ARMY RESEARCH LABORATORY

Roll Damping for Finned Projectiles
Including: Wraparound, Offset, and
Arbitrary Number of Fins

Ameer G. Mikhail

ARL-TR-846 T August 1995

DTIC
ELECTE]

SEP 1 21995,

| 99309

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED.

DTIC QUALITY INSPECTED 8




NOTICES

Destroy this report when it is no longer needed. DO NOT return it to the originator.

Additional copies of this report may be obtained from the National Technical Information
Service, U.S. Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161.

The findings of this report are not to be construed as an official Department of the Army
position, unless so designated by other authorized documents.

The use of trade names or manufacturers’ names in this report does not constitute
indorsement of any commercial product.




REPORT DOCUMENTATION PAGE O e 158

Public reporting burden for this collection of information is esti to g 1 hour per resp , i ing the time for g | i hing existing data .
gathering and maintaining the data needed, and ing and ing the collaction of inf ion. Send garding this burden estimate or any other aspect of this

!l of i n, b '] g for red g this burden, to W [l Services, D for O and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project(0704-0188), Washington, DC 20503.
1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

August 1995 Final, January 1992 - May 1993
. 4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Roll Damping. for Finned Projectiles Including: Wraparound, Offset, and Arbitrary 1L162618AH80

Number of Fins 62618A-00-001 AJ
6. AUTHOR(S)

Ameer Mikhail
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

REPORT NUMBER

US Army Research Laboratory

ATTN: AMSRL-WT-PB TR-846

Aberdeen Proving Ground, MD 21005-5066
9. SPONSORING/MONITORING AGENCY NAMES(S) AND ADDRESS(ES) 10.SPONSORING/MONITORING

AGENCY REPORT){UMBER

11. SUPPLEMENTARY NOTES
12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution is unlimited.

13. ABSTRACT (Maximum 200 words)

An algebraic correlation for the roll-damping and roll-producing moments coefficients for finned projectiles and missiles
has been extended and verified to accept 1) bodies with arbitrary number of fins (i.e., not only four cruciform fins), 2)
curved wraparound fins with fin cant, and 3) fins with offset angles. The extended correlation is also applicable in
subsonic, transonic, and supersonic speed regimes. A direct method to compute the fin roll-producing moment from the
fin normal force is provided to circumvent the lengthy and cumbersome semi-empirical existing methods. Seven different
missile and projectile configurations with widely varying fin shapes and sizes were tested, and their measured data are
provided for completeness. The present correlation is very simple and can be used to refine initial configuration
selection and thus reduces the number of costly full flow field computations.

. 14, SUBJECT TERMS 15. NUMBER OF PAGES
projectiles, aerodynamics, fins, roll motion, damping, correlation, prediction, missiles, 35
supersonic, transonic, subsonic 16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED SAR
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. 239-18 298-102

R




INTENTIONALLY LEFT BLANK.

i




TABLE OF CONTENTS

Page
LIST OF FIGURES . . . . . . . e e e e e e e v

LIST OF TABLES . . . . . . o o e e e e e e e vii
1. INTRODUCTION . . . oo e e e e e e e e e 1
2. ANALYSIS . . o e e e 2
2.1 The Pure Rolling Motion Equation . .. ... ... .. ... .. ...... 2
2.1.1 The Cant Angle and Equivalent Cant Angle . . . . .. ... ... .... 2
2.2 The Correlation of Eastman . . . . . ... ... .. ... .......... 3
2.3 Extension to an Arbitrary Numberof Fins . . . .. .. ... .. ... ... 3
2.4 Extension to Curved, Canted Wraparound Fins . . . .. ... ... .. .. 4
2.5 Extension to Projectiles With Offset Fins . . . . . . . ... ... ... ... 4
2.6 Fast Evaluation of Cjs . . . . . . . . . .o i 5
3. RESULTS OF APPLICATION TO DIFFERENT CONFIGURATIONS 6
3.1 The M829 Kinetic Energy Projectile (Arbitrary Number of Fins) . . . . . . 6

