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Experimental studies are conducted to find an optimum size of the cavity flameholder, which is a new combustion concept of a
turbine-based combined-cycle (TBCC) engine with an excellent flame stabilization. Besides, the effect of inlet pressure on the
subatmospheric performance is investigated. The experimental results indicate that the increase of the cavity length improves
the flame stability with an enlarged fuel/air mixture residence time, which suggests that the big length-height ratio in a proper
range of the cavity with a stable dual-vortex should be chosen when designing the cavity-based combustor. In addition, the
decrease in lean ignition and the lean blowout equivalence ratios can be attributed by either increase in the inlet pressure and
temperature or decrease in the Mach number. The increase in inlet pressure will lead to a linear decrease in the lean blowout
equivalence ratio with a slope of 0.66 per 0.1MPa, whereas the lean ignition equivalence ratio has a rapid drop with the increase
of pressure from 0.06MPa to 0.08MPa and reduces slowly with the growth of pressure in the range of 0.08MPa to 0.1MPa. The
detailed analysis of the flow field indicates that the characteristic time-scale theory can ideally explain and predict the change of
flame stability in the trapped vortex cavity.

1. Introduction

As a novel flameholder, the trapped vortex flame-stabilizing
device is rarely investigated under a low pressure operating
condition, which has a wider operating range than the con-
ventional combustor flameholder, where there is a poor
investigation as well. However, the efficient and reliable igni-
tion and reignition, especially in high altitude conditions
with thin oxygen and low temperature, are indispensable
for the turbine-based combined-cycle (TBCC) engine aug-
mentor [1]. It is widely acknowledged that the air tempera-
ture and pressure will drop by 0.6K and 0.786 kPa when
the altitude increases by 100m. A NASA report shows that
the combustion pulsation with the harsh noise will happen
and results in very close limits of a lean blowout (LBO) and
rich blowout if the altitude is higher than 6 km where the
ambient pressure less than 0.047MPa [2]. As a consequence,

it is necessary to exploit the combustion performance of a
promising flame-stabilizing device.

Traditionally, the flame stabilization in afterburner and
ramjet combustors is achieved by the recirculation zone
behind a bluff body, which is highly associated with inlet con-
ditions [3, 4]. Different from the conventional flame-
stabilizing mechanism of the bluff body, the ignition and
flame stabilization are conducted in the located vortex which
is trapped by the geometry of the cavity. As an advanced con-
cept flameholder, the trapped vortex creates a recirculation
zone with upstream fuel injection, in which the fresh fuel/air
mixture is continuously ignited by hot combustion products.
Besides, the cavity can effectively weaken the disturbance of
the inlet parameters of the augmentor and expand the oper-
ating range, which is 40% wider than that of conventional gas
turbine combustor [5, 6]. Substantial investigations of the
trapped vortex combustor (TVC) have been conducted on
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aeroengine flame stabilization since the TVC concept was
proposed in the 1990s [7–10]. Besides, the cavity surround-
ing the casing with serval struts radially hanging on the
fore-wall can reduce the equivalence ratio (φ) of the lean
blowout (LBO) and improve the combustion efficiency (η)
[11–13]. Additionally, the dual-vortex, where the fuel is ide-
ally injected from the injector installing above the centerline
of the fore-wall, will be “safely locked” and fully filled inside
the cavity if the cavity designed with the proper size [14], to
provide effective flame stabilization [10, 15]. Besides, the sec-
ondary vortex protects the main vortex from being destroyed
by the main flow, which can implement higher combustion
efficiency and the lower LBO limits (~50%) than that in a
conventional combustor [16, 17].

The benefit of a cavity-based combustor has already been
confirmed by extensive research in aeroengines, ramjets, and
scramjets [18–20]. There is no doubt that the trapped vortex
cavity has excellent flame stabilization ability, which effec-
tively reduces pollutant emission [21, 22]. Whereas, most
research focuses on characteristics of the flow field in the cav-
ity [23, 24], fuel-air mixing [25], and combustion efficiency
[26] at atmospheric pressure, while the high altitude status
occupies the most part of operating range of the ramjet
engine. Therefore, due to the absence of flame stabilization
characteristics of TVC in high altitude status, the effect of
inlet pressure on lean ignition and lean blowout limits need
to be fully understood. Furthermore, in order to provide
researchers with an efficient combustor at low pressure, it is
necessary to explore the optimal size of the cavity.

