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Numerical Simulation of the Flowfield
in a Motored Two-Dimensional Wankel Engine

T. L.-P. Shih*
University of Florida, Gainesville, Florida

H. J. Schock,t H. L. Nguyen,i and J. D. Stegemant
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Numerical solutions were obtained to study the unsteady, multidimensional fluid flow and fuel-air mixing in-
side the combustion chambers of a motored, two-dimensional Wankel rotary engine during the intake and com-
pression cycles. The effects of the following engine design and operating parameters on fluid flow and fuel-air
mixing were investigated: engine speed, direction of gaseous fuel injection into the combustion chamber, and
speed of the injected fuel. Results of the numerical study show that engine speed and speed of the injected fuel
have significant effects on flnid flow and fuel-air mixing. The direction of fuel injection was found to have less

effects on the flow.

Introduction

HE Wankel rotary engine is a promising engine for use

in general aviation aircraft.!”*> Advantages of the
Wankel rotary engine over conventional reciprocating piston
engines for use in general aviation aircraft include a higher
power-to-weight ratio, larger specific power output from
higher allowable speed operations, simpler and more com-
pact due to fewer moving parts, and lower noise levels
because of less vibration. In addition, the Wankel rotary
engine is inherently suited for direct-injection, stratified-
charge (DISC) operation. Successful DISC operation will
reduce the engine’s brake specific fuel consumption by
allowing for leaner operations. DISC operation will also
reduce pollutant emissions and enhance the engine’s
multifuel capability.

In order to realize fully these attractive features of the
Wankel rotary engine, it is necessary to have a good
understanding of how engine design and operating
parameters affect the unsteady, multidimensional fluid flow,
fuel-air mixing, and combustion inside the engine’s combus-
tion chambers. Since the physics taking place inside Wankel
engine combustion chambers are exceedingly complex, prog-
ress toward understanding the details of these physical pro-
cesses can be made only in a piecemeal manner by focusing
on one aspect of the problem at a time. In addition, it is
necessary to make simplifying assumptions. If the assump-
tions are made judiciously, meaningful results can still be
obtained.

To date, only one study has reported details of the
unsteady, multidimensional flowfield inside a Wankel rotary
engine. Shih et al.* reported a numerical study of the flow
patterns inside one of the combustion chambers of a
motored, two-dimensional Wankel rotary engine with a
gaseous fuel injected into the combustion chamber during
the compression cycle. In that study, flow patterns inside the
combustion chamber during intake, compression, gaseous
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fuel injection, expansion, and exhaust were calculated for
one engine configuration and one engine speed.

So far, no studies have reported the effects of engine
design and operating parameters on the details of the fluid
flow and fuel-air mixing inside Wankel rotary engines. The
objective of this investigation was to numerically study the
effects of several engine parameters on fluid flow and fuel-
air mixing inside the combustion chambers of a motored,
two-dimensional Wankel rotary engine during the intake and
compression cycles. The engine parameters studied include:
engine speed, direction of gaseous fuel injection, and speed
of the injected fuel. A good understanding of how these
three engine parameters affect fluid flow and fuel-air mixing
is essential for the proper design of DISC Wankel rotary
engines.

In the next section, the motored, two-dimensional Wankel
rotary engine studied is described. Then, the formulation of
the problem, the numerical method of solution, and the
results of this numerical study are presented.

Description of the Problem

A schematic diagram of the motored, two-dimensional
Wankel rotary engine studied in this investigation is shown
in Fig. 1. This engine consists of a shaft, a rotor, a housing,
three seals, an intake port, an exhaust port, and three com-
bustion chambers (the three regions bounded by the housing,
rotor, and seals). The inner surface of the housing (denoted
as surface 1 in Fig. 1) is given by the following parametric
equations*:

X, =E cos(34)+ (R+ C) cos(A4) M
Y, =Esin(34) + (R+ C) sin(A4) 2
where A4 is a parametric parameter and it varies between 0

and 2x. E, R, and C are constants given by 0.0154, 0.1064,
and 0.004 m, respectively.

