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Chapter 1
Introduction: Microwave Rocket and Microwave Source Concept
1.1 Background of Microwave Rocket
A lot of space exploration and development plans such as the Solar Power Satellite or Space
Factory have been proposed. These plans can contribute to human’s life and society, and have
important meanings for science. However they need huge amount of cost to achieve. One of the
biggest costs is the cost of mass transportation to the space, because launch cost using a conventional
chemical rocket reaches about 1 million yen per 1 kg payload. A chemical rocket requires huge fuel
to get sufficiently velocity; therefore, its payload ratio is only several percent. This is reason why the
cost becomes huge. In addition the chemical rocket needs complex and expensive components such
as a turbo pump. These complex components make manufacturing cost high and operation during
flight difficult.
In order to solve the problems, new launching system is requierd. Beamed energy propulsion
(BEP) is one of the most promising candidates for a future low-cost launch system. Figure1-1 shows
schematic of BEP launching. The concept of BEP was suggested by Arthur Kantrowitz using laser
launch system in 1972 [1]. BEP system gains propulsive energy by a high-power beamed
electromagnetic wave radiated from the ground or a space-based facility. Since BEP vehicle do not
require an on-board energy source, pumping system or atomic reactors, the structure of BEP is very
simple and manufacturing cost can be reduced. Additionally BEP vehicle uses ambient air as
propellant during its atmospheric flight, so that the specific impulse Isp and payload ratio could be
much high than chemical rockets.

Figure 1-1 Schematic figure of Beamed Energy Propulsion
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Various approaches to laser propulsion and laser launch ware explored. A remarkable result is a
launch demonstration conducted by Myrabo et al. achieving 71m launching [2]. On the other hand,
for BEP using microwave, Knecht conducted an analysis on microwave thermal rocket system which
propellant is heated by microwave, in 1980s [3]. Batanov also conducted analysis using microwave
which beam width is 10mm [4]. Our research group also investigates microwave propulsion called
as “Microwave Rocket” [5-7]. Microwave has some advantages compare with laser. Microwave
generator is being developed in field of nuclear fusion as heat source of core plasma and has already
realized 1MW class beam power [8] and high energy conversion efficiency. Furthermore its cost per
beam power is 2order smaller than that of laser.
For these reasons, we propose Microwave rocket as the most promising idea to make it easy to
exploration to the space.

1.2 Microwave source and its Feasibility for Application to Microwave Rocket
Figure 1-2 shows schematic outline of the gyrotron.

Gyrotron is a powerful microwave

generator using a principle of Electron Cyclotron Maser (ECM). As shown in Fig.1-2, gyrotron
consists electron gun called Magnetron Injection Gun (MIG), beam tunnel, cavity resonator, mode
converter collector and output window. External magnetic field needed for oscillation is generated
by Super Conducting Magnet (SCM). Circling electron beam radiated from MIG guided by external
magnetic field, is accelerated in a circling direction and enters the cavity. In the cavity, the beam
interacts with TE microwave and the some of the energy of the electron beam is converted into
microwave power. After the energy converting, the electron beam is captured by collector and
leftover kinetic energy converts to thermal energy meanwhile microwave oscillated in the cavity
radiates from output window through waveguides and collector [9].
Gyrotron is developed for mainly plasma start-up and electron cyclotron resonance heating
(ECRH) in tokamaks and stellarators , as well as non-inductive current drive and stability control in
tokamak plasma[10]. However, gyrotoron has a wide range of application including radars,
atmospheric sensing, advanced communication materials processing and extra-high-resolution
spectroscopy, etc [11]. Microwave rocket is one of the applications of Gyrotron. A 1MW-class
gyrotron developed by Japan Atomic Energy Agency (JAEA) is hown in Fig.1-3 is used for
microwave rocket experiments in our laboratory.
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Figure1-2 Schematic of Gyrotron[9]

Figure1-3 Gyrotron
3

A feasibility study of Gyrotron as beam source of BEP was conducted by Jordin T. Kare et
al.[12] using the NASA Technology Readiness Level (TRL) scale [13]. Because Kare et al. have
proposed Microwave thermal rocket (its propulsion principle is different from that of the microwave
rocket) they investigated continuous wave (CW) gyrotron. Although we plan to employ pulsed
gyrotron, the investigation serves as a useful reference. According to the study, individual 900 kW
CW gyrotrons at 110 GHz and 140 GHz are TRL 8: in commercial production, with further
development being driven by their application to electron cyclotron-resonance heating (ECH)
systems for magnetic confinement fusion experiments. In addition, about apertures and array,
Millimeter-wave steerable dish antennas have such an extensive field history that they can
reasonably be classed as TRL 9. Therefore, gyrotron is the most promising devise for BEP. However,
a launch system array would be unprecedented in size and average power, and in the combination of
number of apertures, precision, and tracking requirements. There are still a lot of problems for BEP.

