760 J. PROPULSION, VOL. 20, NO. 4: TECHNICAL NOTES

Table 2 Burning-rate results of propellants based on monomodal

fine (9u) AP
Ballistic Burning rates (mm/s) at pressure (MPa)
modifiers (2 parts) 1 1.9 2.9 4.9 6.9 8.8 n
Control 8.1 85 102 123 155 16 0.34
nBF 128 14 15 174 20 22 0.28
DFB 127 145 16.1 184 209 22.6 0.26
FPGO 125 158 162 188 214 223 0.26

effect of butacene on burning rate of AP composite propellants by
Doriath.!” The nBF being volatile must be effective in gas phase,
whereas DFB is expected to occupy an intermediate position be-
cause of its higher molecular weight than that of nBF despite being
nonbonded like latter.

It is well reported that propellants incorporating fine AP (particle
size <10u) offer greater oxidizer/fuel (O/F) contact line density
implying shorter diffusion distance during combustion of propellant.
Consequently, reactants can mix completely before appreciable heat
is released above the contact lines leading to high combustion rate.
The role of vapor—surface O/F reactions also increases in case of
propellants incorporating fine oxidizer. The presence of catalyst can
further enhance such reactions. In view of this, burning rates of
monomodal fine AP (9u1)-based propellant containing two parts of
FPGO (over 100 parts of propellant) were also evaluated during
this work. Formulation containing FPGO exhibited burning rates
of the order of 12.5-22.5 mm/s (Table 2) in the pressure range
of 1-8.8 MPa, which are 30-100% higher than those obtained for
corresponding bimodal AP-based composition . Again, the burning-
rate enhancement effect of FPGO was found to be comparable to that
of other ferrocenes derivatives (DFB and nBF). The strand burning
rate of FPGO modified (94) AP-based propellant obtained during
this work were found marginally less than that obtained at 7 MPa on
static evaluation of star shaped propellant comprising of (3u) AP-
82% and Al- 4% with binder 14% containing 80:20 combination of
HTPB and butacene as reported by Doriath.!”

Conclusions

This study brings out that the functionalized ferrocenes like fer-
rocene polyglycol oligomer (FPGO) offer a viable liquid ballistic
modifier, which are envisaged to be free from the migration problem
of ferrocenes. FPGO offers propellants having burning rates close
to those of n-butyl ferrocene- and di ferrocenyl-1-butene based sys-
tems. Thermal decomposition patterns of ferrocenes and propellants
based on them bring out that physicochemical nature of ferrocenes
has bearing on the site of action of catalysts during combustion pro-
cess. The basic decomposition processes of DFB and FPGO appear
to be same.
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Dual-Mode Operations
in a Scramjet Combustor

Takeshi Kanda,* Nobuo Chinzei,” Kenji Kudo,*
and Atsuo Murakami*
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Miyagi 981-1525, Japan

Introduction

HE application of airbreathing engines, for example, a scram-

jet, for use with aerospace planes, has been studied. The general
operating region of the scramjet is a flight Mach number of around
6—12. The dual-mode combustion system consisting of the scramjet
mode and the ramjet mode has been studied, in which the scramjet
engine operates even in a lower Mach number regime.!~* In the
ramjet mode, supersonic air is decelerated and becomes subsonic in
an isolator between the inlet and the combustor. Fuel is injected into
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Fig. 1 Schematic diagram of experimental apparatus; hydrogen fuel was injected vertically to the sidewall.
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combustor model. Herein, the experimental results on this mode are
presented, and features of the mode are discussed.

Experimental Apparatus

Figure 1 shows the experimental setup.* A scramjet combustor
model was directly connected to a wind tunnel. High enthalpy air-
flow was created with a hydrogen vitiation air heater. The total
pressure and the total temperature of the air in the reservoir were
1.05 £ 0.05 MPa and 2000 £ 50 K, respectively. The mole fractions
of the unreacted oxygen and water in the air were 21 + 1% and
26 £ 1%, respectively. To simplify the discussion, high total tem-
perature was used for self-ignition of the hydrogen fuel. The air was
accelerated to Mach 2.4 through a supersonic nozzle.

There was an isolator section upstream of the combustor. At the
end of the isolator, there were 3.2-mm backward-facing steps on
both sides. The height of the boundary layer of 99% of the primary
flow velocity was 10 mm at the step.* The origin of the x coordinate
was at the backward-facing step. A divergent section and another
straight duct section followed. The model was made of stainless
steel and was uncooled.

