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FOREWORD
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INTRODUCTION

Accurate drag predictions are essential for optimum missile
design . For Mach numbers in the transonic regime , the NSWC code1

is currently applicable to missiles with pointed or slightly
blunted noses. This restriction results from the use of methods

based on small perturbation theory such as Wu and Aoyoma.2 When

bluntness eff ects become large, it is necessary to account for
radial flow velocities comparable to free stream velocities over

a sizable region of the flow field. A fundamental failing of

small—disturbance theory is that it cannot do this.

A precise calculation of nose wave drag depends upon the accu-

rate determination of surface pressures both in the stagnation region

and the shoulder region. This is because the overpressure in the

stagnation region creates a large drag force which is partially or

• wholly counterbalanced by the flow expansion in the shoulder region.

In subsonic flows , the balance is exact for the nose itself , while
in transonic flows, one is attempting to find the difference of two

large , nearly equal quantities in order to compute the nose wave

drag. Consequently, a method is required which can maintain the

required accuracy in these regions.

The computation of nose wave drag , then, for the transonic

speed range requires an accurate code capable of properly treating

the inviscid flow physics. The exact governing equations are the

Euler equations. In the present report an implicit Euler equation

solver 3’4’5 is used to calculate the flow field around the bodies
and pressures on the bodies. These pressures are then integrated

to obtain the nose drag coefficient for a set of Mach numbers, nose

bluntnesses and nose lengths. The resulting table of transonic

drag coefficients which is necessarily restricted to sphere-tangent

ogive-noses is incorporated into the NSWC computer code)

1
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ANALYSIS

Implicit Unsteady Euler Equation Method

The partial differential equations governing the two-dimensional
planar or axisymmetric flow of an unsteady inviscid, non—heat-con-
ducting, ideal gas are written in conservation—law form under the

generalized independent variable transformation

t = t ,

=

= ri (t,x,y)

as follows:

(U/J)
~~ 

+ + 
~x
E + E~~F)/J ]~~ ÷ [n tU + flxE + n~F)/J] + jH = 0 (1)

where
p pv pv pv

U = E = puv F = 
p+pv2 H = 

~ 5 pv 2

e (e+p)u (e+p)v (e+p)v

and the Jacobian

~ ~x~ y ~y~x

In eq. ( 1) ,  j  = 0 for two—dimensional flow; j  1 for axisym—

metric flow (where y becomes the cylindrical radius); p represents
the pressure , p, the density ; u and v, the velocity components in
the x and y directions , respectively; and e, the total energy per
unit volume. The following equation relates the pressure, density ,

and velocity components to the energy for an ideal gas

e = p/Cr—i) + p ( u 2 
+ v2)/2 (2)

The equations represented by eq. (1) were solved using an implicit
Euler equation method.

2
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Using the above independent variable transformation, the
physical plane with boundaries 1-4 in x, y, and t space is mapped
into the rectangular computational plane F , n, and t space as
shown in figure 1. The metrics (geometric factors) that are
required by eq. (1) are defined as follows:

= (x 1~y~ 
— ~fl

x~)/I = (y
~
xT — x~

yT)/I

= ~T~/I = -y
e
/I (3)

= -x
e
/I = x

e/I

where

I = l/J = x~y~ - ~~~~~

Generally at each time step the metrics of eq. (3) are not known
analytically and they must be determined numerically.

The basic numerical algorithm used in the IMP code was developed

by Beam and Warming .4 It is second—order accurate , noniterative ,

and is in a spatially factored form. In particular , the “delta-form ”

with Euler time differencing is used , and when applied to eq. (1),

it assume s the following form

(I+~ t6~A~) (I+~t~~B’~) (U ’
~ —U’~) = ~~~~~~~~~~~~~~~~~~~~ (4)

where A and B are the Jacobian matrices A = aE/ai’i and B =

with ii = U/J; ~ = (
~ t

U + E
~~
E + E~yF)/J~ and = (n tU + n~

E + fl
y
F)/J•

The A matrix is given below. The B matrix , which has the same form

except that 
~~~‘ ~~ 

and 
~y 

are replaced by n~ n,~ 
and fly ? is not

presented. I is the identity matrix , and are second-order ,

central difference operators, 0n+l = t3 (n~t) and t~t is the integration

stepsize.

3
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COMPUTATIONAL PLANE

Figure 1. TransformatiOn of Physical Plane to Computational
Plane for a Single Solver
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P

• ~~ 
(~~ 1)q

2
~~/2 (Y-l)q2~~/2 [(Y-l)q2-ye/p].

_u (
~~

u+
~~
v) _v(

~~
u+F

~
v) 0 (

~~
u
~~~

v)

~x ~t
1 2

~~~~x ~~
v_

~~~
(Y - l ) u  [Y e/ P - (Y — l ) q 2/2]~~~-(Y_ 1)u .