3.2 The HYDRA 70-mm MK66 Army Missile (Curved Wraparound and Arbi-

trary Numberof Fins) . . . .. . .. ... ... .. ..o 6
3.3 The BRL Research Projectile (Offset Fins) . . . .. .. ... ... ... .. 7
3.4 The Terrier-Recruit First-Stage Vehicle . . . . . .. . ... ......... 8
3.5 The GSRS Boeing Rocket . . . . ... ... ... ... ........... 9
3.6 The Air Force 2.75-Inch (70m-m) Folding Fin Rocket . . .. .. ... ... 10
3.7 The Basic Finner Configuration . . . ... ... ... ... ......... 10
4. SUMMARY AND CONCLUSIONS . . . . . . ... oo 12
5. REFRENCES . . . o i i e e e e e e e e e e e e e 25
LIST OF SYMBOLS . . . . . . . . e et 27

Accesion For

NTIS CRA&I

DTIC TAB
Unannounced O
Justification

By
Distribution |

Availability Codes

. Avail and/or
Dist Special

A-/

il




INTENTIONALLY LEFT BLANK.

iv




Figure

[a—

O 00 ~I O Ot W N

— e e
N = O

LIST OF FIGURES

Page
Nomenclature for fin arrangements. . . . . . . .. .. ... oo 13
Fin cant (deflection) angle, 6. . . . . ... .. ... .o 14
Nomenclature for estimating Cjs from Cy . . . . . . . . . . oo oo 15

Geometry, validation, and application to the M829 Kinetic Energy projectile. . 16
Geometry, validation, and application to the HYDRA 70mm MK66 missile. . . 17
Geometry, validation, and application to the BRL Research Projectile. . . .. 18
Geometry, validation, and application to the Terrier- Recruit first stage vehicle. 19
Geometry, validation, and application to Boeing GSRS. . . . . .. .. ... .. 20
Geometry, validation, and application to the Air Force 2.75 inch (70mm) rocket. 21
Geometry, validation, and application to the Tri-Service Basic Finner projectile. 22
Comparison for Cj, computed by different methods. . . . . ... ..... ... 23

Compilation of all data of all configurations . . . .. ... ... ........ 24




INTENTIONALLY LEFT BLANK.

vi




Table

-~ O Ot B W N

LIST OF TABLES

Data and Results for the M829 Projectile. . . . . . . .. ... ... ... ...
Data and Results for the HYDRA 70-mm MK66 . . ... ... ... .. ...
Data and Results for the BRL Research Projectile . . . ... .........
Data and Results for the Terrier-Recruit First-Stage Vehicle . . . . . . U
Data and Results for the GSRS Boeing Rocket. . . .. . .

Data and Results for the AF 2.75-inch Rocket . . . . .. .. ... .. .. ...
Data And Results for the Basic Finner Projectile . . . . ... ... ... ...

vii




INTENTIONALLY LEFT BLANK.

viii




1. INTRODUCTION

The roll-damping coefficient is needed to compute the rolling motion and history and to
estimate the steady-state spin rate for projectiles and missiles. One also needs to know the
corresponding fin-produced roll moment coefficient, Cis , which is relatively easier to measure
in wind tunnels or compute with analytic and empirical formulae. The roll-damping moment
coefficient, on the other hand, is much more difficult to measure and requires a free spinning
rig in association with a sting balance. The damping moment can also be deduced from the
free-flight motion in an instrumented firing range by recording the projectile spin history
using a marking point (usually a base pin) and data reduction of spark shadowgraph film
plates. Therefore, a method to adequately estimate the roll-damping moment coeflicient,
Cip, is needed.

Eastman ! observed the algebraic relation provided by Bolz and Nicolidas ? and applied
the theoretical expression of Adams and Dugan 2 only to find that it did not fit the array of
configurations to which it was applied. Eastman then empirically established his correlation
and showed that it well fitted the experimental data. Eastman’s correlation was declared
valid only for bodies with four fins in cruciform (i.e., “plus”,+) formation, basically because
it had its roots in the Adams and Dugan analysis. However, the empirical change that
Eastman has made should have removed that restriction, except that Eastman never applied
the correlation to any fin setting other than the cruciform formation. In recent efforts, a need
has risen for estimating the roll damping for curved wraparound fins and for fin sets with
three- or six-fin panels. The effect of the curved fin surfaces and the arbitrary number of fins
had to be addressed. In addition, it was not known whether the earlier correlation will hold
true for offset fins (those mounted at an angle other than 90° with the body circumferential
tangent line, as shown in Figure 1). ’

