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ing propulsion mode., The ram accelerator is a ramjet-in-tube concept where a
projectile resembling the centerbody of a ramjet flies through a tube filled with
a premixed fuel /oxidizer mixture. The combustion process behind the projectile
Creates a pressure difference which provides a net forward thrust.

The present mode] solves the unsteady, two-dimcnsiona.l, inviscid Euler
equations, with a source term to account for the axisymmetric nature of the prob-




accelerator.
The numerical model developed gives the opportunity to inv

projectile configuration and propellant mixture desired. In addition

estigate any

, 1t provides

a method of investigating scaling effects and hybrid modes of propulsion, such as

transdetonative modes of operation.
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Chapter 1

Introduction

The Ram Accelerator is a ramjet-in-tube concept developed at the Univer-
sity of Washington for accelerating projectiles to very high velocities [1-6]. It uses
a propulsive cycle very similar to that of a conventional airbreathing ramjet. The

projectile, which resembles the centerbody of a supersonic ramjet, travels through

a tube filled with a premixed gaseous propellant. as shown in Figure 117 The ="

tube acts as the outer cowling of the ramjet, and the combustion process travels
with the projectile generating a pressure field which produces forward thrust. The
gaseous propellant consists of premixed fuel and oxidizer, such as methane and
oxygen, and selected diluents, such as carbon dioxide, nitrogen, or helium. The
pressure, composition, chemical energy density, and speed of sound of the mixture
can be tailored to maintain the desired level of acceleration and to optimize the
ballistic efficiency. Here the ballistic efficiency is defined as the ratio of the rate
of change of kinetic energy of the projectile to the rate of expenditure of chemical
energy. There is no propellant or oxidizer onboard the projectile.

Such a device offers the potential for a number of applications, such as

hypervelocity impact studies [7], direct launch to orbit of acceleration insensitive



payloads [8, 9], and hypersonic testing of vehicles and inlets.

Several modes of ram accelerator operation which span the velocit y range of
0.7-12 km/sec have been proposed [1, 2]. These include the subsonic combustion
thermally choked mode and several oblique detonation wave modes. The subsonic
combustion mode is the most extensively studied experimentally, and has attajned
velocities of 2500 m/sec with a 70 g projectileina 12.2 m long, 38 mm bore tube
[4]. The oblique detonation wave mode has also been demonstrated experimentally
(6], but will not be discussed here.

This work is intended to provide a numerical model for the analysis, and
prediction of performance, of the ram accelerator in the subsonic combustion ther-
mally choked mode of operation. The details of this mode will be presented in the
following section. The details of the oblique detonation wave drive modes will not

be discussed here, but they have been extensively treated elsewhere (6, 10]. To

this end, the rem&nderof thzsthesxswﬂldxscusscnly the subsomccombustlon ”

mode, with reference to the other modes of propulsion where appropriate.

1.1 Background

In the following section the results of research on the ram accelerator are presented.
Past experimental and theoretical work is highlighted, and justification is given

for the assumptions of the current numerical model.




1.1.1 Experimental Work
The Ram Accelerator Facility

The ram accelerator facility which is described here was in operation until De-
cember 1989. Since that time the facility has been rebuilt and many subsystems
have been updated. For a description of the new facility the reader is referred
to Burnham, et al. [11]. The experiments that are described in this thesis were
performed on the old system, and it is therefore the one that is described in detail
here. The ram accelerator test facility is shown in F igure 1.2. It consists of a
single-stage light gas gun, the ram accelerator test section, two dump tank sys-
tems, and a projectile catcher system. Associated subsystems are the gas handling

system, the instrumentation, and the Data Acquisition System (DAS).

The 38 mm bore light gas gun is of conventional design, and is capable

of accelerating a sabot /projectile combination (typical combined mass of 70-110
g) to speeds up to approximately 1300 m/sec. The muzzle of the gas gun is
connected to a perforated-wall tube in the first dump tank system. This first tank
system serves as a dump for the helium driver gas.

The ram accelerator test section consists of seven steel tubes with an inside
diameter of 38 mm, an outside diameter of 100 mm, and a combined total length
of 12.2 m. A total of 32 diametrically opposed instrument ports are distributed
at 28 regularly spaced axial positions along the tube. Each of these instrumen-
tation ports may hold piezoelectric pressure transducers, electromagnetic velocity
transducers (copper wire coiled about a stainless steel core), or fiber optic cables.
A 20- channel, 1 MHz DAS station is used to collect and store the data.

