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Experiment on Multiple Fuel Supplies to
Air Breathing Rocket Combustors

Nobuo Chinzei,* Goro Masuya,t Kenji Kudo,$ Atsuo Murakami,$ and Tomoyuki Komuro
National Aerospace Laboratory, Kakuda, Miyagi, Japan

An experimental study on multiple fuel supplies to cylindrical subsonic mode combustors of air breathing
rockets was made for the purpose of reducing combustor length. The experiment consisted of two parts, one in
which all the fuel was supplied through a rocket with multiple nozzles and the other in which a portion of the fuel
was directly fed into a secondary combustor with the rest being supplied through a rocket with a single nozzle.
The results are compared with each other and with those of a reference experiment in which a rocket with a single
nozzle without fuel injection was used. In the case with multiple nozzles, mixing and combustion efficiencies
were higher than those in the reference experiment for the same combustor length. They collapse to a single
curve against the combustor length nondimensionalized by the rocket nozzle exit diameter, except for the com-
bustion efficiencies for unstable combustion. Increase of the injection mass flow rate makes mixing and combus-
tion efficiencies rise, but it soon becomes less effective beyond a certain limit. Combustion instability observed
in the reference case for long combustors is suppressed in both cases.

Nomenclature
A = cross-sectional area
C =mass concentration
D - combustor diameter
dr = rocket nozzle exit diameter
/ = mass flux density of concentration = puC
L = combustor length
m = mass flow rate
p - pressure
u = velocity in the axial direction
x - axial distance from the combustor inlet
a. = local excess air ratio = local value of a ratio of air

to that required for complete burning
ee = rocket nozzle expansion ratio
rj = efficiency
p = density

Subscripts
0 = mean value obtained from measured flow rates or

average value over the cross-sectional area
a =air
c = combustion or combustor
e = combustor exit
/ = total fuel
gc = "generalized choking" state (see Ref. 13)
/ = injection or inject ant
m = mixing
min = minimum value
o - oxygen
r - rocket or rocket exhaust
s - secondary fuel
sb = secondary fuel burned in the combustor
sc - total combustible secondary fuel
t = rocket nozzle throat
>v = wall
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Introduction

ROCKET engines, which have been used mainly for na-
tional projects such as launching satellites or spacecraft,

are different in their objectives from air breathing engines
used for commerical air transportation. In view of the success
of the Space Shuttle and the coming era of the space station
and the aerospace plane, the advanced propulsion engines that
will be used in the future for transportation to low Earth or-
bits should be as fully reusable and cost effective as air
breathing engines. Performance of rocket engines has been
greatly improved as a result of intensive research and develop-
ment over the past several decades; further significant im-
provement of these engines cannot be expected. The specific
impulse of rocket engines is inherently lower than that of air
breathing engines because the former consume the vehicle-
contained oxidizer in combustion, while the latter utilize ox-
ygen in the atmosphere for combustion. On the other hand,
thrust to weight ratio of air breathers is generally lower than
that of rocket engines because of structural complexity and
lower combustion pressure. Because the oxidizer is taken from
the atmosphere during flight, the performance of air breathers
varies with flight conditions.

In order to make use of the advantages and to compensate
for the deficiencies of both types of engines mentioned above,
rocket/air breathing composite engines have been proposed as
a means of propulsion for boosters of launch vehicles, and
their excellent launch capabilities have been reported.1'3 The
technologies necessary for such composite engines, however,
are still undeveloped as compared with those of rocket
engines. Further efforts in various fields are necessary for
practical application of such engines.

Air breathing rockets, shown in Fig. 1, are one type of
rocket/air breathing composite engines and combine charac-
teristics of rocket and ramjet engines. In the secondary com-
bustor (referred to #s a "combustor" hereafter) of air
breathing rockets, fuel-rich hot exhaust from the primary
rocket (referred to as a "rocket" hereafter) is mixed and
reburned with air inhaled from the atmosphere to gain further
thrust and thereby increase specific impulse. Fuel may be in-
jected directly into the combustor if necessary. The present ex-
periment was conducted to reduce the combustor length.

