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The spray and combustion characteristics of a liquid-fueled ramjet combustor were experimentally analyzed.
RJ-1J fuel was injected transversely into a subsonic hot vitiation airstream from a round injection ori� ce. The
penetration of the liquid jet under hot air� ow conditions was larger than that calculated by the empirical equation
obtained under room-temperature air� ow conditions. A V-shaped gutter was attached to the center of the com-
bustor for � ame holding. Two different arrangements of the gutter and the fuel injector were tested. In one, the
fuel was injected perpendicular to the gutter axis, and in the other, the fuel was injected parallel to the axis. In
regard to perpendicular fuel injection, a region with a temperature higher than 1500 K was observed at the center
of the combustor; this region was long and narrow in the direction of the fuel injection. The high-temperature
region reached the bottom wall due to involvement of the fuel in the wake region of the fuel injector and the liquid
column. In regard to parallel injection, the high-temperature region covered the major part of the cross section
of the combustor except in the vicinity of the bottom wall; the measured combustion ef� ciencies were higher than
those for perpendicular fuel injection. Pilot fuel injection from the gutter was found to be a very effective method
for improving combustion characteristics. In addition, it was found that the fuel dispersion in the direction of the
injection of the high-temperature fuel, which simulates the regenerative cooling of a ramjet combustor, was lower
than that of the low-temperature fuel due to fuel evaporation.

Nomenclature
d = fuel injector diameter
H = height from bottom combustor wall
Hn = distance from bottom combustor wall to exit of fuel

injector
h = penetration of liquid jet in X direction
L = distance from center of fuel injector to windward edge

of gutter in Z direction
[O2] = oxygen mole concentration
Ps = static pressure
q = fuel-to-air momentum � ux ratio
Ta = static air temperature
Tc = static temperature of combustion gas at combustor exit
T f = fuel injection temperature
U j = fuel injection velocity
Va = air velocity in Z direction
X = distance from fuel injector exit in direction of liquid jet

injection
Y = distance from center axis of combustor in direction

perpendicular to X – Z plane
Z = distance from center of fuel injector exit in direction of

air� ow
Zg = distance from leeward edge of gutter in Z direction
Zh = distance from upstream side edge of fuel injector exit

in direction of air� ow, (Z d=2/
´ = combustion ef� ciency
½ = density
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¾ = total pressure loss at combustor exit normalized by
total pressure at inlet

Á = equivalence ratio

Subscripts

a = air
comp = complete combustion
in = representativeat inlet
j = fuel jet
m = main fuel
meas = measurement
p = pilot fuel
t = total

Introduction

S TORABLE liquid fuel is attractivefor use in the volume-limited
ramjet engine, due to its high density and high heating value.1

However, it requires evaporation and time to mix with air before
ignition; insuf� cient evaporation and mixing result in low combus-
tion ef� ciency and instability.On the other hand, liquid fuel can mix
with combustion air because of its large inertia. Therefore, the dis-
advantagesof liquid fuel may be compensated for by improving its
spray characteristics and devising a means of mixing fuel droplets
and combustion air.

As for the directionof fuel injection,transversefuel injectioninto
a high-speed airstream has been commonly used because it results
in large penetrationand thorough mixing between fuel droplets and
air in comparison with parallel injection. Other researchers have
studied the penetration and jet width of a traversing liquid jet in
a supersonic airstream in regard to using these features in a super-
sonic combustionramjet engine.2 4 The penetrationand jet width of
a traversing liquid jet in the subsonic airstream have also been stud-
ied in regards to their use in the afterburnersof gas turbine engines
and liquid- fueled ramjet combustors.5 9 Most data in the cited stud-
ies were obtained under room-temperature air� ow conditions (cold
� ow conditions). However, the spray characteristicsof a traversing
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fuel jet under actual hot air� ow conditions are very important for
comparison with those obtained under cold � ow conditions.

A V-shaped gutter is generally used due to low pressure loss and
the high performance of the � ame holding. In this paper, the con-
ventional con� guration of transverse fuel injection and a V-shaped
gutter were employed. Here, the combustion characteristicsdepend
on the combination of the direction of the fuel injection and that
of the gutter axis. However, previous research has not clari� ed the
effects of this combination on combustion characteristics.

Several researchershaveexaminedthe combustioncharacteristics
of a liquid jet in a supersonic air� ow,10;11 as well as those of a gas-
fueled ramjet engine.12;13 However, there have been few studies on
the combustion characteristicsof a liquid-fueledramjet engine.14;15

The aim of the present series of studies is to clarify the relationship
between the spray and the combustion characteristics of a liquid-
fueled ramjet combustor.

