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Subsonic and Supersonic Combustion
Using Noncircular Injectors

E. Gutmark,* K. C. Schadow,t and K. J. Wilson}
Naval Weapons Center, China Lake, California 93555

Nonreacting and combustion tests were performed for subsonic, sonic, and supersonic conditions using non-
circular injectors in a gas generator combustor. The noncircular injectors, including square, equilateral-, and
isosceles-triangular nozzles, were compared to a circular injector. The flowfields of the jets were mapped with
hot-wire anemometry and visualized using spark schlieren photography. The combustion characteristics were
visualized by high-speed photography and thermal imaging, and the temperature distribution was measured by a
rake of thermocouples. The present tests conducted at high Reynolds and Mach numbers confirmed earlier
results obtained for the low range of these numbers, i.e., the combination of large-scale mixing at the flat sides
with the fine-scale mixing at the vertices is beneficial for combustion. Large-scale structures provide bulk mixing
between the fuel and air, whereas fine-scale mixing contributes to the reaction rate and to better flameholding

characteristics.
Nomenclature
A =side length of square and equilateral triangle jet
and base length of isosceles
D =diameter
H = height of triangle
M =Mach number
m =mass flow rate
P = pressure
Re = Reynolds number
r =radial coordinate
T = temperature
U =mean velocity
u’ =turbulent velocity
X =axial coordinate
v =kinematic viscosity
¢ =equivalence ratio
Subscripts
A = air
CH  =ethylene
CL  =centerline
c = combustion
e = equivalent (having the same area as the circular jet)
GG  =gas generator
o = oXygen
SL =shear layer
t =throat
0 =exit condition

0.5 =half-width of jet

Introduction

ARLIER studies'* of jets emerging from noncircular

nozzles with corners, e.g., triangular, rectangular, or
square nozzles, showed that the introduction of sharp
corners in the outlet nozzle can significantly increase the
small-scale turbulence intensity at the corners relative to the
flat segments of the nozzle. It was also shown that while highly
coherent structures can be generated at the flat sides, only
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small-scale turbulent flow emanated from the corners.>7 This
small-scale turbulence was generated by axial vortices formed
in the corners inside the nozzle® and augmented by strong
vortex bending induced by the highly curved flow at the cor-
ners.*1® The vortex bending and self-induction process also
increased the spreading rate of the jet at the flat sides.

The jet orifice geometries that were studied included an isos-
celes triangle with an apex of 30 deg, an equilateral triangle,
and a square (90-deg vertex). The thickness of the boundary
layer at the corner is larger than at the flat side. The momen-
tum thickness ratio between the two is changing with the cor-
ner’s angle: 2.9 for the 30-deg corner and 1.5 for the 90-deg
corner. The thicker shear layers have a lower spreading rate.
Farther downstream, as the flat-side shear layers grow thicker,
the corner sections become more active, amplifying the local
instability modes that have larger phase velocity, leading to
local vortex bending and further increase of the flat-side
spreading rate.'© The peripheral variation of the mean and
turbulent flowfield resulted in large azimuthal variations of
the jet growth pattern. The strong amplification of the turbu-
lent fluctuations at the flat sides resulted in an increase in the
jet spreading rate due to nonlinear interaction of the turbu-
lence with the mean flow.!! The variation of the spreading rate
around the jet circumference caused changes in the geometry
of its cross section.

These special flow features of nozzles with corners were
tested in a reactive flow of square and triangular flames.!? The
flow behavior observed in cold flows affected the results in the
reacting tests. Combustion at the flat segments was confined
in periodic, large-scale coherent structures, whereas, at the
corners, combustion occurred in randomly distributed small-
scale flamelets. The difference between the two flame sections
was more pronounced for small corner angles.

The coexistence of regions with large-scale structures and
others with fine-scale structures in the same flow of triangular
and square jets is advantageous for combustion systems. The
enhanced fine-scale mixing at the corners makes this section
the best location to initiate combustion. The highly turbulent
flow at the corners helps to start the reaction close to the noz-
zle exit, which increases the local temperature of the combus-
tion products since a reduced amount of cool air is entrained
into the reaction region. At the flat sections of the shear flow,
the large-scale mixing provides the necessary amounts of air to
sustain combustion. This combination of large- and fine-scale
structures was shown to be advantageous to reduce combus-
tion instabilities in dump combustors.!? This instability, which
develops from interaction between the large-scale structures in
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the flow and the combustor acoustic modes,'*!> can be con-
trolled by reducing the coherence of the flow structures using
inlets with corners.”-12

The basic understanding obtained in low Reynolds number
subsonic nonreacting and reacting flows is extended, in the
present work, to higher Reynolds number free and ducted sub-
sonic and supersonic flows in nonreacting and combusting
conditions. In the reacting tests, nozzles with corners were
tested for fuel-rich plume combustion in a subsonic, coaxial
airstream.