The ram accelerator tube is designed to operate at propellant fill pressures
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of up to 50 atm. Thin mylar diaphragms are used to separate sections of the tube
filled with different propellant mixtures. The fuel, oxidizer, and diluent gases are
metered using sonic orifices and are routed to the appropriate section of the ram
accelerator tube. This staging of propellant mixtures permits the operation of the
ram accelerator to be optimized for a wide range of Mach numbers.

The ram accelerator test section is connected to a drift tube in the final
dump tank system, where the projectile flies free. The tank has a pair of 25 cm
viewing ports that allow for photographing the projectile while it is in free flight.
A large diameter decelerator tube consisting of tightly packed carpet remnants is

used to bring the projectile to a stop.

The Ram Accelerator Projectile

The nominal projectile conﬁguration usedvingcu{rent g@ggriments'is )s,‘hyov&'fnl in Fig- -
ure 1.3. The projectile is fabricated from magnesium in two separate sections, the
nose cone, and the body with integral fins. Both sections are hollow to reduce the
overall mass of the projectile. A thin annular ring of magnetic material is place at
the threaded joint between the nose and the body. This interacts with the mag-
netic transducers to provide absolute projectile position data, which can then be
used to acquire a velocity history of the projectile and also to determine relative
pressure wave position on the projectile with respect to the projectile throat. The
overall length of the projectile is approximately 166 mm, and the throat diameter
is 28.9 mm. The typical mass of the projectile ranges between 60-100 g, and
the sabot mass is typically 13 8- The sabot is required in order to accelerate the

projectile to the diffuser’s minimum starting velocity.




Experimental Results

Experiments involving the thermally choked subsonic combustion mode of opera-
tion have been carried out using methane and oxygen as the fuel and oxidizer, and
nitrogen, helium or carbon dioxide as the diluent. The diluent is used to tailor
the speed of sound of the mixture so that the projectile is operating in the Mach
number range of M = 2.5 — 4.5, and also to tune the heat release of the mixture
so that a stable shock system can develop on the body of the projectile. When
several such gas mixtures are used in succesive segments of the ram accelerator
tube, reliable operation of the projectile results over a wide range of velocities.
Typical transducer outputs are shown in Figure 1.4. The top trace rep-
resents the magnetic transducer output. The first signal is due to the magnetic

disc at the throat of the pro Jectxle passmg the sensor, and the second is due to the

magnetic disk at the base Thls perzmts the detertmnatxon of the exact posxtlonw .

of the throat. The middle trace is from a pressure transducer located at the tube
wall. It provides information about the location of the pressure waves with respect
to the projectile.

This pressure trace is typical of the subsonic combustion mode. The first
pressure pulse is generated by the oblique shock system in the diffuser section.
A series of pulses then increase the pressure to its peak value, after which the
pressure begins to decay. The increase in pressure after the initial oblique shock
represents the normal shock system, which is assumed to be a complex system of
oblique and normal shocks. The flow entering the combustion zone is subsonic.
The decay in pressure following the peak pressure is due to the subsonic heat

addition accelerating the flow to thermal choking, and the subsequent nonsteady



expansion of the combustion products behind the choking point.

The lower trace is the information recorded by the fiber optic cable. It
shows the light emitted about the projectile and can be used to determine the
location of the combustion region. The information provided by these sensors is

used to generate a heat addition model for the current analysis.

1.1.2  Modeling and Numerical Work

Although several two dimensional numerical models exist for the oblique detona-
tion wave drive modes [10, 12}, none have been developed for the thermal choke
mode of operation.

The models which currently exist for predicting the performace of the ram

accelerator subsonic combustion thermal choking mode of operation are steady or

quasi-steady in nature, and are restricted to one dimension. They do-not include~: .

the effects of acceleration, as they solve the flow field as if it were in steady -
motion with respect to the projectile. The current model is essentially a "black-
box” approximation, where the gasdynamic conservation equations are applied
over the entire control volume, from the inlet to the thermal choke point behind
the projectile. The amount of heat release js determined by the choking condition,
which is determined a priori. This gives a good representation of the overall thrust
and performance of the projectile, but provides no information about the flow field.

A nonsteady, pseudo-one dimensional numerical model has been developed
by Burnham [13], who has investigated the transients associated with the start-
ing process of the ram accelerator. He solves the pseudo-one dimensional Euler

equations, but by the nature of the technique is not able to capture the oblique



shocks of the diffuser, or the details of the flow field.

In addition, all previous 1-D work does not model the discontinuous area
change of the actual ram accelerator projectile, or the axisymmetric nature of the
problem, which significantly alters the strength of the oblique bow shocks, and

hence affects the final results.

