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G.R.O.M. software for determining the values of aerodynamic

derivatives for isolated wing in supersonic flow

Dejan Ninkovic, MSc, (Eng)”

Software G.R.O.M., presented in this paper, is developed in order to calculate the values of aerodynamic derivatives —
1 the lift force with respect to the angle of attack; 2 drag force with respect to the angle of attack on the square, as
static derivatives; 3 roll-dumping moment with respect to the rate of roll; 4 pitch-dumping moment with respect to
the rate of pitch, as dynamic derivatives. Linearized theory of supersonic flow is applied for the wing of vanishingly
small thickness with the end parallel to free stream, with the condition that leading and trailing edges must be
supersonic with respect to free-stream velocity component normal to the edge. It is assumed that the leading edge is
sweptback, while two types of the trailing edge were tested (sweptback and unswept).

The results of calculation of aerodynamic derivatives, obtained by G.R.O.M. program, were compared to the corre-
sponding results calculated by Missile Datcom 97 program. High accordance of these two sets of data could be as-
sumed as validation of G.R.O.M. software, signifying its usefulness for engineering practice in the supersonic wing
aerodynamic loading calculations.

Key words: aerodynamic derivates, supersonic flow, wing, aerodynamic load, lift force, drag force, roll-dumping

moment, pitch-dumping moment, software.

Symbols:

A —aspect ratio

B=vM2-1

b —wing span

c, —root cord

ce —tipcord

Ac, —pressure difference coefficient

c.® —aerodynamic derivative of the lifting force with res-
pect to the angle of attack

c™ —aerodynamic derivative of the roll dumping moment
with respect to the rate of roll

¢y —aerodynamic derivative of the pitch dumping
moment with respect to the rate of pitch

CDDZ —aerodynamic derivative of the drag force with res-
pect to the angle of attack on the square

ccl —spanwise load

e  —y-wise coordinate of intersection of Mach cone from
the root tip of the wing and trailing edge

h  —y-wise coordinate of intersection of Mach cone from
the tip of the wing and trailing edge

j  —Yy-wise coordinate of intersection of Mach cone

emanating from the root tip of the wing, reflected on
the end of the wing, and trailing edge
_CtgATe _ AB(1+4)
CtgAe  AB(1+4)-4mB(1-1)
M —Mach number
S; —area of integration
v —velocity
wy —angular roll velocity
wy  —angular pitch velocity
X,y,z —rectangular coordinates
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X1, Xo— auxiliary rectangular coordinates
I —spanwise distribution of circulation
a  —angle of attack

@ —perturbation potential

M —Mach line angle

Are —Sweep of trailing edge

A —Sweep of leading edge

A —taper ratio

Introduction

N carrying out the aerodynamic calculations, knowledge
of aerodynamic spanwise loading is of essential impor-
tance. Based on the linearized theory of supersonic flow
and partly modified functional equations for the circulation
of perturbation velocity potential, given in ref. [1],
G.R.0.M. software was developed. With respect to the cal-
culated distribution of the spanwise loading depending on
the angle of attack, constant rate of roll and constant rate of
pitch, values of the following aerodynamic derivatives were
calculated:
- aerodynamic derivative of the lift force with respect to
the angle of attack
- aerodynamic derivative of the drag force with respect to
the angle of attack, as static derivatives,
- aerodynamic derivative of the roll dumping moment
with respect to the rate of roll, and
- aerodynamic derivative of the pitch dumping moment
with respect to the rate of pitch, as dynamic derivatives.
They were calculated for a series of thin wings with the
end of the wing parallel to free-stream, and with supersonic
trailing and supersonic or subsonic leading edges.
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Basic equations explaining the connection between the
circulation of the perturbation velocity potential of the trail-
ing edge and spanwise loading are given in this work, as
well as the final expressions for determining the derivatives
mentioned above.

Basic assumptions on which this research is based are:

1. Wing is thin.
2. Values of the aerodynamic derivatives are calculated for
an isolated wing.

3. Taper ratio is arbitrary.
4. End of the wing is parallel to free-stream.

5. Leading and trailing edge are strait lined, and their an-
gles are constant.

6. Angle of the leading edge is positive i.e. leading edge is
sweptback.

7. Angle of the trailing edge can be: zero, positive (swept-
back trailing edge), and negative (swept-forward trailing
edge), which is taken into account by the sign of factor
k. Factor k represents the ratio of cotangent of the angle
of the trailing edge with cotangent of the angle of the
leading edge, and it can be positive (for both leading and
trailing edge being positive-both edges being swept-
back), negative (trailing edge being swept-forward) and
zero (unswept trailing edge).

8. Theory is valid for the range of Mach numbers for which
both leading and trailing edges are supersonic, or leading
edge is subsonic and trailing edge is supersonic and free-
stream Mach number equal or greater than 1.4.