The rotor surface (denoted by surfaces 2-4 in Fig. 1) is
given by another set of parametric equations involving a
parameter V,*6

X, =E sin(0) + X4 cos(8/3)+ Y, sin(6/3) A3)

Y, =FE cos(0)+ Yo cos(6/3)— X, sin(6/3) @



270 : SHIH, SCHOCK, NGUYEN, AND STEGEMAN

where
0=Q¢ )
X=X, cos(x/6)+ Y, sin(n/6) ©
Y=Y, cos(n/6)+ X, sin(x/6) )]

X, =R cos(2V) — (3E%/R) sin(6V) sin(2V) +2E[1
~(9E?/R?) sin?(3V)]%5 cos(3V) cos(2V) — P, 8)

Y, =R sin(2V) — (3E%/R) sin(6V) cos(2V) +2E[1

—(9E2/R?) sin?(3V)1%* cos(3V) cos(2V) - P, ©)
P, =P cos(2V) (10)
P, =P sin(2V) (11

Equations (3) and (4) represent surface 2 when V is between
V,=n/6 and V,=x/2, surface 3 when V is be-
tween V, =5x/6 and V=7x/6, and surface 4 when V is
between V, =3w/2 and V,=11%/6. Q, 0, and ¢ in Eq. (§)
represent the angular speed of the shaft (also referred to as
the engine speed), crankangle, and time, respectively. E, R,
and C in Egs. (8) and (9) have the same values as those used
in Egs. (1) and (2). The P in Egs. (10) and (11) describes the
rotor pocket geometry and is

P=0,if Vi<V<V;and if V,<V=<V,
P=0.5P {1~ cos[(V,~V)/(Vi~-V)I},if V,=V=V,
‘ P=P,+ (P —P))(V-V3)/(V, - V3), if Vy<V=<V,
P=0.5P,{1— cos[(V=V )/ (V3—-V)I}, if V,<V=<V,
where
P;=0.015m, P,=0.0198 m
V=V, +0.875(Vr—V,)
Vo=V, +0.75(V+—V,)
V=V, +0.4375(V;— V)
Va=V,+0.25(V,p—Vy)

For this motored, two-dimensional Wankel rotary engine,
there is no leakage across the seals. As a result, it is
necessary to study only the physical processes taking place
inside one of the three combustion chambers. The combus-
tion chamber chosen for study is the region bounded by sur-
faces 1, 2, 5, and 6 in Fig. 1.

At time ¢ equal to zero, the combustion chamber of in-
terest is located at the beginning of the intake cycle and is
filled with air at a uniform temperature of 7;=300 K and a
uniform pressure of P;=10° Pa. At this time, the air is in a
state of homogeneous turbulence with zero mean velocity.
Suddenly, the shaft starts to rotate at a constant angular
velocity 2 (@ equals either 5000 or 10,000 rpm), causing the
rotor to rotate in the clockwise direction.

During the intake cycle, air enters the combustion
chamber through the intake port. The stagnation tempera-
ture and pressure of the air entering through the intake port
were maintained at T, =300 K and P,=1.2% 10° Pa, respec-
tively. During the early part of the intake cycle, the exhaust
port is also open allowing air to leave the combustion
chamber. The back pressure of the exhaust port is maintained
at P, =0.85 X 10° Pa. P, was made less than P, to simulate tur-
bocharging conditions.- ’
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At crankangle 6= 280 deg, the intake port closes initiating
the compression cycle. Between crankangles 6; =458 deg and
6, =475 deg, a gaseous fuel (octane) is injected at an angle «
into the combustion chamber (see Fig. 1). « equals one of
the following: 30, 45, 60, or 90 deg. The speed V, of the
gaseous fuel at the fuel injector is given by

Ve=Vo(6—0,)/3 deg, if 6, <0<6, +3 deg
=V,,if 0, +3 deg=0=<8,—3 deg
=Vy(0,—0)/3 deg, if 6, —3 deg<6=<84, (12)

In the above equations, 6, =458 deg and 6, =475 deg. V,
equals either 80 or 160 m/s. The stagnation temperature of
the gaseous fuel is maintained at T,=300 K.