Experimental Apparatus

The cold flow tests were done in a freejet facility using hot-
wire anemometry. Nozzles having square, equilateral-
triangular, and isosceles-triangular cross sections were
adapted smoothly at the end of a circular pipe to study the
shear-flow development for vertex angles of 90, 60, and 30
deg. All of the tested nozzles are shown in Fig. 1. The direc-
tion and origin for measuring radial distances are defined in
this figure. The dimensions of the nozzles used for the hot-
wire measurements and flame visualization are given in Table
1. The jets were operated at sonic and supersonic exit velo-
cities, with a Reynolds number, based on the equivalent di-
ameter D, and the exit velocity U, of up to Re = UyD,/v =
650,000. The equivalent diameter for the noncircular jet was
defined as the diameter of a circle having the same exit area as
the noncircular jet exit area.

A hot-wire system with a 50-kHz frequency response was
used for the flowfield measurements. The hot-wire holder was
mounted on a computer-controlled three-axis traverse
mechanism. A VAX 750 microcomputer was used for calibra-
tion, data acquisition, and subsequent data analysis.

In the combustion experiments, nozzles with corners were
used at the outlet of a fuel-rich gas generator. The effect of the
corners on the fuel-rich plume combustion were studied using
high-speed photography, thermal imaging, and thermo-
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Table 1 Dimensions of nozzles (in mm)

Nozzle
Equilateral Isosceles
Square triangle triangle Circle
Tests A D, A H D, A H D, D
Cold flow 17 192 25 22 18.7 18 335 19.6 19
Flame 17 192 22 19 16.3 18 335 196 19

couples. A gas generator burning ethylene, oxygen, and nitro-
gen was used to simulate fuel-rich solid propellant reaction
products (see Fig. 2). The gaseous fuels were ignited in the gas
generator by a hydrogen/oxygen-pilot igniter (not shown).
Mass flow rate of air was m, =1 kg/s, and the fuel-air mix-
ture in the gas generator was 0.040<m 5 <0.051 kg/s,
m,=0.038 kg/s, and 4 =0.050 kg/s. The gas generator op-
erated in an equivalence ratio range of 2.5 < ¢ < 3.2 and tem-
peratures between 1550 to 1800 K.

The radiance intensity of the plume was measured using a
thermal imaging camera, AGA Model 750 Thermovision. This
camera has a single detector element which scans the object in
a raster pattern containing 74 active lines at a rate of 25
fields/s. Each line contains 100 resolution elements. All op-
tical elements are wideband coated. The camera, equipped
with a narrow-band filter, was operated at a spectral band of
4.1-4.9 p.

The signal from the infrared camera was acquired at 25
frames/s using a custom-constructed time corrector with a
transient digitizer interfaced to a personal computer. The
digitizer allows acquisition of up to 256 frames at once, which
are transferred to the personal computer for immediate con-
tour display, analysis, and archiving.

The camera was calibrated for spectral response, respon-
sivity, and field of view. The spectral response is measured us-
ing a monochromator. The camera and the thermocouple of
the monochromator share a narrow spectral band output
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Fig. 1 Configuration of the noncircular nozzles.
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Fig. 3 Comparison of the variation of the jet half-width for the circular, square, equilateral-, and isosceles-triatigular jets with sonic exit velocity.
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Fig. 4 Mean velocity decay along the centerline of the jet for the circular, square, equilateral-, and isosceles-triangular jets with sonic exit velocity.
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Fig. 7 Normalized power spectra of the turbulent velocity fluctuations for the flat side: a) vertex; b) measured at x/D,= 0.2 for sonic exit

velocity.

beam (<0.03 u), and the signals are ratioed over the wave-
length region being used. The optical paths from the source to
the thermocouple and camera are purged with dry nitrogen to
reduce atmospheric absorption.