9. Mach lines emanating from one wing do not influence
the other, i.e. there is no wing-to-wing interference

Tested shapes of the wings
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Figure 1. Positions of the trailing edge when leading edge is sweptback: a)
sweptback leading and trailing edges — family of PSNI wings (A.e> 0,
Are> 0); b) sweptback leading and sweptforward trailing edge — family of
PNKI wings (Ae> 0, Are< 0); v) sweptback leading and unswept trailing
edge — family of PNNI wings: (Ag> 0, A= 0)

Three families of the wings are defined with respect to
trailing edge sweep angle (Fig.1). Basic requirement is not
the sign of the trailing edge sweep angle, but that trailing
edge for that value of sweep angle is supersonic.

In Tables 1 and 2 all possible positions of the Mach
cones, as well as mutual influence of those cones, are given,
with respect to the condition that there is no influence of
one wing to another, for tested wing families, along with the
review of possible subcases:

Table 1. Wing shape and position of the Mach cones and integration
borders for wings with sweptback leading and trailing edges (PSNI family
of wings):

SUBCASE Subcase tag

PSNI 2

PSNI 5

PSNI 4

PSNI 3

Table 2. Wing shape and position of the Mach cones and integration
borders for wings with sweptback leading and unswept trailing edges
(PNNI family of wings):

Subcase Subcase tag
0 1 2 LY
\ PNNI 2
S
v < h
X
1 2 3
0~ >y
S~
T~
<) PNNI 5
h™ j
Y
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It should be emphasized that within the developed soft-
ware the case of the wings with sweptforward trailing edge
(family of PNKI wings) was not considered because the form
of functional expressions for circulation I" is the same as for
the case when the trailing edge is sweptback (family of PSNI
wings). The newly developed program G.R.O.M. offers the
possibility of determining the mentioned aerodynamic de-
rivatives for this family of wings by changing the sign of fac-
tor k located in the main part of G.R.O.M. software.

Position of the coordinate system is the same as in the
NACA TN 2643 rapport — x-axis has the direction of free-
stream, y-axis lies along the right half-wing and z-axis is
pointed upwards.

Method

Generally, determination of the spanwise loading re-
quires knowledge of the pressure distribution on the wing
surface, or knowledge of the perturbation velocity potential
along the trailing edge. This potential can be calculated by
the use of Evvard's method as:

J]JX %) Bﬂy v’

Function of the perturbation potential must satisfy the
linearized, partial-differential equation of the steady flow and
the boundary conditions linked to the movements of the
wing referring to the normal components of the velocity for
z=0.

Spanwise loading and perturbation velocity potential
along the trailing edge are linked by the equation:

Ore (X,y)=

dxdy (1)

cC = ~[Acpdx:schE 2

Distribution of the spanwise circulation and loading are lin-
ked by the following expression:

F=ZI®de=ZEE=%cq @A)

Boundary conditions, integration area, determination
procedure and expressions for perturbation potential are
given in the NACA TN 2643 technical note [1] in more de-
tail — equations 3a through 3c, and 5 through 12, and in
Figures 2 and 3.

Algorithm description

ENTRY DATA: Concept of G.R.O.M. software is that it
consists of two totally separate segments making two sepa-
rate subprograms for determining the aerodynamic deriva-
tive values for the two families of wings: family of PSNI
and family of PNNI wings.

First requirement in the use of G.R.O.M. software is to
determine the family of wings to which the wing, whose
values of derivatives are needed, belongs. That is solved by
entering number 1 for PNNI family of wings, and entering
number 9 for PSNI (or PNKI) family of wings, i.e. selection
of the family of wings depends on the trailing edge sweep.

After determining the family of wings that the particular
wing belongs to, the rest of the entry data are being inputted:

— for the family of PNNI wings:

. Cr—root cord length, in meters

. LAMBDA - taper ratio

. BKRILA - wing span, in meters

M — Mach number

for the family of PNNI wings:

. Cr - root cord length, in meters

LAMBDA - taper ratio

BKRILA - wing span, in meters

. LAMLESTEP - leading edge sweep, in degrees

. M = Mach number

For family of the PNKI wings entry data is the same as
for the family of the PSNI wings with the difference that
the sign of factor k in the main part of G.R.O.M. program
needs to be changed.

Based on the leading edge sweep (for PNNI wing fam-
ily), or the trailing edge sweep (for families of PSNI or
PNKI wings) entry data computations, as well as the angles
of the Mach cones, and their position, thus determining the
subcase to which the given wing belongs to, by the use of
corresponding IF conditions, these are being executed.

METHOD OF NUMERICAL INTEGRATION: De-
pending on the positions of the Mach cones and their inter-
action on the wing surface, corresponding zones with corre-
sponding flow field are defined. Boundaries of integration,
for the given expressions for distribution of circulation
which determine the given flow field, are determined by in-
tersection points of the Mach cones and trailing edge. The
values of boundaries of integration are calculated in nor-
malized form — y/(b/2), where y represents y-wise coordi-
nate of the intersection point of the Mach cone with the
trailing edge.