There have been numerous theoretical and experimental
studies concerning mixing and combustion in air breathing
rockets.4"10 Hsia and Dunlap6 showed that the theoretical
performance derived from a one-dimensional analysis was
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achieved at a length of five times the combustor diameter. So-
sounov7 correlated various experimental results for combus-
tion efficiency by introducing the concept of "combustor
equivalent length" and a correlation for a "diffusion flame
length." He showed the possibility of reducing the combustor
length by increasing the number of the rocket nozzles. Ben-
dot8 correlated lengths of ejectors with a parameter that in-
cluded the number of primary nozzles, the mass flow rate
ratio, and so on. Masuya et al.10 have been studying mixing
and combustion in air breathing rockets. They found that
combustor length for sufficient performance varies with either
rocket propellant oxidizer to fuel mixture ratio or air to rocket
mass flow rate ratio.

In order to shorten the combustor, it is necessary to improve
global mixing in the combustor. This can be accomplished by
increasing the number of fuel supply points and by
distributing them uniformly in the combustor before mixing
between fuel from each fuel jet and the surrounding air stream
begins. Needless to say, enhancing the mixing rate between
fuel from a fuel jet and the air can improve global mixing as
well as reduce combustor length. To investigate these effects,
the present experiment consisted of two parts, one in which all
the fuel was supplied through a rocket with multiple nozzles
(multinozzle case), and the other in which a portion of the fuel
was injected directly into the combustor with the rest being
supplied through a rocket with a single nozzle (injection case).
In our previous experiment,10 it was found that an increase in
either the rocket mixture ratio or air-rocket mass flow rate
ratio could also improve mixing and combustion perfor-
mance. The injection case implicitly includes these effects,
too. The results are compared with those obtained in an ex-
periment using a rocket with a single nozzle without fuel injec-
tion (reference case).

The experiment concerns so-called "subsonic mode com-
bustion" where the flow is, on the average, subsonic in the
combustor and thermally choked at the exit. Such a combus-
tion mode is called "downstream choking mode" by Peters et
al.5 An experiment on "supersonic mode combustion" with a
single nozzle without direct fuel injection was also conducted;
results are reported in Ref. 9.

Experimental Apparatus
Schematics of the experimental apparatus for the multinoz-

zle and the injection cases are shown in Figs. 2 and 3, respec-
tively. The apparatus for the reference case is the same as that
used in the injection case, except that the fuel injector was
removed.

The rocket combustion chamber was made of copper, which
allowed a burning time of 4.5 s without any active cooling. Ig-
nition of the rocket was initiated by a spark plug located on
the chamber wall. Expansion ratio and total throat area of the
rocket nozzles were kept equal to those of the reference case,
i.e., ee = 1.78 and At =408 mm2. The combustor was a cylin-
drical stainless steel tube with an inner diameter of 100 mm.
Its length L could be varied in 100 nun steps up to 1540 mm
(multinozzle and reference cases) or 1570 mm (injection case).
The difference of length is due to the injector section
added in the latter case.

Propellants for the rocket were gaseous hydrogen and
gaseous oxygen. The fuel for injection was also gaseous
hydrogen, which was mixed with a small fraction (4%) of
helium as a tracer to distinguish between the injected and the
rocket supplied fuels. Air was fed from a high pressure reser-
voir at room temperature through a pressure regulator and a
choked orifice so that the air flow rate was kept constant, in-
dependent of conditions in the combustor. In order to make
comparisons among the three cases, the flow rates of air, ox-
ygen, and total fuel were kept equal in all the cases at values of
ma = l.l kg/s, m0 = 0.160 kg/s, and mf = 0.048 kg/s. The total
hydrogen included the fuel for injection as well as that for the
rocket. Mass flow rate of the fuel for secondary combustion

(secondary fuel) ms was 0.028 kg/s, which included injected
fuel and excess hydrogen in the rocket exhaust. The total pro-
pellant oxidizer to fuel mixture ratio was 3:3; the ratio of air to
total propellant mass flow ratio was 5:3; and the overall excess
air ratio (the ratio of the air mass flow rate to that required for
complete burning with the secondary fuel) was 1:13. The
rocket combustion pressure was 1.2 MPa for the reference and
the multinozzle cases. In the injection case, it decreased as in-
jection mass flow rate, mh increased. These experimental con-
ditions also resulted in an increase of the rocket mixture ratio
and a reduction of the rocket mass flow rate with the increase
in mf.