The fuel equivalence ratio ¢ was 140.05 or 0.5 £0.05 in this
testing. There were six fuel injection positions in the direction of
the airflow, which are indicated with injector 1-injector 6 in Fig. 1.
Tests with the staged fuel injection were also conducted, in which
the total fuel flow rate was ¢ = 1 and fuel with ¢ = 0.5 was injected
from each position. At each position, there were five fuel injection
holes on one sidewall and four on the other. Total temperature of
the fuel was about 290 K, and the fuel was injected at sonic speed
vertical to the wall.

Pressure taps were installed on the line at y = 0 mm. The pressure
was measured with scanning-type sensors (Scanni Valve®), and nor-
malized by the wall pressure at the entrance of the isolator under the
no-fuel condition P,,. The normalized ambient pressure of 1 atm
was 1.5. The measurement error of the normalized wall pressure,
P,/ P,;, was £0.02.

Results and Discussion

Wall Pressure Distributions
Figure 2 shows typical wall pressure distributions at ¢ = 1. The
injector positions are indicated in Fig. 2. The distribution in the

Pw/Pi

0 | 1 ? | I | I ‘ ‘

fuel injection A A
position inff1 3 5
-250 0 250 500 750 1000
X (mm)

Fig. 2 Wall pressure distributions with fuel injection from injector 1,
injector 3, and injector 5 (¢ =1).

no-fuel condition is also plotted. When the fuel was injected from
injector 1, the pressure increased gradually in the isolator, showed
a peak around the injector, and decreased toward the exit of the
straight section of the combustor, further decreasing in the diver-
gent section. These features indicated that the combustion condi-
tion would be in the ordinary ramjet mode. The distributions of the
pressure with the fuel injection from injector 3 or 5 were quite dif-
ferent from that with fuel injection from injector 1. When the fuel
was injected downstream, as in the case of injector 5, the pressure
began to increase in the divergent section, showed a peak around
the injector, then decreased gradually toward the exit. The down-
stream high pressure did not affect the airflow condition in the iso-
lator. The normalized exit pressure, P,./P,;, was 1.9, which was
higher than the ambient pressure. The distribution of the pressure
with the fuel injection from injector 3 showed two peaks. The in-
crease of the wall pressure around the exit was similar to that with
injector 5.

Figure 3 shows the wall pressure distributions with injectors 1 and
6 at ¢ = 0.5. When the fuel was injected from injector 1, the pressure
quickly increased just upstream of the step and then decreased. The
profile of the wall pressure increase was different from that with
¢ = 1. When the fuel was injected from injector 6, the wall pressure
began to increase around the injector, as well as that with ¢ = 1 from
injector 5. P,./P,; was about 1.6, being lower than that at ¢ =1,
but higher than the ambient pressure.
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Fig. 3 Wall pressure distributions with fuel injection from injector 1
and injector 6 (¢ = 0.5).

Ramjet Mode Operation

When the fuel was injected from downstream injector, the com-
bustion gas was probably subsonic and choked at the exit. The exit
pressure is estimated with assumption of choking at the exit. The
mass flow rate m is expressed as follows:

m = puA

=Py -W)/(RO-T))- A-M/1+[(y = 1)/2IM* (1)

Here, p, u, and A are density, velocity, and the cross section, re-
spectively. P, y, W, RO, T,, and M are pressure, the ratio of the
specific heats, molecular weight, the universal gas constant, total
temperature, and a Mach number, respectively. When M =1,

P = (/AW (RO-T)/(y - W) -/2/(y + 1) )

In the present test condition, 7, =2790 K, y =1.20, W =21.1, and
m=1.44kg-s~! at ¢ = 1 and the combustion efficiency 7, of unity
under the equilibrium condition. When A is the geometrical cross
section at the exit of the model, the normalized pressure at the exit,
P,/ P,;, with Eq. (2) becomes 1.96. When ¢ = 0.5, P,/ P,,; becomes
1.76 at n. = 1. The measured pressures at the exit and the calculated
ones under the choking condition showed reasonable agreement.
The combustion gas was choked at the exit of the combustor with
no geometrical throat. A similar choking condition with no wall
throat was observed in the experiments of the airbreathing rocket.’

The supersonic gas became subsonic, and then was accelerated
to the sonic speed by heat release. This is a kind of the ramjet
mode, differing from the ordinary ramjet mode. In this downstream-
combustion ramjet mode, a long isolator will not be necessary be-
cause deceleration of the airflow was in the divergent section. The
maximum pressure was lower than that of the ordinary ramjet mode,
and the lower pressure level will reduce the weight of the engine
and heat flux.