As a method of numerical integration for the integration
of expressions for velocity circulation ('), in order to obtain
the needed values of aerodynamic derivatives, Simpson’s
method was chosen due to its dependability and accuracy.

All of the functional expressions for determining the val-
ues of aerodynamic derivatives are written in the body of the
corresponding subroutine. Which function is to be integrated
and the value called back in the corresponding subprogram,
program decides based on the numerical value of the indica-
tor (ind) of each function, thus allowing one integration sub-
routine to integrate more than one external function.

METHOD FOR DETERMINATION OF THE
AERODYNAMIC DERIVATIVES VALUES: In the
NACA TN 2643 paper [1] the expressions for velocity cir-
culation obtained by integration along the cord are pre-
sented, determining, in that way, functional expressions for
the distribution of the circulation I in normalized form, de-
pending on the wing geometry characteristics and charac-
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teristics of the flow field for constant values of the angle of
attack, rate of roll and rate of pitch. Based on this circula-
tion, calculation of the needed aerodynamic derivatives is
done, by the process of its integration along the wing span
and multiplying and dividing with corresponding variables
in accordance with the boundary conditions.

Expressions for circulation for constant angle of attack
are used for determining the value of aerodynamic deriva-
tive of the lift force with respect to the angle of attack, and
aerodynamic derivative of the drag force with respect to the
angle of attack on the square; expressions for circulation for
constant rate of roll are used for determining the value of
aerodynamic derivative of the roll-dumping moment with
respect to the rate of roll; expressions for circulation for
constant rate of pitch are used for determining the value of
aerodynamic derivative of the pitch-dumping moment with
respect to the rate of pitch, for isolated wing of vanishingly
small thickness.

Taking into account the way of normalization of the ex-
pressions for circulation and the definitions of aerodynamic
derivatives for forces and moments, final expressions for
determining the needed aerodynamic derivatives are given
in the following forms:

- aerodynamic derivative of the lift force with respect to
the angle of attack

z0ne oy
ct _ZZAJV “a-(b/2) (b/Z) “)

n 2
wx _ l j L yone ( y ] (5)
et 2 -(b/ 2 b/2

- aerodynamic derivative of the pitch-dumping moment
with respect to the rate of pitch

n 99

1{_ Tuy ( y )2
A e 1 [t ] 8 (6)
Z ngWV'B'(b/Z)Z h/2

i=1

dg — value of upper integration boundary

gg — value of lower integration boundary

- aerodynamic derivative of the drag force with respect to
the angle of attack on the square

D La 2 a? a
SKq—San :>CD —CL (7)

From eq. (7) it is clear that the value of the aerodynamic
derivative of the drag force with respect to the angle of at-
tack on the square for wings of vanishingly small thickness
is equal to the value of the aerodynamic derivative of the
lift force with respect to the angle of attack, for such flow
conditions for which there is no separation of the stream of
the contour and there are no vortexes, i.e. for small angles
of attack.

Validation of G.R.O.M. software — test results
In this work test results for two families of wings are
presented:
1. PNNI - family of wings with sweptback leading and
trailing edges
2. PSNI — family of wings with sweptback leading and un-
swept trailing edge

In order to validate newly developed software, sets of
testing were executed to compare the results obtained by
the use of this new computer program with data presented
in references [1], and values obtained by the use of other
programs (Missile Datcom 97).

“Internal” testing

While executing “internal” testing wing geometry and
Mach number were varied.

Variation of the geometry — Fig. 4:

a) b)
Cr=1m Cr~1m
2=0,25 A~0,253
b=1m b=1m
ATE :10

Figure 2. “Internal” testing — change of geometry: a) family of the PNNI
wings; b) family of the PSNI wings

Excluding articles that contain factor k, which takes
leading and trailing edge sweeps into account, out of func-
tional expressions for PSNI family of wings, expressions
for PNNI family of wings are obtained. For the case of un-
swept trailing edge k — o (family of the PNNI wings).
For any other value of trailing edge sweep angle factor k
has a final value.

That means that for a small value of the trailing edge
sweep angle (1 degree) while sweep angle of the leading
edge rests unchanged and aspect ratio and wing surface are
slightly changed, results obtained for the PNNI family of
wings and PSNI family of wings should be very close. This
testing method shows the accuracy of formulas for these
two families of wings and this is the reason for which this
testing was conducted.

Review of the “internal” testing results will be presented
only as data. There will be no graphical presentation of the
results since graphs match almost 100%.

Indexes v and p occurring in Tables 5 - 12, along with

the subcase tag, are used for marking the values of aerody-
namic derivatives of roll-dumping and pitch-dumping mo-
ments.

