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Abstract

In order to increase the fuel-air mixing in a scramjet combustion section, the Air
Force Institute of Technology and the Air Force Research lab investigated methods to
increase the mixing efficiency. Previous experimental work identified the advantages
of using a strut upstream of a cavity flame holder to increase the fuel-air mixture. In
this paper a computational investigation of strut injectors in a supersonic flow with a
cavity flame holder is reported. This research focused on understanding the effect of
a change in height and width of the strut upstream of the combustion cavity on the
mixing efficiency and pressure loss in the combustion section. Three baseline struts
from the previous experimental research had slightly different trailing edge designs; a
flat trailing edge, a 45 degree slanted trailing edge and a 6.45 cm extension. Twelve
more struts were made from the baselines struts by varying the height and width by
50% of the baseline value. Computational simulations were conducted on all fifteen
struts using the VULCAN computational fluid dynamics solver. Struts with a height
or width increased from the baseline value exhibited an increase in the total pressure
loss through the combustion section. This total pressure loss correlated to the larger
low pressure region created by the flow displacement caused by the strut. The struts
evaluated with decreased height and width showed a lower total pressure loss since
they produced a smaller low pressure region in the wake. The low pressure region is
key to the mixing caused by the struts. The larger struts caused a larger combustible
area in the combustion section while the small struts produced a smaller combustible
area. The size of the strut becomes a key design tradeoff between increased mixing

and total loss performance.
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COMPUTATIONAL ANALYSIS OF GEOMETRIC EFFECTS ON STRUT
INDUCED MIXING IN A SCRAMJET COMBUSTOR

I. Introduction

Recent emphasis on the capability of rapid access to space has caused an in-
creased interest in the development of enhanced propulsion capabilities for Scramjet
engines. Scramjet engines are a necessary component for the proposed class of reusable
hypersonic vehicles necessary to undertake any rapid deployment to space. Much re-
search (both experimental and computational) has already taken place in this field

however there is still room for improving the performance of this class of engines.

In 1958, work done at the Brooklyn Polytechnic Institute proved that steady
combustion was achieved in a flow with a Mach number of 3.0. This discovery lead to
research in Supersonic Combustion Ramjet (Scramjet) started in the early 1960s and
sponsored by the U.S. Air Force (USAF), National Aeronautics and Space Admin-
istration (NASA), and the U.S. Navy to support a single stage to orbit space plane
and hypersonic cruise missiles. This research was also fueled by increased interest and
funding of space related studies at the time [1]. Unfortunately, most of these endeav-
ors were limited to ground test only due to complications in design and strict time
tables. These ground tests did result in proving the possibility of hypersonic flight
showing high thrust performance, reaching 70% of ideal performance and displayed
the use of a scramjet in the Mach number range of 5-7 [2]. The ground tests also

supplied a wealth of knowledge to further the development of scramjet engines [3].

A joint undertaking occurred in the mid 1980s initiated by the Defense Ad-
vanced Research Projects Agency (DARPA) that renewed interest in scramjet en-
gines. The program’s aim was to develop a single stage to orbit plane named the
National Aerospace Plane (NASP). This project became a joint venture including the

USAF, NASA, U. S. Navy and several engine and airframe development companies.



As with previous programs, this program encountered budget cuts and high technical
risk which lead to it being cancelled in the mid 1990s. NASA was able to keep part of
the NASP program going and developed the Hyper-X vehicle which completed flight
tests in 2004 at a Mach number of 6.8 and 9.6.

NASA’s Hyper-X vehicle used hydrogen fuel for combustion however the USAF
is more interested in using hydrocarbon fuel in a scramjet engine. While hydrogen is
the preferred fuel for space launch applications due to the increased energy released
and quicker burn time, hydrocarbon fuel is better suited for air-launch missiles and
smaller aircraft and favored by the USAF. Using hydrocarbon fuel could also allow
the USAF to use existing aircraft fuel and reduce the logistical complexity of the
system. Hydrocarbon fuels also require less space than hydrogen leading to smaller
and perhaps stealthier vehicles. Current test facilities are capable of testing the full

range of Mach numbers for hydrocarbon fueled scramjet engines.

The Air Force Research Laboratory (AFRL) has been conducting research into
hydrocarbon fueled scramjets in resent years. Most of this research is supported by
the Propulsion Directorate (RZ) and includes both experimental and computational
programs. The primary goal of this research is to evaluate and develop fuel injection
processes and methods to increase the efficiency of the combustion in a hydrocarbon
fueled scramjet. Improving the fuel injection techniques allows for the smaller scale
test done in the lab to be expanded to a usable scramjet for real world applications.
One of the fuel injection and mixing techniques evaluated at AFRL [4] was the use of
three different struts for fuel injection and mixing in conjunction with a cavity flame
holder. The results from this research showed an increase in mixing and combustion
in the combustion section of a scramjet caused by the struts. The research sparked

further study of the strut geometry used.