+
~x
U+
~y

V

A =  (5)

~y 
_
~~~

(Y—1 v F
~t
_ (Y_2)v

~~ 
(Ye/p— (Y—1)q 2/2)~~~—(Y—l)v•

+~~ u+~~ v

0 (Y l)E~ (Y~ l)~ y

Equation (4) is solved at the interior points only. It
requires two block 4x 4 , tridiagonal inversions at each time step
of the integration. The solution procedure is as follows :

1. Define ~~ = -

2. Form the right-hand side of (4)  and store results in the
U array;

. -n+i ‘n+i3. Apply smoothing U = U - e/8 S/J where the smoothing
term is defined below;

4. Define U = (I + E~t S~?) U and solve the matrix equation

(I + ~t~~ A
’1) U  = U’~

4
~ for U and again store the result in

An+lthe U array ;
n “n+l5. Solve the matrix equation (I + ~tISfl

B )
~~U = U for ~U;

6. Obtain the new values of U from the equation

5
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A fourth order smoothing term is needed to eliminate nonlinear

instabilities 3 which arise since the use of central differences in
the spatial directions results in a neutrally stable algorithm.

The smoothing term S is

Sjk = (0J)
~~~~,k 

- 

~~~~~~~~~~~ 
+ UJJ)j_i ,k] + l2(GJ)~~

’
~

+ (UJ)j 2 k  ÷ ~~~~~~~+2 
- 4[(ôJ)~~~~1 + (ÔJ)~~~_11

+ j,k—2 (6)

and ~ is the smoothing coefficient chosen from the range 0.�.e .i0.4

depending upon the size of the time step. The j and k indices
correspond to the ~ and n directions, respectively. At the points

adjacent to the boundaries a special form of the smoothing term is
used.

The solution of ini tial value problems using finite difference
procedures requires an integration step size. The value of this

step size is a function of the eigenvalues of the coefficient
matrices , A and B, of the governing pde ’s (equation 1) when written
in the form:

u
~~

+A u
~~
+Bu

~~
+)H O (7a)

The eigenvalues of the coefficient matrices A and B are

2 2 1/2
= + U~~ + V~y ± cU~ 

+

aA = 
~t 

+ U~~ + V~ (7b)
1/2

aB _ f lt +
~~

fl + vri ±c(~
2 +r i 2)

1 2  x y x y

• • 
0B3 

= ‘
~t 

+ UT1
X 

+ Vfl

where 11 is the modified source term and

6
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where c, the speed of sound is equal to (Yp/p)~
”2. The c terms in

Eq. (7b) can be recognized as the slopes of the characteristics and

streamlines in the t-F~ and t-n planes.

The stability theory for explicit methods, at least for (t,E)
space in unsteady flow , requires that

I (cia I 
= 1,3 (8b)

£ max

where 
~°A 

is the maxima of the local eigenvalues of all the
£ max

points at a particular constant t or ~ plane. Similar relations

can be obtained for the (t,fl) plane :

L~t~~~ 1 9. = 1,3 (8c)

9. max

This planar analysis has been shown to give a good bound on the step
size in multidimensional problems if the right hand side of Eqs.

(8b) and (8c) are multiplied by a constant C. In explicit methods,

C .~~~ 1 and is usually assigned a value of 0.9 whereas in implicit

methods C is only restricted by the accuracy of the solution since
implicit methods are unconditionally stable. Typically these values

are on the order of 5 to 10 for inviscid flow computations.

It is convenient to consider two types of boundaries in inviscid
computational fluid dynamics - those which are impermeable (no mass
flow across) and those which are permeable (mass flow across ). The
impermeable boundaries consist of such surfaces as solid walls,
symmetry planes and slip surfaces , while the permeable boundaries

consist of such things as supersonic inflow or outflow boundaries

and shock waves. In the transonic flow about projectiles, the four
boundaries of figure 1 can be characterized as follows: boundary 1

is either a shock wave (Ma, > 1.00) or a fixed outer boundary (Ma,-<l . O),

boundary 2 is an outflow plane , boundary 3 is the solid body, and
boundary 4 the plane of symmetry.

7 
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The body boundary is treated by using the tangency condition
which is incorporated through the use of Kentzer ’s scheme,6 and at
the symmetry plane, the variables are reflected according to whether
they are odd or even. The outflow boundary is placed far enough
down the aft body such that the pressure can be approximated by its

value at inf inity and the rest of the variables are extrapolated.
At the outer boundary , there are two possibilities: (1) if shock

f i t t ing is used and the flow is supersonic , the sharp discontinuity
approach of Thomas7 is used or (2) if shock capturing is used , the
flow can be either subsonic or low supersonic and the outer boundary
is chosen such that its influence on the flow field surrounding the
body is negligible.

The initial conditions are determined by f i r s t  guessing a shock
wave shape or outer boundary shape for the particular obstacle at
hand . Second, a Newtonian pressure distribution is prescribed on the
body. Usi~ y the fact that there is no flow through the body and that
the maximum entropy streamline wets the body , the remainder of the
properties can be prescribed on the body. Finally ,  a linear variation
for the properties is prescribed between boundary 1 and the body.

This gives an initial guess for the flow field which is integrated

forward in time until a steady state is reached .

In all cases, the resulting flow field between the body and the

outermost boundary is treated in shock capturing fashion and, therefore,

allows for the correct formation of seconu~ ry internal shocks.

Applying the algorithm, boundary conditions and initial con-

ditions to Eq. (1) and solving Eq. (1) in a time asymptotic fashion

with interest only in the steady state, a complete set of flow field

data results out of which the nose drag is calculated by integrating

the surface pressures over the surface area of the body.

Drag Calculation

The wave or pressure drag for a sphere-ogive-cylinder body at

zero angle of attack 

i s 8
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T Y b

D = J J (p-pa,)y dy d4 (9)

(see figure 2). Note that p-pa, is the differential pressure along

the surface and yd~ •dy is the surface area over which the pressure

is acting for drag considerations. Since the body is axisynunetric

and at zero angle of attack, the pressure is not a function of the

meridional angle, ~~ . Integrating the above equation (9) and using

the fact that p-pa, = f (y) gives

D = 2ii J (p-p a,)y dy . (lOa)

y

r Yd ~~~~~~~~~~~~~~~~~~~~~~ \~~~~~
dy

Figure 2. Nomenclature for Drag Calculation

By using the following approximation for total drag

I)
~ D. ( lOb)

i=0

________ _____ __________
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equation (10) can be integrated using the mean value theorem for
each geometric segment i. This can be written as a form of the
trapezoidal rule

2 2I 
____  

(y. — y.
D 2ir ~ ~~~~~~~~~~~~~~~ 2 (lOc)

i=l

where 
_ _ _ _  (P-P

~
)
i 
+ (~~~~