Aerodynamic derivative of the lift force with respect to the
angle of attack and aerodynamic derivative of the drag
force with respect to the angle of attack on the square

Table 3. Review of comparison for PNNI2 and PSNI2 subcases:
M=1.6 | PNNI2 | PSNI2 (deviation [%]
zonel | 2.574 | 2.581 0.26
zone2 | 2.679 | 2.664 0.53
total 5.253 | 5.245 0.14
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Table 4. Review of comparison for PNNI5 and PSNI5 subcases:

M=2.236 | PNNI5 PSNI5 | deviation [%]
zone 1 3.108 3.081 0.90
zone 2 0.624 0.628 0.59
zone 3 | 1.27E-06 | 1.272 E-06 0.12

total 3.733 3.747 0.36

Table 13. Review of comparison for PNNI4p and PSNI4p subcases:

M=2.5702 | PNNI4p PSNI4p |deviation [%]
zone 1 -0.238 -0.238 0.11
zone 2 -1.46E-02 | -1.358E-02 7.40
zone 3 |-2.443E-02| -2.257E-02 8.00

total -0.276 -0.274 0.70

Table 5. Review of comparison for PNNI4 and PSNI4 subcases:

M=2.5702| PNNI4 PSNI4 | deviation [%]
zone 1 2.829 2.812 0.59
zone 2 0.148 0.150 1.12
zone 3 0.255 0.252 1.20

total 3.231 3.247 0.47

Table 6. Review of comparison for PNNI3 and PSNI3 subcases:

M=3.09 | PNNI3 PSNI3 | deviation [%]
zone 1 2112 2.117 0.24
zone 2 0.319 0.325 1.60
zone 3 0.225 0.229 1.78
total 2.657 2.671 0.53

Aerodynamic derivative of the roll-dumping moment
with respect to the rate of roll

Table 7. Review of comparison for PNNI2v and PSNI2v subcases:

M=1.6 [PNNI2v| PSNI2v |deviation [%)]

zonel | -0.053 -0.052 0.88

zone 2 | -0.163 -0.164 0.22
total -0.216 -0.216 0.07

Table 8. Review of comparison for PNNI5v and PSNI5v subcases:

M=2.236| PNNI5v | PSNI5v | deviation [%]
zonel | -0.127 -0.128 0.79
zone 2 | -0.060 -0.059 0.35
zone 3 |-1.32E-07| -1.324E-07 0.014

total -0.186 -0.187 0.65

Table 9. Review of comparison for PNNI4v and PSNI4v subcases:

M=2.5702| PNNI4v PSNI4v | deviation [%]
zonel | -0.126 -0.127 0.83
zone 2 | -0.015 -0.015 0.96
zone 3 | -0.029 -0.029 0.69

total -0.169 -0.171 0.82

Table 10. Review of comparison for PNNI3v and PSNI3v subcases:

M=3.09 [PNNI3v| PSNI3v |deviation [%]
zonel |-0.086 | -0.086 0.64
zone2 |-0.032 | -0.033 1.70
zone3 | -0.028 | -0.029 1.39
total -0.147 | -0.148 1.00

Aerodynamic derivative of the pitch-dumping moment
with respect to the rate of pitch

Table 11. Review of comparison for PNNI2 and PSNI2 subcases:

M=1.6 PNNI2p | PSNI2p | deviation [%]
zone 1 -0.429 | -0.429 0.03
zone 2 -0.464 | -0.461 0.46
total -0.893 | -0.891 0.25

Table 12. Review of comparison for PNNI5p and PSNI5p subcases:

M=2.236 PNNI5p | PSNI5p | deviation [%]
zone 1 -0.314 -0.314 0.07
zone 2 -0.071 -0.072 1.90
zone 3 -1.344E-07 {-1.332E-07 0.12

total -0.403 -0.403 0.17

Table 14. Review of comparison for PNNI3p and PSNI3p subcases:

M=3.09 PNNI3p PSNI3p | deviation [%)]
zone 1 -0.141 -0.141 0.055
zone 2 -2.409E-02 | -2.226E-02 8.23
zone 3 -1.87E-02 | -1.777E-02 5.30
total -0.184 -0.183 0.43

Change of Mach number - Fig.5

This set of testing refers to the leading edge. In the first
case, the Mach cone angle is such that the leading edge is
subsonic in that way that the Mach cone lies just in front of
the leading edge (0.85 degrees). Second case is such that
the leading edge is supersonic in the way that the Mach
cone lies just behind (1.28 degrees) the leading edge. Small
difference in Mach number value, in the cases of subsonic
and supersonic leading edge, makes the aerodynamic de-

rivative values mutually very similar.

a)
M=1.85=1=32.72°

)

M=1.85=1=32.72°

Cr=1m
A=0.25
b=1m

M=1.75=>1=34.85°

b)

Cr=1m
A=0.5
b=1m
ALEZSGO

M=1.75=>1=34.85°

Figure 3. “Internal” testing by changing the Mach number: a) family of
the PNNI wings; b) family of the PSNI wings

Aerodynamic derivative of the lift force with respect to the
angle of attack and aerodynamic derivative of the drag
force with respect to the angle of attack on the square