In this study, penetrationsof a liquid fuel jet into a hot airstream
were measured and were compared with those under cold � ow con-
ditions. Firing tests of a ramjet combustor were carried out for the
following two examples: one in which the liquid fuel was injected
parallel to the gutter axis and the other in which the fuel was injected
perpendicular to the axis. The combustion characteristics such as
� ame holding ability, temperature distributions, combustion ef� -
ciency, and total pressure loss were examined.

Experimental Apparatus and Conditions
The experimental apparatus is shown in Fig. 1. The ramjet com-

bustor, which is made of stainless steel, has a rectangular cross
section of 50 50 mm and a length of 563 mm. The fuel injector,
which projects into the airstream, is attachedto the bottomwall. The
V-shapedgutter, the axis of which is perpendicularor parallel to the
direction of liquid injection, is � xed at the center of the combustor.
Static pressure taps are mounted on the upper wall in the direction
of the air� ow. Vitiation hot air, which is generated by mixing the
air with a combustion gas of gaseous oxygen and hydrogen, passes
through the combustor from left to right as is shown in Fig. 1. A jet
of liquid fuel is injected transverselyinto the hot airstream.The exit
of a gaseous oxygen/gaseous hydrogen torch igniter for ignition is
located on the bottom wall just below the gutter; after ignition, the
supply of oxygen/hydrogen is cut off. The distancebetween the exit
of the fuel injector and the gutter in the direction of fuel injection
is variable, and the distance between them in the direction of the
air� ow is also variable. The horizontal distance between the gutter
and the exit of the combustor was maintained at 400 mm during all
of the present experiments to avoid the effects of axial length of the
combustor on combustion characteristics. For ease of observation,
both of the side walls of the combustor can be replaced by crystal
glass plates if necessary.

Figure2 shows the fuel injectorin detail.Three fuel injectorswere
used. They were made of stainless steel with inner diameters of 0.5,
0.7, and 1.0 mm. Each fuel injector has a length-to-diameter ratio
of 9. The entrance of a straight passage with a diameter of d was
polished so that no turbulent � ow would take place. The vertical

Fig. 1 Experimental apparatus.

distance between the gutter and the injector exit was adjusted by
rotating the fuel injector around its axis.

Figure 3 shows the con� gurationof the V-shaped gutter, which is
made of stainless steel. The cross section of the gutter is triangular,
and its blockage ratio is 0.2. Gaseous hydrogenfuel is ejected paral-
lel to the airstream from 15 holes that are 0.5 mm in diameter on the
leeward surface of the gutter. It was expected that gaseoushydrogen
would act as a pilot fuel and would promote � ame holding.

Figure 4 shows the sampling probe that was used to measure
the total pressure and the components of the combustion gas. The
sampling probeconsists of nine copperpipes with an inner diameter
of 0.7 mm. The copper pipes were cooled by impinging water jets.
The components of the sampled combustion gas were measured
by gas chromatography. The total pressure and components of the
combustiongas in the cross sectionof the combustorwere measured
by horizontallytraversingthe sampling probe at the combustor exit.

Combustion ef� ciencies were calculated using the following
equation:

´ [O2]meas=[O2]comp (1)

where [O2]meas indicates the measured value of the reductive quan-
tity of O2 mole concentration and [O2]comp indicates the calculated
value of the reductive quantity by complete combustion. [O2]meas

was measured by traversing the sampling probe at the combustor
exit. The experimental uncertaintiesfor oxygenmole concentration
measurements were estimated to be less than 5% with an absolute
value.

The temperatures of the combustion gas in the cross section of
the combustor were measured at 5-mm intervals at the combustor
exit by horizontallyand vertically traversing an R-type thermocou-
ple with a junction diameter of 0.5 mm. The effects of the radiation
on the temperature measurements using the thermocouple were not

Fig. 2 Fuel injector.

Fig. 3 V-shaped
gutter.
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Fig. 4 Sampling probe.

a) Perpendicular fuel injection

b) Parallel fuel injection

Fig. 5 Coordinate systems.

taken into account.Experimentaluncertaintiesfor temperaturemea-
surements were estimated to be less than 1%.

In this paper, two types of injections were examined: in one,
fuel was injected parallel to the gutter axis, and in the other, fuel
was injected perpendicular to the axis. Figures 5a and 5b show
the coordinate systems that were used in those cases. Hn in Fig. 5
indicates the distance from the bottom combustor wall to the exit of
the fuel injector.

Time-averaged photographs were taken to measure the penetra-
tionof a liquidjetwith 1/60-sexposuretime lightedfrom the rear top
of a liquid jet. Black and white � lm (NEOPAN400, ASA400) was
used to record the image. The images were digitized by a scanner,

Table 1 Thermophysical properties of RJ-1J fuel

Property Value

Average chemical formulation C14H26:8
Average molecular weight 194.8
Heat of formation (at 0.1 MPa, 298 K), J/mol 398 103

Density (at 288 K), kg/m3 851
Kinetic viscosity (at 293 K), m2/s 4.0 10 6

Surface tension (at 298 K), N/m 30.9 10 3

Speci� c heat (at 293 K), J/kg K 1.96 103

Heating value, J/kg 43.07 106

Fig. 6 Oxygen concentration pro� le of vitiation air at an inlet of the
ramjet combustor.

and the boundaryof the jet was determinedby half of the maximum
brightness of a jet. The accuracy of the penetration measurement
was estimated to be about 0.1 mm.