In the multinozzle case, exhaust gas from the rocket was
discharged through four or seven nozzles. Because the rocket
propellant mass flow rate and the nozzle expansion ratio were
kept equal to those in the reference case, diameters of throat
and exit of the nozzles were inversely proportional to the
square root of the number of the nozzles. The nozzles were
distributed uniformly over the cross section of the combustor.
They were made of graphite to prevent thermal load and were
inserted into stainless steel sheaths for reinforcement.

In the injection case, the nozzle, which was also used in the
reference case, was made of copper. Eighteen injection holes,
each with a diameter of 2 mm and equally spaced circumferen-
tially, were drilled normal to the combustor wall. Length of
the injector section installed with these injection holes was 30
mm, resulting in a combustor length not exactly the same as
that in the other cases. Most of the experiments concerned ax-
ial distances from the combustor inlet to the injection point,
xi9 of 155 mm. A few experiments were conducted for
distances shorter or longer than the above value. The results,
however, are not included here because unstable combustion
was experienced except for */ = 255 mm. Results of the latter
will be described briefly.

Data were taken after flow rates, combustion pressure, etc.
became steady. Flow rates of air and propellants were
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Fig. 2 Experimental apparatus (multinozzle case).

Fig. 3 Experimental apparatus (injection case).
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measured by orifice flow meters. The flow rate of the tracer
was determined by gas chromatographic analysis of a sample
taken from the injector settling chamber. Pressure taps were
installed every 20 mm in the axial direction on the wall. A water-
cooled eleven-point probe rake was attached to the exit of the
combustor to measure Pitot pressures and to draw gas
samples. The samples were held in bottles and analyzed later
with a gas chromatograph. The probes were located linearly
and equally spaced in the radial direction. In order to obtain
cross-sectional distributions in the multinozzle case, the probe
measurements were made at two or three different positions,
shown in Fig. 2, for each combustor length. In the injection
case, circumferential variation of the distribution was not.
observed for the present experimental setup. The probe rake
was removed when measuring wall pressures.

Results and Discussion
Wall Pressure Distributions

Wall pressure, pw, is plotted as a function of axial distance,
x, of the combustor with various lengths shown in Figs. 4 and
5 for the multinozzle and the injection cases, respectively.
Distributions from the reference case are also shown in the
figures. In Fig. 4, the axial distance is nondimensionalized by
the rocket nozzle exit diameter, dr. The exit wall pressures ob-
tained by extrapolation are shown in the figures as symbol
"X." In a "subsonic mode combustion" such as that in the
present experiment, wall pressure generally decreases down-
stream as a result of heat addition produced by the combustion
of the fuel with air. Wall pressures decrease with a frictional ef-
fect, too. For combustors long enough to allow complete mix-
ing and combustion, distributions are almost the same except
near the exit where the frictional effect would be dominant.
This condition can be attained in the multinozzle case for com-
bustor lengths greater than 3Qdr, as can be seen in Fig. 4. For
L/dr less than 30, wall pressures are lower than those in the
longer combustors because of incomplete mixing and
combustion.

In the injection case, the length necessary for sufficient
combustion performance is around 600 mm (corresponding to
2Qdr), as can be seen in Fig. 5. The pressure distributions dif-
fer quite markedly from those in the multinozzle and the
reference cases. Compared with the latter cases, a region of
high pressure appears upstream of the injection holes and
there is a region of steep negative pressure gradient just
downstream. Consider the reference and the injection cases
with the same degree of mixing and burning at the exit. In the
present experiment, all the mass flow rates supplied to the
combustor were kept constant. The stream thrust at the exit
(pe + Pew/Me> should be equal for both cases because the flow
is choked there. Because the combustor cross-sectional area is
constant, the stream thrust at the combustor inlet is equal to
the sum of that at the exit and a friction force acting at the
wall. Fuel injection would result in a decrease of rocket thrust
because total hydrogen flow rate was kept constant. Thus in
the injection case, the stream thrust of the air at the combustor
inlet increases to make up for the deficient rocket thrust,
leading to the pressure rise upstream of the injection (see Fig.
5). Therefore, it should be noted that higher ram pressure is
required to operate air breathing rockets utilizing this type of
fuel supply than those utilizing rocket-supplied fuel only. The
steep negative pressure gradient immediately downstream cor-
responds to a large heat release, implying that mixing and
combustion are remarkably enhanced by injection. Although
not shown in Fig. 5, an increase in xt from 155 to 255 mm
causes the region of high pressure and the steep negative
pressure gradient to move downstream accordingly.