Table 15. Comparative review of derivative value for PNNI family of
wings:

TAG M=1.75 value
zone 1 3.334

PNNI2 zone 2 -0.105
total -0.209
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TAG M=1.85 value
zone 1 3.431

PNNI5 zone 2 0.162
zone 3 0.851

total 4.443

Deviation: 6.25%

Table 16. Comparative review of derivative value for PSNI family of wings:

Table 20. Comparative review of derivative value for PSNI family of wings:

TAG M=1.75 value
zone 1 -0.412

PSNI2p zone 2 -0.407
total -0.819

TAG M=1.85 value
zone 1 -0.398

PSNI5p zone 2 -0.030
zone 3 -0.288

total -0.716

Deviation: 14.43%

Comparative testing:
This testing was performed in order to determine the qual-

TAG M=1.75 value
zone 1 2.246

PSNI2 zone 2 1.929
total 4.175

TAG M=1.85 value
zone 1 2.346

PSNI5 zone 2 0.168
zone 3 1.147

total 3.984

Deviation: 4.79%

Aerodynamic derivative of the roll-dumping moment
with respect to the rate of roll

Table 17. Comparative review of derivative value for PNNI family of

wings:

TAG M=1.75 value
zone 1 -0.104

PNNI2v zone 2 -0.105
total -0.209

TAG M=1.85 value
zone 1 -0.120

PNNI5Y zone 2 -0.012
zone 3 -0.071

total -0.202

Deviation: 3.23%

Table 18. Comparative review of derivative value for PSNI family of

wings:
TAG M=1.75 value
zone 1 -0.065
PSNI2v zone 2 -0.146
total -0.211
TAG M=1.85 value
zone 1 -0.076
PSNI5V zone 2 -0.011
zone 3 -0.123
total -0.210

Deviation: 0.57%

Aerodynamic derivative of the pitch-dumping moment
with respect to the rate of pitch

Table 19. Comparative review of derivative value for PNNI family of

wings:

TAG M=1.75 value
zone 1 -0.484
PNNI2p zone 2 -0.207
total -0.691
TAG M=1.85 value
zone 1 -0.457
PNNISp zone 2 -0.020

zone 3 -0.128

total -0.606

Deviation: 14%

ity of the obtained results. For comparison of values for the
aerodynamic derivatives of: the lift force with respect to the
angle of attack, roll-dumping moment with respect to the rate
of roll and for the drag force with respect to the angle of at-
tack on the squire software Missile Datcom 97 was used.

A problem that occurred concerning comparison of the
value of the aerodynamic derivative of the pitch-dumping
moment with respect to the rate of pitch was the impossibil-
ity for Missile Datcom 97 to provide data for this dumping
moment for an isolated wing. For the reason of complete-
ness of this work values for aerodynamic derivatives of the
pitch-dumping moment with respect to the rate of pitch, for
PNNI and PSNI families of wings, will be presented with-
out comparative data. As orientation control, a diagram of
the value change of this derivative with respect to the Mach
number change presented in ref. [2] can be used.

Comparative test results are given in graphical form (dia-
grams).

5.

—— G.R.O.M.
Missile Datcom 97

5.0 H

ALFA

14 16 18 20 22 24 26 28 30 32
M
Diagram 1. Comparative review of the change of the aerodynamic

derivative of the lift force with respect to the angle of attack for the PNNI
family of wings
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Diagram 2. Comparative review of the change of the aerodynamic
derivative of the lift force with respect to the angle of attack for the PSNI
family of wings
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Diagram 3. Comparative review of the change of the aerodynamic
derivative of the roll-dumping moment with respect to the rate of roll for
the PNNI family of wings
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Diagram 4. Comparative review of the change of the aerodynamic
derivative of the roll-dumping moment with respect to the rate of roll for
the PSNI family of wings
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Diagram 5. Comparative review of the change of the aerodynamic
derivative of the pitch-dumping moment with respect to the rate of pitch
for the PNNI family of wings
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Diagram 6. Comparative review of the change of the aerodynamic
derivative of the pitch-dumping moment with respect to the rate of pitch
for the PSNI family of wings

It should be noted that diagrams for the aerodynamic de-
rivative of the drag force with respect to the angle of attack
on the squire, for PNNI and PSNI families of wings, are the
same as diagrams D.1. and D.2., the only difference being
that instead of tag ¢, "™, cp*-SQUARE should stand.

Test results - comments

“INTERNAL” TESTING: While performing sets of
“internal” testing, mistakes causing discontinuity of func-
tions for velocity circulation arose, thus violating the basic
principle of continuity of these functions, bringing about
the necessity for modification of the functions. Testing re-
sults presented in this paper are obtained by the use of
modified functional expressions.