1.2 Present Work

The purpose of this thesis is to develop a numerical code that can model the ram
accelerator flow field properties and which, with simple heat addition, can model
the subsonic combustion thermal choking mode. The present work is intended
to resolve the flow field about the projectile, and to show the complex system
of oblique shocks which actually determine the flow properties behind the throat,
and the flow properties entering the subsonic combustion region. The code has the
ability to model the heat addition crudely, and it is shown that the shock system
can be generated on the projectile through the heat addition mode] employed.
The amount of heat added is chosen to be in the range between the tota] heat
available in the flow assuming complete combustion, and the Chapman-Jouget
(C-J) minimum heat release necessary to support a shock.

Hence, even though the subsonic thermal choke mode can be represented,
it is not strictly predictive of specific operating characteristics. The model does,
however, provide a useful technique for observing trend characteristics and pro-
jectile configuration comparisons. With the addition of a combustion model the
code can more accurately represent the physical problem.

The code, however, can accurately predict the flow field about the projec-
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tile in the case of no heat addition. It also offers the potential for a much more
physically correct model of the ram accelerator. With the inclusion of a non-ideal
gas model and a combustion model, such as that being developed by Kull [14], it
offers the potential for predicting the performance of the ram accelerator through-
out its operating regime, including the effects of transition into different mixtures,
and even different modes of operation, including transdetonative operation [11].

The two-dimensional Euler equations are solved, with the inclusion of a
source term to account for the axisymmetric nature of the problem. Viscous ef-
fects, although important, are secondary effects at this point. Aside from the
expense computationally, the inclusion of viscous terms requires an accurate rep-
resentation of phenomena such as boundary layer transition and separation, as
well as turbulence. These issues are too complex to be solved at this stage.

A multi-zone method is employed that can accurately capture the steep
gradients of the flow properties associated with the discontinuous area change at
the base of the projectile. The heat release is added as a source term to the
flow behind the projectile, based on the heat addition model described in a later
section.

The method employed to solve the Euler equations is second order accurate
in space and time. It is a Total Variation Diminishing (TVD) scheme, and the
time stepping is explicit in order to maintain time accuracy during the unsteady
calculations. Such a scheme has the advantage of being able to crisply capture
shocks and avoid spurious oscillations. This type of scheme is essential to capturing
the steep gradients associated with the sudden expansion at the base region.

Chapter 2 gives a detail of the mathematical formulation of the problem,



and Chapter 3 discusses the numerical method employed to solve the equations.
The initial conditions, boundary conditions, computational domain, and heat ad-
dition model are discussed in Chapter 4. The results of the current study are
presented in Chapter 5, and Chapter 6 gives a summary of the results and con-

clusions, along with planned future work.
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Figure 1.3: Ram Accelerator Vehicle Configuration
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Chapter 2

Mathematical Formulation

In this chapter, the governing equations of motion for the transport of
fluid properties are presented. The Euler equations for the conservation of mass,
momentum and energy are:

Conservation of mass
"gte' + ;9%' (pu;) =0
Conservation of momentum

7] a _ Op
5 (i) + 5;;(/’“&“1) = "

Conservation of energy

0 1 0 1 0
En (pe + -z-pu,-u;) + 5;;— [(ps + §pu;u;) uj} = "5 (pui) (2.1)
where p is the density, u; is the velocity component in i**- direction, ¢ is the
internal energy, and p is the pressure.

The Euler equations will be cast in conservation law form, so that shock
waves and other discontinuities can be captured as part of the solution without

special treatment. Lax [15] has shown that shock wave speed and strength are

accurately predicted when the conservative form of the Euler equations is used.
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2.1 Nondimensionalization of Variables

In order to avoid dimensionalized variables, the equations are normalized by the
following parameters. The star () quantities represent the nondimensionalized

variables.

- r
T = -
L
.Y
Y =1
. P
pr=—
Poo
. u
U = —
Coo
- v
v= —
Coo
E 3 p
p=—— L
7poo -
e = °
PooCoo?
t
t*.—.-%i': (2.2)

where e is the total energy per unit volume, ¢ is the speed of sound, and the
length scale L is the tube diameter. Hereafter the superscript (*) is dropped, and

all quantitites are assumed to be nondimensionalized.