1.3 launch trajectory for Microwave Rocket to space
Katsurayama et al. proposed a vertical launch to minimize the development cost of the laser base.
The trajectory is shown in Fig. 1-4. On this strategy, the vehicle is boosted by beaming propulsion to
reach the orbit beyond the GEO. At the apogee point, the vehicle is kicked to a GTO by an on-board
motor and decelerated at the perigee point as well.
Using the trajectory, if the vehicle is boosted to 10.85km/s, necessary velocity increment by the
on-board motor will be only 2km/s, which can be achieved by electric propulsion [14].

Figure1-4 a trajectory to GEO proposed in ref[14]
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1.4 Thrust Generation Model of Microwave Rocket
Figure 1-5 shows the engine cycle of Microwave Rocket, along with the pressure distribution in
the thruster, which is similar to a pulse detonation engines [15-16]. The thruster model has open-end
and closed-end. The closed-end is called thrust wall and there is beam collector to focus the
microwave beam. As the first step of the engine cycle, pulsed microwave beam irradiated form
open-end is focused by a collector and generates plasma, driving shockwave (Fig.1-5(1)). Then the
plasma and shockwave propagate toward opposite direction of microwave irradiation absorbing the
following part of the microwave (Fig.1-5(2)). This phenomenon is called as Microwave Supported
Detonation (MSD). The thruster obtains thrust from high pressure behind the shockwave. When the
plasma and shockwave reaches thrust-end, an expansion wave starts to propagate to inside of the
thruster (Fig.1-5(3-4)). It causes a pressure oscillation in the thruster (Fig.1-5(4-5)). Reed valves are
opened by the pressure difference between outside and inside of the thruster and starts to refilling.
The engine cycle is repeated.

Figure1-5 Engine cycle model focusing thruster.

1.5 Objectives of this study
One of the big challenges of microwave rocket is flight demonstration. In 2009, we conducted
the demonstration using 109 g thruster and achieved 1.2 m launch. As a next step, we aim to launch
kg order thruster. For the launching, maintaining of thrust is most important element with microwave
repetitive radiation.

Air-breathing performance by the reed valve affects thrust performance,

because after the microwave irradiation, the gas in the inside thruster becomes hot and low and
causes thrust depression of next engine cycle.
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Therefore the pressure wave dynamics of the inside thruster was investigated using
one-dimensional thruster model. The mass flow through the reed valve was analytically estimated
and incorporated in the CFD computation and pressure history was calculated.
Then reed valve model was developed to reproduce reed motion responding to pressure difference.
Pressure distribution of the inside thruster was computed by two-dimensional thruster model. Mass
flow through the reed valve, and reed valve displacement were estimated.
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Chapter 2
Proposal of Air-breathing Mechanism using Reed Valves
2.1 Concepts of Air-breathing Mechanism of Microwave Rocket
Techniques of fresh charge into the thruster have been the subject for not only microwave
rocket but also Pulse Detonation Engine (PDE) or Pulse Jet Engine (PJE). Various devices, disc
valves, rotary valves and reed valves have been investigated [1-3].

Reed valves are used as

pressure-driven flow controller and do not require any actuators. Additionally, reed valve systems
have the advantage of simple and lightweight.
Figure2-1 shows a reed valve and a thruster model. Reed valves are added on the wall as shown
in the figure. After the exhausting the shock wave, pressure oscillation is occur in the thruster (see
section1.4). Reed valves open inward the thruster by pressure difference between outside and inside
and also close during MSD propagation.

Figure2-1

A reed valve model.