RJ-1J fuel, the physical properties and components of which are
almost the same as those of RJ-1 fuel, was used for the combustion
experiments.The thermophysicalpropertiesof RJ-1J fuel are shown
in Table 1. The vitiation air temperature and the air velocity at the
combustor inlet were 600 K and 100 m/s and 900 K and 60 m/s, re-
spectively.Those values are equivalent to the expected � ight Mach
numbers of three and four, respectively.An extra experimentalcon-
dition of 600 K and 60 m/s was added for comparison.

Figure 6 shows the oxygen concentration in the vitiation air. The
oxygen concentrationis uniform in the cross section of the combus-
tor. The oxygen concentration in the vitiation air was controlled by
adjusting the mixing ratio of the gaseous oxygen and hydrogen at
generation; therefore, the oxygen concentration shown in Fig. 6 is
almost the same as that in the air.

Figure 7 shows the distributions of the velocity and the temper-
ature of vitiation air along the X axis at the combustor inlet. The
velocity distribution is almost uniform except in the vicinity of the
combustorwall. The boundary-layerthicknessis estimatedto be less
than 5 mm based on 90% of the freestreamvelocity. With reference
to the temperature distribution, the temperature gradually increases
toward the upper wall of the combustor. This tendency decays for
high-velocity conditions. Therefore, it was inferred that the non-
uniformityof the air temperaturecould be ignored for high-velocity
conditions in the present experiments.

The experimental uncertainties involved in setting up the repre-
sentativeair velocity and air temperaturewere less than 5 m/s and

20 K, respectively.

Jet Penetration in a Hot Airstream
Estimating the penetration of a fuel jet into an airstream is very

important for ramjet combustor design. In a previous paper,15 the
authorsdeducedthe empiricalequationof jet penetrationunder cold
� ow conditions as follows:

h=d .1:18 240d/q0:36 1 .1:56 480d/Zh=d (2)
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Fig. 7 Velocity and temperature distributionof vitiation air at an inlet
of the ramjet combustor.

Fig. 8 Effects of fuel-to-air momentum � ux ratio and fuel injector
diameter on jet penetration.

where jet penetration was de� ned as the vertical distance from the
bottom wall of the combustor to the outer edge of the fuel jet plume
as measured by time-averaged photographs.

The jet penetrationin a hot airstreamwas measured in the present
study. Figure 8 shows the variations of the jet penetration in a hot
airstream by the fuel-to-air momentum � ux ratio and the fuel in-
jector diameter. The jet penetration increased with an increase in
the momentum� ux ratio.The jet penetrationincreasedrapidly in the
vicinity of the injector exit and then gradually increased due to the
increase of the drag of the airstream. The cross section of the jet is
circular at the injector exit; it then becomes kidney shaped due to
the dynamic pressure of the airstream.4 This shape transformation
results in an increase in the drag.

The liquid jet was disintegratedinto liquid lumps due to the large-
scale waves on the jet surface after the disturbance waves on the
windward surfaceof the liquid jet grew to some extent along the jet’s
trajectory. The liquid lumps were disintegrated into � ner droplets
again due to aerodynamic force. The momentum of spray droplets
in the direction of the liquid injection gradually decreased due to
gravity and drag force, and in the direction of air� ow, it increased
due to the acceleration by air� ow. Consequently, the penetration
curve of the spray plume approached the air� ow direction.

Figure 8 also shows the impact of fuel injector diameter on jet
penetration. The larger the injector diameter is, the farther the fuel
jet penetrates. The effects of injector diameter can be attributed to
differences in the drag of the jet with unit volume by air� ow. As
the injector diameter decreases, the drag of the jet by the airstream

Fig. 9 Effects of static air temperature on jet penetration.

increases due to an increase in the frontal area per unit jet volume.
The increaseof drag reducesjet penetration.This tendencyis similar
to that under cold � ow conditions.

Figure 9 shows the effects of static air temperature on the jet
penetration.The dash–dotted line in Fig. 9 indicates the penetration
as calculated from Eq. (2). Figure 9 shows that the penetrations
in a hot airstream are much greater than those in a cold airstream.
The increase in air temperature results in an increase of the jet
penetration.