-
~~~~a,

)~~~~~~~~
1(p-pa,) = 2

Thus the total drag is the summation of each geometric increment of
drag.

The drag coefficient is de.~ined as

CD = (lla)

where
q is the dynamic pressure
5ref is the reference area irr~

Finally, the total drag coefficient is

CD = -4 
~ 

~~ 

(y~ 
- y~~1) (lib)

F , rb ~~1

where p-pa,
p
~~ q

Body Geometry

A large number of ogive body shapes are considered in this
report. They are characterized by bluntness ratios from 0 to 1

and fineness ratios from 5 to 0.5.

From figure 3, the bluntness ratio is defined as the nose radius

divided by the cylindrical body radius

Bluntness =

10
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Figure 3. Ogive body geometry definition

where a bluntness of 0 is a pointed ogive and a bluntness of 1 is a

hemisphere. The fineness ratio is defined as the sphere ogive body
length divided by the diameter of the attached cylinder :

L
Fineness =

where a fineness ratio of 0.5 is a hemisphere cylinder.

Geometrically, the sphere ogive cylinder configuration is
defined by using one algebraic equation in y and x to define each
of the three segments which are shown in figure 3. This general

equation is written

Ay2 + Byx + Cx2 +Dy + E x + F 0

where the coefficients vary depending upon which segment of the body

is being defined. Body segment 1 is input as the arc of a circle

of radius R~ with the origin at (R~~0) and it satisfies the equation

+ (x-R~)
2 

= R2

11
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Similar ly, body segment 2 is also an arc of a circle of radius R2
with the origin at [L~~ (Rb

_R
2)], and satisfies the equation

[y - (Rb ’R2)]
2 + (x-L~)

2 
= R~ .

The third segment is a straight line parallel to the x axis and is

given by

y = R ~~ .