The air-breathing performance is evaluated by the partial filling rate, PFR, which is defined as
follows.
PFR 

Refreshed air volume
Cylinder volume

(2-1)

Shiraishi’s experiment [in chapter 1 ref.6] showed that impulsive thrust increases with PFR and that
it saturates at FRP=1 as shown in Fig.2-2.
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PFR
Figure 2-2 Thrust impulse dependence on PFR. Symbols show measurements and a solid line does
theoretical prediction [in chapter 1 ref.6].

2.2 Experimental Thruster Model with Reed Valve System
Our research group conducted experiments in 2011 with experimental thruster added reed valves.
The inside pressure and thrust impulse is measured. Figure 2-3 shows design of the experimental
thruster. The side wall is transparentized to show the inside in the figure. The thruster is constructed
by collector, two side-walls added 34 reed valves respectively (the total number of reed valves is 68),
two side-walls without reed valves and aluminum frames. The design of microwave collector is
illustrated in Fig.2-4. A pressure sensor (Keyence EX-422V) is fixed into the pressure sensor port on
collector and measures pressure history at the thrust wall. The thruster was a primary one and was
not optimized. Figure 2-5 shows experimental setup.
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Figure 2-3 Experimental thruster design

Figure 2-4 Microwave collector design
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Figure 2-5 Microwave collector design

2.3 Future Model of Microwave Rocket with Air-breathing mechanism
Figure2-6 shows a future model of microwave rocket [4-6]. The model has air intake connecting
to reed valves. So the air-breathing microwave rocket uses ram compression flying at high speed.
Thus the rocket can breathe ambient air in high altitude depending on the flight speed. When the
air-breathing system enables to ingest air in high altitude flight, on-board propellant is used as
plasma source. Payloads are enclosed in the body part. And body part also receives microwave as
antenna.

Figure2-6 future model of microwave rocket
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Chapter 3
Calculation: One-dimensional Thruster Model
In the chapter, using one-dimensional CFD calculation, pressure oscillation inside the thruster was
reproduced. Effects of refilling were incorporated by setting reed valve open ratio α. The mass flow
through the reed valve is computed and assessed by PFR (see eq.2-1). Tendencies

In addition

impulsive thrust is estimated.

3.1 Computational Domain and Initial Condition
Computational domain is shown in Fig.3-1. Inside of the thruster model (see section 1.4) is
computed. D and L respectively denote the diameter and the length of the cylindrical thruster body.

Figure 3-1 one-dimensional thruster model

The pressure distribution in the thruster at when the MSD wave reached the exit end is used as
the initial condition for the CFD. Given Chapman–Jouguet [1] detonation at microwave power
density, Wd W/m2, the MSD propagation Mach number Mmsd is expressed as shown below.
M msd 





 1 Wd
1 
2a02  0 M msd a0
2





 1 Wd
2a02  0 M msd a0
2

(3-1)

Therein, a and η respectively signify the sonic velocity and absorption coefficient. η was set to 0.24
in this computation. Newton–Raphson method was used to solve Eq. (3-2). Here, P, T, and ρ
respectively denote pressure, temperature, and density. Respective conditions behind MSD and the
expansion wave are shown using subscripts 1 and 2; subscript c denotes the laboratory coordinate
system. First, conditions behind MSD are determined as presented in the following equations.

P1 

1  M  P
2
msd

 1

12

0

(3-2)

1 

2
1   M msd
2
M msd
1

M C1 

0

(3-3)

2
M msd
1
2
M msd
1

(3-4)

Second, an expansion wave follows the MSD wave. Conditions behind the expansion wave are
presented as follows.
2

  1
  1
P2  1 
M c1  P1
2



(3-5)

2

  1
  1
 2  1 
M c1  1
2



(3-6)

Time averaged thrust Fth is expressed as follows.

Fth  CmΦdutyWm

(3-7)

Here, Cm, a momentum coupling coefficient, is defined.
Cm 

Cumulative impulse
Microwave beamed energy

(3-8)

The engine duty cycle Φduty is a product of the microwave pulse duration and the pulse repetition
frequency. Wm is the microwave power. The optimum microwave pulse width tpulse is determined as
shown below.

L
a0 M msd

tpulse 

(3-9)

Here, the engine duty cycle Φduty is explained as follows.

Φduty 

t pulse
tc

(3-10)

In that equation, tc signifies the engine cycle time.