2.2 Vector Form of The Euler Equations

The Euler equation set can be rewritten in vector form. To assure that disconti-
nuities such as shock waves and contact surfaces can be captured as part of the
solution without special treatment, the Euler equations are cast in strong conser-

vation law form.
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The two-dimensional Euler equations, written in cartesian coordinates, are

as follows:
0Q O8F 0G
R vea- NG R # g .
5 + E + 5y + w (2.3)
where
P
I
Q= ov
e
pu pv
F= puz +p |, G = puv
puv |’ pv’ +p
\u(e+p) v(e+p)
pv 0
1 puv 0
H= r pv? ! W= 0
v(e+p) AH
e=pe + -l—p (uz + v’) : (2.4)
3 B

Here, € is the internal energy per unit mass, e is the total energy per unit volume,

AH is the amount of heat added to the flow due to the combustion model, and

the pressure, p, is determined from the equation of state

p=(y-1) (e - %p(ug + v’)) (2.5)

The equations describe the conservation of mass, momentum, and energy.

The vector Q contains the conservation variables: mass, momentum, and energy,
all per unit volume. The vectors F and G contain fluxes in the z and y directions,
the vector H contains the axisymmetric term, with r as the radial dimension, and

W contains the heat addition term.
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2.3 Generalized Curvilinear Coordinates

The equations presented above are in cartesian coordinates. In general, it is de-
sired that the equations be solved in a coordinate system more appropriate to the
problem. The equations will be written in a generalized curvilinear coordinate
system by transforming them from physical space to computational space. F igure
2.1 illustrates the one-to-one transformation from the physical space (z,y) to its

corresponding computational space (¢,7).

If a nonsteady grid can be defined by the transformations:

‘f = f(z’yxt)
n= n(z,y,t)
r=1t ' V (2.6)

then to solve the Euler equations in the generalized curvilinear coordinate system
without changing the equations themselves, Equation 2.3 must be transformable

to:

9 , oF 8

5T e tHE=W (2.7)

This can be done in the following manner, where to get the matrix transformations

the chain rule must be used:

9 _0Q  %0Q 019Q

8t  or 8t oE ' bt oy

Expanding the other terms in a likewise manner gives the coordinate transforma-

tion matrix as:
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a\! 1 ft Nt 6 r
ae = 0 fz N 6{ ( 2.8 )
0, 0 & n 8,

The inverse transformation can be derived in a like manner, where

ar 1 Tr Yr 6t
| =10 z¢ ye | |6 (2.9)
0y 0 z, v, | |8,

Since these transformations are inverses of each other we can obtain

Jl= TeYn — Tl
& = J(“’x*ryn + yf”n)

e = J(2:ye + yrz¢)

e = Jyn
§ =—Jz,
e = —Jyg
my = Jzg (2.10)

Here z¢, =z,, y¢, y, are calculated using second order differencing by assuming
A¢ = An = 1. The terms ¢&,, 1., €y, ny are the grid metrics.

Now that the grid transformations are known, the final conservation form of
the Euler equations in generalized curvilinear coordinates can be given. Expanding

the Euler equations using the chain rule we get:

5~+Ee-5§-+m-5;’—+£,~5§+n...5;+f,—é?+n,,-5;+H=W (2.11)
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This equation is not in divergence form, therefore it is not conservative. It can be
put in conservative form by multiplying through by J-! and then differentiating

by parts as follows:

4, 0F 8, 8, _
T = g (U TEF) - Fae(U7%)

Applying this to all the terms and making use of the grid metrics the equation
can be written in divergence form as:
89 OF 8G .

5t +6€+‘5-17—+H=W

where Q = J71Q, F = J™M (&Q + &F +£,0), G = J™' (0@ + 1. F + 1,G), f =
JYH, W = J-'W . If the superscript ( ~) is dropped from the expression, the

equation can be rewritten as:

¢¢¢¢¢ 6Q 6F BG Tt e e e
?3}_+.52_+-5;+H_W (2.12)

P
- J—-l p‘ll.
Q ; v
€
pU pV
- U+ é&p 1| puV +1.p
F o J 1 pu : G — 1
pvU + faP pvV + P
U(e+p) V(e+Dp)
1 pY 0
H="—| P |, g 0
r pv 0
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and

I = ey, — 2,y
U :£t+€zu+fyv
V=ng+nu+ Ny (2.13)

Here J is the Jacobian matrix, and U and V are the contravariant velocities which
are parallel to the grid lines, but are not necessarily perpendicular to each other.

The unsteady Euler equations are hyperbolic for all Mach numbers, and so-
lutions can be obtained by using a marching process in time. The two-dimensional
Euler equations have three different characteristic speeds, u, u + c,and u —c. In

supersonic flow all three characteristics are positive, so information can only travel

downstream. In subsonic flow however, the u — ¢ characteristic becomes negative .. .

Y

and information can propogate upstream.