Temperature measurements during the combustion test
were obtained using tungsten/rhenium thermocouples in the
flowfield near the gas generater nozzle. The thermocouple was
compensated, but was not corrected for radiation and com-
bustion losses. The error in temperature measurements is
lower than 10%.

Results and Discussion
Nonreacting Tests

Nonreacting tests at sonic and supersonic (underexpanded
condition) speeds were conducted using hot-wire anemometry
for flowfield measurements and schlieren flow visualization.
The equilateral-triangular jet, isosceles triangle with 30-deg
apex, and a square jet were compared to a circular jet having
the same equivalent exit area and Reynolds number. The same
jets were used later for the combustion tests.

The spreading rates of the four jets are compared in Fig. 3,
where the jet half-width R, is shown as a function of the
downstream distance x. The R, 5 is defined as the radial dis-
tance from the axis (as defined in Fig. 1) to the location where

the mean velocity drops to half of the centerline velocity.
Some of the features measured for subsonic jets were also
observed here. The spreading rate of all of the noncircular jets
was larger at the flat sides relative to the vertices sides. The
differences between the two sides were most pronounced for
the smallest corner angle of the isosceles triangle. The triangle
evolved downstream to acquire a circular shape, and no axis
switching was observed. The equilateral jet initially had a con-
stant width at the flat side, but for x/D, > 6 the spreading rate
increased, and the two sides, which initially have a width ratio
of 2:1, are equal at x/D, = 32. The square jet has a zero spread
at both the vertex and flat sides for x/D, < 5. For larger axial
distance, the spread at the flat side is higher such that the jet
becomes axisymmetric at x/D,>17.

The differences in spreading rates between the four jets also
result in a different mean velocity decay along the centerline
(see Fig. 4). The circular jet has the longest potential core
(x/D=46). The square and the equilateral triangle are similar
with slightly larger decay rate. The isosceles triangle has the
shortest potential core (x/D, = 3) and its centerline (as defined
in Fig. 1) mean velocity is lowest in the present measurement
range. The isosceles-triangular jet also has highest initial tur-
bulence intensity at the vertex (see Fig. 5). The amplification
of the turbulence fluctuation at this side was low in compari-
son to the high amplification obtained at the flat sides, which
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Fig. 8 Schlieren flow visualization: a) the eguilateral-triangular jet;
b) the isosceles-triangular underexpanded jet (fully expanded Mach
number of 2).

reaches a higher level at x/D,<2. Similar behavior was
observed in the equilateral-triangular jet. The square jet had
the same amplification at the side and the vertex, and both
were similar to the circular jet. As a result of the initial high
turbulence level at the vertices and the amplification at the flat
sides, the turbulence level at the center of both triangular jets
is higher than that of a circular jet (see Fig. 6).

The differences of the turbulence structure between the flat
and vertex sections of the equilateral-triangular jet are demon-
strated in the spectra shown in Fig. 7. The spectra were
measured at x/D,=0.2, in the center of the shear layers. The
power spectrum of the velocity fluctuations measured at the
flat side has a sharp peak at the coherent vortex shedding fre-
quency, while the power spectrum measured at the vertex is
broadband, signifying a fully developed turbulent flow. The
small-scale turbulence content in the vertex section is signifi-
cantly higher than in the corner flow.

The jets were tested using the convergent-only nozzle at
underexpanded conditions, with a nozzle pressure ratio of 7.8
to yield a fully expanded jet Mach number of 2 downstream of
the nozzle. At this higher Mach number, the difference be-
tween the vertices and flat sides is further accentuated (see the
equilateral triangle in Fig. 8a and the isosceles triangle in Fig.
8b). The interaction between the shock waves of the underex-
panded jet and the shear layers at the two sides of the jet
results in enhanced turbulence at the vertex and increased
spreading at the flat sides. The thicker shear layer emanating
from the vertices diffuses the shocks faster than at the flat
sides. The stronger shocks and the flat side interact with the
thinner shear layer to produce larger acoustical emission,
which propagate upstream outside the jet and excite the initial
shear layer, resulting in a subsequent larger spreading and en-
hanced large-scale mixing at these sections.!6

Combustion Tests

The special features of the noncircular nozzles with corners,
which were determined for nonreacting flows, were tested in
gas generator combustion tests. The radial temperature distri-
bution was measured at three downstream axial distances for
the circular, square, equilateral-, and isosceles-triangular
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nozzles. The tests were done at subsonic, sonic, and super-
sonic speeds.