The objective of this research is to assess the mixing efficiency and total pressure
loss of 15 strut designs based on the struts used by AFRL. The strut design allows the

hydrocarbon fuel to be injected normal to the supersonic airflow, which causes mixing



of the fuel and air to a sufficient ratio for combustion. Twelve new strut designs are
variations of the height and width of the three struts used in the AFRL research,
bringing the total to 15 struts to be examined. Specific performance measurements
used to compare all 15 strut designs include the equivalence ratio and total pressure
loss. The results of this research could lead to more efficient strut designs that would
create shorter supersonic combustion sections then are currently available. A shorter
combustion section means a smaller and lighter scramjet engine to be used in real

world applications.



II. Background

A scramjet engine is capable of operating in a speed regime of Mach numbers from
4-16, which turbojet engine technology can not reach. This regime is typically where
rocket engines are used, but a scramjet provides superior specific impulse and is not
required to carry the oxidizer onboard. A comparison of the range of operation for
different engines is displayed in Figure 2.1 [5]. For a hydrocarbon fueled scramjet, the

maximum speed is limited to a Mach number of 9 [6].

Propulsion Performance

6,000

l‘. Theaoretical maximum
"y with HC fuel (42M1/kg)
5,000 kY

4000 B8

Turbofan

Specific Impulse |, seconds

Mach Number

Figure 2.1: Range of operation of different engine designs [5]

A scramjet engine consists of three main components, a converging inlet, a
supersonic combustor, and a divergent nozzle as shown in Figure 2.2. The inlet takes
the high velocity freestream flow, at a Mach number of 4 or higher, and compresses
it through a series of shocks to a Mach number of 1-3. The flow then enters the
combustion section where fuel is injected, mixed and ignited to produce the thrust
of the engine. The flow is accelerated and exits the engine through the nozzle. The
primary issue in a scramjet is the supersonic combustion process, which leads to the

fuel injection and mixing to be the focus of most supersonic combustion research.

Supersonic combustion is difficult because the engine is required to mix and
burn the fuel before the fuel leaves the nozzle of the engine. One way to solve this

problem is to make the combustion section long so that the fuel has enough time to



Figure 2.2: Basic scramjet layout

mix with the air and produce thrust. This solution is only useful in the laboratory
environment since the test devices are usually scale models of a real scramjet. How-
ever, a long combustion section does not scale well to be used on a missile or vehicle.
A large combustion section would make the engine heavier and impact the weight of
an air vehicle on which the engine is installed. To reduced the size of the combustion
section, and the size of the scramjet engine, various mixing techniques were evalu-
ated to identify which ones improved the mixing while having the least effect on the

performance of the engine.

2.1 Parallel, Normal and Transverse Injection

. FOAN
e AN U

& W
o7

Air —*

Figure 2.3: Parallel fuel injection

Early scramjet research focused on either parallel or normal fuel injection in
relation to the main flow of the engine to create mixing areas just upstream of the
combustion. As in Figure 2.3, parallel fuel injection consists of fuel flowing parallel to
the air in the engine but separated by a splitter plate. When the splitter plate ends,
a shear layer is created due to the different velocities of the fuel and air. The shear
layer is the primary source of mixing the fuel with the air so that proper combustion
can be achieved. When parallel fuel injection was tested with a hydrogen-fluorine fuel
in air, the growth rate of the shear layer was reduced compared to theoretical rates.

The reduction in growth rate is argued to be caused by the reduction of turbulent



shear stress at the core of the shear layer due to the density change caused by the

heat released from the combustion process. [7,8].

free stream

——

bow shock
——

mixing boundary
—

barrel shock

recirculation ;wne1

/ boundary layer
f jet

injectant

Figure 2.4: Normal fuel injection [9]

Normal fuel injection consists of an injection port on the wall of a scramjet. The
port injects the fuel normal to the flow of air in the scramjet. Normal fuel injection
creates a detached normal shock upstream of the injector which causes separation
zones upstream and downstream of the injector as in Figure 2.4. The separation
zones cause increased total pressure losses which affect the efficiency of the engine.
However, the downstream separation regions can be used as a flame holder. Research
conducted to minimize the total pressure loss displayed low combustion efficiency due

to poor mixing [9].

Transverse fuel injection is a combination of parallel and normal fuel injection.
In a transverse injector, the fuel is injected at an angle between normal and parallel to
the flow. Transverse injection reduces some of the negatives to normal injection, but
requires a larger injection pressure to achieve the same penetration height into the
air flow. The increase in the injection pressure increases the total pressure loss of the
scramjet which decreases the efficiency of the engine. Since these injection techniques

do not meet the needs in a scramjet, more complex mixing methods were evaluated.

2.2 Ramps

Using the results from parallel injection, it was theorized [10] that adding axial

velocity to the parallel injection may increase the mixing. To add axial velocity to



the flow near fuel injection, ramps were added with fuel injectors on the trailing
edge of the ramp injecting fuel parallel to the flow. The flow over the ramps created
counter-rotating vortices that increased the mixing. Due to the supersonic flow in
the scramjet, the ramps also create shocks and expansion fans which cause pressure
gradients that also increase mixing. Two types of ramps were used; compression
ramps are elevated above the floor while expansion ramps create troughs in the floor

(Figure 2.5).