Analytical and semi-empirical methods 3 4 5.6 are used in the literature to estimate Cy,
and/or Cjs. Difficulties arise because of the need to identify the assumptions and limitations
of each analysis or empirical method, so one knows in advance if the fin configuration and fin
panel number are acceptable. Also very often, only supersonic speed regimes are considered
because of the relative ease in using the linearized supersonic theory. Thus, transonic and
subsonic applications are seldom studied or covered. ‘

The present extended correlation takes advantage of the more available and usually more
accurate values of Cjs (whether measured or computed) to evaluate the more difficult to
measure and usually elusive Cj,. The present correlation is applicable to a wider range of
configurations than all earlier relations. Application to configurations with six fins indicated
the validity of the correlations to non four-panel cruciform fins. Application to fins with
offset angles between 45° and 135° also confirmed the validity of the correlation for that
fin type. Finally, the effect of fin panel curvature of a three-panel curved wraparound fin
configuration is also included in the extended correlation.

An approximate engineering method for estimating Cis from fin Cy is presented and
proved to be surprisingly more accurate than the more widely used semi-empirical method
of Ref. 7.




2. ANALYSIS

To understand and explain the present correlation, one has to discuss its origin and rela-
tion to the pure rolling motion equation of symmetric missiles. The analysis and justification
of the extended correlation are discussed next.

2.1 The Pure Rolling Motion Equation The equation of rolling motion about the
body axis is usually written as

(Ci5.6 + Cip-(pd/2V)).qo0Ares d = I.¢ (1)

in which the roll-producing moment coefficient C; attributable to the fin cant angle ¢ is
usually written as the coefficient derivative Cjs multiplied by the cant angle §. The oppos-
ing moment (damping moment) is usually written as the multiple product of the coefficient
derivative, Cj,, times (pd/2v). Note that in the present work, as in Ref. 1, Cy, is defined as

oC;
0(pd/2V)

with the 72” inserted. Also, p = $= the oll rate. The reference area, Ares, 1s always based
on the body reference diameter and equals wd%?/4. The damping (opposing) roll moment
derivative coeflicient, Ci,, has a negative sign as will be observed.

For the steady-state roll motion, ¢‘§=0 and therefore,

Cio
Cis

Note that if Cj,/Cjs is to be constant (with time) the p, (the steady state roll rate) must vary
identically with the velocity along the trajectory. However, for projectiles (unpowered), the
velocity decreases. Thus, p must also decrease to keep the ratio Ci,/Cjs constant. Therefore,
if p decreases, then true “steady-state roll” does not exist. Therefore, if the ratio of Cj, to
Cis is constant along the trajectory, then this does not translate to a true steady state spin
value and vice versa.

= —=2(Vé/psd) | (2)

Bolz and Nicolidas found, after their range testing of the basic finner projectile, that
the ratio of Cj,/Cjs is invariant with Mach number. However, they also called this ratio
erroneously “steady-state fin tip helix angle per cant angle” because their “steady-state”
referred to the 600-foot-long range measurement where the velocity of the projectile does
not significantly decrease, and thus, the velocity is taken as “constant” at its midrange value.

2.1.1 The Cant Angle and Equivalent Cant Angle Originally, the cant angle,
6, refers to the angle between the body axis and the chord line of the cross section of the
whole fin panel, as depicted in Figure 2. The fin panels are “deflected” in one direction for
all (or some) fin panels as may be needed. For a cruciform fin setting, one panel will be up
and the 180° opposing fin panel will be down, causing an opposite fin normal force to form
the rolling moment,!. However, most present-day projectile fins are only “partially” canted,




i.e., the fin cross section chord line is still parallel to the body axis with only the leading
or/and trailing edge being chamfered at an angle to the fin chord line. This is usually done
for two reasons. First, the whole panel deflection may be producing too much spin which
may be undesirable, although a very small whole panel cant may be possible (of order of
0.1°). This last alternative is usually not recommended due to the relatively large errors
in the manufacturing accuracy. Second, the manufacturing cost and accuracy are improved
for the partial canting which maintains the fin chord aligned with the body axis, while only
chamfering the leading and /or the trailing edge . For projectile applications with only partial
canting, an equivalent whole fin panel cant angle, &, , must be determined and used if Cjs
is to be evaluated from the measured value of (.