Mass Concentration in the Combustor
Mass concentrations of the rocket exhaust Cr and injected

fuel Cj were obtained from gas chromatographic analysis of
samples drawn through the probes. Radial distribution of
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Fig. 4 Wall pressure distributions (multinozzle case).

250

200

150

100
400 800 1200 1600

x(mm)

Fig. 5 Wall pressure distributions (injection case).

0.1 0.2 0.3 O.A 0.5
r/D

Fig. 6 Radial distributions of rocket exhaust concentration
(multinozzle case).



JAN.-FEB. 1987 MULTIPLE FUEL TO AIR BREATHING COMBUSTORS 29

these concentrations will be presented by averaging the data of
two points of equal distance from the center line and by nor-
malizing them with their mean values (subscript "0") obtained
from the measured flow rates. The radial distances are non-
dimensionalized by the combustor diameter, D.

Multinozzle Case
Radial distributions of Cr at the combustor exit are shown

in Figs. 6a and 6b for the combustors with four and seven
nozzles, respectively. The distributions are along the rake
position "A" (see Fig. 2). As was expected, distribution for
the combustor with seven nozzles becomes flat more rapidly
than that with four nozzles. As combustor length increases,
distributions become flat, approaching unity, and a distribu-
tion's maximum point moves toward the wall. The latter result
is contrary to that of the experiment on nonreacting multiple
free jets,11 where the maximum point moved inward, tending
to form a single free jet downstream. This difference would be
mainly attributed to the presence of the combustor wall in the
present case, 12

Injection Case
Figures 7 and 8 show variations of radial distributions of C/

and Cr at the combustor exit with injection flow ratio m^nif.
With increasing injection flow ratio, distributions become
flat. However, the effect of injection becomes less effective
for a nii/ntf beyond 0.25. These results will be discussed later,
together with the results on combustor performance. When in-
creasing xt form 155 to 255 mm for fixed combustor length,
the distribution of Cr becomes less uniform, but that of (^re-
mains almost unchanged.

In Fig. 9, axial distributions of C/ along the center line and
on the combustor wall are shown. Note that the former is ob-
tained from cross-sectional distributions at the exit of the
combustor with different lengths, whereas the latter is for a
single run with the longest combustor (1570 mm). Therefore,
the comparison between the distributions is only qualitative.
The concentration C,/C# on the center line monotonously in-
creases downstream and approaches unity, whereas that on
the wall at first rapidly increases and overshoots above unity,
then decreases toward the value on the center line.

Combustor Performances
In the multinozzle and the reference cases, combustor per-

formance is mainly governed by mixing between the rocket
and the air. In the injection case, on the other hand, the per-
formance is also associated with mixing the injected fuel.
Therefore, a mixing efficiency common to all the cases is
defined as a measure of mixing the secondary fuel.

The mixing efficiency, rjm9 thus defined is expressed as

f* Vd
-1/-4,

(D

(2)

alized choking," defined in Ref. 13, where the flow is choked
at the exit without any mixing and burning in the combustor.
In order to account for mixing of either the rocket exhaust or
the injected fuel only, the other two kinds of mixing efficien-
cies, rjmr and r/m/, are also defined. They are expressed by
simply replacing fs in Eq. (2) with/r or./}.

The combustion efficiency, r/c, is defined as the ratio of
burned to total combustible secondary fuel, msc in the
combustor,
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where subscript 0 refers to the average values over the cross-
sectional area. Subscript gc corresponds to a state of "gener-

1.2

0.8
o
O

L = 470 mm
X,- = 155 mm

0 0.1 0.2 0.3 0.4 0.5
r/D

Fig. 7 Radial distributions of injectant concentration.

1.0

0.8

0.6

0.4

0.2
0 10 20 30 40 50 60

L/dr

Fig. 10 Effect of the number of nozzles on mixing.
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It should be noted that while the mixing efficiency defined in
Eqs. (1) and (2) represents the uniformity of the secondary
fuel distribution, it does not show the degree of mixing re-
quired for complete combustion. An efficiency indicating the
latter, which will be shown and discussed later in more detail,
is generally higher than rym. Under the present experimental
conditions, however, both are almost the same because the
overall mixture ratio is nearly stoichiometric. The integrations
appearing in Eqs. (2) and (3) are carried out over the exit cross
section. All the quantities included in the preceding equations
can be obtained from measured mass flow rates, Pitot
pressure, and gas sampling data.