3.2 Reed Valve model
Air flow through reed valves was estimated analytically. A reed valve model is portrayed in Fig.
3-2. The aperture ratio of the reed valve, α, is defined as presented in Eq. (3-11) below.
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nAreed ny (l  w)

Awall
DL

(3-11)

In that equation, Areed and Awall respectively signify the opening area of the reed valve and a side area
of the thruster. Furthermore, l, w, y, and n respectively stand for the length, width, and tip
displacement of a reed and the number of reeds.
The air flow per unit area through a reed valve is a function of the pressure ratio Pin/P0 and
temperature as presented in the equations below [2].
m u   0 P0

m u  0 P0

T0
Tin

T0
 P P b
1   in 0 
Tin
 1 b 

(Pin/P0 < b)
2

(1>Pin/P0>b) (3-12)

Subscripts 0, in, and reed respectively represent the conditions outside and inside of the thruster, and
the inflow through a reed valve.
Conditions outside the thruster are assumed as atmospheric air conditions, P0=1 atm and
T0=298.15 K. The reed valve mechanical vibration is neglected and a reed valve is open only while
Pin/P0<1. In the equations, β and b respectively express the effective cross section factor and critical
pressure ratio, as measured in Komatsu’s experiments [3]. Figure 3-3 shows calculated results of the
air flow per unit area through a reed valve.

Figure 3-2 Reed Valve
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Figure 3-3 Incoming air flow per unit area through a reed valve
The pressure and the density on the reed aperture Preed and ρreed are determined as presented below.
1

  reed   b 
0


P  bP0

 reed

(Pin/P0 < b)

1


     Pin 
reed
0


 P0 

 Preed  Pin


(1> Pin/P0>b)

(3-13)

The partial filling rate is computed as follows.
t L

PFR 

D  

u
m

reed
D 22 L
0 0

dxdt


4
D

t L



0 0

u
m

reed

dxdt

(3-14)

L

3.3 Computational Method
One-dimensional Euler equations inside the thruster tube were solved. With the axial coordinates
x, the governing equations are given as follows.

Q E


4 S
t x
D
Some variables used for the equation are the following.

15

(3-15)


 u 


Q   u 、E   u 2 
 e 
e  p u 

(3-16)

Total energy e is calculated as shown below.

e

p
u 2

  1 2

(3-17)

The state equation is expressed as the following.

P   RT

(3-18)

Therein, the specific heat ratio of air γ is 1.4; the gas constant R is 287 J/(kg K).
Using the air flow properties calculated in the prior section, the source term is expressed as
follows.


m u


0


3
S
 Preed
1 m u 
m u 

2 
2  reed
   1  reed




(3-19)

A numerical flux was computed using an AUSM-DV scheme. Time integration was conducted using
a two-stage Runge–Kutta method [4-6].

3.4 Calculation Result and Discussion
At first, computed pressure histories at the thruster wall without reed valves was compared with
experimental result in Figure 3-4. The results show good agreement.
Figure 3-5 shows the computed pressure histories with reed valves. The pressure oscillation is
damped with large α. Figure 3-6 shows PFR history, PFR starts to increase at around 1.7 ms, at
which time an expansion wave reached the thrust wall and reflected, creating considerable negative
pressure behind it. PFR asymptotically approaches a certain line at α = 0.08, because at the point,
pressure oscillation occurs a little, apparently in Fig 3-5.
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Figure 3-4 Measured and computed pressure histories at the thruster wall without reed valves.
L=397.5 mm, D=60 mm and Wm =800 kW
2.2
α=0.005
α=0.01
α=0.05
α=0.08

Pressure, atm

1.8
1.4
1.0
0.6
0.2
0

1

2
3
Time , ms

4

5

Figure 3-5 Computed pressure histories on the thruster wall with reed valves.
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Figure 3-6 Computed pressure histories on the thruster wall with reed valves.
Figure 3-7 shows the comparison of calculation and experiment. using these results α was
estimated as α≈ 0.006.
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Figure 3-7 Computed pressure histories on the thruster wall with reed valves.
Using Shiraishi’s experiment result (see section 2-1) impulsive thrust is estimated at 20 N in
multiples operation.
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3.5 Summary and Conclusion
The one-dimensional analytical model of the thruster was developed. The comparison of
pressure history at the thrust wall between calculations and experiments shows good agreement.
Then tendency of the pressure history with reed valves was computed. As a result it is observed that
pressure oscillation is damped with large α because of refilling.