Compression Expansion

Flow Flow

Figure 2.5: Ramps used for mixing [11]

Research compared several different compression and expansion ramp geome-
tries [11]. The shock formation in the ramps depended on the type. In compression
ramps the shocks formed at the base of the ramp and in expansion ramps the shocks
formed in the recompression region at the bottom of the trough. Due to the difference
in the shock locations, the combustion efficiency and mixing for the two ramp styles
differed. The results showed that compressor ramps created a stronger vortex and in-
creased the fuel/air mixing, but expansion ramps had the higher combustion efficiency.
Combustion efficiency requires mixing at the smaller scales that the expansion ramps
provide, and the strong vortex generated by the compression ramps degrades the
small scale mixing. Another interesting result was that the expansion ramps reached
their maximum combustion efficiency in less distance than compression ramps, which

would allow for shorter combustion sections and thereby minimizing weight.

While ramps did improve the mixing caused by parallel injection, the ramps are

placed along the wall of the combustion section which limited the fuel penetration



into the combustion section. In order to achieve penetration throughout the flow field,

a more intrusive method was required.

2.3 Struts

Research into strut mixing devices covers a wide range of designs and includes
both normal and parallel injection methodologies. Most struts consist of a vertical
strut with a wedge leading edge. The strut is connected to both the bottom and
top of the combustion section. Since it is across the whole combustion section, fuel
injection occurs at several locations and allows the fuel to be added throughout the
flow field. Research [12] compared three mixing techniques for scramjet combustion:
transverse injection in a cavity, two-stage normal and transverse injection, and a strut
consisting of a vertical wedge front with fuel injection in the back side of the trailing
edge as seen in Figure 2.6. Results showed that a strut was the only technique that
affected the entire flow field but had a higher pressure loss than the other techniques.
The researchers suggested that more interest should be paid to the design of the strut

to minimize the pressure loss while maintaining the ability to affect the flow field.

r h o v
Air : Mach 3 o—_l:::

Figure 2.6: Strut used in Ref [12]

Many researchers [13-15] looked at modifying the trailing edge of the vertical
strut to increase mixing. The basic strut design was similar in that the strut was
connected to the top and bottom of the test section and the leading edge was a
wedge. The difference came from the trailing edge designs as seen in Figure 2.7. The

different trailing edges, called alternating wedge designs, create either co-rotating or



counter-rotating vortices that are used to enhance the mixing. All of these designs
use parallel fuel injection at the trailing edge of the strut so that the fuel is entrained
into the vortices which cause the increased mixing in the combustion section. The
results from this research concluded that the alternating wedge design created a more
uniform mixing region, but the overall combustion performance is similar to that of

a strut with a flat trailing edge and causes a larger total pressure loss.

Bby$3.s

R1

Figure 2.7: Alternating Wedge strut used in Ref [13]

NASA conducted research at the Lewis Research center [16] on struts and stud-
ied the effects of the geometric parameters of the strut on the drag in the combustion
section. The drag that develops in the combustion section must be balanced by the
thrust produced by the engine. Therefore, the drag should be low for more efficient
scramjet designs. The struts used in this experiment [16] had a diamond shaped cross
section, Figure 2.8, instead of the wedge leading edge and box shaped body. Unlike
the struts used in previous research, these struts did not connect to the top and bot-
tom of the test section. These struts used normal injection at the thickest part of the
strut. NASA compared nine different struts with variations in the position of max-
imum thickness, thickness, leading edge sweep and length. The largest contributor
to the drag was the thickness of the strut, a slight decrease in the thickness lead to
a 50% reduction in the drag. Also, increasing the leading edge sweep decreased the

drag of the strut.

Research conducted by the Air Force Research Lab [4] examined three different
strut shapes and their effect on the combustion in a Scramjet chamber. These struts
are similar to the NASA struts in that they are not connected to the bottom and
top of the test chamber and have a leading edge sweep angle, but did not have the
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Figure 2.8: Diagram of basic strut from Ref [16]

diamond body of the NASA struts, as in Figure 2.9. Unlike previous research, these
struts are place directly in front of the combustion cavity used for holding the flame
of the combustion. The three struts tested had slightly different trailing edges, a flat
trailing edge, a 45 degree trailing edge similar to a tapered airfoil, and the third had
an extension that went into the combustion cavity. Testing was done in a supersonic
research facility using a continuous air flow at a Mach number of 2. Their research
showed an increase in maximum temperature and mixing, as well as moving the center
of combustion into the main section of the flow as compared to a cavity without a
strut. As in previous research, the strut included fuel injection into the flow, but here

the fuel was injected from the leading edge of the strut.