Subsonic Tests, M = 0.4

The temperature profiles measured at x/D = 0.7, 2, and 4.7
for a circular injector are shown in Fig. 9. The double-
inflection initial profile at x/D = 0.7 is typical of an unstable
flame, which is detaching and reattaching intermittently to the
nozzle.? The higher center part temperatures are associated
with the attached flame and the outer, lower, and wider tem-
perature profile is characteristic of a lifted flame. At x/D = 2,
the higher turbulence and improved mixing in the shear layer
result in an increased temperature in the shear-layer region,
with a peak temperature at #/D = (.8. The flame temperature
becomes more homogeneous radially further downstream
(x/D = 4.7), toward the end of the jet’s potential core.

The noncircular nozzles had different flame characteristics
related to the variation of the flow structure around the noz-
zle. The combustion of the fuel-rich exhaust gases of the
square gas generator injector nozzle is shown in Fig. 10. The
enhanced turbulence level at the vertices (see Fig. 6) results in
the initiation of the flame at the corners, closer to the nozzle
with the flame held at the corners. The flame at the flat sides
starts farther downstream. This observation is verified in the
temperature profiles presented in Fig. 11, where the profiles
measured in the plane intersecting the middle points of the
square sides are compared to the profiles measured on the di-
agonal planes. The r/D, = 0 point is located in the square
center. Higher temperatures are obtained at the vertices
relative to the sides both at x/D, = 0.3 and 1.7. The intermit-
tent liftoff of the flame at the sides is demonstrated by the
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Fig. 9 Temperature profiles of the gas generator with a subsonic cir-
cular injector.
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Fig. 10 Photograph of plume combustion downstream of the gas
generator exhaust with a square injector.
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double hump profile at x/D, = 0.3. When the flame is at-
tached, its width is significantly smaller than when it is lifted
off. The time-averaged measurement combines these two con-
ditions into one profile. At the downstream point of x/D, =
4.7, the flame becomes quasicircular, and the two profiles are
congruent.

The differences between the vertex and side sections in the
flame become more conspicuous as the corner angle is
decreased. This is demonstrated by comparing the tempera-
ture profiles of the equilateral-triangular nozzle (vertex angle
of 60 deg) given in Fig. 12 and the isosceles-triangular nozzle
(vertex angle of 30 deg) in Fig. 13. The r/D, = 0 point is
located in the center of the inscribed circle. In both flames, the
temperatures at the vertices (indicated by the solid lines) are
higher for x/D, = 1.7. Also, as shown in the nonreacting
flow, the spreading rate is larger at the flat side of the isosceles
triangle relative to the vertex, as indicated by the larger extent
of high temperatures at the side (see Fig. 13).

The combination of large-scale mixing at the flat sections
and small-scale turbulence at the corner® is most effective for
the isosceles triangle which has the smallest acute apex angle
(<60 deg) relative to the other nozzle goemetries described.
The initiation of the combustion closer to the nozzle results in
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higher overall temperature, because the combustion occurs at
a location where the amount of entrained air is sufficient to
complete the chemical reaction and before the amount of am-
bient cold air entrained are too high and cause a reduction in
the plume temperature. Based on the temperature measure-
ments, the combustion was more intense using the different
noncircular nozzles relative to a circular injector. The isosceles
triangle gave the highest combustion temperatures, followed
by the equilateral triangle. The square was similar to the circu-
lar jet.

Sonic Tests

The temperature profiles of the circular, square, and
equilateral-triangular nozzles at sonic exit flow are shown in
Fig. 14 at x/D, = 1.7 and in Fig. 15 at x/D, = 3.7. The tem-
perature distributions at x/D, = 1.7 were nearly symmetric
for the sides and vertices sections of the square and the equi-
lateral triangle. These temperatures were slightly higher than
the circular flame for r/D, < 0.7, even though the circular
profile was measured farther downstream at x/D = 2, where
higher temperatures are expected. At x/D, =3.7 (see Fig. 15),
the temperature at the vertices was significantly higher than at
the sides, for both the square and triangular nozzles. The cir-
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Fig. 15 Temperature profiles of the gas generator combustion using a sonic circular, square, and equilateral-triangular injectors (x/D, = 3.7).
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FLOW DIRECTION FLOW DIRECTION

a) b)
Fig. 16 Photograph of the supersonic isosceles-triangular flame: a) view of the plane including the apex and base center; b) view of the base side.
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Fig. 17 Thermal image of the supersonic isosceles-triangular flame: a) view of the plane including the apex and base center; b) view of the
base side.
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Fig. 18 Temperature profiles of the gas generator combustion using a supersonic circular, square, equilateral-, and isosceles-triangular injectors
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Fig. 19 Temperature profiles of the gas generator combustion using a supersonic circular, square, equilateral-, and isosceles-triangular injectors

