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Spray and combustion characteristics of a dump-type ram-combustor equipped with a V-
gutter flame holder were experimentally investigated. Spray penetrations with a change
in airstream velocity, air stream temperature, and dynamic pressure ratio were measured
to clarify the spray characteristics of a liquid jet injected into the subsonic vitiated
airstream, which maintains a highly uniform velocity and temperature. An empirical
equation was modified from Inamura’s equation to compensate for our experiment
conditions. In the case of insufficient penetration, the flame in the ram-combustor was
unstable, and vice versus given sufficient penetration. When the flame holder was not
equipped, the temperature at the center of the ram-combustor had a tendency to decrease
due to the low penetration and insufficient mixing. Therefore, the temperature
distribution was slanted to the low wall of the ram-combustor. These trends gradually
disappeared as the length of the combustor became longer and the flame holder was
equipped.

1. Introduction

A ramjet engine, one of the simplest rocket systems, directly induces air (oxygen of
propulsion system) from the atmosphere without a compression system. The induced air goes
through a compression process through a supersonic diffuser. Therefore, the ramjet engine
has many advantages, such as the maximum energy transfer rate, reduction of the weight and
volume, and an increase of the flight ranges.

Storable liquid fuel was attractive for use in the limited space of the ramjet engine due to its
high density and heating value [1]. However, insufficient mixing of fuel and air causes
unstable combustion. Thus, spray mechanisms were carefully investigated to yield a stable
flame and high combustion efficiency. The mean droplet diameters of a traverse fuel into a
supersonic airstream were investigated by Nejad and Schetz [2]. An empirical equation for
the penetration of a liquid jet in a subsonic airstream was deduced by Shetz and Padhye [3]
based on their measurements of the liquid jet. An empirical equation for the penetration and
mean droplet diameter in a subsonic airstream was deduced by Kashwagi [4]. Droplet mass
flux and velocity distributions were studied by Inamura and Nagai [5]. However, their report
was conducted under a cold flow condition. In the actual ramjet engine, the temperature of
the air induced into the combustor is higher than 500K. Therefore, there is a need to clarify
influences of hot airstream on spray characteristics.

Combustion characteristics of the liquid jet have been reported by many researchers. The
relations between configurations of the fuel injector and combustion performance were
elucidated by Sjoblom [6]. Vinogradov et al. [7] investigated the combustion performance
when fuel is injected parallel to the supersonic airstream in a scramjet combustor. However,



the combustion characteristics in a ram-combustor equipped with flame holder has not been
investigated.

Therefore, the purpose of this study is to clarify the spray mechanism and combustion
characteristics in the ram-combustor with a flame holder. The penetrations in a hot air stream
were measured with a change in dynamic pressure ratio, inlet temperature, and air velocity.
The temperature distributions were measured in the ram-combustor equipped with flame
holder. The flame stability region and combustion efficiency were also investigated.

2. Experimental Apparatus and Conditions

A schematic diagram of an experimental
apparatus is shown in Fig. 1. The experimental Niddle Valvegy
facilities consist of the supply section, the
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ram-combustor, and the measurement section.
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measurement section, the experimental data
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low flow blockage and low pressure loss [8].
The V-gutter flame holder has been designed
using experimental data such as residence time
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holder are divided into two regions: a recirculation zone and a mixing zone. The recirculation
zone is characterized by a strongly recirculating flow and low reaction rate, while the mixing
zone by the formation of turbulent flows due to strong shears, steep temperature gradients,
and a vigorous chemical reaction. A stable flame is established in the mixing zone by the
balance of the heat and mass transfer between the cool unburned gas and the hot burned gas.
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Fig. 3 Typical flame holder used in the



Fig. 4 shows coordinate systems employed in this study. The X’, Y, Z coordinate system and

the X, Y, Z coordinate system are used in for
measuring the velocity, temperature, oxygen
volume ratio in VAH and penetration of
spray at a nozzle.