PFR starts to increase at around

1.7 ms, at which time an expansion wave reached the thrust wall and reflected, creating considerable
negative pressure behind it. This period depend on velocity of the expansion wave and also thruster
length. For sufficient refilling each refilling period should be greater than the period which the
expansion wave reaches to thrust wall. Because typical microwave repetitively frequency is 50~200
Hz, the period can be neglected in this case. However in the case of using long thruster, the period
gives advice.
The calculation result was compared with experimental results, and it is appeared that α of the
experimental thruster was estimated around 0.006. At first α had been expected as around 0.04
(assuming 2 mm reed tip lift). The value of α of the experimental result was too small. So we have to
investigate the matter.
Using Shiraishi’s experiment result (see section 2-1) impulsive thrust is estimated at 20 N in
multiples operation.
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Chapter 4
Calculation: Reed Valve Model and Two-dimensional Thruster Model
One-dimensional model can represent tendency of pressure history and mass flow with low
calculation cost. In this chapter, a reed valve model was calculated to investigate mass flow through
the reed valve considering reed motion and pressure distribution..

4.1 Calculation Domain and Initial Condition
Figure 4-1 shows calculation domain. The domain is plane symmetry and included free area
around open-end. The design of the thruster is set as same as the experimental thruster (see section
2.2). The initial condition of inside the thruster is same as section 3.1. The initial condition of free
area is standard atmospheric air, pressure P = 1 atm, temperature T = 300 K. Reed valve is added on
the side wall of the thruster.

Figure 4-1

Calculation domain of the thruster and free area. The domain is plane symmetry.

4.2 Reed Valve Model
Reed valve are found in many fields of techniques, compressors [1-4], jet engine and two-stroke
engine [5-15]. In the field of two-stroke engine, reed valves are fitted in engines of the crankcase
compression two-stroke cycle engine. Blair et al. proposed a two-dimensional model based on beam
theory in 1978-79 [5-6]. And the model improved by Fleck et al. taking into the effect of tapered,
and width and non-uniform load [7-8]. For compressor, one of the most complete simulations of
gas pressure oscillation is proposed by Brablik [1].
From considerations of the theory of transverse vibrations of vibrations of a loaded beam, the
response of a cantilever reed valve in unsteady gas dynamic regions can be described by the equation

 rd Ars

 2 yx,t 
 4 yx,t 

E
I
0
rd
t 2
x 4
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(4-1)

where ρrd, Ars, Erd, I, y, x and t are material density of the reed petal, reed cross-section, Young’s
module, second moment of area, reed tip displacement, the axial coordinates on the reed valve and
time, respectively. The equation of free vibration will have a solution of the type

y  Y x eit

(4-2)

Where the function Y(x) is the form and ω is angular frequency.

Y x   A cos x  B sin x  C cosh x  D sinh x

(4-3)

where

4

 rd Ars 2
(4-4)

Erd I

and A, B, C and D are constant. Inserting the end conditions for a cantilever,

y

dy
0
dx

x  0、 d

2

y

dx 2



d3y
0
dx 3

x  l 

(4-5)

Here, l is a reed petal length. The frequency equation is

1  cos l  cosh l  0

(4-6)

solving for the first 3 roots. Solutions of frequency equation for Clamped-Free Beam are

1l  1.875、 2l  4.694、 3l  7.555

(4-7)

ω is determined by

i  i l 2

Erd I
 rd Ars l 4

(4-8)

The frequency of the vibration fi is given by

i i l 2
fi 

2
2

Erd I
 rd Ars l 4

(4-9)

After simplification the mode shape reduces to

Yi x   cosh i x  cos i x   i sinh i x  sin i x 

(4-10)

where

i 

sinh i l  sin i l
cosh i l  cos i l

Reed tip displacement is given by
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(4-11)

y( x, t )   Yi x qi t 
i

(4-12)

[5].
The following model is derived by Paul [1]. The valve of the principle coordinate qi is found from
the equation in consideration of damping, ignoring high order modes.