As for the evaporatingdroplets in a hot airstream, the evaporation
of droplets results in a lowering of the drag force of the airstream.16

In a similar fashion, evaporation lowers the drag of the evaporating
liquid jet and increasesits penetration.An increasein liquid temper-
ature lowers its viscosity. Wu et al. pointed out that jet penetration
decreases with an increase in liquid viscosity due to the increase
in boundary-layer thickness in the liquid jet.8 On the other hand,
an increase in air temperature also lowers its density. Hsiang and
Faeth showed that the Sauter mean diameter of the droplets gener-
ated by the second breakup of parent droplets is proportional to the
liquid-to-gasdensity ratio to the one-fourthpower.17 Consequently,
higher temperature air generates coarser droplets. Indeed, in this
study many coarse droplets were observed in the high-temperature
airstream rather than in the low-temperature airstream. A larger
droplet penetrates farther than a smaller one due to larger iner-
tia. However, they pointed out that additional measurements were
needed to explore the effects of density ratio.

Jet penetration increases with an increase in the air temperature,
probably due to the reasons mentioned earlier. However, data that
indicate the effects of air temperatureon jet penetrationare limited,
and further experiments should be done to clarify the effects of air
temperature on jet penetration.

Maximum and Minimum Equivalence Ratios
Table 2 summarizes the maximum and minimum equivalence

ratios using vitiation air where � ame holding was con� rmed and of
parallel fuel injection under various experimental conditions with
pilot hydrogen fuel injection. The pilot hydrogen fuel was always
injected during measurement. The representative air velocity and
temperatureare those measured at the center of the combustor inlet.
The experimental uncertainties for equivalence ratio calculations
were estimated to be less than 4%. As will be discussed later, the
combustionef� ciencyfor perpendicularfuel injectionis much lower
than that forparallelfuel injection;theequivalenceratio rangewhere
� ame holding is possible for perpendicular fuel injection was not
studied in detail.

Comparison of Va in 100 m/s and Ta in 600 K with Va in

60 m/s and Ta in 900 K shows that the maximum and minimum
equivalenceratiosof the latterare far higherthan thoseof the former.
In the latter, the jet penetration is large due to high air temperature
as already mentioned, and the mean diameter is also large due to
low air velocity. Therefore, active fuel dispersion due to large jet
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Table 2 Maximum and minimum equivalence ratios
of parallel fuel injection

Maximum Minimum
d , mm L , mm equivalence ratio equivalence ratio

Va in 100 m/s, Ta i n 600 K
0.5 100 0.31 0.19
0.7 100 0.36 0.23
0.7 200 0.31 0.25
1.0 100 0.35 0.28

Va i n 60 m/s, Ta in 900 K
0.7 50 0.49 0.37
0.7 100 0.71 0.30
0.7 200 0.54 0.27
1.0 100 0.65 0.22

Va i n 60 m/s, Ta in 600 K
0.7 100 0.37 0.31
0.7 200 0.37 0.29

penetration and large inertia of large droplets occurs. In addition,
active fuel dispersioncauses the formationof a lean fuel/air mixture
and results in higher maximum and minimum equivalence ratios.

Comparisonof Va in 60m/s and Ta in 900K with Va in 60 m/s
and Ta in 600 K shows that the minimum equivalence ratio of the
former is slightlysmaller than thatof the latter.The maximumequiv-
alence ratio of the former is much higherthan thatof the latter.As the
air temperaturedecreases, the evaporationof fuel droplets becomes
insuf� cient, and the equivalenceratio range where � ame holding is
possible consequentlynarrows.

For the type of the � ame holder employed in this study, some
fuel droplets collide on the surface of the gutter and form a fuel � lm
there. The fuel � lm is disintegrated into spray droplets again at the
leewardedge of the gutter. When it is consideredthat the 50% distil-
lation point of RJ-1J fuel is about 520 K and assumed that the gutter
surface temperatureequals the inlet air temperature, the experimen-
tal conditions Va in 100 m/s and Ta in 600 K and Va in 60 m/s
and Ta in 900 K seem to belong to the nucleateboilingand the � lm
boiling regimes, respectively, in regard to fuel evaporation on the
surfaceof thegutter.In the nucleateboilingregime,a thin liquid � lm
can be easily generated by the collision of droplets with the surface
of the gutter. On the other hand, in the � lm boiling regime, only a
small amount of thin liquid � lm is generated. Here, note that the
Leidenfrost point depends on various parameters, such as material
and roughness of a solid wall, temperature and size of a droplet,
and collision velocity of a droplet on a solid wall; therefore, the
preceding statement is tentative.

Thus, under the condition that Va in 100 m/s and Ta in 600 K,
� ne droplets can be easily generated at the leeward edge of the
gutter by a high-speedairstream.However, under the condition that
Va in 60 m/s and Ta in 900 K, coarse droplets are generated at
the leeward edge by a low speed airstream.These droplet formation
mechanisms seem to in� uence the � ammability range. However,
becausethe presentexperimentalresults are limited, additionaltests
are needed to clarify the effects of droplet collision with the surface
of the gutter on the � ammability range in detail.