The experimental conditions are shown in
Table 1. It is realized from Table 1 that
parameters are the length of combustor and
mass flow rate of fuel.
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Table 1. Experimental Conditions

Mass flow-rate of air(m,) = 0.238 kg/s
VAH Temperature of inlet air(Tp) = 500 K
Velocity of inlet air(U;) = 120 m/s

Ram-combustor

Dia. of combustor inlet(D;) = 50 mm
Dia. of combustor outlet(Dg) = 100 mm

Length of combustor(L¢) = 300 mm, 450 mm

Fuel Injector

Mass flow-rate of fuel(my) = 2.6, 3.9, 5.2 g/s
Dia. of injector tip(D;) = 0.92 mm

V-gutter Flame
Holder

Wedge half angle( a ) = 30°
Aspect Ratio(AR) = 0.125
Height of V-gutter(D,) = 15 mm

3. Results and Discussions
3.1 Vitiated Air Heater

The temperature and velocity distributions at the
exit of the VAH are represented in Fig. 5. In
real-flight conditions, the temperature of the air
induced into the ram-combustor rises due to the
compression process of the supersonic diffuser.
There is a need for an apparatus that controls the
temperature and velocity of air in the ground
test to satisfy the requirements of real-flight
conditions Sjoblom [6] reported that the
temperature and velocity of the real-flight
conditions were a function of flight altitude and
flight Mach Number. In our experiment, the
flight altitude and flight Mach number are a sea
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Fig. 5 Velocity and temperature
distributions at the exit of the VAH

level and about 3. The corresponding temperature and velocities are 500 K and 120 m/sec
which are in good agreement with the present data as shown in Fig. 5. They are uniform



except for the wall of the VAH. Thus, it is postulated that there is no abnormal combustion in
the ram-combustor due to the nonuniformity of velocity and temperature.
Fig. 6 shows comparisons of the theoretical
value with the experimental data of O, volume 25
ratio with variance in mass flow rates of ol o— ——0
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Fig. 6 Volumetric ratios of O, in the burned gas

3.2 Jet Penetrations at the outlet of VAH

Fig. 7 shows characteristics of a liquid jet.
Liquid fuel is ejected at 100mm in front of the
ram combustor. The single-orifice nozzle used
in this experiment pressurizes the fuel,
changes it into the liquid column and finally
develops the liquid column into the liquid
droplets. The mechanism of spray from the
single-orifice nozzle is influenced by the
turbulence flow, drag of the main stream,
spray conditions such as density and viscosity, of a liquid jet

and aspect ratio(Lo/Dg) [10]. The jet

penetration is defined as the maximum vertical distance from the outlet end of the nozzle
(Y=0) to the outer visible boundary of the liquid jet at the arbitrary X point. The jet
dispersion represents the vertical distance from the inner visible boundary of the jet to the
outer visible boundary of the jet. Finally, the jet width can be defined as the horizontal
distance from a visible boundary to the other visible boundary according to a top view [11].
Fig. 8 shows the effects of dynamic pressure ratio on jet penetration. The dynamic pressure
ratio can be defined as Eq. (1)

Fig. 7 The schematic instantaneous photography

pU?
q=—"-3 (1)
pPU,

Jet penetration increases as dynamic pressure
30

ratios increase. As shown in Fig. 8, the jet

penetration rapidly increases in the vicinity of 25F TX%Ii0ke i
the nozzle exit, and then the gradient of ol T I3 DN
penetration become slower due to the increase st . o:Aj:itA—A ]
of the airstream drag. The penetration is wl /Aijg:i,,v/v—v—/v:;' 1
determined by the relative difference between /D/DID’D"D_D—D

the jet kinetic energy and the aerodynamic i) V,=100m/s, T,=500K, d=1mm
drag of the airstream. In the case of the ramjet %o s w0 s 20 25 30 35 40
engine, the adequate penetrations must be X/D,

created since low penetrations exert bad ) )
Fig. 8 Effects of fuel-to-air momentum ratios

on jet penetrations. (V,;=100m/s, T,;=298K)



influences on combustion performance.