The inner surface of the housing (surface 1 in Fig. 1) and
the rotor surface (surface 2) are both maintained at a con-
stant temperature of T, =300 K. These two surfaces are also
impermeable to mass diffusion.

For the problem just described, we are interested in know-
ing the fluid flow and the mixing of fuel and air during the
intake and compression cycles for two different engine
speeds (5000 and 10,000 rpm), four different directions of
fuel injection (30, 45, 60, and 90 deg), and two different fuel
injection speeds (80 and 160 m/s).

Before proceeding with the formulation of this problem, it
is noted that the two-dimensional Wankel rotary engine
studied in this investigation is more realistic than the one
studied in Ref. 4. The rotary engine studied here is different
in the following ways: rotor pocket geometry (deep and
asymmetric as opposed to shallow and symmetric), stagna-
tion pressure of the intake air (1.2x10° Pa as opposed to
1.01 x 10° Pa), back pressure of the exhaust port (0.85 x 10°
Pa as opposed to 0.99x 10° Pa), crankangles during which
fuel is injected (between 458 and 475 deg as opposed to be-
tween 425 and 487 deg), and speed of the fuel jet as a func-
tion of crankangle (an approximate step function as opposed
to a sinusoidal function). The Wankel rotary engine studied
here closely approximates an experimental Wankel rotary
engine from which experimental data for the details of the
flowfield will soon be available.

Formulation of the Problem

The equations governing the problem just described are
given in Ref. 4 and thus not repeated here. Basically, the
governing equations employed were the density-weighted,
ensemble-averaged conservation equations of mass, species,
X momentum, y momentum, and total energy valid for
unsteady, compressible flows of a two-component ideal-gas
mixture. The ensemble-averaged conservation equations were

TY
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HOUSING

FUEL INJECTOR

Fig. 1 Schematic diagram of the two-dimensional Wankel rotary
engine studied in this investigation.
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closed by a variation of the k-¢ model of turbulence.” The
particular k-¢ model employed can account for some of the
effects of compressibility,® streamline curvature,” low
Reynolds number effects,’® and preferential stress dis-
sipation.!! :

The governing equations given in Ref. 4 form a closed
system in seven dependent variables: density 5, mass fraction
of air X4, x component of the velocity # y component of
the velocity o, total energy ¢, turbulent kinetic energy K, and
dissipation rate of turbulent kinetic energy e. In defining the
dependent variables, a tilda over a dependent variable in-
dicates density-weighted ensemble averaging and a bar over a
dependent variable indicates unweighted ensemble averaging.

The initial conditions employed were as follows:

p=P,M,/RT,
X,=1,0=9=0

é=P;[(M,Cps—R)/R+ (h;—Cp,T;)]
K and e=const

where M, is the molecular weight of air, Cp, the constant-
pressure specific heat of air, 4, the specific enthalpy of air
at T;, and R the universal gas constant.

The boundary conditions employed at solid walls (i.c.,
rotor, housing, and seals) were no slip, gas not diffusing into
a wall, and gas temperature next to a wall equal to the
temperature of the wall. The turbulent kinetic energy and its
dissipation rate at the solid walls were set equal to zero
because of the turbulence model used.

At the intake port, the boundary conditions employed
were as follows. The stagnation temperature and pressure of
the intake air were constants. The mass fraction of air was
unity. The x component of the velocity was taken to be zero.
The y component of the velocity was calculated by the Ber-
noulli equation, i.e., i=—Cp;[2(Py—P)/p]1%°, where Cp,;
is the discharge coefficient. The turbulent kinetic energy and
its dissipation rate were given by (n,7)? and K'*/(n,L,),
respectively. n; =0.03, n,=0.0075, and L, was the length of
the intake port.