Multinozzle Case
Variations of the mixing and combustion efficiencies with

the combustor length are shown in Figs. 10 and 11, together
with those of the reference case. The combustor length is non-
dimensionalized by dr. The efficiencies increase with com-
bustor length. The mixing efficiencies collapse to a single
curve irrespective of the number of nozzles. As the rocket pro-
pellant mass flow rate and the nozzle expansion ratio were
kept equal to those in the reference case, this indicates that the
flowfield produced by each nozzle is similar to that in the
reference case. The combustor length for sufficient mixing is
again 30dr, inversely proportional to the square root of the
number of the nozzles. The global mixing improvement in this
case is solely due to the effect of distributing fuel supply points
uniformly over the combustor cross section.

The combustion efficiencies also collapse to a single curve
against the same nondimensional combustor length, except in
the reference case, as can be seen in Fig. 11. In the latter case
with long combustors, low frequency noise, pressure fluctua-
tions in the air stream, or unusual wall pressure distributions
were observed. They are considered as symptoms of combus-
tion instability resulting in lower combustion efficiency.
Therefore, increasing the number of the rocket nozzles tends
to suppress the combustion instability as well as improve
global mixing and combustion. Except for those unstable con-
ditions, the same conclusions regarding the effect of the
number of the nozzles as those on the mixing efficiency can be
made.

Injection Case
Variations of the mixing and the combustion efficiencies

with injection mass flow rate for a combustor length of 470
mm are shown in Figs. 12 and 13. The other two types of mix-
ing efficiencies, Tjmr and rjm/, are also shown in Fig. 12. All the
efficiencies increase with an increase in injection mass flow
rate. The improvement in global mixing seen in this case is due
to two previously mentioned effects: distributing fuel supply
points uniformly over the cross section, and enhancing diffu-
sion of each fuel jet and the rocket exhaust. The value of i)mi is
near unity, showing that the injected fuel is diffused more
rapidly than the rocket exhaust because of the smaller
diameter of injection holes as compared with that of the
rocket nozzle exit.
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Fig. 11 Effect of the number of nozzles on combustion.

As observed previously in Fig. 8, which shows the cross-
sectional distributions, TJmr is insensitive to injection mass flow
rate for the larger value of ntf/mf. Such an effect may be due
to the following reasons: 1) turbulence produced in the sur-
rounding stream by injected fuel jets may enhance mixing of
the fuel jets and the rocket exhaust, but it was found14 that the
effect reaches an upper limit for turbulence beyond a certain
level; 2) as stated in the previous work,10 an increase in the
rocket mixture ratio can improve mixing of the rocket ex-
haust, but it also becomes less effective when further in-
creased.

Variations of mixing efficiencies and combustion efficiency
with combustor length are shown in Figs. 14 and 15, respec-
tively; they increase with an increase in combustor length.
Even for short combustor s, they are much higher than those in
the reference case. Within the range of combustor lengths
tested, t]mi is again near unity, indicating a rapid diffusion'of
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Fig. 12 Effect of injection mass flow rate on mixing.
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Fig. 13 Effect of injection mass flow rate on combustion.
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Fig. 14 Effect of combustor length on mixing (injection case).
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the fuel jets. By decreasing combustor lengths beyond those
indicated in the figure, however, rjmi may steeply decrease
toward zero, as implied in Fig. 9. By comparing Fig. 14 with
Fig. 15, it can be seen that the effect of injection on t\m directly
corresponds to that on r/c for short combustors. For long com-
bustors, however, the effect of injection on ijc is much greater
than that on 7/m, as in the multinozzle case. This can again be
considered as a result of the combustion stabilization made by
injection. In order to provide rjc for a hypothetical reference
case without combustion instability, a correction is made by
use of the multinozzle data. The hypothetical reference data
are assumed to be on the collapsed curve in Fig. 11. They are
shown in Fig. 15 by a broken curve. By using this correction,
correspondence between t\m and T\C can be extended to long
combustors.