"l
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§=¢(z,y) z =z(¢,1)
n=n(z,y) y=y(én)
7.k

Y

3%} T

Computational Plane Physical Plane

Figure 2.1: Transformation from Physical Space to Computational Space




Chapter 3
Numerical Method

The Euler equations are cast in conservation law form so that any shock
waves and contact surfaces are captured as part of the solutions without special
treatment. This technique is called shock capturing. Lax [15] showed that the
physically correct weak solutions corresponding to the Rankinc-Hugoniot equa-
tions are correctly predicted when the conservative form 6
used. H » -

Roe [17] and Yee, Warming, and Harten [16] considered a new class of
schemes which are more appropriate for the computation of weak solutions (1e,
solutions with discontinuities). These schemes are required to be total variational
diminishing in the nonlinear scalar and constant coefficient system cases, and are
consistent with the entropy inequality and with the conservation laws. Since they
are total variational diminishing, they are guaranteed not to generate spurious
oscillations. Consistency with the entropy inequality and conservation laws ensure

the weak solutions are physical solutions. This class of schemes is called Total

Variational Diminishing (TVD).
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3.1 Total Variational Diminishing Scheme

Total Variational Diminishing (TVD) is a mathematical definition which describes
a specific property of a scheme. TV schemes were originally derived for nonlin-
ear scalar equations and constant coefficient systems of equations, and have been
extended for nonlinear systems of equations, i.e., hyperbolic conservation law sys-
tems. To date, there is no formal extension of the TVD schemes to nonlinear
systems of equations and hence no guarantee of monotonicity of the solutions.
However, the TVD schemes generally do an excellent job of smoothing out nu-
merical oscillations near shocks. The TVD scheme used in the present work is the
second order scheme of Yee, Warming and Harten [16].

The definition of total variational diminishing is given by:

J=oo

TV(Q)= Y Qs - Q;l. (3.1)
If a scheme is TVD then
TV (@) < TV (@™ (32)
where Q is the conservative variable. A procedure which produces an explicit TVD
scheme is summarized briefly below.
First, the flow vectors are manipulated and split into positive and negative

running characteristics. To split the flux vectors, the equation may be put into a

non-conservative form:

_0Q 4 orF N oG
ot B¢ On

0=992 , 0F8Q G oQ
9t ' 8Q T,
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_0Q . 00 40
Ow-é-t-+f§'5—§~+ ‘5‘"7’ (3'3)

where F and G are the flux vectors and 4 and B are the flux J acobian matrices.

Second, to split the flux vectors into positive and negative running characteristics,

the Jacobians are diagonalized as follows:

8 0 8
0=+ (rax), T (xrax-y, 20
0= %Q +[x (a*+ A7) X7, %g- +[x (At + A7) X7 %VQ (3.4)

where A4 and Ap and X 4 and Xpg are the eigenvalue and the right eigenvector

matrices of the flux Jacobians in the ¢ and y directions respectively, and

A* = 0.5(A +]A|)
A” = 05(A - |A|) (3.5)

Combining and rearranging terms in the equations we get:

0=§-Q+A+?-Q+A“QQ+B+§9—+B‘QQ

St o¢ o¢ on on

0Q 6F* (JF- G+ oG~
0=-—X_4 + + + 3.6
I T (36)
Now the flux vectors F*, F- and G*

» G~ are fluxes of positive and negative

running characteristics. One physically correct differencing of the positive and

negative running waves is to upwind difference the waves:
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MQ = -AF~ — YV F* — A6 -V, G+ (3.7)

where A;Z = Zit1j — ij is a forward difference and VeZ = Zij— Zi1jis a
backward difference.

In order to have an upwind scheme appropriate to the running wave char-
acteristic directions, a switching operator is needed. This operator is evaluated at
1/2 points and selects values from Jor j+1 points according to the characteristic
direction of the waves. To obtain such a switching operator, we manipulate the
equation futher. For simplicity, we discuss only the z-direction terms, since the y

direction terms follow the same procedure. Now we have that

AQ = -§F -§,G (3.8)
where THRRIEATIIIIL L T LT S S
"eﬁ‘: erg,; - .i-i,,
and
F;'+i-,j = é’ [F-‘+1,j + F;i+ (XAQ’A);J,%J} (3.9)

The dissipation operators 4 are defined as follows:

(‘I’A)e+§,j =Gijt Giv1,;, — ¥ (’\e+§,j + ’Ye+§,j) ai+§.j

where

_ (JQ)ifr; — (@),
Xpii = (XA)H}}.J' [ .;.(J:::j + Jij) J]

U (z) = |z (3.10)
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and X is an eigenvalue and X is the matrix of the right eigenvectors (X1 is
its inverse) of the flux Jacobian matrix defined by 4 = gg. Expressions for these
terms can be found in many references on the subject [18,19]. & is the dissipation
term which will reduce the scheme to a first-order upwind at steep gradients, and

