]: Diagram of how external compression scramjet inlets work

These shock waves are what perform compression on the flow. The goal of intakes are to
capture and compress as much air as efficiently and as adiabatically possible, increasing
efficiency.

There have been operational scramjets. The NASA X-43 A Hyper X tested a scramjet (Ref. [9]),
and was able to achieve speeds of up to Mach 9.6, demonstrating the viability of scramjets.

There are, however, issues that scramjets currently have. As with all supersonic intakes, the
inlet must be able to start (form stable shocks), such that airflow can properly be compressed
and turned. Should an intake unstart, flow can spill out of the intake and cause malfunction of
the scramjet. Shocks may also impinge on parts of the scramjet body, causing mechanical and
thermal stress. Ref. [11] describes shock-wave/boundary layer interactions that occur in
supersonic inlets that cause shock impingement. Ref. [1] describes how shock impingement
results in damaging effects. Shock impingement, which is when a shock interacts with a
boundary layer, causes issues such as excess heating and vibrations, which can easily damage
scramjets. Due to this, the inlet will be optimized to avoid risk of impingement and reduce
possibility of damage. This will be done by reducing movement of oblique shocks and including
a buffer in the inlet design to prevent this. This paper will investigate how to optimize the
performance of scramjet inlets at multiple points (different Mach numbers); should a scramjet
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inlet be optimized only for one point, performance can be significantly worsened at off-design
conditions, possibly resulting in shock impingement, inlet unstart, or significantly reduced Pr.

Scramjets must obey certain criteria to both function and increase efficiency. Ref. [6] provides
data on Kantrowitz starting criteria to obey during optimization of scramjet inlet. The Kantrowitz
starting criteria is semi empirically derived and determines the maximum Cr an inlet can achieve
to be able to self start. This paper uses γ = 1.4; for the purposes of this paper, γ = 1.2 to account
for chemical effects at high Mach numbers. The equation for the Kantrowitz starting criteria are
displayed in Figure 2.

Fig. 2, Ref. [6]. Shows the equation for the Kantrowitz starting criteria.

This equation was graphed in Ref. [6], and is displayed in Figure 3 (γ = 1.4 in Figure 3).

Fig. 3, Ref. [6]. Shows Kantrowitz limit along with other limits. Mcl is Mach number, CRi is
contraction ratio. The other lines represent other limits on contraction ratio; the Kantrowitz limit
is used in this paper.

There is also the Oswatitch criteria (Ref. [4]), which states that shocks should be of equal
strength to optimize efficiency. To do so, each turn in the inlet will differ by the same angle.

Other research has been done on the optimization of scramjet inlets. However, they have
focused on different inlet designs; Ref. [2], for example, describes other multipoint design
optimization for scramjets. Ref. [2] optimized a Busemann based intake, which differs from a
ramp intake and has a more complex geometry. This paper instead focuses on external
compression ramp intakes, which are simpler in design and would therefore reduce cost. Fixed
geometry design has also been chosen for the same reason. Performance is measured through
both movement of shocks under differing speed conditions, as well as Pr. Ref. [7], a sample
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model for a possible design for a scramjet inlet. This research is used as a target goal to try and
exceed in performance. This paper also provides the performance metric Pr that will be used for
the determination of the performance of the scramjet inlet being optimized.

Methods

MATLAB was used to generate the theoretical optimal ramp geometry given a specified Mach
number, Θ0, ΔΘ, number of shocks, γ, and intake height. Ref. [10] describes the equations used
in the MATLAB calculations for determination of optimal geometry given a single Mach number.
The ramp increment angle, and the number of shocks were adjusted to determine the optimal
number of oblique shocks. The data collected was the position of the interception of the shocks
along with the length and height of the intake. Tests were run at Mach 6 and 8 (the range of
Mach numbers to be optimized over) and γ was set to 1.2.

Spreadsheets were used to collect data and normalize it. Normalization was done by summing
the length and height of the intakes for each run for a specific initial angle and ramp increment
angle at Mach 6 and 8. Then, the sum of the x and y coordinates for the oblique shock intercept
at Mach 6 and 8 was divided by the previous sum at the respective Mach number. The
difference between these 2 numbers for a specific initial angle and ramp increment is the Δf.
The aim is to reduce this value, as larger values increase risk for shock impingement. The Cr for
each specific intake configuration was also measured by finding the ratio between the height of
the inlet after compression and in free stream.