2. Combustor and Experimental Setup

2.1. Combustor Model. Figure 1 shows 2-D schematics and
the photograph of the augmentor with a cavity and a radial
V-gutter flame, where the center section is drawn in a rectan-
gle augmentor with a size of 120 × 144 × 1360mm. As
shown, the augmentor is composed of a diffuser with the real
variable area bypass injector (RVABI), a cavity, an air-
assisted multipoint injector (AMI), a V-gutter flameholder,
a spark plug, and two inlets, which are the core stream inlet1
and bypass stream inlet2, respectively. The ratio of the dif-
fuser is 1.38. The RVABI, which is designed for the modal
conversion between the turbofan afterburner and ramjet,
has adjustable blades in front of the augmentor. In this paper,
the TBCC is operating at a ramjet-operating mode. Addition-
ally, the superior design of the annular cavity with a radial V-
gutter flameholder has already been proven by previous
numerical simulations and combustion tests [27]. Mean-
while, previous researches [21, 28] show that the AMI
matches well with the cavity combustion. The RP-3 liquid
fuel is injected vertically onto the splash plate by a plain ori-
fice with a diameter of 0.5mm. The diameter of the multihole
tube is 10mm, in which the evaporating tube has 20 holes
with a 2mm diameter with a pitch of 5.7mm.

The 2-D schematic of the cavity and AMI is depicted in
Figure 1(c), with a distance of 20mm from the center. Three
types of cavity composed of the dual-vortex are designed,
with L = 41:5mm, L = 46:5mm, and L = 51:5mm, respec-
tively. The depth of the fore-wall is 40mm and the after-

wall is 29.5mm. Besides, the widths of the cavity air slot
and the driving air slot are both 1.6mm in the cavity fore-
wall and after-wall. Furthermore, the air flows through two
slots with a height difference that will form a dual-vortex
structure in the cavity. The cavity is fully filled with the main
vortex, and the secondary vortex appears in the corner of the
fore-wall meeting the mainstream. Therefore, the secondary
vortex will separate the main vortex from the mainstream,
protecting the stability of the main vortex and exchanging
energy and composition. However, the double vortex struc-
ture is affected when the fluid in the cavity is attracted by
the low-pressure area behind the radial V-gutter flameholder
at the central section (shown in Figure 1(a)). A noteworthy
feature of the fore-wall is that little-air mixed with fuel will
enter into the cavity from AMI and flows into the main vor-
tex, completing ignition to establish a stable flame zone,
which can ignite the whole combustor. Besides, the flame
spread out from the spark plug with 12 J (8Hz) installed at
the center of the bottom-wall with a z-axis distance of
20mm to the center section. Furthermore, a successful igni-
tion is marked by the observation, through an optical quartz
glass, that the steady flame fills the entire cavity.

2.2. Experimental System. Experimental studies are con-
ducted in a sector channel with an air supply and exhaust
system, which is schematically shown in Figure 2. The exper-
imental system is divided into four parts: air supply device,
fuel supply system, heater, and the test section. The air supply
device can provide the dried air with a maximum pressure of
0.8MPa and a maximum total rate of 1.5 kg/s. The incoming
air is divided into two streams, one electrically heated and the
other preheated by combustion with RP-3 liquid fuel. The
electric heater can raise the airflow temperature by 200K,
while the preburner can heat the room temperature air up
to a maximum of 873K. Besides, an orifice flowmeter with
an accuracy of 0.75% is used to measure the total airflow.
The pressure and temperature at the inlet are measured by
the pressure gauge and the K-type thermocouple, which are
both mounted 50mm upstream from the test section. The
uncertainties of the K-type thermocouple and pressure gauge
are both 0.4%. Also, the unvitiated air from the electrical
heater and the vitiated air from preburner are supplied to
the core inlet and the bypass inlet of the test rig, respectively.
The fuel is pressurized by the bump into the experimental
model, and the flow rate is determined by the pressure gauge.
Furthermore, the relationship between the fuel flow rate
and pressure drop is calibrated before the test. The uncer-
tainties of the pressure gauges and the electronic scale are
0.4% and 0.005%, respectively. Then, the correlation is sup-
plied as follows:

ΔPfuel = 0:1249mfuel
1:9665: ð1Þ

The combustor has two inlets: core inlet and bypass inlet,
which are denoted by subscripts 1 and 2, respectively. For the
present experiment, the effect of cavity length and inlet pres-
sure on ignition and blowout performance is mainly studied,
which is directly related to the flame stability of the cavity.
Therefore, the parameters of the core inlet are kept the same,
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while the parameters of bypass inlet change within a certain
range. The detailed operational parameters for the combus-
tor are listed in Table 1.