¥ is often called the coefficient of numerical viscosity. F inally,
gi; =S -maz [O,min (o'#%;j{a”%dj,S . ‘7£~§,jai..§,j)]

S = sign (aﬂ%,j)

i

o=0(A) % (17 + ata?)

and
Pis1 "‘yi,' :
lf G‘i{_{__i_'j ?é O

Yitds = {O Fit b

This scheme is theoretically second-order in space. A simple explanation of

(3.11)

how the scheme works can be generalized as follows. This scheme can be viewed
as a central-difference scheme where, for smooth regions, the dissipation term is

turned off, giving & = 0 so that,

8¢F = Fpyy 5 — i-1,5 (3.12)

which is a second-order central-difference scheme. On the other hand, for regions

with steep gradient, then & # 0, and

-

F=Fun; o Fy

so that,
8F =Fipj~F,; or =F,;—-F_1; (3.13)

which is a first-order upwind scheme.
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3.2 Numerical Fluxes and Averaging

To evaluate the fluxes as desribed in the previous section, more terms need to be
evaluated at the half pointéi"?irst, the terms needed are presented here, then the
procedure to extrapolate values to half points is described.

The eigenvalues, A, are given by:

U o 0 0
0 U 0 0
A=1o o viefiirer 0 (3.14)

0 0 0 U-cy/&’+¢,°

where U is the £-direction contravariant velocity, and ¢ is the local sonic speed. The
eigenvalues for the 7 direction are found by replacing U with V in the equations
above, and ¢ with 7.

Now a4 = (XA)H%"IAQH% of Equation 3.10 can be written using:

TREVIEE SR g ne s e ns Lalaiar

a(l):Ap+(7:1)al

[

*gg- m — uy «——g—z— n—uv
0(2)-p(A Ap) 5 (An—vip)

a(3) =a, {f.ac(Am ~ulp) + €,c(An - vAp) — (v -1) al}

a(4) = —a, [‘f;c(Am —ulp) + €,c(An — vAp) +(y-1) a;} (3.15)

where

TS ———
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= (uAm + vAn — Ae) — :?1— (uz + vz) Ap

1
Ay = \/,.épc

- _ fz
Et &2+ E)7
z f:e

To find the respective expressions in the 5 directxon, n is substituted for ¢ in the
above equations. Variables expressed with A are defined as AZ — i+1,5 = Zij,

but all other elements in A, X, and a are evaluated at half points (ie., i + % or

i+3 respectively).

To evaluate varzabies at_half pomts! anthmetlc, averaging is. used. . This e ey

kind of averaging has the advanéage of computational simplicity and can be ex-
tended for problems with chemical reactions. Other kinds of averaging can also be
used, but they are usuaﬂy more complicated and generally restricted to ideal- -gas

applications. Anthmatlc averagmg takes the form

1
Piyi = 3 (Piv1 + pi) (3.16)

The same procedure is used to calculate u, v, U, V, &, &, 1., and 7y, but for the

speed of sound ¢, and f: +} and 7;, 5 the following procedure is used:

Ct-_*_* = «21- {Ht,i-f-% - % (Ei_% +vf+§)J (317)
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~ fzi'\‘-%

eivy = (3.18)
VLY _
where H,; is the total enthalpy, defined by
TPi 1 2 2
B’,;:w+-— u,—+v£

YT -1 T2 ( )

and Hc,£+§ is
1
Hiy = ‘2'(3t,£+1 + Hy;) (3.19)

3.3 Time Discretization

Two time step methods were employed for the calculations of the present work.
These were the Yoon and Jameson Lower-Upper Symmetric Gauss-Seidel (LU-
SGS) scheme [20] , and an explicit scheme. The LU-SGS method was used to
arrive at the steady state solutions, and the explicit method was used for the un-
steady calculations. Because of the Courant number limitations on the explicit
scheme very small time steps were necessary, and it was found to be prohibitively
expensive computationally. Hence, the LU-SGS implicit scheme was used to ac-

celerate convergence to the steady state solution since larger time steps can be

3.4 LU-SGS Implicit Scheme

The LU-SGS scheme used is described in detail elsewhere [20-22]. The advantage

of the scheme is that it is implicit and large time steps can be used, and that no

DS —
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block tridiagonal inversions need to be performed. As presented below it is 2nd

order accurate in time, and for constant At can be written as:

LD™'USQ = —AtR

(3.20)
where
L~I+—§~(V5A +V,B A" - B -‘5@-4*'522*)
D==I+%—t-(A+~A‘+B"‘+B’)
At _ _
U=I+-—§-—(A€A + 4,87 + A% + BY)
R=AF+A,G+H-W
Here the Jacobian matrices are constructed to give diagonal dominance, with
+ 1 + 1
-1 |
A" = -2-(A —r4l); B~ = 5(3 —rpl) (3.21)
where
T4 = maz (|A4])
rg = maz (|Ag|) (3.22)

and where
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6Q = Qi - @

(3.23)

3.5 Explicit Scheme

The explicit scheme used for the time accurate unsteady

calculations 1s simply ‘

Q" = Q" - AUAF + A,G + H - w) (3.24)




Chapter 4
Computational Method

The ram accelerator problem is difficult to solve numerically. Because of

the large gradients at the area discontinuity and the extremely large accelerations,
special considerations must be made to ensure stability and reliability in the nu-
merical results. The steep gradients can only be handled by using a zonal method,
which is described in: detail imadater: section.- In- addition; the initial ‘conditions -
must be carefully selected to ensure quick and reliable convergence. The solution
method that is employed is described below, and the boundary and initial con-

ditions are explained in detail. A description of the heat addition model is also

provided.

4.1 Solution Method

Although the intent of this thesis is to provide a non-steady model for the ram
accelerator projectile, calculations must start from a converged, steady state so-
lution. This method is required, because without a combustion model and sabot
interactions the problem cannot be solved otherwise. Once a steady state solution

is achieved, the nonsteady terms can be activated, and the effects of acceleration,
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iterations be performed per millisecond of physical time. This extremely smal]
time step is dictated by the high velocity and smal] length scale of the problem.

For this reason, to reach a steady state solutjon the LU-SGS scheme described

represents the face of the sabot. Once a normal shock is established, the forced
boundary conditjon at the outflow is removed and the solutjon is allowed to reach

steady state for the given heat release. This can be tricky, because often the




projectile. This causes the pressure to rise, and a shock establishes itself at the

base and moves forward on the projectile. This method is very time consuming

in Chapter 5.

4.2 Code Validation

¥ directions respectively. The inflow and outflow were supersonic, the projectile

surface was free-slip inviscid, and the upper boundary was direct extrapolation.




of Characteristics [23].
The zone coupling was tested with a shock Propagation problem. The
domain was 32 x 21, and the inflow condition was supersonic. The outflow velocity

was fixed to zero, and the upper and lower walls were free-slip inviscid. A shock




4.4 Heat Addition Model]

-2 z g.};f,;;j;; S I ET EnoT oy

The method of hea:j addit;gn chosen, and
can drastically affect the transient pressure profiles and the convergence rate. [t
was found that the steady state result with heat addition was independent of the
region of heat additjon (as would be expected), but that the unsteady pressure
profiles were affected by the heat addition model. Therefore, even though the
model selected was found to require substantially more iterations to achieve g
steady profile, in order to attempt to model the unsteady phenomena the heat
addition region of F igure 4.2 was selected.

There is evidence to indicate that heat addition occurs over a region that

extends up to one Projectile length behind the body [24). The particular heat

release region of F igure 4.2 was selected in order to match the actyal physics of the




combustion region behind a dump combustor or flame- holder, as shown in Figure
4.3. The gases behind the bluff body are fully combusted, and the ﬁame~spreading
angle varies between 2.8 degrees [25].

The amount of heat added is arbitrarily chosen to be between the upper
limit of the maximum available heat assuming complete combustion of the gases
entering the control volume, and the heat release associated with a Chapman-

Jouget wave. The heat is added in the region shown, and if it js insufficient to

the heat added must be decreased,

4.5 Initial Conditione =~

then reached for a given heat release which stabilizes the shock location on the

projectile. Once thjs condition has been achieved, the Projectile is allowed to




The initial conditions for the case with heat addition are for the same

gas mixture above, but for a freestream velocity corresponding to M, = 2.98.




39
Qimac = Qt’mac~l'

For subsonic outflow, the local Rieman invariants at 1 = imag—1

are used to back out the correct flow properties at t = {maz.

These are given ip
generalized curvilinear coordinates as:

¥-1
S:£
p
R4=V;

(4.1)
\/E’i, and S is the entropy. The

gential velocities tg " €=

Here ¢ is the local speed of sound given by ¢ =

velocities V,, and Vi are the normal ‘and 'tan

line. They are given by:
Vn = f@u + fyv
Vet
Vo= St (42)
&+t

components at the wall where n

constant are given by Equation 4.2 with
substituted for §. Then

()= 7| ™, ") (43)

constant "
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Here we specify that 1, = 0, and V is obtajned by direct extrapolation from the
interior. The pressure is then obtained by solving the normal momentum equation

at the wall. In curviljnear coordinates this can be given as:

(m:ée + &) Pe + (')zz + ﬂyz) Pn = —pU (n.ug + Ty Ve) (4.4)

.
modelled as a free-slip boundary, where the flow properties are extrapolated from
the interior, and the velocity in the ¥ direction is Vjmaz = ~Vjmap_ ).