2.2 The Correlation of Eastman Bolz and Nicolidas published their results in
1950. Adams and Dugan followed in 1958 by publishing their supersonic analysis using
the linearized perturbation theory for slender bodies. They extended a two-wing airplane
configuration analysis to a four-fin body in the plus (+) formation (i.e., cruciform fins). For
the cruciform fins, they obtained the expression

Cip
Cis

in which &, is the total span of two-fin panels including the center body diameter. Unfor-
tunately, they never applied this result to any configuration or compared it to any data.
Eastman applied Adams and Dugan’s expression in 1986 to several configurations for which
data existed for both Cy, and Cjs, to ascertain that their result did not hold true. From these
experimental data for Cj, and Cjs , Eastman empirically wrote the following correlation in
a form similar to the result of the analysis of Adams and Dugan.

G
15

= —0.627(d/b,) (3)

= —2.15(y./d) (4)

in which y. is the distance between the rolling body axis to the area center of one fin panel.
Eastman showed that his correlation was valid not only for supersonic speeds as Adams

-

and Dugan’s analysis implied, but rather for all speed regimes. Eastman, however, wrongly
limited his correlation to four cruciform fin configurations, since he thought mistakenly that
the changes he made in Adams and Dugan’s expression were minor, and therefore, the
limitations of their analysis must be implied to it. Eastman never applied the correlation
to noncruciform fins or to an arbitrary number of fins (i.e., other than four fins). Following,
this exact issue is addressed in detail.

2.3 Extension to an Arbitrary Number of Fins Eastman’s empirical correlation,
Equation (4), does not come close in the numerical value to that of Adams and Dugans’s of
Equation (3). Although Eastman had started with Adams and Dugan’s expression, he ended
with an expression, that was similar in form, but is unrelated to the outcome of their analysis.
Therefore, Eastman’s expression should not be restricted to Adams and Dugan’s limitations
of being derived for four cruciform fins only. Equation (4) is purely empirical and does not
come as the output of the Adams and Dugan analysis. Having establishing this fact, one
main task remained: to investigate how well the data would fit the new prescribed correlation

3




of Equation (4) for fin numbers other than four. In the present work two configurations were
considered: one with six fins and another with three fins. Both cases had the correlation of
Equation (4) verified satisfactorily. These results are discussed in Section III.

2.4 Extension to Curved, Canted Wraparound Fins Projectiles with curved
wraparound fins and no cant angles are known to suffer a reversal in roll direction in the
Mach range between 1.0 and 2.0. Although this behavior is not completely understood, it is
generally believed to be attributable to the effect of the fins’ leading edge shock intersection
and their impingment on the rear fin surface, or just altering the flow field between the
fins in a manner to produce rolling moment in an opposite direction. In addition, with no
intentional cant angle, fin manufacturing tolerances (of order of + 0.05° ) can also have
an influencing factor. Uncanted wraparound fins may have C; values between +0.05 and
-0.05. The present analysis only considers canted wraparound fins (i.e., which have actual
and intentional cant angles), in which there is no reversal in roll direction. When the curved
wraparound fin is analyzed, the fin roll resisting moment is expected to be larger than a
similar flat fin with the same fin projected area. However, the roll-producing moment may
not increase from the corresponding flat fin panel. If a correlation similar to Equation (4)
exists for this case , Cj, must be reduced by a factor relating to the curvature of the fin
panel. Also this factor must degenerate to the value of 1.0 for the correlation to be valid
for noncurved fins as well. The form for the Cj, reducing factor was chosen as (I/h)™ in
which m is an exponent that varies with Mach number to reflect the fin leading edge shock
intersection effects, (I/h) is the ratio of the arc length of the curved fin chord to the distance
between the two fin end points, as shown in Fig. 1. The exponent m was found to vary with
M as 0.1[1 + M + (2/3)M?], based on the experimental data of Cj, and Cjs of Ref. 10.