In the computer solution , all of the geometric quantities are
normalized with respect to the cylindrical radius Rb.

Table Lookup Method

The wave or pressure drag coefficient has been calculated as
a function of three variables,

CD = f(Ma,, Rn/Rb? L~/%)

The problem is one of interpolation for the drag coefficient given
the three independent variables. This can be done by three one—

dimensional interpolations. To keep within the framework of the

previous program usage and for the ease of understanding , the
following approach was taken. In this process, the table of drag
coefficients consists of 10 nose bluntnesses , 8 nose lengths , and
4 Mach numbers. The procedure is as follows:

1. For a single value of bluntness, load up a new set of 8
nose length arrays each consisting of drag values for

the four corresponding Mach numbers; i.e. L
~ 

= Li(CD
(Na,))

i = 1, 2, ..., 8.

12
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2. For a given Mach number , a three point Lagrangian inter-
polation is used to obtain a value of the drag coefficient
from each of the 8 new nose length arrays of step 1. Each

interpolated value is stored in a new array corresponding

to one of the 8 nose lengths.

3. For a given nose length, a five point Lagrangian interpolation

is used on the new arrays created in step 2 to find the
final value of drag which is stored in a new array.

4. Steps 1 through 3 yield the drag coef ficient for a single
value of bluntness in the drag table and for the given
Mach number and nose length. Repeating steps 1 through 3

-; for each value of nose bluntness, a value for the drag
coefficient is obtained for each bluntness.

5. A five point Lagrangian interpolation is performed on the

drag coefficient array of step 3 which consists of a

value for each of the 10 bluntness in the table. This

gives the final value of the drag coefficient for a

specified Mach number , nose length , and nose bluntness.

Two subroutines not available in the NSWC parent code were needed
in this solution procedure. They are documented in a later section.

RESULTS AND DISCUSSION

Comparison of Pressure Prediction Methods

Since there is experimental data8 readily available through
the transonic range for hemisphere cylinders, the present technique
was initially applied to that limiting case. These results are

presented in figures 4-10.

Figure 4 shows the typical grid network used. By numerical

experimentation , it was found that locating the outer boundary at

10 body diameters and the outflow boundary at 4 body diameters was

sufficient to obtain a solution uninfluenced by the choice of

boundaries. It was also found useful to stretch the mesh in the

outer regions and compress it near the body.

13 
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Outer Boundary

Outflow
Plane

I • •

Figure 4. Typical Example of Computational Grid
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Figure 5 shows numerical results from the present method
compared to the experiments performed by Hsieh for Ma, = .7, .95,
1.0, 1.05, 1.1. In all cases, the comparison is very good with
experiment . This establishes confidence in the present method.

Figure 6 compares numerical computations of the drag for a
hemisphere-cylinder with Hsieh ’s experimental results. The drag
calculation by the present method gives good agreement with the

previous numerical and experimental results of Hsieh .8

The flow field of a highly supercritical flow is presented

in figure 7. The typical transonic flow pattern is observed with

an acceleration of flow over the hemisphere nose to sonic velocity

and downstream compression on the cylinder via a normal shock wave.

Figures 8 and 9 show, respectively, the shock angle which is
measured from the horizontal , cS , and the shock wave and sonic line

for low supersonic flow , Ma, = 1.1 flow over a hemisphere-cylinder.

In figure 9, one of the more interesting features of the flow
field is the bending back of the sonic line past the vertical axis.

Figure 10 shows the drag (pressure) evolution for transonic

flows over a hemisphere-cylinder . Note that in general the limiting

value for drag is reached by the time 1200 iterations have been

performed .

The results presented above have established the accuracy and

versatili ty of the present code . The next step is to apply it to
transonic flow over sphere—ogive-cylinders. Previous researchers2

have used an inviscid transonic approximation theory to calculate

the entire flow field around nonlifting slender ogive bodies. The

transonic flow f ields are essentially the same for these shapes
which include the hemisphere cylinders as a special case. Figures

11 and 12 give some results for different sphere-ogive-cylinder

bodies. The calculated pressure distribution along the body for

Ma, = 0.95, 4 caliber tangent ogive body is presented in figure 11
along with available experimental data. The final mesh point dis-

tribution used in calculating the pressure distribution was used
in the remaining calculations based on its ability to capture the
essentials of a flow field surrounding sphere-ogive-cyliriders. •