2.4 Current Research

The results of the AFRL/RZ research, combined with the NASA geometric
evaluation, generated interest in evaluating the effects of the strut geometry on the
mixing and combustion. The three struts from the AFRL research will be used as
a baseline and the results from the AFRL research will be used to configure the
computational solver. Variations in the height and width of the three baseline struts
will be tested by computational analysis. The results from these tests will compare the
total pressure loss and the combustion area as measurements of the overall combustion

performance. These results can be used to design more efficient struts for use in

10
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Figure 2.9: Image of struts used in AFRL research [4]

scramjet combustion sections. A better strut design could lead to shorter combustion

sections and therefore shorter scramjet engines for real world use.
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III. Computational Setup
3.1 Computational Domain

The computational domain used in this study is the same as the supersonic
research facility (Research Cell 19) as used in the previous research [4], located at the
Air Force Research Laboratory, Propulsion Directorate. The inlet into the domain is
5.08 cm tall and 15.24 cm wide rectangular duct. The duct continues at a constant
area for 17.78 cm, at which point the floor takes a 2.5 degree turn down. The floor
continues for 7.62 cm where the strut is placed. The combustion cavity is placed
directly behind the strut. The cavity is 1.65 cm deep and 4.57 cm long and is shown
in Figure 3.1. The back wall of the cavity is slanted at 22.5 degrees and has two rows
of injectors, the bottom row for fuel and the top row for air. All injection ports in
the cavity and on the strut have a diameter of 0.16 cm. The computational domain
ends in a diffusor making the total length of the domain 91.77 cm. Figure 3.2 shows
the view of the domain from the side with the baseline strut installed. The cartesian
coordinate system of the domain are as follows; the positive x-direction is along the
main flow direction from the inlet to the outlet, positive y-direction is from the floor
to celling, and the positive z-direction goes from left wall to the right when viewed

from the inlet.

3.1.1 Struts.  The struts are placed just before the cavity with the leading
edge at the point where the bottom floor turns 2.5 degrees. For this research, 15 strut
designs were compared. Three of these designs are those used in an AFRL research
project [4] and are used as baseline struts to compare with the 12 other designs. The
side view of the three baseline struts are shown in Figure 3.3. Strut 1, referred to as
S1B, is 7.62 cm long, 2.54 cm tall, and 0.95 cm wide. The leading edge sweep angle
is 35 degrees and the wedge angle is 13.6 degrees. The struts also have three fuel
injectors, each spaced 0.635 cm vertically but angled at 35 degrees to be parallel to
the leading edge of the strut. When viewed from the inlet, two of these injectors are
on the right side of the strut and the middle injector is on the left. Strut 2, S2B,

adds a 2.54 cm extension to the top of trailing edge of S1B, while the base length

12
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Figure 3.1: Side view of computational domain

remains the same. The extension creates a 45 degree angle on the trailing edge over
the cavity. The third strut, S3B, uses the same 2.54 cm extension but the extension

continued down to the floor of the cavity.

The 12 other strut designs that were derived from these baseline struts had
their height and width increased and decreased by 50% of the baseline value. All
other parameters of the baseline struts are the same. Throughout the paper the
struts will be referred by the name of the baseline strut and size variation; the short
strut will be referred to as strut H1, the tall strut is H2, the thin strut is W1 and the
wide strut is W2. As an example, the tall version of Strut 2 is S2H2. Figure 3.4, 3.5

and 3.6 show a relative comparison between the different heights and widths.
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Figure 3.2: Dimensions of the cavity

'

(a) Strut 1 (S1B) side (b) Strut 2 (S2B) side (c) Strut 3 (S3B) side

Main Flnwl Main Flnwl Main Flnwl

(d) Strut 1 (S1B) top (e) Strut 2 (S2B) top (f) Strut 3 (S3B) top

Figure 3.3: The three baseline struts

3.1.2  Inflow Conditions.  In the computational domain there are four bound-
ary conditions where flow enters the domain: the main inlet, the strut injectors, the
cavity air injectors, and cavity fuel injectors. Of these four inflow conditions, two
inject air and two inject fuel into the computational domain. The two air inflow con-
ditions are the main inlet to the computational domain and the top row of injectors
in the cavity. The air inflow conditions model air as a mixture of 23.14% O, and
76.86% Ny by mass. Flow in the main inlet is at a Mach number of 2 or 725.8 m/s
in the positive x-direction. The other fluid properties of the main inlet are a static
temperature of 327.77 K and a static density of 0.2826 kg/m?. The main inlet includes
1% turbulence in the flow to model the turbulence created by the wind tunnel prior
to the computational main inlet. Since the wind tunnel this computational domain
was based on starts before the main inlet of the computational domain, there would

be a boundary layer formed at the main inlet. The incoming boundary layer was not
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(a) S1 Short (b) S1B ) S1 Tall

(d) S1 Thin (e) S1B (f) S1 Wide

Figure 3.4: Comparison of different strut 1 sizes
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) S2B

(a) S2 Short ) S2 Tall

(d) S2 Thin (e) S2B (f) S2 Wide

Figure 3.5: Comparison of different strut 2 sizes
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Main Flow

(a) S3 Short (b) S3B (c) S3 Tall

(d) $3 Thin (e) $3B (f) S3 Wide

Figure 3.6: Size comparison for strut 3

modeled because no data exists on the shape of the boundary layer. The entire wind
tunnel was not modeled to reduce the time required for grid generation and compu-
tational run time. The 10 cavity air injectors inject air opposite to the main air flow,
or negative x-direction (Figure 3.7), at a velocity of 384.7 m/s. Due to this lower

velocity, the static temperature is 504.843 K and a static density of 0.8115 kg/m?.