As concerns perpendicular fuel injection, the minimum equiva-
lence ratio varies from 0.4 to 0.5 under all of the present experi-
mental conditions and is much larger than that of the parallel fuel
injectionshown in Table 2. For perpendicularfuel injection,at a low
equivalence ratio, the fuel cannot reach the gutter. This is why the
minimum ratio is larger than that for parallel fuel injection.

Note that because the present equivalence ratio ranges were ob-
tained using a small-scale wind tunnel and under special conditions
using vitiation air, it is not certain whether these ranges are directly
applicable to conditions in general.

Combustion Ef� ciencies
Table 3 summarizes the combustion ef� ciencies for various ex-

perimentalconditions.Table 3 shows that the ef� cienciesof perpen-
dicular fuel injection are lower than those of parallel fuel injection.
For parallel fuel injection, the effects of the equivalenceratio on ef-

Table 3 Combustion ef� ciencies for various
experimental conditions, L = 100

Air velocity
and temperature Ám Áp ´

Perpendicular fuel injection
Va in 100 m/s 0.57 0.01 0.61
Ta in 600 K
Va in 60 m/s 0.59 0 0.76
Ta in 900 K

Parallel fuel injection
Va in 100 m/s 0.28 0.01 0.91
Ta in 600 K

0.38 0 0.70
Va in 60 m/s 0.47 0 0.73
Ta in 900 K 0.49 0.02 0.96

0.42 0.02 (1.00)

� ciency are small for no pilot fuel injection.However, the ef� ciency
with pilot fuel injection is higher than that without it. Meanwhile, it
was found from ignition experiments that pilot fuel injectionmakes
� ame holding much easier. Therefore, pilot fuel injection is very
effective for improving combustion characteristics.

Temperature Pro� les in Cross Section
Direction of Fuel Injection

Figure10 shows the temperaturepro� le for thecrosssectionunder
high inlet air velocity and low inlet air temperatureconditionsin the
case of perpendicular fuel injection with pilot fuel injection. The
broken lines in Fig. 10 indicate the contour of the gutter. The dash–

dotted lines indicate the contourof the fuel injector.The temperature
region that is higher than 1500 K is long and narrow in the direction
of the fuel injection because the fuel vapor and droplets are pushed
aside toward theupperor bottomwalls alongthe surfaceof thegutter.
The temperaturesigni� cantlydecreasestoward thecombustorwalls.
On the other hand, the temperaturenear the centerof thebottomwall
is very high. This is because the fuel vapor and � ne fuel droplets
are involved in the wake region of the fuel injector and the liquid
column and some of them adhere to the bottom wall.

Figure 11 shows the temperature pro� le under high air veloc-
ity and low air temperature conditions for parallel fuel injection
with pilot fuel injection. The temperature region that is higher than
1500 K is long on both sides in contrast with that for perpendicular
fuel injection. Here, the fuel vapor and droplets are pushed aside
toward the side walls due to the gutter. The high-temperatureregion
is somewhat broader than that of perpendicular injection in spite
of having a smaller equivalence ratio. In Fig. 10, the temperature
region that is higher than 1500 K is about 30% of the combustor
cross-sectionalarea, whereas in Fig. 11 it is about 38%. In the case
of perpendicularfuel injection, the amount of fuel that collideswith
the gutter is limited. However, in the case of parallel fuel injection,
most of the fuel collides with the gutter, and a moderate fuel/air
mixture is formed downstream of it. Thus, this moderate mixture
contributes to higher heat release.

As stated earlier, the high-temperature region of the parallel fuel
injection is apparently broader than that of the perpendicular fuel
injection,and the combustionef� ciency of the former is higher than
that of the latter, as shown in Table 3. Therefore, the following sec-
tion on the results of combustion experimentsare limited to parallel
fuel injection with pilot fuel injection except for one example with
a proviso.

Equivalence Ratio

Figure 12 shows the temperature pro� le under low air velocity
and high air temperatureconditions.The equivalenceratio of Fig. 12
is almost the same as that of Fig. 11. The maximum temperature
in Fig. 12 is lower than that in Fig. 11. As already mentioned, the
fuel dispersion of the former appears to be superior to that of the
latter due to largermean droplet size. Therefore, the maximum local
equivalenceratio of the former is smaller than that of the latter. This
causes the lower maximum temperature in Fig. 12. The slope of the
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Fig. 10 Temperature pro� le under high air velocity and low air tem-
perature conditions for perpendicular fuel injection with pilot fuel in-
jection: Va in = 100 m/s, Ta in = 600 K, m = 0.57, q = 8.0, Hn = 17 mm,
L = 100 mm, d = 1.0 mm, and Tf = 298 K.