For Zone 2 the left boundary is a solid wall, and the normaj momentum

equation is solved at the surface. This is similar to Equations 4.4 with the

appropriate substitutfions for ¢ and 7. The outﬂow bgundari 18 identical to the

outflow boundary conditions for Zone 1. The lower surface, Iepresenting the slip
line of the axisymmetric problem, is a free-slip inviscid condition with Vimin =
“Vjmin+1. The upper surface js the zone coupling interface with Zone 1.

The interface between the two zones s treated by directly Passing the in-
formation between the overlapping grid points. Once the updated solution jg cal-

culated for the lower surface of Zone 1, it is passed directly as the upper boundary
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Chapter 5

Results and Discussion

All the present calculations have been performed for a nominal first stage
mixture of 2.70H4;—.—}—,203..-!.—.5;8N,...-Ihis .pa:ﬁcular{gg;‘gtgr’efhas’g speed-of sound - ...

¢ = 363 m/sec, a maximum heat release of AH = 76.45 kJ/mole assuming

mode, and other gas mixtures can be solved for as desired.
The projectile configuration is detajled in the Chapter 4, but briefly it hag
a 28.9 mm throat diameter, a 10 degree half-angle nose cone, a body length of

83.8 mm, and a bage diameter of 22.6 mm. The body length does not include
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the length of the nosecone. The tube diameter js 38 mm.

5.1 Supersonic Profiles with no Heat Addition




The pressure profile along the tube wall is shown in Figure 5.6, and is

compared to the <¢x;pg;imicr"1_t§_.lhresultq,of Figure 5.7. The first pressure peaks

ML BNy Vage s anamh U RA SLivosd o e . s

Tepresent the conical shock reflections in the diffuser; the pressure then drops
across the base expansion, and the subsequent peaks Tepresent the recompressjon
shocks. N umerically the peak pressure was determined to be 153 atm, which is in

good agreement with the experimental results of 165 atm.
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tube wall. Given the high accelerations of 5 thrusting Projectile, these effects

are assumed to be negligible for thoge cases. The decceleration decreases as the

5.2 Ram Accelerator with Heat Addition

5.2.1 Steady Calculations

overshoot the pro jectile in an unstart situation. The Mach contours are shown in

Figure 5.9. The choke point, (M =1),is located at the eng of the heat addition




For example, for s case where the heat was added over a rectangular region at

the base of the Projectile instead of the current stair-step method, the shock was

steady state position. For the stair-step heat addition the Pressure waves formed

on the projectile its heat release is too high and the flow chokes on the body which

leads to an unstart.




pared to the experimental results of Figure 5.11. Although the pressures are

qualitatively similar, no direct comparison can be made because of the arbitrari-




that predicted by quasi-steady theory for a given heat release. Indeed, if the heat
added as a percentage of the total available heat is not appropriately increased

for the unsteady case, then the Wave recedes on the body, and it may eventually

higher velocity ranges. The higher the velocity, the more important the unsteady

" effects become.




to the unsteady problem can greatly exceed the amount of heat that would cause

an unstart in the steady case at the same operating conditions. Hence, when

continues to increage the net thrust op the projectile also increases. Hence, in

theory, the heat added can be increased beyond the point required to accelerate

If the projectile accelerates to the Point where the heat release is no longer
sufficient to maintajn the shock on the body, wave fall-off can occur. It should

be noted that the same amount of heat that results in a fall-off on a blunt based

overtakes the Projectile and ap unstart ocurrs.
It should be noted that if the heat release region used js the stair-step

model, in order to cause an unstart for the unsteady ca.lculations, and sometimes




in the flow. Thijg implies that experimentally the heat is released in a different

region of the flow than is being modelled here. It was found that if the same
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Chapter 6

Conclusions

6.1 Summary
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had to be proportionally increased ip order to maintain the acceleration at the

higher velocities, or the heat addition region had to change. In addition, the

elled. The mode] can be usefull for invcstigating scaling effects, different Projectile

conﬁgurations, different gas mixtures, and even different modes of propulsion.

6.2 Future Work

lence modeling. The addition of the N avier-Stokes terms can address such issyes as
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