This discussion on choking condition can be applied to the or-
dinary ramjet mode. When the choking point is at the exit of the
upstream straight section and A is the geometrical cross section,
P/P,; at choking with Eq. (2) becomes 3.44 at ¢ =1 and 3.32 at
¢ =0.8. The calculated pressure is close to the measured one with
injector 1 in Fig. 2. The pressure at choking becomes 3.07 at¢ =0.5.
However, the measured pressure in Fig. 3 was lower than the cal-
culated one. The operating condition with the fuel injection from
injector 1 at ¢ =0.5 was the scramjet mode. The ordinary ramjet
mode was attained with injection of fuel at ¢ =1 into the upstream
straight duct section, that is, injector 1, injector 2, the staged injec-
tion from injector 1 and injector 2.

Thrust of the Ramjet Mode
The impulse function F is expressed as follows:

F=ru+P-A=r/yRO/W) T,
{1/ YT+ = D2 | + 1/ M) 3)

When M =1,

F =niy/12y/(y + DI(RO- T,)/ WI(1 + 1/y) (C))

In the downstream-combustion ramjet mode, at the exit of the model,
F becomes 2890 N with Eq. (4) at ¢ =1 and 5, =1 under the
equilibrium condition. When the difference from the inflow impulse
function F; is subtracted and normalized with F;, it becomes 0.16.
Here, F; is 2490 N with Eq. (3), in which M =2.4, T, =2000 K,
y =1.30, and W =26.4, respectively. The force increase by wall
pressure integration was 0.28 with fuel injection from injector 5
in the normalized form. The base pressure and the pressure in the
divergent section were used in the integration. The total friction
force was estimated to be 0.12 in the model. The impulse function
at ¢ =0.5 is calculated to be 0.04 in the normalized form at n. =1
with Eq. (4). The force increase by wall pressure integration was
0.15 at ¢ = 0.5 with fuel injection from injector 6. The total friction
force was estimated to be 0.11, being close to the vale at ¢ = 1.

This discussion can be applied to the ordinary ramjet mode. The
impulse function at the exit of the upstream straight section under
the choking condition is balanced with sum of the impulse func-
tion from the facility nozzle and the reaction force at the steps.
When the measured base pressure is used, the sum of the impulse
function becomes 0.12 in the normalized form. It agreed with the
calculated impulse function at the exit of the upstream straight duct
with ¢ = 0.8, by the use of Eq. (4). The combustion efficiency was
presumed to be around 0.8 at the ¢ = 1 condition. At ¢ =0.5, even
under the n. = 1 condition, the normalized impulse function at chok-
ing is 0.04 with Eq. (4). When the choking pressure is used for the
base pressure, the sum of the impulse function is 0.08 downstream
of the step in the normalized form, being larger than the calcu-
lated function at choking. The choking condition was not satisfied
at ¢ =0.5.

The thrust by the downstream-combustion ramjet mode is speci-
fied with the impulse function by Eq. (4). It has a relation to the mass
flow rate and the total temperature, but does not have a relation to
the cross section. In the ordinary ramjet mode, the impulse function
is also specified by Eq. (4) at the choking position. The additional
force is created through supersonic combustion and the expansion
in the divergent nozzle. The increase of the impulse function of the
ordinary ramjet mode is calculated to be 0.29 in the normalized form
at the exit of the model under the assumption of the isentropic ex-
pansion at ¢ = 0.8, larger than that of the downstream-combustion
ramjet mode at ¢ = 1.

In the actual engine mounted on the aerospace plane, there will
be an external nozzle downstream of the combustor. With the lower
Mach number at the exit of the combustor, the pressure after expan-
sion on the nozzle becomes higher. In the downstream-combustion
ramjet mode, the Mach number is unity, and the pressure level
is high. The thrust of the mode will increase with the external
nozzle.

Conclusions

The dual-mode operation of a scramjet combustor was studied
experimentally in a Mach 2.4 wind tunnel. The total temperature and
the total pressure of the air were 2000 K and 1 MPa, respectively. The
downstream-combustion ramjet mode was attained, when fuel was
injected in the divergent section. In the mode, air was decelerated
in the divergent section with consequent subsonic combustion. The
subsonic combustion gas was choked at the exit of the combustor
with no wall throat. The downstream high pressure did not affect
the airflow condition in the isolator. Thrust was smaller, but the
maximum pressure was lower in the downstream-combustion ramjet
mode than those in the ordinary ramjet mode.
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Electric Sail for Spacecraft Propulsion
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Nomenclature
A = cross-sectional area of wire, m
Ay = total surface area of all wires, m?
AW = surface area of one wire, m?
a = acceleration, m-s2
E = electric field along wire, V/m
e = electron charge, A - s
F = force excerted by solar wind on system, N
1 = total electron current to the mesh, A
I = electron current to one wire, A
J = electron current density from plasma to wire mesh,
A-m™?
Ji = maximum current density in wire, A - m~2
L = linear dimension of whole structure, m
m = mass of wire mesh, m
m, = proton mass, kg
N = number of wires
n = solar wind plasma number density, cm~>
P = power consumption of electron removal, W
Payn = solar wind dynamic pressure, nPa
r = radius of the mesh wire, m
\%4 = mesh potential with respect to plasma, V
v = solar wind speed, m/s
Ve = thermal speed of solar wind electrons, m/s
vina = final speed of spacecraft, m/s
AV = potential drop along wire, V
Ax = mesh spacing, m
o = mass density of wire material, kg - m™>
psw = solar wind mass density, kg - m~>
o = wire material conductivity, Q7' m™!