Fig. 11 Temperature pro� le under high air velocity and low air tem-
perature conditions for parallel fuel injection with pilot fuel injection:
Va in = 100 m/s, Ta in = 600 K, m = 0.36, q = 14, Hn = 5 mm, L = 100
mm, d = 0.7 mm, and Tf = 298 K.

Fig. 12 Temperature pro� le under low air velocity and high air tem-
perature conditions for parallel fuel injection: Va in = 60 m/s, Ta in =
900 K, m = 0.37, q = 7.5, Hn = 5 mm, L = 100 mm, d = 0.7 mm,
and Tf = 298 K.

Fig. 13 Temperature pro� le at a high equivalence ratio: Va in = 60 m/s,
Ta in = 900 K, m = 0.49, q = 13, Hn = 5 mm, L = 100 mm, d = 0.7 mm,
and Tf = 298 K.

Fig. 14 Temperature pro� le under low air velocity and high air tem-
perature conditions at low fuel injection temperature: Va in = 60 m/s,
Ta in = 900 K, m = 0.37, q = 7.5, Hn = 5 mm, L = 50 mm, d = 0.7 mm,
and Tf = 298 K.

temperaturechange toward the combustorwalls of Fig. 12 is gentler
than that in Fig. 11 due to the high inlet air temperature.

Figure 13 shows the temperature pro� le at a high equivalence
ratio of 0.49. The maximum temperature is higher and the high-
temperature region is broader than that of the low equivalenceratio
condition(see Fig. 12) due to high heat release.The verticalposition
of the maximum temperature region is higher than that of the low
equivalence ratio due to the large fuel-to-air momentum � ux ratio.
The temperature near the center of the bottom wall is relatively low
as compared with that of the high air velocity and low air tempera-
ture conditions (see Fig. 11). The high temperature in this region is
generally caused by the aforementioned involvement of fuel vapor
and � ne fuel droplets in the wake region of the fuel injector and the
liquid column. Under the conditions in Fig. 13, very few � ne fuel
droplets are generated near the fuel injector because of low air ve-
locity. Therefore, the equivalenceratio in the wake region decreases
and the temperature consequentlydecreases.

Fuel Temperature

Figures 14 and 15 show the temperature pro� les under low air
velocity and high air temperature conditions at fuel injection tem-
peratures of 298 and 365 K, respectively. The changes in fuel in-
jection temperature during the experimentswere within 4 K. The
maximum temperature at the high-temperature fuel conditions (see



866 INAMURA, TAKAHASHI, AND KUMAKAWA

Fig. 15 Temperature pro� le under low air velocity and high air tem-
perature conditions at high fuel injection temperature: Va in = 60 m/s,
Ta in = 900 K, m = 0.36, q = 7.2, Hn = 5 mm, L = 50 mm, d = 0.7 mm,
and Tf = 365 K.

Fig. 15) is higher than that in the low-temperature fuel conditions
(see Fig. 14). This is due to the high initial enthalpy of the high-
temperaturefuel. The fuel dispersionin the directionof the injection
of thehigh-temperaturefuelis lower than thatof the low-temperature
fuel due to fuel evaporation.This results in the lower vertical posi-
tion of the maximum temperature in Fig. 15. The amount of liquid
fuel that is pushed aside along the surface of the gutter decreases
with an increase in fuel temperature due to fuel evaporation.There-
fore, the shape of the higher temperature region of Fig. 15 is similar
to a circle.

Temperature Distributions Along X Axis
Equivalence Ratio

Figures 16 and 17 show the temperaturedistributionsalong the X
axisat thecombustorexitunderdifferentinletconditions.The X axis
is normal to the air� ow direction, and the results were obtained
for parallel fuel injection along the gutter axis. The temperature
distributions in Figs. 16 and 17 are at the exit of the combustor, and
they cut across the results given in Figs. 10–15.

Under high air velocity and low air temperature conditions (see
Fig. 16), the vertical positionof the maximum temperaturebecomes
higher as the equivalence ratio increases. This tendency is similar
to the increase in jet penetration due to an increase in the fuel-to-
air momentum � ux ratio.9 However, the maximum temperature is
almost constant and is independent of the equivalence ratio. Here,
relatively � ne droplets are generated due to high air velocity. Be-
causethese � nedropletsevaporaterapidly,fueldispersionis limited.
Consequently, a moderate fuel/air mixture with a local equivalence
ratio that is close to the stoichiometric ratio is generated even at a
small total equivalenceratio.Observationof the jet atomizationpro-
cess under cold air� ow conditions shows that the maximum droplet
mass � ux is almost independent of the fuel-to-air momentum � ux
ratio at a downstream position that is somewhat far from the fuel
injector.9 Therefore, the maximum local equivalenceratio becomes
independent of the total equivalence ratio. For these reasons, the
maximum temperature becomes constant even with an increase in
the equivalence ratio.