The two fuel injection flow conditions are found on the strut and in the lower
row of 11 injectors in the cavity as shown in Figure 3.7. Both inflow conditions inject
ethylene (CoHy) as the fuel into the computational domain. The three strut inflow
boundaries inject ethylene at 205.06 m/s in the positive and negative z-direction
depending on which injector on the strut is considered. The ethylene injected has a
static temperature of 542.35 K and static density of 0.9544 kg/m3. The 11 injectors
in the cavity inject the fuel in the negative x-direction at a velocity of 70.2 m/s. At
this low velocity, the static temperature is 573.23 K and the static density is 1.096
kg/m3.

All of these flow conditions are set by matching the setup from the original
AFRL/RZ experiment [4] . The reference conditions used in the VULCAN com-
putational fluid dynamics (CFD) package are a total pressure of 410 kPa and total
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Table 3.1: Inlet Conditions
Inflow Velocity (m/s) Density (kg/m?®) Composition (by mass)

Inlet 725.8 0.2826 23.14% O, 76.86% Ny

Cavity Air 384.7 0.8115 23.14% O, 76.86% Ny
Strut Injectors 205.06 0.9544 100% CyHy4
Cavity Fuel 70.2 1.096 100% CyHy4

temperature of 590 K, which are the total pressure and temperature of the main inlet

fow.

3.2 VULCAN Code

The Viscous Upwind Algorithm for Complex Flow Analysis [17] (VULCAN)
from NASA’s Hypersonic Air Breathing Propulsion Branch was used for this research.
VULCAN is used for turbulent reacting and non-reacting flow at speeds from subsonic
to hypersonic. The code uses several different convergence acceleration techniques to
reduce time required for test cases. All 15 struts were evaluated as steady turbulent
viscous flow without reactions. The k-w turbulence model was used. The flux scheme
used was the blended low dissipation flux split scheme/van Leer scheme (LDFSSB)

with a second order Fromme MUSCL scheme with a smooth limiter [17].

3.2.1  Laminar and Turbulent. At the beginning of this research, five laminar
cases were run. These laminar cases only evaluated the five struts based on S1B.
Laminar results are not expected to give accurate results, but are used to highlight
trends. While only the five cases were run to convergence, all 15 struts had at least
4000 laminar iterations run before using turbulence to avoid instabilities that occurred

when initially running turbulent cases.

The k-w turbulence model was used because it balances accuracy and compu-
tational requirements. The k-w is a two equation turbulence model. VULCAN only
includes eight turbulence models, three of which are not useable for the flow condition
in these simulations. There were still two more complex turbulent models that could

be used, both variations of the Menter turbulence model. A comparison test was run
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Figure 3.7: Location and direction of injectors
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very early in this research and it was found that the k-w model required less time per

iteration. Since time is a factor in this research, the k-w model was selected.

3.2.2  Non-reacting flow. Initially, the inclusion of reactions in these simu-
lations was used. The reaction equations modeled the combustion of ethylene in air.
The reaction were removed to reduce the time required for each iteration. Removing
the reaction equations reduced the clock time for each iteration by 12 seconds. Since
reactions were used at the beginning of these simulations, some residual species maybe

present.

3.2.83 Steady Flow.  All 15 cases were run in a steady state mode. A steady
state solution assumes the solution is not dependent on time. In these simulations
there are expected to be unsteady vortex generation caused by the strut. Steady state
solutions were used in these simulation because an unsteady solution would require
more time and computational resources. While unsteady simulations would give an
accurate depiction of the vortex generation, the steady state solutions would supply
the effects of height and width of the strut on the performance parameters. Run-
ning steady state solutions also affect the reduction of the residuals used to measure

convergence since the unsteady flow structures cause the residuals to fluctuate.

3.2.4 Flux Scheme. For these simulations, a blended low dissipation/van
Leer flux splitting scheme was used. The van Leer flux splitting scheme decomposes
the vector of conserved variables based on the characteristics of the convective fluxes.
This scheme functions at all speed regimes for the Euler flow equations. When the
van Leer scheme is applied to the Navier-Stokes equations, it has difficulties resolving
the boundary layer [18]. The boundary layer is where the low dissipation flux splitting
scheme (LDFSS) is applied. LDFSS assists in resolving the boundary layer and the
discontinuities created by shocks by merging flux splitting with flux differencing. Flux
differencing not only tracks the characteristics of the flow, but also the characteristics

themselves. Incorporating the characteristics allows for better resolutions of shocks
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and other discontinuities. The LDFSSB scheme blends van Leer and LDFSS to take

advantage of the strengths and balance the weaknesses of each flux scheme.