 2 qt 
qt 
 2 eff
  2 qt    2G y P
2
t
t

(4-13)

ξeff is damping coefficient determined by

 eff  C1 

 eff 

y
C2

C3 y
C4

 y t   0

 y t   0

(4-14)

(4-15)

where

C1  0.75、 C2  0.2、 C3  1.25、 C4  0.06

(4-16)

Although coefficients are not accurate, the results show reasonable agreement with experiments.
ΔP represents applied load per unit area and function G(y) is flow force area function. Even if the
pressure difference between outside and inside of the reed valve is same, force loading on reed
depend on reed displacement.

The function G(y) is determined by

 B y  l Y x dx 
0


G y  
P
l
2
2


  rd Ard l  Y x  dx
 0


(4-17)

Here, B(y) is effective force area and defined as

B y   bl cos 

  arctan  y l 

(4-18)

where b and l are width and length of the reed valve, respectively. Finally, the reed motion is
approximated that the reed has spring and damper at reed tip. The image of the reed valve model is
shown in figure 4-2.

22

Aref

Figure 4-2

Schematic of spring-damper model of the reed valve

Mass flow ṁ through the reed vale is expressed by

m 

Cd Aref Pout
RTout

2
 1


2  Pin    Pin   

 

  1  Pout   Pout  



(4-19)

where Cd and Aref are discharge coefficient and reference area of the reed (see Fig.4-2). The
experimental evaluation of Cd was carried out at the fluid dynamics lab of the University of Perugia.
The reed device was arranged on the steady state flow test bench. The position of the reed was
maintained by means of a low intrusive steel needle hinged as the plate tip, while the lift of the reed
tip was checked with a micrometer. The measurements were carried out varying the tip lift, both in
intake and exhaust mode with pressure drop of 100 mbar. Numerical simulation was also carried out
in steady state condition [9].However the discharge coefficient can vary by reed petal geometry and
pressure difference. Therefore, to investigate the discharge coefficient of our reed valve system the
reed valve model was integrated in CFD calculation. For the calculation the main character of the
reed valve is set as same as experiment which is shown in table 1

Table 1. Main character of the reed valve.
Material

sus304CSP,

Length l

20 mm

Width w

10 mm

Thickness s

0.2 mm

Material density ρrd

7800 kg/m3

Young’s Module Erd

2.0E+11 Pa

The computation set up is shown in figure 4-3. The reed is located on top wall. Actually the reed
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valve added on the thruster is separated in center but for simplicity the bridge between petals was
neglected. In this calculation reed tip displacement is fixed. Figure 4-4 show computational grid.

Figure 4-3 Computational set up of Reed valve CFD calculation

Figure 4-4 Computational grid

Figure 4-5 denotes predicted the discharge coefficient vs. reed tip displacement. Marks and solid line
show calculation result and fitted curve determined by
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Cd  0.0014 y 5  0.0213 y 4  0.1259 y 3  0.3537 y 2  0.4605 y  0.4676

(4-20)

Discharge Coeficient

0.8

0.6

0.4

0.2

0
0

1

2

3

4

5

Reed tip rift, mm

Figure 4-5 Predicted discharge coefficient

The pressure contour of the reed valve is shown in Fig.4-6~Fig. 4-7. Figure 4-6 shows starting point
of refilling. There is negative pressure at under the reed petal. Figure 4-17 shows stream line.
Apparently the flow once collides to reed petal. However, the flow is squeezed at the boundary
between outside and inside.
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Figure 4-6 Calculated pressure contour at time =0.1 ms.

Figure 4-7 Calculated pressure contour at time =0.28 ms. With streamline
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4.3 Calculation method of the two-Dimensional Thruster and the Reed Valve.
In order to find some barometers, the reed valve model, Eq. (4.17) is considered. For simplicity,
dumping term is neglected. Then organizing the equation to investigate of the reed motion, the
equation becomes

 B y  l Ydx 
2
0 

 qt  
EI 
2

P  i l 
 qt 
l
t 2
Al 4 

bhl  Y 2 dx 
 0

2

(4-21)

Here,
l

 Ydx  const  0.7830
 Y dx
0
l

2

(4-22)

0

which numerically was confirmed. Given material of the reed, Young’s module and density are
decided and Eq.(4-21) is reduced as

F

E h2
cos 
P  c 3 qt 
h
 bl

(4-23)

1  2 qt 
 t 2

(4-24)

where Ec, Φ are constant term and F is

F

First considering valve opening, according to Eq.(4-23), it is found that a combination small h and
large b and l could be better. However ω increase with increase b and l, which causes that the reed
valve does not close in the case of negative pressure. Then, therefore, balance at the design point is
considered. The design point has arbitrary property. For instance, given design point as ΔP = 0.1atm
(average negative pressure of the inside thruster), b = 10 mm, l = 20 mm, and average reed tip
displacement y = 2 mm, the thickness is decided as 0.1 mm. In the calculation reed material was
same as table1.