COMPARATIVE TESTING: For this testing Missile
Datcom 97 software was used and results presented in nu-
merical form (Tables 25 - 30) and graphical form (Dia-
grams 1 — 6):

Aerodynamic derivative of the lift force with respect to the
angle of attack and aerodynamic derivative of the drag
force with respect to the angle of attack on the square

- Family of the PNNI wings — wings with sweptback lead-
ing and unswept trailing edges (Diagram 1). For Mach
number value for which the leading edge is subsonic
(M=1.6) values obtained by the use of both programs are
practically the same. For the flow conditions causing the
leading edge to be subsonic, G.R.O.M. software shows
sharper gradient of decrease for derivative value.
Beginning with M =2.2 derivative values show the
tendency of parallel curves with approximately constant
deviation. Practically, this tendency of parallel curves
and the same gradients of the derivative value decrease
occur almost immediately after establishing the condi-
tions for transition from flow conditions for which the
leading edge is subsonic to conditions for which the
leading edge is supersonic.

- Family of the PSNI wings — wings with sweptback leading
and trailing edges (Diagram 2). For Mach number value for
which the leading edge is subsonic (M=1.6) values obtained
by the use of program G.R.O.M. shows slightly greater
value than the one obtained using control program.
Beginning with M = 2.1, practically almost immediately
after establishing the range of Mach numbers for which
the leading edge is subsonic to the range of Mach num-
bers for which the leading edge is supersonic, derivative
values show the tendency of parallel curves with ap-
proximately constant deviation.

General conclusion is that both methods show very simi-
lar results, with small deviations and the same gradient in
the range of Mach numbers 2.2-3.1 for the PNNI family of
wings, and in the range of M = 2.2 -3.8 for the PSNI family
of wings, i.e. for the flow conditions for which the leading
edge is supersonic. In the range of the Mach numbers for
which the leading edge is subsonic the values are very close
to each other, but gradient characters are somewhat different.

This character difference in the zone that corresponds, or
is very near, to the conditions for sonic leading edge is in
concordance with transitional regime of projectile accelera-
tion and its durance is very short.

Aerodynamic derivative of the roll-dumping
moment with respect to the rate of roll

- Family of the PNNI wings — wings with sweptback lead-
ing and unswept trailing edges (Diagram 3). While test-
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ing this family of wings, the need for conducting the
testing for one more value of Mach number arose in or-
der to show the character of the diagram of values for
this derivative obtained through the use of software
G.R.0.M., so only for this derivative and this family of
wings the value for M =1.55 was taken into considera-
tion.

For flow conditions for which the leading edge is sub-

sonic it can be said that:

- In the range of the Mach numbers M =155 to M =1.6
curve gathered by G.R.O.M. has a tendency to decrease
in dumping while the curve obtained by Missile Datcom
stays practically constant, thus showing a difference in
the gradients of derivative value change i.e. divergence
of the results. This divergence remains within 8%.

- In the range of M =1.6 to M =2.05 (i.e. untill the ex-
istence of flow conditions for which the leading edge is
supersonic) curves have the tendency of convergence. For
the flow conditions for which the leading edge is sonic
both programs show the same values.

For the flow conditions for which the leading edge is su-
personic (M>2.05) it can be concluded that:

- Immediately after transition into the range of the Mach
number for which the leading edge is supersonic, up to
Mach number M = 2.3, slight divergence of the results
i.e. slight change of the gradients occurs,.

- After that, Mach number value, up to the value of
M =3.1 curves stay almost parallel, with almost the
same gradient of the derivative value change.

- Family of the PSNI wings — wings with sweptback lead-
ing and trailing edges (Diagram 4). From the diagram it
can be noted that the curve for roll-dumping derivative val-
ues gathered by G.R.O.M. program is somewhat shifted
to the right compared to the curve obtained by the use of
Missile Datcom software.

For flow conditions for which the leading edge is sub-
sonic it can be said that:

- In the range of M =1.6 to M =2.05 (i.e. untill exis-
tence of flow conditions for which the leading edge is
supersonic) curves have the tendency of convergence.

For the flow conditions for which the leading edge is su-
personic (M>2.05) it can be concluded that:

- Immediately after transition into the range of the Mach
number for which the leading edge is supersonic, up to
Mach number M = 2.5, slight divergence of the results,
i.e. slight change of the gradients occurs.

- After that, Mach number value, up to the value of
M =3.0 curves stay almost parallel, with almost the
same gradient of the derivative value change.

- In the range of Mach numbers M =3.0to M =3.768
(value up to which testing has been carried out) curve of
the data for derivative value obtained by the method
G.R.0.M. shows sharper gradient compared to the curve
of the data obtained by Missile Datcom 97. Intersection
point of these two curves is in the middle of this range of
Mach numbers. However, values obtained by these two
methods stay very close.