3.2.5 Convergence Criteria. In these simulations, the flow is inherently
unsteady and vortex shedding is expected behind the struts. Due to this unsteady
vortex shedding, the reduction of the residuals in the VULCAN code cannot be the
only measure of convergence. The mass flow rate error, Mermr, is used as the first of
the convergence criteria. The mass flow rate error is the error between the flow from
all of the inflow boundary conditions, Mm, and the mass exiting the outlet, Mout:

Wiy = in Mot (3.1)

M,

When the mass flow rate error is less than 1%, this criteria is assumed satisfied. The
second measure of convergence is the reduction of the residuals by two orders of mag-
nitude. For the five laminar cases, this occurred at about 10,000 iterations and took
about 72 clock seconds per iteration. The turbulent cases on average required 40,000
iterations on top of any laminar iterations before reaching convergence. The turbulent
iterations required about 100 clock seconds per iteration. Part of the increase in clock
time is due to the 15 turbulent cases being processed on two processors instead of the

four processors used for laminar.

3.3 Grid Generation

The grids built for these tests ranged from 3.8 to 4.5 million cells depending on
which strut was modeled, most of which were concentrated near the strut and in the
combustion cavity. To capture the boundary layer of the flow along the walls of the
test section and on the strut, the parameter Y™ is used. YV is a non-dimensional wall

distance used to estimate a location in the boundary layer and calculated by:

Ul
Yt = 3.2
- (3:2)
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(a) Side View

Figure 3.8: Views of grid

In the previous equation, u, is the friction velocity, y is the distance to the wall and v
is the kinematic viscosity. The friction velocity used was 4.4 m/s based on estimated
wall shear stress and the kinematic viscosity of air was used. The VULCAN CFD
solver uses wall functions for near wall calculations and requires the grid to have a
minimum Y™ value of 20. The Y value translated to a value of 0.0127 cm spacing
at the wall for all cases. The grid was then spaced using a geometric scheme with
a growth factor of 1.2. The Y* was enforced on all walls of the domain and on the
strut. The grid density on the walls of the strut created increased grid density behind
the strut. Figure 3.8 shows the side and top view of the grid around the strut and
combustion cavity. A grid convergence study was not accomplished for these grids
due to their size, and experts advised that the grids were already denser than was

required.

All of the 15 grids used a structured grid layout. A structured grid requires all
cells in the grid to be six-sided, preferably cubic in shape. Unfortunately, the shape of
the struts required extensive grid generation in order to maintain the six-sided nature
of a structured grid. For the surface grids, a structured grid appears as four-sided
cells. The combination of the wedge leading edge and the width of the strut creates

a triangle shaped zone as seen in Figure 3.9. To create four-sided domains to create
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Figure 3.9: View of domains on side of Strut S1B

a structured grid, the midpoints of the three lines were marked and used to create
three connectors to make the proper four-sided domains. Another part of the strut
that required extensive grid generation were the injection ports, Figure 3.10. Since
the injectors are circular, they were split into four connectors. To make the injectors
work on the strut, connectors were used to connect the leading edge to the injector

and from the injector to the edge of the triangular area mentioned earlier.

The top of the strut was another triangular area that required modification
to maintain a structured grid. The top of the strut was split into two domains
by placing connectors angled opposite the triangle. The new connectors create a
skewed rectangular shape that can be used to generate the structured domain. The
two domains allow the top of the strut to maintain the four-sided cells as shown in

Figure 3.11.

The last area that required unusual grid generation was the back face of the
cavity where the injection ports are found. As with the injectors on the struts, the
injectors in the cavity had to be split into four connectors. To make the injectors work
within the domain of the cavity back wall, slanted connectors were used to make
four-sided domains. The purpose of the slanted connectors was to avoid skewness

issues that occurred without the connectors. Figure 3.12 shows the final domain
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Figure 3.10: Injector domains on side of Strut S1B

Figure 3.11: Top view of domains on Strut S1B

configuration for the back face of the cavity. In Figure 3.12, the injector appears

elliptical due to the slant of the back face of the cavity and the circular injector port.

3.4 Data Collection

The CFD results are post-processed in FieldView®. VULCAN outputs grid
and function files formated for FieldView®. The function files contain the values of
selected parameters at each cell in the grid. FieldView® was used over Tecplot® since
the large size of the grid cause malfunctions while attempting to load the data. The
two key parameters to be measured are the total pressure loss and the equivalency

ratio.
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Figure 3.12: Domain configuration in the cavity

Three planes were used to collect total pressure, velocity profiles and equivalence
ratio measurements. The first location is near the midpoint of the combustion cavity,
the third is at the exit of the cavity and the second measurement location is halfway
between the others. The locations are labeled by the distance from the inlet to the
plane, and all calculation do not include the combustion cavity since it is not the

focus of this research. The three data measurement planes are shown in Figure 3.13

3.4.1 Total Pressure Loss.  The total pressure loss of the scramjet engine is
a key measure of the efficiency of the engine. To find the total pressure loss across
the combustion section, a measurement is taken just before the strut and at the exit
of the cavity. The first measurement was taken at the point when the floor of the
computational domain takes a 2.5 degree bend. The second measurement is after the
back edge of the cavity. The planes are constant x planes and cover the whole range
of y and z directions. To find the pressure, the integration function of FieldView®
is used. The integration function outputs the area averaged total pressure, P, across
the plane. The area averaged total pressure was used over mass averaged pressure

since the flow is not expected to have large density gradients. Using the average of
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the total pressure at both planes, the total pressure loss ratio is found by:

P out

Ploss -
P

(3.3)

Where P, is the total pressure loss ratio, P;, is the average pressure at the first
plane before the combustion section and P,,; is the average pressure at the exit of the

combustion section.