Thus, the new extended correlation is therefore written as
Cip
Cis-(yc/d).(I/R)™

Note that for flat fins, ({/d)™ is equal to 1.0 and the new correlation degenerates to the form
of Equation (4). The applied case of Ref. 10 is discussed in Section III. Recently, numerical
computations were madellto compute C; for uncanted wraparound fins.

— 215 (5)

2.5 Extension to Projectiles With Offset Fins Renewed interest has surfaced
regarding configurations with offset fins. Offset fins are those erected at an angle B to the
tangent to the missile body cross section, as depicted in Fig. 1.

One would expect that the rolling moments for offset fins with B greater than 60° would
not be greatly less than that of the usual 90° case. However, one also expects that for B less
than 45° a large decrease in both Cjs and Cj, would occur. One question remained regarding
whether both C, and Cjs will vary with B in a manner so that their ratio, as prescribed by
the general correlation of Eq. (5), is to remain constant.

Recent range firing data for the Ballistic Research Laboratory (BRL) Research Projectile
was reported by Kayser 12. Both Cj, and Cjs were measured for rectangular fins at offset
angles of 45° and 90°. The results of the application are given in Section III.




2.6 Fast Evaluation of Cjs It is obvious from Eq. (5) that to determine Cj,, one
needs to have the value of Cjs5 available. Several analytical 3 , semi-empirical 7 , and computer
codes 78 are available in the literature to estimate it. None of these methods is direct,
accurate, or valid for all speed regimes. Each method has its limitations and regime of
validity. It is difficult from the written documents of each method to identify exactly all the
assumptions or the empiricism involved.

A suggested simple method that will suffice for most cases is therefore presented here. It
is based on the more readily known normal force slope coefficient, Cnq , for the fins. This
coefficient is usually more available and readily computed routinely from fast aerodynamics
prediction codes such as those of Refs. 7 and 8. This coefficient is computed with no spin
effect included. In the present work, the code of Ref. 7 was used to estimate Cy from Cna-

As shown in Figure 3, for a cruciform fin at an angle of attack o but at no cant (deflection)
angle &, only fin panels No. 2 and 4 will produce normal force as presented by Cnrz and
Cnrs. Therefore, from the total non-spinning body computations of the code of Ref. 7, the
fin normal force ( including both the body-fin and fin-body interferences) is computed by
subtracting the body-alone normal force from the total configuration normal force.

Cnr2 = Onra = (Chiotal config — CNbody—aione ) [2- (6)

The factor of 2 in the above equation reflects a one fin-panel contribution in a four-panel fin
configuration, as computed using the code of Ref. 7. Now, considering the spinning case,
with no angle of attack « but with the four fin panels wholly deflected by an angle 6 (6 =),
one can easily compute the roll-producing moment C; as

Cr=(n.Cnr2.yc)/d , (7)

in which n is the number of canted fins in a set of N fins, y. is the arm of the fin panel
normal force about the body axis, measured to the fin area geometric center. The d in Eq.
(7) is for the reference length in the definition of Cj. Once C, is computed, the Cjs is simply
computed as C;/§, assuming small § of less than 10°.

The only approximation in Eq. (7) is the use of y., which refers to the fin area center
rather than the fin pressure center, as it should theoretically be. However, the fin semi-span
is usually of order of one body diameter, and therefore, the difference between the area and
pressure centers is quite small (of the order of about 5%).

One major advantage of using Eq. (7), is the inclusion of the effect of the fin-body and
body-fin interference effects through the computed Cnrz. This effect is considerably larger
(can be 30% of the fin-alone normal force) and is implicitly included by using the code of
Ref. 7. Other methods 4 5 6are less accurate because of either failure to include these effects
or because the estimates of their values were inadequate, if they were included. The error in
using y., instead of y.,, results in much smaller effect than neglecting or miscalculating these
interference effects. An example of application of this present approach to the basic finner
projectile and comparison to other methods for calculating Cis, is given in Section IIL




3. RESULTS OF APPLICATION TO DIFFERENT CONFIGURATIONS

Following are the results of applying the extended correlation of Eq. (5) to seven different
configurations. These seven cases include four cases applied in Ref. 1; however, details of
the fins are provided herein together with all the tabulated experimental data to provide a
complete archival data for future use and verification.