On the other hand, under low air velocityand high air temperature
conditions(see Fig. 17), the larger the equivalenceratio is, thehigher
the maximum temperature is. Under these conditions, the jet pene-
tration and mean droplet size are relatively large. Large penetration
and coarse droplets make the fuel dispersion active and generate a
fuel/airmixturewith a much lower localequivalenceratio than a sto-
ichiometric ratio at a low total equivalence ratio. With the increase
in the total equivalence ratio, the maximum local equivalence ratio

Fig. 16 Temperature distribution along X axis under high air velocity
and low air temperature conditions:Hn = 5 mm, L = 100mm,d = 0.7 mm,
and Tf = 298 K.

Fig. 17 Temperature distribution along X axis under low air velocity
and high air temperature conditions: Hn = 5 mm, L = 100 mm, d =
0.7 mm, and Tf = 298 K.

of the mixture increases. This results in an increase in maximum
temperature with an increase in the total equivalence ratio.

Because the experimental data obtained in this paper are limited,
the given conclusionsare tentative. To clarify the effects of inlet air
temperature on the spray characteristicsand combustion character-
istics, further atomization and combustion experiments are needed,
particularly under high air temperature conditions.

Inlet Velocity and Temperature of Vitiation Air

Figure 18 shows the effects of the experimental conditions on
the temperature distribution along the X axis at almost the same
momentum � ux ratio of 13. At Ta in 600 K (see circle and square
symbols), the temperature distributionshave peaks at the same ver-
tical locationsfor different air velocitiesbecause they have the same
liquid-to-airmomentum � ux ratio. This is similar to the tendencyof
jet penetration under cold air� ow conditions.9 The maximum tem-
perature at Va in 100 m/s is much higher than that at Va in 60 m/s.
For Va in 100 m/s, more � ne fuel droplets, which are easily evap-
orated, are generated, than for Va in 60 m/s. These � ne droplets
generate the moderate fuel/air mixture and raise the temperature.

At Va in 60 m/s (see triangleand squaresymbols), the maximum
temperatureat Ta in 900 K is much higher than that at Ta in 600 K
due to the high equivalence ratio. In addition, the temperature up-
side of the peak of the former decreases more gradually toward
the combustor wall. This indicates that the upward dispersion of
fuel under high air temperature conditions is better than that under
low-temperatureconditions.
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Fig. 18 Effects of experimental conditions on temperature distribu-
tion: Hn = 5 mm, L = 100 mm, d = 0.7 mm, and Tf = 298 K.

Fig. 19 Temperature distribution along X axis for various horizontal
distances between fuel injection and the gutter: Hn = 5 mm, d = 0.7 mm,
and Tf = 298 K.

On the other hand, the vertical positionwhere the distributionhas
its peak at Ta in 900 K is higher than that at Ta in 600 K. This is
due to the large penetrationof the fuel jet and droplets at Ta in 900
K, as already mentioned.

Under the air temperature conditions employed in this study, the
conclusions about fuel dispersion seem to be valid for other values
of the liquid-to-air momentum � ux ratio as long as the penetration
of the fuel jet and the inertia of droplets are dominant in regard to
fuel dispersion. However, under other air temperature conditions,
the reliability of the conclusions is not clear because of the limited
experimental conditions in this study.

In regard to pilot fuel injection, it is clear that it causes the tem-
peratureof the combustion gas to be higher (see diamond symbols).

Distance Between Fuel Injector and Gutter

Figure 19 shows the temperature distributions along the X axis
for various horizontal distances between the fuel injector and the
gutter (see Fig. 5). As the distance increases, the vertical location
of the maximum temperature becomes higher. This is due to the
increase in jet penetration. In the case of cold � ow conditions,
the vertical location of the maximum droplet mass � ux does not
change nor decrease downstream of Zh 100 mm due to gravity.9

This is because the momentum in the direction of fuel injection,
which the fuel has at the exit of the fuel injector, is lost until it
reaches the location of Zh 100 mm due to the drag that is caused
by the airstream. However, in the case of hot airstream condition
(seeFig. 19), the momentumof the dropletsseemsnot to be lost even
at Zh 200 mm due to the decrease in the drag that is caused by the
airstream.

On theotherhand,Wu etal. pointedout that theverticallocationof
the maximum mass � ux increaseswith the axial distance in the case
of smaller jet diameter, for example d 0.5 mm, and larger fuel-
to-airmomentum� ux ratio.18 The minimum diameterof the injector
used in the previous paper is 1 mm (Ref. 9). Thus, it is likely that
the vertical location of the maximum mass � ux increases with the
axial distance under both cold and hot airstream conditions, limited
to the case of smaller jet diameter and larger fuel-to-airmomentum
� ux ratio. Further studies of a jet trajectory, however, are required
to clarify the causes of the discrepanciesof a jet trajectory between
conditions of cold and hot airstreams.