Generally, it can be said that the deviation of the results
obtained by two methods are small for all the flow condi-
tions. Any significant difference in the value change occurs
only for the low supersonic Mach numbers, and it is linked
to flight velocities which are achieved and exceeded very
quickly (practically buster phase). This deviation is also the
consequence of the control program. Within Missile Dat-

com software interpolation of the data obtained by experi-
mental testing in aero tunnel for different Mach number
values and different wing geometry is used for calculation
of this derivative, resulting with the influences of: the exist-
ing vortex emanating from the nose of the projectile, body-
wing interference, deviations of the productional and con-
structive sweep angle of the leading edge, wing build-in
deviations of the sweep angle, unsymmetrical position of
the wings on the body of the projectile, non-uniform mass
distribution, wing roughness, possible existence of the
aerodynamic impurities, leading edge is never sharp, wing
is not of vanishingly small thickness, on high Mach num-
bers (over 3.2) influence of aerodynamic heating increases
as approaching the area of hypersonic-which software
G.R.O.M. does not take into account. All these influences
(except the last one) decrease with the Mach number in-
crease.

Aerodynamic derivative of the pitch-dumping
moment with respect to the rate of pitch

As mentioned before, due to inability to find referent
data, for general comparison theoretical distribution of the
change of value for this derivative with respect to the
change of the Mach number for delta wings shown in Fig.8,
ref. [2] can be used. Comparing this diagram to Diagrams 5
- 6 presented in this work, whose data are obtained by the
use of G.R.O.M. software for two families of the tested
wings, it can be concluded that the shapes and trends of di-
agrams are similar.

The change in position of the point around which the
wing rotates does not change the shape of the curve, but it
only translates it vertically. Any significant changes in de-
rivative gradient with the change of the point about which
the wing rotates should not be expected.

Conclusion

In the frame of this paper the developed program
G.R.0.M. is presented. This software is used for determin-
ing the values of aerodynamic derivatives of the lift force
with respect to the angle of attack and drag force with re-
spect to the angle of attack on the square as static deriva-
tives, roll-dumping moment with respect to the rate of roll
and pitch-dumping moment with respect to the rate of pitch
as dynamic derivatives for isolated wing of vanishingly
small thickness with the end of the wing parallel to free
stream, in supersonic flow. The method is particularly ap-
plicable for determining the influence of the wing on the
tail surfaces.

Software was developed based on the linearized theory
of the wing in supersonic flow and functional forms for the
circulation of perturbation velocity potential, presented in
ref. [1] and partly modified, with the condition that the
leading and trailing edges must be supersonic with respect
to free-stream velocity component normal to the edge. The
leading edge is sweptback, while the trailing edge can be
sweptback, swepforward or unswept. It was assumed that
there is no wing-wing interference.

The presented test results show high level of correspon-
dence for the calculated values of the aerodynamic deriva-
tive values with the results obtained by the use of control
program Missile Datcom 97, proving use value of
G.R.0.M. software for engineering purposes, when fast as-
sessment of aerodynamic derivatives and load of isolated
wing in supersonic flow is needed.
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Racunarski program G.R.O.M. za odredivanje vrednosti
aerodinamickih derivativa izolovanog krila supersoniénoj struji

Raéunarski program G.R.O.M. prezentovan u okviru ovog rada razvijen je u cilju odredivanja vrednosti
aerodinamickih derivativa — 1. sile uzgona po napadnom uglu; 2 — sile otpora po kvadratu napadnog ugla, kao
stati¢kih derivativa; 3 — prigusnog momenta valjanja po brzini valjanja i 4 — prigusnog momenta propinjanja po
brzini propinjanja, kao dinamiékih derivativa. Na beskonaéno tanko krilo, a terminezonom paralelnim
neporemecenoj struji, primenjena je linearizovana teorija supersoniénog opstrujavanja, uz uslov da napadna i izlazna
ivica moraju biti supersoniéne u odnosu na komponentu brzine neporemeéene struje koja je normalna na ove ivice.
Napadna ivica ima ugao prave strele, dok su testiranja vrSena za dva tipa izlazne ivice (nezako3enu i izlaznu ivicu
koja ima ugao prave strele).

Vrednosti aerodinamiékih derivativa dobijenih programom G.R.O.M. uporedeni su sa rezultatima dobijenim
upotrebom programa Missile Datcom 97. Visoko slaganje rezultata dobijeno putem ova dva programa predstavlja
verifikaciju programa G.R.O.M., karakteriSuéi njegovu upotrebnu vrednost u inZenjerskoj praksi, pri odredivanju
aerodinamickog optereéenja Krila u supersoniénoj struji.

Kljucne reci: aerodinamiéki derivativi, supersoniéno strujanje, krilo, aerodinami¢ko optereéenje, sila uzgona, sile
otpora, moment valjanja, moment propinjanja, moment prigusenja, softver.