4.4 Calculation method of the two-Dimensional Thruster and the Reed Valve.
Governing equation are given by follows

Q E F


0
t x y


 u 
Q 
 v 
 
e

 u 
 v 
 u 2  p 
 uv 



、E 
、F   2
 vu 
 v  p 




 e  p u 
 e  p v 
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(4-25)

where v is vertical velocity. A numerical flux was computed using an AUSM-DV scheme and time
integration was conducted using a two-stage Runge–Kutta method as same as chapter 3. For high
accuracy MUSCL method was used.
For analysis of fluid in non-orthogonal grid using finite volume method, it is necessary to
construct generalized coordinate system of the type

   x, y 、    x, y 

(4-26)

Considering coordinate conversion, for instance convection term of x direction E is expressed as

E  E  E


x x  x 

(4-27)

Organizing the equation, the conservation form of the Euler equations in generalized coordinates is
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(4-28)

where

 x  Jy 
 y   Jx
J

1
x y  x y

,

 x   Jy  U   x u   y v
,
 y  Jx V   x u   y v
(4-29)

The superscript ( ^ ) indicates variable in the generalized coordinates. The Jacobian of the
transformation J physically corresponds to the inverse of cell volume. In finite volume method, the
average values of the cell are used to represent the currently condition. For the generalized
coordinates, because each cell volumes are different, total conservation values are used to
calculation.
The numerical flux splitting method, AUSMDV can be applied for the Cartesian coordinates,
therefore local Cartesian coordinate is used using the method proposed by W. Kyle Anderson et al.
[16].
For the purpose of determining a generalized splitting for Ê, only the derivatives in the ξ and t
direction are considered, while the η derivatives are treated as source terms. For determining the
splitting of Ê, Eq. (4-23) is transformed by local rotation matrix T given by
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where

cos  
sin  

x

grad

y

(4-31)

grad

Multiplication of Eq.(4-28), with the matrix T then yields

Qt  E  TFˆ  Tt Qˆ  T Fˆ

(4-32)

where


 
1 u
Q  TQˆ   
J  v 
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 u 
grad  u u  P 
E  TEˆ 
J  u v 


 e  p u 

(4-33)

(4-34)

The rotated velocity component ū is the velocity normal to a line of constant ξ representing the
scaled contra variant velocity and ῡ is normal to ū.

u

v

 xu   y v
grad

(4-35)

  yu   xv
grad

(4-36)

The transformed flux Ê is of the same functional from as the Cartesian flux vector and thus can be
split according to any splitting developed for Cartesian coordinates, of course AUSMDV. After
replacing the Cartesian velocity components u and v by the rotated velocity ū and ῡ, AUSMDV is
used to split the flux vector Ē. Applying the rotation T to Eq. (4-23), simply allows us tp split the
flux vector in a one-dimensional fashion, along a coordinate axis perpendicular to the cell interface.
After splitting Ē, the appropriate splitting for Ê is determined by applying the inverse transformation
matrix T-1 to Eq. (4-27) leading to
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Qˆ t  Eˆ   Eˆ 





 Fˆ  0

(4-37)

with

Eˆ   T 1 E 、Eˆ   T 1 E 

(4-38)

Note that the inverse transformation restores the original form of the equation, i.e., no additional
source terms arise and the form of F̂ are unaffected this allows a splitting of F̂ similar to
the splitting of Ê shown above.

4.5 Calculation result and discussion
Figure 4-8 shows reed valve numbering. There are 17 reed valves on the wall (actually each
point has two reed valves). Fig.4-9 shows a comparison of reed tip displacement between the
computation and the experiment.