The maximum temperaturedecreasesas the distanceincreases,as
is shown in Fig. 19. This is caused by fuel dispersion.As the fuel/air
mixture progresses downstream, the maximum local equivalence
ratio decreases due to the turbulent fuel dispersion.

Total Pressure Loss
Figure 20 shows the variations of the static pressure measured

on the combustor wall. The experimental uncertaintiesfor pressure
measurements were estimated to be less than 0.2%. The static pres-
surenearthegutterwith combustionis muchhigherthan thatwithout
combustion,and the former is greatly reduceddownstreambecause
of the increased viscosity and the acceleration of the combustion
gases due to heat release. The pressure loss across the recirculation
zone behind the gutter with combustion is larger than that with-
out combustion. This conclusion is similar to that pointed out by
Lewis and von Elbe.19 Under combustion without pilot fuel injec-
tion, a slight recovery of static pressure behind the gutter can be
observed. However, recovery of the static pressure with pilot fuel
injection cannot be observed.This phenomenonqualitativelycorre-
sponds with the present observation that pilot fuel injection shrinks
the recirculation zone behind the gutter.

Figure 21 shows the total pressure loss normalized by the total
pressure at the combustor inlet for parallel and perpendicular fuel
injections. In Fig. 21 Át stands for the total equivalence ratio, that
is, Át Ám Áp . The total pressure losses when Va in 100 m/s and
Ta in 600 K are signi� cantly larger than those when Va in 60 m/s
and Ta in 900 K, independent of the geometry of fuel injection
used. The total pressure loss due to aerodynamics, therefore, ac-
counts for a major part of the total pressure loss. In both examples,
the total pressure losses seem to increase linearly with the increase
in the total equivalence ratio except for the examples without com-
bustion because of the increase in heat release due to combustion,
as discussed by Saito et al.20 The total pressure loss through the
combustor is less than 6% within the limited range of the present
experimental conditions.

In Fig. 21 the combustion ef� ciencies that are small, especially
for perpendicular fuel injection (see Table 3), were not taken in
consideration for the calculation of the equivalence ratio. When
combustionef� ciency is improved, total pressureloss is expected to
increase to some extent, especially for perpendicular fuel injection.

Fig. 20 Static pressure distributionalongX axis:Va in = 100m/s, Ta in =
600 K, Hn = 5 mm, L = 100 mm, d = 0.7 mm, and Tf = 298 K.
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Fig. 21 Normalized total pressure loss with total equivalence ratios:
Hn = 5 mm, L = 100 mm, d = 0.7 mm, and Tf = 298 K.

Conclusions
Atomization and combustion tests of a ramjet combustor were

carried out to analyze fuel jet penetration and the combustion char-
acteristics of two types of fuel injection. Conclusions can be sum-
marized as follows; although, note that because the experiments
were conducted under limited experimental conditions, the follow-
ing conclusions cannot always be directly applied to conditions in
general.

1) The fuel jet penetration in the hot air� ow with temperatures
of 630 and 903 K and a velocity of around 60 m/s was much larger
than that calculated from the empirical equation that was obtained
under cold � ow conditions in the previous paper.

2) The maximumand minimumequivalenceratiosof the example
with an inlet air temperatureof 600 K and an air velocityof 100 m/s
are higher than those of the example with air temperature of 900 K
and air velocity of 60 m/s, possibly due to fuel dispersion.

3) The equivalence ratio range under high air temperature con-
ditions with a temperature of 900 K and a velocity of 60 m/s is
wider than that under air temperature conditionswith a temperature
of 600 K and a velocity of 60 m/s due to the promotion of fuel
evaporation.

4) Under conditionswith an inlet air temperatureof 600 K and an
air velocity of 100 m/s, the high-temperature region that is higher
than 1500 K in the cross section for the parallel fuel injection is
broader than that for perpendicular fuel injection. The measured
combustion ef� ciency in the case of parallel injection is higher than
that in the case of perpendicular injection.

5) Under conditions with an inlet air temperature of 900 K and
an air velocity of 60 m/s, the fuel dispersion in the fuel injection
direction of the high-temperature fuel with a temperature of 365
K is lower than that of low-temperature fuel with a temperature of
298 K, possibly due to fuel evaporation.

6) In the presentexperimentalconditionrange,pilot fuel injection
of gaseous hydrogen from the gutter is very effective for improving
combustion characteristics.

7) Combustion causes an increase in total pressure loss through
the combustor. Under both types of conditions, with an inlet air
temperature of 600 K and an air velocity of 100 m/s and with an
air temperature of 900 K and an air velocity of 60 m/s, the total
pressure loss increases with an increase in the equivalence ratio,

and it is limited to less than 6% within the limited range of the
present experimental conditions.
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