/D, = 3.7).

cular flame temperature, measured slightly farther down-
stream, at x/D = 4, was lower at the outer region, for
r/D,>1.1.

Supersonic Tests

The supersonic combustion tests were run at underexpanded
flow conditions. In the nonreacting flow section, the flow was
dominated by shock cells, which altered the jet behavior at the
vertex and flat sides resulting in a large growth at the sides (see
Fig. 8). Similar behavior can be observed in the photograph of
the reacting isosceles-triangular nozzle shown in Fig. 16a in a
plane parallel to the triangle mid-base/vertex plane and Fig.
16b in a view of the base side. The shock cells in the flame
were visible up to x/D, = 9, especially in Fig. 16b. The flame
was held at the Mach disk formed downstream of the nozzle,
due to the temperature increase at this location. The large
spreading at the two long equal sides of the triangle is also
clear in Fig. 16b. Similar behavior is demonstrated by the ther-
mal images of the same flame shown in Fig. 17a looking at the
plane crossing the apex and the base center and in Fig. 17b
from the triangle base. The radiance intensity downstream of

the Mach disk is increased, corresponding to the flame shown
in Fig. 16. Three shock cells can be observed in the first 5
equivalent diameters downstream of the nozzle. The radiance
intensity drops due to the flame expansion. The flame at the
vertex side stays at a constant width, and some spread is
observed at the base (see Fig. 17a). At the symmetric plane
shown in Fig. 17b, the periodic changes in the flame width due
to the shock-cell structure are visualized.

The temperature profiles of the three noncircular flames are
compared to the circular one in Fig. 18 at x/D, = 1.7 and in
Fig. 19 at x/D, = 3.7. At the upstream station, the square and
equilateral-triangular flames show higher temperatures at the
vertex relative to the side, especially in the outer regions of the
flame. The isosceles-triangular flame is different, with a
higher temperature at the flat side, probably due to the strong
asymmetric shock structure. Further downstream, at x/D, =
3.7, the square and equilateral-triangular flames reach a
quasiaxisymmetric structure. The isosceles triangle has a
higher temperature at the vertex inner section of the flame;
however, the flame spreads faster at the flat side resulting in a
higher temperature at r/D, > 1.
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Conclusions

1) The structure of the sonic noncircular jets with corners is
similar to the subsonic one. The initial vorticity at the corners
is smaller than at the sides, yielding a lower amplification of
turbulent fluctuations. At the flat sides, the higher amplifica-
tion results in a larger spreading rate due to energy exchange
between the mean and the turbulent flow. Although the ampli-
fication is lower at the vertices, the initial turbulence level
there is much higher as a result of the corner axial vortices gen-
erated in the nozzle.

2) In the supersonic underexpanded jets, the shock structure
determines the evolution of the jet. The asymmetry of the ex-
pansion waves originating from the flat and vertex sides in-
duces high spread at the flat side and nearly zero spread at the
vertex. At high-pressure ratio, a Mach disk is formed in the jet
core, and several shock cells can be discerned, generating
periodic narrowing and widening of the jet width.

3) Temperature measurements in the combustion tests show
increased combustion intensity in the corner sections due to
higher turbulence intensity, resulting in higher temperatures at
these locations. The temperature at the flat sides is higher at
larger radial locations, due to the larger spreading rate of the
flame.

4) The effect of the corner on the combustion characteris-
tics increases with decreasing corner’s angle. The overall com-
bustion intensity was highest for the isosceles triangle, whereas
the square flame was similar to the circular one.

5) For the supersonic flames, the shock structure dominated
the combustion. The temperature increase behind the Mach
disk and the decrease downstream of an expansion fan period-
ically change the combustion intensity, resulting in a change of
the flameholding location and temperature distribution.
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