At the fuel injector, the boundary conditions employed
were as follows. The mass fraction of air was zero (since the
gas issuing from the fuel injector was octane). The x and y
components of the velocity at the fuel injector were ¥V, cosa
and V¥, sina, respectively. V, is given by Eq. (12). The
stagnation temperature of the fuel issuing from the fuel in-
jector was kept constant at Ty. The pressure gradient normal
to the fuel injector was set to zero. The turbulent kinetic
energy and its dissipation rate were calculated by (n;7)? and
K'3/(n,L,), respectively. n;=0.03, n,=0.0075, and L, was
the length of the fuel injector port.

Numerical Method of Solution

Solutions to the governing equations and the initial and
boundary conditions described in the previous section can be
obtained only by numerical methods. In this investigation,
solutions were obtained by an implicit finite-difference
method. In the following, we first discuss the time levels and
the grid points at which solutions were obtained. Afterward,
we discuss the finite-difference method of solution.

Time Levels and Grid Points

In order to obtain solutions by finite-difference methods
(FDM), it is necessary to replace the duration of interest by
time levels and the spatial domain of interest by a system of
grid points. FDM’s give solutions only at the time levels and
grid points.

For the present problem, the duration of interest is that of
the intake and compression cycles. That continuous period
of time must be replaced. by a finite number of time levels.
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Fig. 2 Grid system in the X-Y-f coordinate system.

The time increment between two successive time levels
(known as the time-step size) must be made small enough to
ensure numerical stability and temporal accuracy. In this
study, variable time-step sizes were used. Very small time-
step sizes were used near the beginning of the intake cycle
where the rotor was impulsively started from 0 rpm to either
5000 or 10,000 rpm and where the intake and exhaust ports
were suddenly opened, exposing the air inside the combus-
tion chamber to véry large pressure gradients. As time pro-
gressed, the time-step siz¢ was allowed to increase steadily
until it reached a prescribed maximum time-step size, Az, .
Just before gaseous fuel injection; the time-step size was
again reduced. Throughout the gaseous fuel injection, the
time-step size used was half of A7 ,,.

The time-step size used between time level n and n+1
(denoted by Ar**!) is given by

Al =[0(n+1)—-0(n)]1/Q n=12,..,n

At = A0,/Q n=ng+1,..,n,
AF*1=0.506,/Q n=n;+1,..n,
where

6(n)=a, (n/ny) +a,(n/n;)*+a; (n/ny)?

4 = 100146, —2/n,
3 1/ng+3/n2+2/nd

_ 0.001A0,~ 1/n,—a;(1/n}—1/n)
1/n2—1/n

a,

a=1—a,—a,
Aby=Q@w—1)/(n,—ny)
n, =800

In the above equations, n,=5000 and n,=4400 when
2=5000 rpm. When @ =10,000 rpm, n, =3000 and n,=2600.

For the present problem, the spatial domain of interest is
the combustion chamber bounded by surfaces 1, 2, 5, and 6
in Fig. 1. This continuous domain must be replaced by a
system of grid points. For computational efficiency, the
number of grid points used should be kept to the minimum
that is required to spatially resolve all significant features of
the flow. The grid system employed in this study was as
follows. In the X-Y-¢ coordinate system (see Fig. 2), the grid
points moved with the combustion chamber; the grid points
were not uniformly distributed, with more grid points placed
near solid surfaces (rotor, housing, and seals) than elsewhere
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to resolve the steep gradients of the dependent variables
there; and grid lines intersected the rotor and housing sur-
faces perpendicularly so that derivative boundary conditions
could be implemented. accurately. The total number of grid
points employed for all of the computations was 1275 (with
25 grid lines from rotor to housing and 51 grid lines from
seal to seal). o ‘

" To facilitate the finite-difference method of solution, the
moving and nonuniformly distributed system of grid points
in the X-Y-¢ coordinate system was mapped onto the £-y-7
coordinate system. In the £-9-7 coordinate system, all of the
grid points were stationary and uniformly distributed. This
mapping of grid points is known as grid generation. In this
study, an algebraic grid generation technique based on
transfinite interpolation was employed.'>!® The functional
relationship between the coordinate systems obtained by the
grid generation technique employed here is summarized in
the Appendix. The detail of the grid generation technique
employed is given in Ref. 13.