15
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Typical results for transonic flow about sphere-ogive-cylinders

are presented in figure 12. Figures l2a and l2b show the effect of

nose bluntness and nose length on the body pressure distribution for
a Ma, = 1.05. The major change in the low supersonic flow regime

takes place near the nose of the vehicle. In figure l2c at a high

subsonic Mach number , Ma, = 0.95, there occurs two major changes,
one aft of the ogive—cylinder juncture and one in the region of the

nose as in the low supersonic case. The major change af t of the
ogive—cylinder juncture is due to the termination of the supersonic

embedded region by a normal shock wave which produces a steepening

of the pressure gradient. In figure l2c , this phenomena occurs at
about - 1.5 calibers downstream of the nose. For decreasing nose

bluntness , the location of the normal shock is located more af t on
the body. It should be understood that in f igure l2c the curve
for Rn/Rb = 1.0 was obtained by placing more points on the afterbody
where the terminator shock wave strikes the body . This in no way
reflects upon the accuracy of the drag calculation since those were
done by maximizing the number of points in the nose region where
the resolution of the pressure is important for the calculation of
drag.

Drag Predictions and Comparisons

The purpose of this study was the calculation of the nose drag
coefficients for a family of sphere—ogive—noses through the transonic

Mach number range. A table was constructed (Table I) for these

coeff icients as a function of nose bluntness , nose length, and Mach
- - number. This table was incorporated into the NSWC computer code .

As a first step in obtaining the aforementioned table , nose drag
coefficients are presented in figures 13 as a function of nose
bluntness and nose length for the transonic Mach numbers 0.8 , 0 . 9 5 ,

1.05, and 1.2. To reduce the overall computation time of this study,

a minimum matrix of variables was necessarily calculated. These

computations are represented by the symbols in figures 13.

In f igures 13a , c, e, g, the nose drag coefficient versus nose
length with nose bluntness as a variable is presented . For all

bluntnesses and for all Mach numbers, the nose drag coefficient

26
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rapidly increases with decreasing nose lengths when these lengths
are less than 1.5 calibers. As the body becomes more blunt, the
flow expands more rapidly and a larger pocket of supercritical flow

is formed. It is this phenomena which causes the nose drag increase
with decreasing nose length.

The nose drag coefficient versus nose radius with nose length

as a parameter is presented in figures 13b, d, f, h. These results
for each Mach number are obtained by plotting the results of the
faired curves in figures ].3a, c, e, g for a constant length. This

method enables the smoothest set of curves from the least amount of

calculated data to be obtained. The final coefficient values from

these figures are presented in Table I. This table is then incor-
porated into subroutine TRAN S of the NSWC computer code.

Figure 14 gives the wave drag obtained by solving the transonic

perturbation equation and the wave drag obtained by solving the full

Euler equations for various tangent ogive nose lengths throughout

the transonic Mach number range. The new results extend the lower

end of the nose length curves from 1.5 calibers to 0.75 calibers.

To test the accuracy of the new method for calculating the
nose drag, a suitable set of test cases were run and compared with
an available experiment.9 These cases involved variations in nose

P bluntness , nose length , and transonic Mach numbers and are presented
in figures 15—17.

In all three test configurations the afterbody is 10 calibers
in length and the nose bluntnesses (Rn/Rb) were 0.0, 0.250, .50,
and .750 calibers.

The following observations can be made:

1. For the pointed tangent ogive body the revised computer

program resu 1.cs compare more favorably with experiment than

the previous computer ~rograrn results. This improvement

is as high as 39 percent over the previous result for a

pointed 2 caliber nose length projectile at a free stream

Ma, = 0.8.
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2. For the larger nose bluntnesses the revised computer
program results again compare more favorably with
experiment than the previous results. The maximum

• improvement of 27 percent occurs at a free stream
Ma, = 0.8, a nose bluntness, R~/% = .375, and a nose
length L /2Rb 4.

3. For transonic Mach numbers less than 0.85 the revised
computer program gives results which are closer to

experiment.

4. The experimental points were obtained in laminar flow

whereas the calculations are performed assuming turbu—

lent flow. This could explain the discrepancy between

the theory and the experiment.
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Computer Program Alterations

There have been no changes in the input/output portions of
the NSWC code. The changes in TRANS and MAIN , and the additional
subroutines necessary are documented below.