3. Results and Discussion

3.1. Combustion Test Results. Two different experimental
approaches are adopted in the investigation on the perfor-
mance of flame stabilization to determine the optimum size
and limits of the cavity for ignition and lean blowout under
the low-pressure condition. The performance is quantified
by the equivalence ratios of ignition and lean blowout. The
equivalence ratio corresponding to the lowest fuel pressure
drop with the steady flame is regarded as the lean ignition
equivalence ratio [15]. Besides, the lean blowout equivalence
ratio corresponds to the lowest fuel/air ratio at which point
the flame disappears due to deceased fuel mass flow and can-
not be reignited when increasing the fuel mass flow.

3.1.1. The Effect on the Cavity Length. Three different sizes of
the cavity are designed to investigate the effect of cavity
length on the lean ignition and blowout performance of a
cavity pilot augmentor. The performance of the flame stabili-
zation was evaluated by the lean ignition and lean blowout
equivalence ratios, shown in Figures 3 and 4. At T2 = 343K,
the lean ignition equivalence ratio is proportional to the
Mach number, while at T2 = 573 K, it is inversely propor-
tional toMa. The tendencies of the lean ignition equivalence
ratios at T2 = 343K continued to decrease with the Mach
number increasing, while the lean ignition equivalence ratios
at T2 = 573K increase with the increase of Ma. The mini-
mum lean ignition equivalence ratio of 0.679 is achieved at
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Figure 1: A 2-D schematic and a photograph of augmentor at the center section: (a) schematic of the augmentor, (b) a photograph of
augmentor, and (c) schematic of the injector and the position of spark plug at a 20mm section far from the center section. All dimensions
in mm.
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Figure 2: Experimental setups for combustion.

Table 1: Summary of experimental conditions.

Ma1 T1, K Ma2 T2, K L, mm P, MPa

0.18 473 0.30-0.60 343-673 41.5-51.5 0.06-0.10
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Ma2 = 0:5 and T2 = 343Kwith a cavity length of 51.5mm. It
is 1.02% and 10.30% smaller than that with a cavity length
of L = 46:5mm and L = 41:5mm, respectively, under the
same Mach number and temperature, whereas the mini-
mum equivalence ratio which happens at Ma2 = 0:33 in
T2 = 573K is 0.502, which is 5.82% and 10.03% smaller
than that in L = 46:5mm and L = 41:5mm. To achieve a
stable flame, the Mach number cannot exceed 0.5 at the
temperature of 343K. This limit increases to 0.7 with a
higher temperature of 573K. The LBO equivalence ratios
under different cavity lengths and temperature are plotted
in Figure 4. Similar observations can be made where the

minimum LBO equivalence ratio occurs at the longest cav-
ity length, while the maximum ratio of ignition occurs at
the shortest length. This phenomenon indicates that the
longer length of the cavity is more beneficial to reduce the
equivalence ratio. Similarly, the increase of the Mach num-
ber will lead to an increase of the LBO equivalence ratio in
T2 = 343 K, which will lead to a drop of the LBO equiva-
lence ratio in T2 = 573K. Besides, the LBO equivalence ratio
in T2 = 343K has a linear decrease with the increase of the
inlet Mach number, where the average equivalence ratio of
LBO at Ma2 = 0:3 is 0.788, which is 10.19% bigger than that
at Ma2 = 0:5. At the same time, the average equivalence
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Figure 3: Lean ignition equivalence ratios of combustor with different lengths of cavity: (a) T2 = 343K, (b) T2 = 573K.
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Figure 4: Lean blowout equivalence ratios of combustor with different lengths of cavity: (a) T2 = 343K, (b) T2 = 573K.
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ratio of LBO in L = 51:5mm at Ma2 = 0:3 and T2 = 343K is
0.725, which is 2.60% and 8.13% larger than that in L =
46:5mm and L = 41:5mm. It is obvious that the flame sta-
bility corresponding to L = 51:5mm is slightly larger than
that in L = 46:5mm and is greatly better than that in L =
41:5mm. For example, the worst performance of LBO in
T2 = 573K appears at Ma2 = 0:5 and L = 41:5mm, in which
the equivalence ratio is 6.15% and 7.47% larger than that in
L = 46:5mm and L = 51:5mm, respectively. The similar
curves appear in T2 = 343 K and T2 = 573K with a rule that
the longest of the cavity length has the lowest equivalence
ratio, which is strong evidence that the growth of the cavity
length improves the flame stability.