3.1 The M829 Kinetic Energy Projectile (Arbitrary Number of Fins) This
is a subcaliber, saboted projectile fired from a 120-mm smoothbore gun. It is launched at a
speed of 5800 ft/s (1767.7 m/s). The configuration has six fins and a reference diameter of
27-mm (1.065 inch) and is depicted in Figure 4.

Range data were collected for 11 shots fired. The value of an equivalent angle, &, for
a whole panel was estimated?, based on detailed fin drawings, to be 0.55° . The range data
and the present prediction for Cj, are provided in Table 1. The listed C}, range values were
divided by 2 to conform to the (pd/2V) notation. In Figure 4, the C), values computed by the
correlation at the same Mach number were averaged to provide a single value. The individual
values, however, are provided in Table 1. Figure 4 indicates that for a six-fin configuration,
the correlation proved to be valid without any adjustment. Therefore, Eastman’s limitation
to only four cruciform fins is not justified and is therefore removed.

Table 1. Data and Results for the M829 Projectile
MachNumber Cis(data) Ciy(data) Cip(Eq.(5))

3.50 9.85 —18.04 —20.44
3.53 16.35 —32.28 -33.90
3.57 8.23 —16.14 —17.06
3.98 11.49 —22.68 —23.83
4.02 11.48 —19.46 —23.80
4.64 10.83 —-25.30 . —2247
4.64 8.61 —19.26 —17.86
4.67 10.19 —21.92 —21.13
5.25 11.34 —20.38 —23.52
5.26 8.80 —17.40 —18.25
5.27 9.30 —21.72 —19.29

3.2 The HYDRA 70-mm MK66 Army Missile (Curved Wraparound and
Arbitrary Number of Fins) The U.S. Army 70-mm (2.75-inch) HYDRA MK66 missile
is shown in Figure 5. It has three wraparound fins with partial fin cant. The main body with
its rocket motor can carry different warhead configurations. A combination of wind tunnel
and flight testing was madel® and the data are given in Table 2. This case was used to




establish the fin curvature modification correction of Eq. (5). Figure 5 gives the comparison
for the present correlation constant of 2.15 and that obtained from the original experimental
data. The largest deviation is observed in the range between M=1 and M=2. The agreement
gets much better after M=2. The Mach number correction model for the leading edge shock
intersection effect proved to be adequate. Notice the lack of the fin shock intersection effect
in the earlier Eastman’s correlation result. This effect led to an error in Cj, as high as 30%
underprediction at M=3, as shown in Fig. 5. Noted is also the application in this case to
the three fins rather than the four-fin restriction of Ref.1. Therefore, the present correlation
of Eq. 5 has been shown to be valid for an arbitrary number of fins, as was also validated in
the previous application to the six fins of the M829 projectile.

Table 2. Data and Results for the HYDRA 70-mm MKG66
MachNumber Cis(data) Ci,(data) Cip(Eq.(5))

0.0 2.92 —5.60 —5.65
0.6 2.98 —6.10 -5.94
0.9 3.09 —6.40 —6.29
1.0 3.21 —6.90 —6.55
1.1 3.49 —17.80 —-7.22
1.15 3.67 —8.05 —7.63
1.3 4.01 —-8.15 - —8.45
1.6 3.90 —8.00 —8.46
1.9 3.49 —17.60 —7.84
2.2 3.09 —7.10 —7.21
2.5 2.81 —6.70 —6.85
3.0 2.29 —6.00 —6.04

3.3 The BRL Research Projectile (Offset Fins) This projectile is a scaled down
model of 40-mm (1.57-inch) diameter and of length to diameter ratio of 10. Its model is
shown in Figure 6. It was test fired at BRL (now Army Research Laboratory [ARL]) from
a 105-mm rifled gun tube, using a discarding sabot. Three models with different fin shapes
were tested. The first was of a quarter-ellipse (approximately) fin planform. The second was
of a rectangular form, while the third was a clipped delta (trapezoidal) configuration. All
these sets of fins had four fin panels. The clipped delta was tested at both 90° and 45° offset
angles. Range firing for 15 projectiles was reported, including cant angles of 2° and 0.2° .
Five rounds of the 15 were fired for the 0.2° cant and are excluded from the present study
because the values of Cjs are very small and undependable, specially when considering the
manufacturing accuracy for a 0.2° cant angle, which can be off by 50%. The wiggly result for
the Cy, of Fig. (6) for the elliptical fins, reflects the use of the corresponding experimental
values of Cjs in Eq. (5).