INTERD , INTER3

These subroutines are used to interpolate for the value of a
function at a given point. Three point Lagrange interpolation is
used

$U$lt’OUT I ’ E PJ It R ) ( TX .?V ,X ,Y , ’w ,J)
PIMEP410~1 1* Cl (~~i) T V C l 01))
1a0
IsIel
I V ( T X ( l )  ,Lt , X J ( , I )  T(~ I
11(1 .L~ . J )~~SJ
L,(l ,~~T. (‘~~I))1~~-.t

~1LL. lr~1IR~ t * ,1~~(1.l ),Tx(I),TxU.1),TY (I.l),yY (I),Ty (~ ,1),y)NITuRN
LMD

~~IJ~~ kL) L l T 1~~ b 1~:IL ~~3(*,Xl , K2, *3 ,P~l,~~ ,F-3 ,F’)
C,.,,,,3 P~I I- ’~S L e b w ~~~~ 1,r jP

~,TU~poLATIu~. FURMLJLAC~~s~~• ,i~~t .Lt . Z ,Lt. , ~3
A X e  X~~)*  ( e). .S )

A 3 1 ( X. * l )* ( A. Xd )

U1* (X I~~~~~~~)*~~~A 1 .X~~~)

~~~~~~~~~~~~~~~~~~
— C 1aAl/ ~;1 -

ClaA ~~#’ i~~C 3sA3#Q. ~

~i.~
uk-

~

THIS PAGZ IS 3ES~ QUA~I?~

42

- 
—~~~~~~~~~~~-- --

~~~~~~~~~~~~~~~~~~~~ 
-



- -—  -- - - ----
~~~

-- - - - - -
~~~~~— - -- -~~~~~~~

---
~~~~~~~~~~~~ -

-
~~~~~

-
~~~~

--- --.- - - -  

The changes in TRANS are shown by a solid line down the lef t
hand margin. A sample input data sheet is shown in figure 18
where an accompanying sketch with the geometric parameters descr ibing
the configuration is also given. Figure 19 gives the sample output
for the test case. CD for 0.5 < Ma, < 0 .8  is reduced quadratically
to zero from a table value at Ma, = 0.8. This and other improved
modifications to program changes in the original NEAR TR 153 were
made by L. Devan at NSWC.

CONCLUSIONS AND RECOMMENDATIONS

1. An accurate implicit axisymznetric Euler equation solver
has been used to obtain nose drag coefficients for transonic flow

over sphere ogive cylinders.

2. A matrix of drag values was calculated for the following

parameters
0.8~~~Ma,~~~ l.2

0 �R / D ~~~ .5

.75�L ~/Dsl0

3. The computed matrix was incorporated into the NSWC computer

code as a table lookup. Several test cases were run and compared

with experiment.

4. It is recommended the Euler equation solver be used to

calculate drag coefficients for bodies with surface discontinuities,

and be used to calculate drag coefficients for sphere-ogive bodies

in the Mach number range 0.5 to 0.8.
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Figure 19. Sample Output for Tangent Ogive Configuration
of Figure 18
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GLOSSARY OF TERMS

A Jacobian matrix defined in Equation 4, =

B Jacobian matrix defined in Equation 4 , =

1’2 3u
c speed of sound = (Yp/ p) ‘

CD drag coefficient

pressure coefficient

dy space increment

dt time increment

D drag

e energy per unit volume

E matrix of conservative variables defined in Equation 1

E + ~~E + ~~F)/J

F matriz of conservative variables defined in Equation 1

+ f l E  + n~F)/J

H source matrix defined in Equation 1

I identity matrix

j  j  = 0 2—D flow; j  1 axisymmetric flow

J Jacobian

Ln length of nose

M free stream Mach number

p pressure

q dynamic pressure =

q2 total velocity vector squared

rb,Rb radius of the cylindrical afterbody

~~~~~ radius of the spherical nose

S smoothing term defined by Equation 7

Sref reference area =

- - —- -~~~~~ -- 
i_~~~~

_ _ _  _.1_ 
- - - ~~~~_~~~~~~~ -~~~~~~

_ - — -~~~~ -—-.--- - - - —  -~~~~
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t time

u velocity component in x-direction

U matrix defined in Equation 1

U/J

v velocity component in y-direction

x coordinate direction in physical plane

y coordinate direction in physical plane

radius of the body

Y term included in source term, H of Equation 1

I ratio of specific ~ieats, 1.4 in this study

15 central difference operator in Equation 6; shock angle in
figure 8

c smoothing coefficient, 0 � c ~~. 0.4

coordinate direction in computational plane

coordinate direction in computational plane

p density

a eigenvalue defined in Equation 5

t t ime

• meridional angle defined in figure 2

Subecript - 
-

b body

i increment

j E -direction

k n-direction

n,N nose

Superscript

n time direction

C—) averaging

• 

— - -- - - -- - - 
_______
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