Fig. 9 shows the effects of airstream velocity w0

on jet penetration. As the velocity of the b —o—q=6.04, vV =t00mis
. ; . 25 —A—q =9.44, V_=80m/s
airstream increases, penetration decreases due [ s i522, Visesms
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airstream  temperature increases,  jet
penetration increases. This can be explained
by the fact that the low density of air due to the high temperature decreases the inertia force
of air. The weak inertia force of the air results in the increase of the jet penetration.

Inamura and Kashiwagi deduced the empirical equation, Eq. (2) for jet penetration in terms of
the dynamic pressure ratio [11].

Fig. 9 Effects of fuel flow-rate on jet penetration.
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Fig. 11 shows comparisons of experimental data with an empirical equation, Eq. (2). The
experimental data are larger than the value calculated from Eq. (2). Some deviations appear
due to the differences between our experimental conditions and Inamula’s conditions. Thus, a
revised equation is suggested in Eq. (3). The revised equation is in better agreement with our

experiment since the equation is deduced based on our experimental conditions.
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Photographs of the flame with the variation in the equivalence ration are presented in Fig. 12.

Fig. 12 Photographs of the flame with a variation in the equivalence ratio

Flames are not observed around the upper section of the combustor in the case of the low
equivalence ration so that the low section appears bright. Thus, the existence of the low
regions causes a drastic change of temperature in combustor. Complete combustion is not
achieved due to the incomplete mixing in these regions. In the case of the high equivalence
ratio, flames are distributed equally all around the cross section of the combustor due to the
enough penetration. The results suggest that the uniformity of concentration distribution of
air and fuel and flame stability are enhanced due to the extent of penetration of fuel spray.

3.3 Flame Stabilization

Fig. 13 shows axially directional temperature distributions at the combustor exit when the
flame holder is not installed. The penetrations are not so sufficient that there are high
gradients of temperature distribution at the low wall of the ram-combustor exit. In the case of
a short combustor (Lc=300mm), the temperature at the center of the combustor decreases
faster due to the high velocity of the airstream and insufficiency of mixing of fuel with air.
This uniformity of temperature becomes better as the equivalence ratio increases. In a long
combustor (Lc=450mm), the flame is more stable than in a short combustor(Lc=300mm) due
to the improvement of the mixing zone. The mixing performance of the fuel is improved as
the length of combustor increases.
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Fig 13 Temperature profiles without V-gutter Fig. 14 Temperature profiles with V-gutter

at the ram-combustor exit. at the ram-combustor exit.

Fig. 14 shows the axially directional temperature distribution at the combustor exit when the
flame holder is installed.



In the case of the short combustor(Lc=300mm), the temperature still significantly changes
near its low wall of the combustor because the penetration of the fuel is not sufficient.
However, the effects of the recirculation zone created by the flame holder produce a more
uniform temperature distribution than in the case in which the flame holder is not installed.
However, the temperature abruptly decreases at the center of the combustor as the
equivalence ratio decreases. This trend becomes less pronounced as the fuel flow rate
increases and combustor length increases. The mixing performance of the fuel improves and
the flame becomes more stable when the flame holder is installed and the combustor length
increases.

4. Conclusions

Many performance parameters such as the jet penetration, the temperature distribution, the
combustion efficiency, and the stability loop were measured to investigate the spray and
combustion characteristics in a dump-type ram-combustor. Through these experiments, our
conclusions can be summarized as follows:

1. A vitiated air heater(VAH) for test facilities of ramjet engines was developed, which could
satisfy a wide range of test conditions in velocity and temperature. This VAH obtained
desirable velocity and temperature distributions. The compositions of vitiated air are much
more similar to those of real air, especially volumetric ratio of oxygen.

2. The jet penetrations increased as the dynamic pressure ratio and air temperature increased
and the velocity of the airstream decreased. The revised empirical equation was modified
from Inamura’s equations to compensate for our results of penetration.

3. In the case of low penetration, there are high gradients of temperature distribution at the
low wall of the ram-combustor exit. This trend become less noticeable as flame holder is
equipped. The effect of the flame holder on flame stability is more pronounced than the
increase of ram-combustor length.
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