Finite-Difference Method

In this study, solutions to the governing equations were
obtained by the implicit-factored method of Beam and War-
ming. The implicit-factored method of Beam and Warming
is-a highly efficient method for obtaining solutions to steady
as well as unsteady multidimensional fluid flow problems.
The readers are referred to Ref. 14 for the details of the
implicit-factored method and to Ref. 15 for the details of
implicit implementation of boundary conditions.

Results

Numerical solutions were obtained to study how engine
speed, angle of gaseous fuel injection, and speed of the fuel
leaving fuel injector affect fluid flow and fuel-air mixing in-
side one of the combustion chambers of a motored, two-
dimensional Wankel rotary engine during the intake and
compression cycles. The ranges of the engine parameters
studied were as follows: two engine speeds (Q=5000 and
10,000 rpm), four different fuel injection angles (=30, 45,
60, and 90 deg), and two’ different speeds of the fuel at the
fuel injector (V=280 and 160 m/s).

In the following, we first examine the effects of engine
speed on fluid flow during the intake cycle and the early part
of the compression cycle before gaseous fuel injection. We
then examine the effects of engine speed and the angle and
speed of fuel injection on fluid flow and fuel-air mixing dur-
ing the later part of the compression cyele in which fuel was
injected.

Intake and Compression Cycles: No Fuel Injection

Fluid flow during the intake cycle and the early part of the
compression cycle is shown in Figs. 3-6. It can readily be
seen from these figures that fluid flow is strongly affected by
engine speed. '

One important effect of engine speed on fluid flow can be
seen from Figs. 3a and 4a. From these two figures, we note
that for the same turbocharging pressures (recall that the
stagnation pressure of the intake air is maintained at
1.2x10° Pa and the back pressure of the exhaust port is
maintained at 0.85x10° Pa), the intake air may or may not
exit through the exhaust port, depending upon the engine
speed. At low engine speeds, the intake air will exit through
the exhaust port (Fig. 3a). However, as the engine speed in-
creases, two factors oppose the intake air from exiting the
exhaust port. The first factor is time. As engine speed in-
creases, the port overlap time decreases. The second factor is
the momentum induced by the rotor. As engine speed in-
creases, the momentum induced by the rotor increases and
that momentum will' oppose the intake air from leaving
through the exhaust port. . .

Another important effect of engine speed on fluid. flow
can be seen in Figs. 3-6. At low engine speeds, a large recir-
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culating flow develops on the right side of the intake jet,
which persists throughout the intake cycle and part of the
compression cycle (Figs. 3 and 5). At high engine speeds, no
recirculating flows can be seen on the right side of the intake
jet (Figs. 4 and 6). One reason for this might be that, as
engine speed increases, the momentum induced by the rotor
causes the intake jet to bend toward the right. As the intake
jet bends toward the right, the region between the right sidé
of the jet and the housing reduces in size so that the recir-
culating flow steadily decreases in size until it cannot be
simulated on a coarse grid. ’ ’

Compression Cycle: With Fuel Injection

Figures 7-11 show fluid flow and fuel-air mixing during
gaseous fuel injection. Comparisons of Fig. 7 with Fig. 9
and Fig. 8 with Fig. 10 show that the gaseous fuel jet
penetrates less and less deeply into the combustion chamber
as the engine speed increases. There are two reasons for this:
1) as engine speed increases, the momentum induced by the
rotor increases forcing the fuel jet to bend toward the hous-
ing; and 2) as engine speed increases, the duration of fuel in-
jection decreases.