The clipped delta fin with 45° offset angle provided only about 70% of the Ci, and Cjs of
the corresponding 90° offset angle case, but the ratio of these two coefficients still validated

7




the present correlation of Eq. (5) without any required change as also shown in Fig. 6.

Thus, it is concluded that for offset fins greater than or equal 45° (up to 135°), the present
correlation is valid. The tabulated results are given in Table 3. Notice that the range data
for Cy, were divided by 2 to conform to the (pd/2V') definition.

Table 3. Data and Results for the BRL Research Projectile

Mach FinPlanform/ Clg Clp Clp
Number Of fset Angle (data) (data) EQ.(5)

1.632  Clip.Delta—45° 235 —3.14 -33.38
1.683  Clip.Delta—90° 3.15 —4.74 —-5.01
1.633 Rectangular 10.64 —-10.66 —10.61

2.227 " 3.57 —-6.22 —6.72
0.934 Elliptical 3.57 —5.54 —5.83
1.134 " 297 —4.96 —4.85
1.370 " 349 -—-580 -35.70
1.643 " 331 —546 —541
1.899 " 3.77 —598 —6.16
2.241 " 407 —-6.34 —6.62

The following cases, number 4 through 7, are presented to confirm the exact data and
configurations that the earlier work of Ref. 1 had reported. It is noted that the present
correlation of Eq. (5) will degenerate to Eastman’s form for any flat fin ({/h = 1.0), for any
Mach number.

3.4 The Terrier-Recruit First-Stage Vehicle This is an 18-inch (457.2-mm) di-
ameter vehicle with about 27.5 ft length (90.23 m), as depicted in Figure 7. It has four
simple flat fin panels. Wind tunnel tests were performed and reported in Ref. 12. Data are
given for speeds between M=0.1 and M=5.0. The correlation providing the value of 2.15
. was extremely accurate for this case, as shown in Fig. 7. The predicted Cj, also is extremely
accurate compared to the measured values. The tabulated form of the results are given in
Table 4. Note that both Cis and Cj, of the data were adjusted for the reference length to be
based on the diameter, rather than the total length of the vehicle, as was given in Ref. 13.




Table 4. Data and Results for the Terrier-Recruit First-Stage Vehicle
MachNumber Cis(data) Ciy(data) Cip(Eq.(5))

0.1 14.88 —44.84 —45.02
0.5 16.03 —48.19 —48.49
0.8 17.60 -53.21 -53.23
1.0 19.39 —58.57 —58.64
1.16 21.17 —63.92 —64.03
1.5 19.70 —59.57 —59.59
1.8 16.03 —49.19 —48.49
2.4 10.79 —32.46 —32.67
3.5 8.38 —25.43 —25.36
4.0 7.75 —23.42 —23.45
4.5 5.75 —17.40 —17.42
5.0 4.19 —12.72 —12.68

3.5 The GSRS Boeing Rocket This Boeing modified general support rocket system
(GSRS) is shown in Fig. 8. It has a 230-mm (9-inch) diameter and four rectangular flat fins,
all of which are wholly canted at 0.95° for the later version of the rocket described here and
in Ref. 14. The body has a 4° boattail for the rocket motor nozzle. Wind tunnel tests results
were also reported in the same reference. The experimental data showed some scatter from
the extended correlation value of 2.15, as seen in Fig. 8. In particular, the values at M=0.7
for the measured Cj, seem to be higher than expected and do not conform to the pattern
that Cj, decreases with the lowering of Mach number in the transonic and high subsonic
speed regimes. Note that the data values in Table 5 were adjusted to be referenced to a
diameter of 230 mm rather than to 210 mm as in Ref. 14.