3.1.2. The Effect on the Inlet Pressure. Three different values
of pressure are designed to investigate the effect of inlet pres-
sure on the lean ignition and blowout performance of a cavity
pilot augmentor. Figures 5 and 6 portray the equivalence
ratios of the lean ignition and lean blowout of the combustor.
Immediately apparent from Figure 5 is the φIG and φLBO of
various inlet temperatures. Four profiles with the same trend
corresponding to T2 = 343K, 473K, 573K, and 673K are
excellent and demonstrate that the φIG and φLBO decrease
with the increase of pressure. It is noteworthy that the smal-
lest tendency to the decrease of φIG corresponding to T2 =
473K is caused by the growth of the pressure at the inlet from
0.06MPa to 0.1MPa. Besides, the average values of φIG
obtained at T2 = 343 K and 573K are 27.3% and 22.3% larger
than that at T2 = 673K. Meanwhile, the average φLBO at T2 =
673K is about 0.42, which is 4.5%, 12.4%, and 29.3% smaller
than that at T2 = 573K, 473K, and 343K, respectively.
There is no doubt that the maximum value of φIG and
φLBO appears at 0.06MPa and 343K, which are 0.82 and
0.67, respectively.

Figure 6 shows the φIG and φLBO of four Ma numbers at
T2 = 573K. It is clear that the maximum φIG of about 0.73
occurs atMa2 = 0:6, which is 18.1%, 13.1%, and 10.1% larger
than that in Ma2 = 0:3, 0:4, and 0:5, respectively. Further-
more, the minimum φIG of 0.50 appears at Ma2 = 0:3, which
is 5.9%, 8.1%, and 9.8% smaller than that in Ma2 = 0:4, 0:5,
and 0:6, respectively. Besides, the φIG has a rapidly drop with
the increase of pressure from 0.06MPa to 0.08MPa and
reduces slowly with the growth of pressure in the range of
0.08MPa to 0.1MPa. Moreover, the φIG corresponding to
Ma2 = 0:3 decreases by 20.1% and 23.0% as the pressure
changes increasingly from 0.6MPa to 0.8MPa and 0.1MPa.
In addition, the φLBO linearly decreases with the increase of
pressure, except for that corresponding to Ma2 = 0:5. The
average φLBO at Ma2 = 0:3 is 0.36, which is 9.3%, 19.3%,
and 31.0% smaller than that at Ma2 = 0:4, 0:5, and 0:6. The
worst flame stability occurs at 0.06MPa and Ma2 = 0:6,
and the maximum φLBO is 0.65. As expected, the minimum
φLBO was obtained to be 0.22 under the condition of
0.1MPa and Ma2 = 0:3, which is 44.5% less than that of
0.1MPa and Ma2 = 0:6. Additionally, the slope of φLBO
decreasing with pressure is approximately 0.66 per 0.1MPa
getting rid of the point corresponding to Ma2 = 0:5 and
P = 0:01MPa.

3.2. Discussion. The ignition and lean blowout, the coupling
of energy, are complex processes, which can be analyzed by
the nonreaction flow field [19, 35]. Previous studies have
proved that the time-scale theory can well explain the flame
stability of the cavity with dual-vortex [10, 19]. Besides, the
principle of flame stabilization by the primary and secondary
vortexes in the cavity is also summarized by Prof. Zhao [7],
which indicated that the fuel/air mixture must be ignited
before the intersection of the primary and secondary vor-
texes, so that the high-temperature burned gas could be pro-
duced and refluxed to ignite the fresh mixture.

Figure 7 demonstrates the schematic of flame stability in
trapped vortex in a 20mm section far from the center section.
It can be considered that the fuel/air mixture is fully mixed
when it enters the trapped vortex zone with the AMI fuel
supply device. A section a – b with the profile of velocity A
– A is randomly selected in the trapped vortex. There must
exist a point B that can stabilize the flame, where the airflow
velocity is the same as the flame propagation velocity and the
direction is opposite, denoted as

V sf =VB, ð2Þ

where V sf is the flame propagation velocity and VB is the air-
flow velocity of point B.