Comparisons of Fig. 7 with Fig. 8 and Fig. 9 with Fig. 10
show how the speed of the fuel leaving the fuel injector af-
fects fluid flow. From these figures, it can readily be seen
that as the speed of the fuel increases, the gaseous fuel jet
penetrates deeper. C

From Figs. 7-10, it can be seen that, in all cases, the
gaseous fuel jet does not penetrate very deeply into the com-

Fig. 3 Fluid flow during the intake cycle at 2=5000 rpm: a) =10
deg; b) 0=113 deg; c) 0=180 deg. '



MAY-JUNE 1987. ‘ FLOWFIELD IN TWO-DIMENSIONAL WANKEL ENGINE 273

Fig. 6 Fluid flow during the compression cycle before fuel injection
at 9=10,000 rpm: a) =371 deg; b) 6=451 deg. ' '

Fig. 4 Fluid flow during the intake cycle at 2=10,000 rpm: a) §=9
deg; b) 6=116 deg; ¢) 0=175 deg.

Fig. 5 Fluid flow during the compression ,cyclé before fuel injection Fig. 7 Fluid flow during fuel injection at @ =5000 rpm, «=45 deg,
at ©=>5000 rpm: a) 0=380 deg; b) §=457 deg. ' ’ and V=80 m/s: a) 6=461 deg; b) 6 =465 deg; c) § =473 deg.
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Fig. 8 Fluid flow during fuel injection at @ =5000 rpm, « =45 deg,
and V=160 m/s: a) § =461 deg; b) 6 =465 deg; c) =473 deg.

/. f .
Fig. 9 Flhid flow during fuel injection at ©=10,000 rpm, «=45
deg, and V=80 m/s: a) =461 deg; b) 0 =469 deg; c) 6=476 deg.

- J. PROPULSION

Fig. 10 Fluid flow during fuel injection at 2=10,000 rpm, a =45
deg, and V=160 m/s: a) 6 =462 deg; b) 0 =469 deg; c) 0=476 deg.
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Fig. 11 Fluid flow during fuel injection a) and contour of the mass
fraction of air b) at 2=5000 rpm, «=45 deg, V=80 m/s, and
0 =468 deg.

bustion chamber. This indicates poor fuel-air mixing, as can
be seen in Fig. 11. The depth of penetration shown in Fig. 11
is representative of all the solutions obtained in this study.
There are two reasons for the poor penetration of the fuel
jet: 1) this is a two-dimensional Wankel rotary engine and
the fuel jet is a planar jet in a crossflow (a planar jet can be
deflected much more easily than can a three-dimensional jet)
and 2) the jet is a gaseous jet instead of a liquid jet (a
gaseous jet has much less momentum than a liquid jet).

Results for different angles of fuel injection are not shown
because they are similar to those shown in Figs. 7-11. For
the two-dimensional Wankel rotary engine studied here, in-
jecting the fuel into the combustion chamber at® ‘ifferent
angles did not increase penetration nor improve fuel-air
mixing.
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Here, it is noted that in Ref. 4, the fuel jet did penetrate
deeply into the combustion chamber. However, the two-
dimensional Wankel rotary engine studied in that reference
had a different rotor pocket geometry. Furthermore, in that
study, the fuel was injected over a much wider crankangle
range of 424-487 deg.

The results obtained here were not compared with ex-
perimental data because they do not yet exist.

Conclusions

In this investigation, a numerical study was performed to
investigate how engine speed and the angle and speed of
gaseous fuel injection affect fluid flow and fuel-air mixing
inside a motored, two-dimensional Wankel rotary engine.
Engine speed was found to have significant effects on fluid
flow. The speed of the fuel jet was also found to have an im-
portant effect on fluid flow. From this study, it can be seen
that the effects of fuel injection angle on fluid flow in an ac-
tual Wankel rotary engine cannot be studied by a two-
dimensional simulation.