3.4.2  Equivalence Ratio. The equivalence ratio (®) compares the mixing
of the fuel and air to the stoichiometric fuel to air ratio ideal for combustion. An
equivalence ratio of 1 means the flow is mixed at stoichiometric conditions. The
value of the equivalence ratio shows where the flow is capable of combustion. The

equivalence ratio is calculated by Equation 3.4.

mfuel /mair

(mfuel/mair)st

o= (3.4)

In Equation 3.4, my,e is the mass of the fuel, mg;, is the mass of the air, and the
subscript st defines the stoichiometric conditions. VULCAN does not output mass,

but mass fractions, Y, as:

mp,

Yy, = 3.5

N Myotal ( )
mo2

Y = 3.6

2 Miotal ( )
™M fuel

Yivee = —— 3.7

fuet Myotal ( )

In the above equations, my, is the mass of nitrogen, mgo, is the mass of oxygen, and
Miotar 1S the total mass of the mixture. The mass fractions above can be used to
rearrange the equivalence ratio along with the mass fraction for air, Y,;.. VULCAN

does not output Yy, so the numerator of Y,;, multiplied by my,/my,,

MmNy
mai’r mn. ar mN2 mN2

Yoy = = / (3.8)

Motal Miotal Myotal Mair
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Y.ir 1s equal to Yo, + Y, but this derivation will be dependent only on Yy, and the

inlet conditions. Since Ny is a component of air and inlet flow is only air,

my.
2 = constant = (
Mair

M,

) = (Y, )inter = 0.7686 (3.9)
inlet

Miotal
Substituting the previous equation back into Equation 3.8

Y,
A& (3.10)

Yair = 5 N
(YNg)inlet

Assuming the mixture is of fuel and air, and nitrogen and oxygen are only injected

as air,
M fuel

Yiuel = =1— Yy (3.11)

Miotal

Returning to Equation 3.4, both mg;, are multiplied by mo, /M,

m /m i mfuel/%mair m m
d — fuel air Mair _ fuel ( fuel ) (3 12)
st

(mfuel/mair>8t (mfuel/%mair> st mo, Mo,

The both components of the numerator is then multiplied by 1/mya

M fuel m
_ Myotal fuel
P = T (m ) (3.13)

Mtotal O2 st

In the previous equation, m fye;/Miotar can be replaced by Yiyue. In mo, /mMyotar, Mo,

is replaced by,

Mo, = Mair ( 0, ) (314)
inlet

Myotal

Since Myotal = M. Therefore the equivalence ratio becomes:

inlet

quel ( M fuel ) quel ( M fyel )
Mair_ (&) / mo, ) g Yair(YOu)iniet / mo, ) g (3.15)
inlet

Mtotal Mtotal

Using Equations 3.10, 3.11 and 3.15, the value for the equivalence ratio can be

found by using the inlet conditions, the constant stoichiometric fuel to air ratio,
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(M fpuer/ Mo, )st = 0.2922, and the mass fraction of N;. The mass fraction of N, was

collected as an output from the VULCAN solver.

The equivalence ratio was calculated at three planes in the combustion section
as seen in Figure 3.13. It is assumed that combustion can occur at an equivalence
ratio of 0.2 to 2 [19]. Using this as a limit, the combustion area at each of the planes

is calculated.
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IV. Results and Disscussion

Laminar simulations were completed for S1B, S1H1, STH2, SIW1, and SIW2 before
the turbulent cases. In the laminar simulations the results for the total pressure loss
and equivalence ratio are presented. Due to the unsteady nature of the flow field, the
laminar results are expected to show lower pressure losses and lower combustible area

than the later turbulent cases due to the lack of turbulent mixing.

The transition from laminar to turbulent simulations can be difficult. Even with
precautions, as in reducing the CFL number, the turbulent simulations contained
cells that had to be limited by the minimum and maximum temperature limits of
the VULCAN solver. The CFL number is the ratio of the physical speed to the
computational speed. By reducing the CFL number, the solver uses smaller spatial
steps during an iteration. The reduction of the spatial step increases the stability of
the solver but at a cost of more iterations to reach the same solution. The limited
cells were primarily located in the boundary layer and could be a source of error in
the simulations. To remove the limited cells, more iterations are required than was
possible with the time required for this research. The limited cells were not as large
an issue for S1 struts due to the 10,000 iterations at laminar conditions used as a base
for the turbulent simulations. The reduction of the CFL number caused an increase
in the required number of iterations for turbulent results. Due to the increase in
required iterations, S2B and S3B and their variants did not reach full convergence in
the time allowed for these simulations. While the lack of full convergences may not
give accurate results, they did allow for capturing the trends caused by the geometric

changes.