Once the data was collected, the Cr and the Δf were plotted using Desmos and are shown in
figure (number). For each of these, a curve of best fit was found. Along with these curves, the
upper limit for contraction, the Kantrowitz starting limit, was plotted as a green dotted line. The
approximate minimum increment angle for each number of shocks to achieve a Ec of 50 (Ref.
[4]) was also plotted as an orange curve, and a curve of best fit was found for these values. This
creates an important region for ramp increment angles for different numbers of shocks with
Θ0=6° between the orange curve and dotted line that, for the purposes of this paper, the inlets
must be in for them to be able to self start and operate with high enough Ec for efficient
combustion (Fig. 4).
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Fig. 4. Graph of contraction ratio vs. ramp angle difference for differing numbers of shocks. The
orange curve represents minimum compression, the green dotted line represents maximum
contraction.

From here, optimization was performed to find the optimal initial angle and increment angle.
Different initial integer angles between 1 and 4 and increment angles between 1 and 4
(depending on the initial angle) were iteratively tested for their performance. The performance
for each initial ramp angle was plotted and a curve of best fit was found, with Pr being compared
to Er. Performance was determined by the Pr of each condition. This was tested for both Mach 6
and Mach 8, and each graph for each Mach number is shown in Figure 4.
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Fig. 5. Graph of Pr vs. Cr at Mach 6 for several different Θ0.
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Fig. 6. Graph of Pr vs. Cr at Mach 8 for several different Θ0. The red lines represent the minimum
compression necessary to operate at Mach 6.

To find the optimal initial angle and ramp angle difference, the minimum ramp angle difference
for a Ec of 50 at Mach 6 was found for each initial angle. Simply put, the higher the y-value of
this graph, the more efficient the scramjet is.The compression for this angle difference condition
was found for Mach 8, and plotted for Mach 8 on the Ec vs Pr, and connected between each
condition to demonstrate a range of initial angles.

Results

From the tests optimizing the number of shocks, it was determined that 6 shocks was the
optimum number of shocks. It falls within the region necessary for starting, and is able to
achieve minimum Ec with a fewer number of shocks. Although increasing the number of shocks
does result in an increase in an improved ability to achieve minimum Ec with a Cr, Δf also
increases, thereby increasing risk of shock impingement in off-design conditions.
Shock-wave/boundary layer interactions also occur in the inlet (Ref. [11]), which may cause
boundary layer separation. Increasing the number of shocks increases the extent of this issue
(more shocks = increased separation events), therefore leading to possible unstart as well as
instabilities in the combustion chamber.
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From here, it was then determined that the optimal Θ0 and ΔΘ were 4° and 0.92°, respectively.
From Fig. 6, we see that it has the highest Pr.

Table 1 shows the geometry of the intake.

Number of Shocks 6

Θ0 4°

ΔΘ 0.92°
Table 1: Geometry of optimized inlet.

Based on these conditions, it was found that at M = 6, Pr = 0.80 and at M = 8, Pr = 0.56.

Conclusion

Compared to Ref. [7], the scramjet inlet in this paper performed better, as the inlet in Ref. [7] has
a Pr around 0.35 compared to this paper’s 0.80. This paper also achieved the goal of having
improved performance across a wider range of Mach numbers, as having a low 30% loss in
efficiency across a range from M = 6.0 to M = 8.0 is good.

Possible future analysis could include investigation into boundary layer bleeds. These would
help to mitigate the effect of shock-wave/boundary layer interactions, and would therefore
improve performance.

Other research could also look into using different, novel intakes, such as the Busemann intake
discussed earlier. These intakes are more complex than external compression ramp intakes, but
they can still provide performance gains.

Finally, further research could investigate the use of variable geometry intakes. Ref. [3]
demonstrates such research, but also presents challenges to using these kinds of intakes.
Variable geometry intakes increase weight and complexity, but they are still a possibility.
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