The effect of axial injection location, xi9 on combustor per-
formance cannot be clarified because of the limited results.
However, there is an optimum range for the injection location
xi = 155 ~ 255 mm. Outside this range, unstable combustion
was observed, which resulted in lower rjc.

As can be expected from the fact that fuel injection im-
proves the mixing of the rocket exhaust, the presence of the
rocket exhaust stream may improve diffusion of the fuel jets.
Figure 16 shows variations of a mixing parameter of the injec-
tant with distance from the injector to the exit for cases with
and without the rocket operation. In the latter case, combus-
tion did not occur. The mixing efficiency of the injected fuel,
rjm, is not used as a measure of mixing because it cannot be ob-
tained in the case without the rocket operation due to the un-
choked exit state. The minimum concentration of the injected
fuel on the exit section, C, min, is used here. This parameter
emphasizes the effect of the rocket operation because r/m/ is
near unity and'shows little variation in the present experiment.
By operating the rocket, C/min/Cw ancUts rate of change with
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Fig. 15 Effect of combustor length on combustion (injection case).
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Fig. 16 Effect of rocket operation on mixing of injectant.

distance are increased. These results may be due to the tur-
bulence effect of greater velocity and length scales produced
by the rocket exhaust stream as compared with those produced
by the fuel jets alone.

As implied in the previous discussion, there seems to be a
correlation between mixing and combustion, which is shown
in Figs. 17a and 17b. In Fig. 17a, r/c is plotted against pre-
viously defined rjm. In the multinozzle and the reference
cases, rjc and rjm correlate well, except in the latter case for t\m
near unity, where unstable combustion was observed. In the
injection case, however, t\c is somewhat higher than rim and
does not agree with those in the other cases. In order to see
whether or not this disagreement is the result of a difference in
the combustion mechanisms, we introduce another type of
mixing efficiency that is related more directly to the combus-
tion. The new mixing efficiency, T?WC) is defined as

<L4
mlfc

where

or

C'=Cs(a>l)

C'=aCs/(a<l)

(4)

(5)

(6)

and a is a local excess air ratio. The relation between rimc and
TJC is shown in Fig. 17b. The disagreement between the
multinozzle and the injection cases that appeared in Fig. 17a
is not seen in Fig. 17b. Thus the combustion is controlled
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Fig. 17 Correlation between mixing and combustion.
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mainly by global mixing in all the cases irrespective of the type
of fuel supply.

Conclusions
Experimental results on the multiple fuel supplies to the

secondary combustor of air breathing rockets have been
presented. The experiment consisted of two parts: one in
which all the fuel was supplied through a rocket with multiple
nozzles; and the other in which a portion of the fuel was
directly injected into the secondary combustor while the rest
was supplied through a rocket with a single nozzle. The results
are compared with each other and with that of a reference ex-
periment in which fuel was supplied only through a rocket
with a single nozzle. They are summarized as follows:

1) Performance of mixing and combustion in the secondary
combustprs is improved in both cases.

2) Combustion instability, which has been observed in the
reference experiment with long combustors, is suppressed.

3) In the experiment using a rocket with multiple nozzles,
the combustor length required for sufficient performance of
mixing and combustion is inversely proportional to the
number of nozzles, except for the combustion efficiencies for
the previously mentioned unstable conditions in the reference
ease/This effect is due to distributing the fuel supply points
uniformly over the combustor cross section.

4) The effect of injection is not only to distribute the fuel
supply points uniformly over the combustor cross section but
also to improv^ diffusion of fuel jets and the rocket exhaust.
The latter effect is due, to turbulence produced by the fuel jet
and the increase in the rocket mixture ratio.

5) If the injection mass flow rate is increased beyond a cer-
tain limit, the mixing and combustion efficiencies become less
sensitive to the injection mass flow rate.

6) Mixing of injected fuel is enhanced by the presence of the
rocket exhaust stream,

7) There is a correlation between mixing and combustion ir-
respective of the type of fuel supply, except for the previously
mentioned unstable conditions in the reference case.

8) It appears possible to shorten the combustor to any
desired length by simply increasing the number of nozzles.
However, the rocket with multiple nozzles is difficult to
manufacture and there could be serious heating and structural
load problems, expecially on the nozzles and the branching
section extending from the rocket combustion chamber to the
nozzles. When provided with sufficient ram pressure,
therefore, supplying fuel by injection would be preferable for
practical purposes.
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