Efforts are underway to perform a three-dimensional
numerical study of the flowfield inside Wankel rotary
engines. A three-dimensional numerical study would be able
to account for the physics of jets in cross flows (taking place
during intake and fuel injection) and Taylor vortices that
may be as large as the size of the combustion chamber.

Appendix
The functional relationship between the X-Y-¢ coordinate
system and the £-9-7 coordinate system obtained by the grid
generation technique presented in Ref. 13 is given below.

X(En1) =X (51 (") + X (§7) 2 (n)

aYZ (E’T)

Y, (&,
AGE &

hy(n") =K, (£) T hy(n”) (A1)

Y(&n,7) =Y (6,7)h (') + Y (E,1) Ry (n”)

aX, (£, ax, (&
+Kz(E)——2a;—T)h3(n’)+K1(£)%h4(ﬂ’)
(A2)
t=71 (A3)
where
hi(n')=2(n")*-3(n")*+1 (Ad)
hy(n’)==2(7")3+3(n")? (AS)
hy(n)=(n")~2(n")+7’ (A6)
hi(q')=(n")—(n")? (A7)
, 3 B, +1 (2n—1)]—1
1’ =0.5(B, +1)- B, [l+(*Bn-1 ) (A8)
1~—i4;A—L—=0.5(B$+1)
AT_-AL
B, +1 \@-1n]-~-1
-B [1+ = ] ‘ . (A9)
¢ (35-1 ) . L
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V-V,
1 —W—O.S(Bs + 1)
_ B, +1\@-n]-1
i (£
K (®)=K(§)=2{[X (&, D - X,(£,7)]?

+ Y (&) - Y,(8 D] )% (A1)
B.=(1 —B,;)7%3 (A12)
B,=(1 —B,)"05 (A13)

In the above equations, X;, Y;, X,, and Y, are given by
Eqgs. (1-11). The parameter A in Egs. (1) and (2) is related to
¢ by Eq. (A9) and the parameter V in Eqs. (8-11) is related
to £ by Eq. (A10). B, and B, are equal to 0.1 and 0.2,
respectively.

The metric coefficients needed to obtain solutions to the
governing equations are evaluated from

9

b= =Y, (A14)
o¢
Ey‘—‘—é?: *—JXn (AIS)
3
£,=—57=J(Y,X,,—XTY,,) (A16)
an
=—=-]Y
==Y (A17)
gl
My = 3Y =JXE (Als)
n=J(X,Y,~ ¥, X;) (A19)
J=1/(X,Y,-X,Y,) (A20)

with X,=0X/0¢, X,=0X/0y, X,=0X/dr, Y ,=0Y/0¢,
Y,=3Y/dy, and Y, = 3Y/d7 evaluated numerically instead of
analytically to avoid geometrically induced errors.
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Jet propulsion powered by electric energy instead of chemical energy, as in the usual rocket systems, offers one very im-
portant advantage in that the amount of energy that can be imparted to a unit mass of propellant is not limited by known
heats of reaction. It is a well-established fact that electrified gas particles can be accelerated to speeds close to that of light.
In practice, however, there are limitations with respect to the sources of electric power and with respect to the design of the
thruster itself, but enormous strides have been made in reaching the goals of high jet velocity (low specific fuel con-
sumption) and in reducing the concepts to practical systems. The present volume covers much of this development, in-
cluding all of the prominent forms of electric jet propulsion and the power sources as well. It includes also extensive
analyses of United States and European development programs and various missions to which electric propulsion has been
and is being applied. It is the very nature of the subject that it is attractive as a field of research and development to
physicists and electronics specialists, as well as to fluid dynamicists and spacecraft engineers. This book is recommended as
an important and worthwhile contribution to the literature on electric propulsion and its use for spacecraft propulsion and
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