It is worth noting that the point B will move downstream
along the streamline of the tapped vortex to the critical point
of flame stability as the V f gradually increases. The critical
point, namely the separation point of the primary and sec-
ondary vortices, is located at the boundary of the primary
vortex and forms an angle of β with the vortex core, an inlet
of the fore-wall. Then, the lean blowout will occur if the V f
continues to increase.

Given that the trapped vortex zone is filled with almost
completely burned, high temperature, and homogeneous
combustible gas. Thus, the mass and energy exchange
between fresh mixed gas and burned gas occurs in the shear
layer of the trapped vortex. When the fresh mixture obtains
enough energy before reaching the separation point of the
trapped vortex to generate a stable flame, the primary vortex
will burn stably; otherwise, a blowout will occur.

The flame stabilization process of the cavity is analyzed
by the characteristic time-scale theory, which is widely
accepted to understand the lean blowout in the recircula-
tion zone [29]. The ignition delay time, τc, including fuel-
air mixing time, τmix, and ignition induction time, τi, are
expressed as

τc = τmix + τi: ð3Þ

As mentioned above, the fuel entering the trapped vortex
through the AMI can be considered as a fully mixed fuel-air
mixture, and then

τmix < <τi ≈ τc: ð4Þ
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According to Arrhenius [30],

τc ≈ τi ∝
1

φxPv−1 exp E
RT

� �
, ð5Þ

where x > 0 is constant and v is the reaction series.
At the same time, given that the movement time of fresh

mixture from entering the primary vortex to separation point
is τk , that is

τk =
Lv
Vc

, ð6Þ
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where Lv is the distance of fresh mixture from entering the
primary vortex to separation point and Vc is the average
velocity of airflow in the primary vortex, where

Lv =
180 − β

180 t L +Hbð Þ,

Vc ≈ �V = 2 _m
B ⋅Hb

⋅
RT
P

,
ð7Þ

where t is the elliptic coefficient, L is the cavity length, Hb is
the after the height of the cavity, _m is the mass flow rate of
cavity air, and B is the cavity width, then Equation (6) can
be expressed as

τk ∝
B ⋅Hb L +Hbð Þ

2 _mc
⋅
P
RT

: ð8Þ

Thus,

τk ∝
L
Vc

∝
L

Main
: ð9Þ

If τc < τk , then the fresh fuel-air mixture will be ignited
continuously and form a stable flame, which can ignite the
mainstream though the secondary vortex. Otherwise, the
blowout will happen. At the critical state, that is defined as

τc = τk: ð10Þ

According to Equations (5) and (10),

φ∝
Ma

LPv−1 exp E
RT

� �� �1/x
: ð11Þ

This indicates that given a cavity with the fully fuel-air
mixture, the decreases in lean ignition and lean blowout
equivalent ratios can be attributed by either the increase in
cavity length, inlet pressure, and temperature or the decrease
in Mach. In other words, Equation (11) is very consistent
with the experimental results mentioned above.

4. Conclusions

A rectangular cavity pilot augmentor with a classical radial
V-gutter flameholder of the TBCC engine is designed with
double inlets and outlets. The limits of lean ignition and lean
blowout are obtained experimentally at several Mach num-
bers and inlet temperatures where the cavity length changes
from 41.5mm to 51.5mm and inlet pressure varies from
0.06MPa to 0.10MPa. Some valuable conclusions in the
application are drawn as follows:

(i) The increase of the cavity length-height ratio in a
proper range improves flame stability with an
enlarged fuel/air mixture residence time. The aver-
age equivalence ratio of LBO in L = 51:5mm at M
a2 = 0:3 and T2 = 343 K is 0.725, which is 2.60%

and 8.13% larger than that in L = 46:5mm and
L = 41:5mm

(ii) A decreased tendency of lean ignition and lean blow-
out equivalence ratios is achieved at T2 = 343K,
while the increased one is obtained at T2 = 573K,
which is conducive to the evaporation of the fuel
droplet

(iii) The increase in inlet pressure will lead to a linear
decrease in the lean blowout equivalence ratio with
a slope of 0.66 per 0.1MPa, whereas the lean ignition
equivalence has a rapid drop with the increase of
pressure from 0.06MPa to 0.08MPa and reduces
slowly with the growth of pressure in the range of
0.08MPa to 0.1MPa

(iv) As an exception, the increase in the inlet Mach num-
ber and temperature will exaggerate the equivalence
ratios of lean ignition and lean blowout

(v) The results reveal that the design of the cavity-based
combustor can be predicted by the validated charac-
teristic time-scale theory
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