Figure 4-8. Reed valve numberings
In the computation, because reed tip displacement to negative direction did not reproduced, reed
opening moment is different. However order of the opening period and the displacement show
reasonable agreement.
Reed tip displacements disaggregated by location of the reed valves are illustrated in Fig. 4-10 and
Fig. 4-11, which reed shape is set as experimental condition (see table.1). At open end, reed tip open
a little and Refilling occurs mainly at around center of the thruster and thrust wall. However in this
case the reed tip displacement is small.
Figure 4-12, and figure 4-13 shows reed tip displacement of the reed valve which h = 0.1 mm.
Results of h =0.1 mm reaches design point of y = 2 mm.
Table 2 represents comparison a maximum reed tip displacement.
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Figure 4-9 Comparison of reed tip displacement between the computation and the
experiment
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Figure 4-10 Reed tip displacement at around the thrust wall and center of the thruster. b
= 10 mm, l = 20 mm, h = 0.5 mm
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Figure 4-11 Reed tip displacement at around the open end. b = 10 mm, l = 20 mm, h =
0.5 mm
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Figure 4-12 Reed tip displacement at around the thrust wall. b = 10 mm, l = 20 mm, h =
0.1 mm
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Figure 4-13 Reed tip displacement at around and center of the thruster. b = 10 mm, l = 20 mm, h =
0.1 mm
Table 2. Main character of the reed valve.
Thickness

Maximum displacement

0.5mm（experiment）

0.23 mm

0.1 mm

3.5mm

Mass flow through the reed valve of h = 0.5 mm and h = 0.1mm are shown in Fig.4-14 and
Fig.4-15 as PFR. Using h = 0.1 mm reed valve, PFR becomes 100 times lager. And as expected from
calculated reed tip displacement, PFR at open end is a little. However refilling from open end occur
at open end.
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Figure 4-14 PFR of each reed valves, Time = 5ms, h=0.5 mm
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Figure 4-15 PFR of each reed valves, Time = 5ms, h=0.1 mm
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The pressure contour of the thruster is shown in Fig.4-16~Fig. 4-18.

In Figure 4-16, shock wave

is exhausted and diffused into free area. In Figure 4-17, the expansion wave is propagating in the
thruster accompanying negative pressure at the tail. It causes small refilling. In Fig.4-18, when
expansion wave reflects at the thrust wall a refilling occurs at thruster wall.

Figure 4-16 Calculated pressure contour at time =0.2504 ms. The shock wave is
exhausted

Figure 4-17 Calculated pressure contour at time =1.15 ms. The expansion wave
propagates

Figure 4-18 Calculated pressure contour at time =1.15 ms. Large refilling occur
4.6 Summary and Conclusion
A reed valve model was developed using CFD. Reed tip displacement responding to pressure
difference was computed and mass flow through the reed valve was estimated by means of PFR. In
addition, the pressure contour of reed valve and thruster were computed.
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As a result, several barometers were obtained to develop reed valves. For instance, given design
point as average pressure difference 0.1 atm ,reed length 20mm, width 10mm and reed tip
displacement 2 mm, reed thickness should be 0.1mm. Additionally it is found that refilling from reed
valve near open end is a little.
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Chapter 5
Summary and Conclusion
5.1 One-dimensional Thruster Model
The model reproduced pressure oscillation of the inside thruster caused by the expansion wave
and estimated mass flow through the reed valve. The predicted pressure wave dynamics shows good
agreement with experimental results. The mass flow is assessed by PFR. As a result it was found that
PFR start increasing when the expansion wave propagating from open-end, reaches thruster wall and
increase of PFR by increase of α is saturated at around 0.08.
Comparing computations with experiments, α of the experiments was estimated at 0.006. The
value is too small compare with that of preliminary prediction (around 0.04).

5.2 Reed valve model
One-dimensional model can represent tendency of pressure history and mass flow with low
calculation cost. Reed valve motion was reproduced by spring-dumper model. In addition mass flow
and reed tip displacement were investigated.
As a result, several barometers were obtained to develop reed valves. For instance, given design
point as average pressure difference 0.1 atm ,reed length 20mm, width 10mm and reed tip
displacement 2 mm, reed thickness should be 0.1mm. Additionally it is found that refilling from reed
valve near open end is a little.

5.3 Conclusion
The pressure dynamics in the thruster was computed using one-dimensional computation. And
the relationship of PFR and α was appeared.
Then in order to develop the reed valve system, the reed motion and inflow model were
developed. As a result, several barometers were obtained to develop reed valves.
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