ITporpammuoe ob6ecneuenune I'.P.O.M. [ onpenesneHus BEIUYUH
a9POJVHAMUYECKUX ICPUBATUBOB U30JIAUPOBAHHOI'O KPbLIa B
CBEPX3BYKOBOM IIOTOKE

IIporpammuoe obecnedenne I'.P.O.M., mpeacraBleHHOe B paMKax 3TOM paboThl, pa3paboTaHO C LENBIO
ompefieNICHAS BEIHYMH a3pOJMHAMAYECKAX NEpHBATHBOB - 1. MOTBEMHOH CHJIBI IO YIIy aTakd; 2. CHIBL
COIIPOTHBIICHAS IIO KBafpaTy yIvla aTaKW, KaK CTaTHICCKHUX ACPUBATHBOB; 3. feMI(HPYIOIMEr0 MOMEHTa KPEHa 110
CKOPOCTH KpeHa H 4. feMIHpyIolero MOMeHTa KaGpUpoBaHUs 0 CKOpOCTH KaGpHpoBaHWsI, KaK JEHAMAYECKAX
nepmBaTHBOB. Ha 6ECKOHEYHO TOHKOM KpbUIE, CO TEPMHAHE30HOM MapaJIENIbHBIM C YCTOMYMBBIM IOTOKOM,
OpAMeHeHa JHHelHas TeOpHs CBEPX3BYKOBOTO IIOTOKA, IOJ YCIOBAEM, YTOGHI HEpENHss B 3aJHsI1 KPOMKY JOJDKHbL
OBITH CBEPX3BYKOBBIC IO OTHOIOCHUIO K KOMIIOHEHTY CKOPOCTH yCTOﬁ‘IP[BOFO IOTOKa, KOTOpBIﬁ MEPNECHUKYIISIPDEH
Ha 3TH KpOMKH. Y IepefHell KpOMKH yroll IIpsMOl CTPEIOBHHOCTH, IOKa HCTILITAHNS IpOBe/ieHb Ha JIBYX THIIAX
3ajHell KpDOMKHM (Ha TIpIMOH KpPOMKE W Ha 3afHE# KPOMKE C IIPSMOI CTPEJIOBHAHOCTHIO). BendumHbI
23pOIMHAMMIECKHX IepABATHBOB, MOJTy4YeHEI IporpaMMHLIM obecedenreM I'.P.O.M., cpaBHEeHBI ¢ pe3yIbTaTaMi
MOJIyYeHbIME YTIOTpeGnenueM nporpaMel Muccane JatmoM 97. Bricokoe cornacoBaHme pe3yJbTaTOB MOJIy4YeHOE
STHMH [IByMs OporpaMmaMbl HpefcraBnsieT Bepumkammio mnporpamMmHoro obecnevyennss I.P.O.M.,
XapaKTepH3HpPYs €ro YIOTpeOIIeMyI0o BeIMUAHy B HECKEHEPHOH IPaKTHKE, IPH OMpefie]ICHIA aspoAnHaMAIeCKO
HArPY3KHU KPBLIA B CBEPX3BYKOBOM IIOTOKE.

Karuesvle crosa: aspogiHAMIYECKHE IEPABATABHI, CBEPX3BYKOBOM MOTOK, KPHIIO, a3pOiMHAMAYeCcKas Harpy3Ka,
MOAbEMHAs] CHJIA, CHJIA CONPOTHBICHMS, MOMEHT KpEHa, KaOpHpYIOIIMA MOMEHT, AeMI(PUPYIOIAA MOMEHT,
IPOrPaMMHOE OOECIIEICHHE.
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Le programme informatique G.R.O.M. pour la détermination des
valeurs des dérivés aérodynamiques de I’aile isolée dans le courant
supersonique

Le programme informatique G.R.O.M. présenté dans ce papier est développé dans le but de déterminer les valeurs
des dérivés aérodynamiques — 1-forces de propulsion quant a I’angle d’attaque; 2-forces de résistence quant au carré
de I’angle d’attaque, comme les dérivés statiques; 3-moment d’amortissement du roulement quant a la vitesse de
roulement; 4-moment d’amortissement de tangage quant a la vitesse de tangage, comme les dérivés dynamiques. La
théorie linéarisée du courant supersonique est appliquée sur une aile infiniment mince, avec la fin parallele dans le
courant non perturbé,a condition que les bords d’attaque et sortant soient supersoniques par rapport a la composante
de la vitesse du courant non perturbé, qui est normale sur ces bords. Le bord d’attaque a I’angle d’une fleche droite,
alors que les tests ont été effectués pour deux types de bords sortants (non incliné et sortant, a I’angle de fléche
droite).Les valeurs des dérivés aérodynamiques, obtenues a I’aide du programme G.R.O.M., sont comparées aux
résultats obtenus pour I'utilisation du programme Missile Datcom 97. Le grand accord des résultats obtenus au
moyen des ces deux programmes représente la vérification du programme G.R.O.M. soulignant son utilité dans le
travail pratique des ingénieurs lors de la détermination du chargé dynamique de I’aile dans le courant supersonique.

Mots clés: dérivés aérodynamiques, courant supersonique, aile, charge aérodynamique, force de propulsion, force de
résistence, moment de roulement, moment de tangage, moment d’amortissement, logiciel.
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