1. Introduction

T has been previously proposed that a magnetic sail, that is, an

artificial magnetosphere, could be used for extracting solar wind
momentum for spacecraft propulsion purposes.'? Here we consider
an alternative approach, which does not require a magnetic field.

II. Electric Sail

Consider a mesh made of thin conducting wires and placed across
solar wind flow (Fig. 1). If the mesh is kept at a positive potential
with respect to the solar wind plasma, an outward electric field sets

Received 25 February 2004; revision received 11 March 2004; accepted
for publication 12 March 2004. Copyright © 2004 by the American In-
stitute of Aeronautics and Astronautics, Inc. All rights reserved. Copies of
this paper may be made for personal or internal use, on condition that the
copier pay the $10.00 per-copy fee to the Copyright Clearance Center, Inc.,
222 Rosewood Drive, Danvers, MA 01923; include the code 0748-4658/04
$10.00 in correspondence with the CCC.

*Academy Researcher, P.O. Box 503.

4: TECHNICAL NOTES 763

\

- -
- -
P~ - -
s /\\/ -
- ™
SW p - y\\ ™S~
_ / ~L —
= s N ™~
~ ™~
s N ™~
_ , I~ ™~
— \\ \\
_ / ~ ~L
s I~ ™~
- REEERN 7
—~ I~ ™~ _
> I~ N~ / €
~| g 7
~ \%
\\ I~ ~x
P ™~ N\
I~ ~
b ™~ Y R
N ™~ I~
- N~ M
—_ ™~
- ~ \\\ \\
~ ~ | A
~ T
~ =
- = T T~ - - -

/
\

Fig. 1 Schematic of the electric sail.

up around each wire whose spatial scale size is comparable to the
Debye length of the plasma. Incoming solar wind protons see the
mesh as an inpenetrable barrier if the mesh spacing is of the same
order as the Debye length or smaller and if the mesh is kept at a
potential V, which is such that eV exceeds the kinetic energy of the
solar wind protons (about 1 keV). To be sure that the potential is
high enough, we assume V =6 kV.

Let r denote the radius of the mesh wire (where we assume
r=>5x10"° m) and A =mr? its cross-sectional area. Assume for
simplicity that the mesh is a square with side length L and that the
mesh spacing is Ax so that there are N = L/Ax wires along each
side. We assume L = 30 km and Ax =5 m. The total length of wire
in the structure is 2N L =2L?/Ax = 360,000 km, and its mass m is

m =2L*Ap/Ax =250 kg (1)

where p is the mass density of the wire metal. (We assume copper
density p = 8900 kg - m~3.) The (maximum possible) force F acting
on the mesh structure is obtained by multiplying the solar wind dy-
Namic pressure Pgy, = pswv? by the mesh area L?, where pgw = nm »
is the solar wind mass density and v its flow velocity (proton ve-
locity). We assume the average values at 1 astronomical unit (AU)
n=7.3cm™3, psw = and v = 400 km/s, where pyy, =2 nPa (Ref. 3).
Thus, one obtains F = pswv?L? = 1.8 N. The acceleration a of the
structure is

a=F/m= (osw/2p)(vV?Ax/A) =T x 10 m-s72 ()

A. Pumping Out Electrons

Solar wind electrons bombard the wire mesh, trying to neu-
tralise its positive charge. Therefore, electrons must be continu-
ously “pumped” out of the structure by attaching it to a voltage
source whose other end is connected to an electron-emitting device
(Fig. 1). The total surface area of the wire mesh is

Ay = @N)2nrL = 4mrL?/Ax = 11300 m? 3)

and the current density due to the thermal flux of solar wind elec-
trons can be roughly estimated as j =env, where v, is the solar
wind electron thermal speed, we assume v, = 10° m/s. We obtain
j=1.2 uA m~2. The total current I to the whole mesh is

[ = env, A, = 13mA )

In the voltage source, the current / goes through potential drop V,
consuming power P =V I =80 W. A useful measure of the power
requirement is the power per mass ratio,

P 2Venv, ]
—=—=03Wkg %)
m rp

Thus the power consumption is quite reasonable. Present-day solar-
powered electric engines, SMART-1 [Ref. 4] for example, reach a