4.1 Total Pressure Loss

The loss of total pressure is mostly caused by the size of the strut in the flow
through the combustion section. The strut creates a pocket of low pressure and low
speed air in its wake that allows for mixing and the creation of a flame zone. Figure 4.1

and Figure 4.2 show velocity vectors behind the strut from the side and top views
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respectively. The strut creates a recirculation region behind it, allowing for fuel and
air to mix. In Figure 4.1, the flow travels from the cavity up the back face of the

strut, and into the main flow. It is expected that the larger struts create a larger

recirculation region, and thus suffer greater total pressure losses.

Figure 4.1: Side view of velocity vectors behind strut

4.1.1 Laminar. The pressure ratio was calculated and compiled in Table 4.1.
The struts with the largest cross sectional area, SIH2 and S1W2, have the most
pressure loss across the combustion section. These results were expected since the
larger cross section would cause a larger pressure loss due to the low pressure region
behind the strut. The low pressure wake behind the strut entrains the fuel-air mixture

from the cavity into the main flow of the combustion section. The two struts with
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Figure 4.2: Top view of velocity vectors behind strut

have the least pressure loss, due to the smaller

S1H1 and S1W1,

)

smaller cross sections

sure contours at the exit of the

S

shows the total pre

sectional area. Figure 4.3

SS

Cro

combustion section. The low pressure region in the center of each images is relative

size to the total pressure loss of each strut.

n

The total pressure loss for S1B and the four vari-

4.1.2  Turbulent Results.

ants follow the same trends as the laminar results. Strut S1H2 and SIW2 have the

largest pressure loss due to the increased blockage of the flow. Strut S1H1 and SIW1

along

have a lower pressure loss. The total pressure loss ratios are shown in Table 4.2

with the total pressure at the two measurement planes between the entrance and exit

s that the total pressure drops throughout

show

of the combustion section. The table
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Table 4.1: Laminar total pressure ratio across combustion section
Strut Py, (Pa) P, (Pa) %
S1B 586503 527487 0.899
S1H1 586039 535985 0.915
S1H2 587950 518819 0.882
SIW1 588724 534007 0.907

SIW2 586678 516568  0.880

) S1B

) S1H1

) S1H2 ) SIW1
e
(e) SIW2 (f) Legend: Pressure (Pa)

Figure 4.3: Laminar combustion section exit pressure contours
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Table 4.2: Turbulent total pressure loss for S1
Strut Py, (Pa) P (Pa)at 27.94cm P at 30.86 cm P, (Pa)  Lewt

Pip
S1B 543368 502298 484708 477136  0.878
S1H1 544289 538402 534038 534038 0.967
S1H2 542975 446357 372643 340818 0.628
S1IW1 544563 538230 534985 532502 0.978
SIW2 543871 499667 449602 412805 0.759

the combustion section. The largest total pressure drop typically occurred between
the entrance and the first measurement plane. The large drop is caused by the recir-
culation region just behind the strut and in the cavity. The total pressure contour
plots of the total pressure at the exit of the combustion section are shown in Fig-
ure 4.4. The total pressure contours at the exit of the combustion section look very
similar to the laminar results in Figure 4.3. The strong low pressure region in the
middle of S1B, S1TH2, and SIW1 is due to the vortex created by the strut. The low
total pressure region is less apparent in SIH1 and SIW1 due to the strut shape. In
the S1B total pressure contours, there is a larger low pressure region near the walls
of the test section. The large low pressure region in the boundary layer is caused by
the S1B simulations were able to reach seven orders of magnitude reduction in the

residuals, far beyond the required convergence criteria.

In order to take a closer look at what is occurring in the combustion section,
velocity profiles were made at the three measurement locations listed in Figure 3.13.
The velocity profiles show the evolution of the vortices seen in the exit pressure plot
of Figure 4.4. These figures use the same total pressure scale as used in the previous
figures. Starting with the velocity fields for S1B in Figure 4.5, two sets of counter
rotating vortices are visible. The larger vortices are the pair behind the strut that
pull air and fuel from the cavity up the back of the strut. The second set of vortices is
created by the top of the strut pulling air from above the strut. Previous research [20]
that evaluated a similar shaped strut also looked at the velocity vectors downstream
of the strut as shown in Figure 4.6. The image in Figure 4.6 is closer to the back edge

of the strut but displays the same four vortices that are seen in this research. Moving
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Figure 4.4: Turbulent total pressure contours for S1 at combustion section exit
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(a) 27.94 cm (b) 30.86 cm

(c) 34 cm

Figure 4.5: Velocity Profiles at different locations after S1B

to the second measurement plane, the larger vortices have increased in strength and
nearly eliminated the second set of vortices. At the final measurement plane, the exit
of the combustion section, only one set of counter rotating vortices remains which

create the low pressure region seen in Figure 4.4.

The velocity profiles for strut SIH1 are displayed in Figure 4.7. At the first
measurement plane, only one set of count