Table 5. Data and Results for the GSRS Boeing Rocket
MachNumber Cis(data) Ciy(data) Ci(Eq.(5))

0.7 1.99 —3.70 -3.16
0.9 2.26 —3.52 —3.60
1.2 1.68 —2.85 —2.67
1.3 1.95 -3.13 -3.10
1.5 2.49 -3.67 -3.97
2.0 2.53 -3.85 —4.03
3.0 1.95 —-2.99 -3.10




3.6 The Air Force 2.75-Inch (70m-m) Folding Fin Rocket This 2.75-inch (70-
mm) diameter rocket has four folding fins that deploy after firing. Figure 9 provides the
general configuration. The fins are deployed with a 45° angle to the body axis. The fins are
partially canted only at the tip to produce a roll. A later version (not studied here) included
a fin tip bent of 20° to produce the same roll. Wind tunnel data are given in Ref. 15. The
numerical results of the tests are given in Table 6. The Cjs values were adjusted to be per
radian rather per degree as was given in Ref. 15. The correlation for the value of 2.15 seems
adequate and the predicted Cj, values agree well with the data. The results are shown in
Fig. 9.

Table 6. Data and Results for the AF 2.75-inch Rocket
MachNumber Cis(data) Cip(data) Cip(Eq.(5))

2.5 11.91 —34.2 —33.11
3.0 9.97 -27.0 —27.70
3.5 7.73 -22.5 —21.49
4.0 6.59 -19.0 —-18.31

3.7 The Basic Finner Configuration The early and familiar configuration of the
1950’s was flight-tested at the former Ballistic Research Laboratory range in about 1948-49.
It was a configuration approved by the U.S. Army, Navy, and the Air Force Services at that
time and is shown in Fig. 10. The range results are reported in Ref. 2. The configuration is
a 10-caliber-long body with four flat simple fins. For this particular test. the diameter was
0.785 inch (20 mm), with a sharp cone nose of 20°. Also, for this particular test, only two
fins of the four panels were canted. Seven models with different cant angles (2° and 4°) were
tested and reported. The data given in Ref. 2 were per “one” fin. Table 7 provides the data
after adjusting the reference area and reference length to a standard body reference area
and diameter, respectively, rather than the fin area and the fin span (including the body
diameter), respectively, as was given in Ref. 2. Figure 10 shows the correlation constant,
2.15, to be very accurate. Also, the computed Cj, using Eq. 5 provides very good values
when compared with the data.

A comparison for the (), obtained by different methods was made for the basic finner
case. First, Cj, was directly computed from the NSWC-AP code 7. Second, It was computed
using the correlation of Eq. 5, with Cjs being used from the experimental range data. Third,
Cjp was computed from Eq. 5, using Cjs as computed from the fast approximate method
presented in Section II. The comparison is made in Fig. 11, where the second method pro-
vided the best comparison with the experimental Cj, data. However, the first method using
the NSWC-AP code proved less accurate than the method using the present simple evalua-
tion scheme for Cjs. This result shows that the present method for calculation Cjs is quite
adequate and reasonably accurate when compared to the semi-empirical methods or even

10




the theoretical methods.

Table 7. Data And Results for the Basic Finner Projectile
MachNumber Cis(data) Ci(data) Cip(Eq.(5))

1.59 11.98  —25.04 —24.60
1.64 12.26 —25.86 -25.17
1.69 12.32 —25.63 —25.29
1.75 11.89 —25.03 —24.41
2.25 9.44 —19.54 —19.38
2.42 9.46 —19.44 -19.42
2.68 8.71 —18.39 —17.88

Finally, a compilation of all the cases considered, together with their experimental data,
is given in Fig. 12 in comparison with the present extended correlation of Eq. 5. The
compilation indicates excellent correlation.

11




4. SUMMARY AND CONCLUSIONS

An earlier algebraic correlation is extended to accept more finned missile/projectile con-
figurations. The correlation relates the roll-damping moment coefficient derivative to the
roll-producing moment coefficient derivative of the vehicle being studied. The correlation
was extended to accept 1) arbitrary number of fins, 2) curved wraparound canted fins, and 3)
configurations with offset fins. The correlation extension was based on and verified through
experimental data of several different configurations. The correlation was found to be valid
over the three speed regimes: subsonic, transonic, and supersonic. The correlation is meant
to be used to evaluate the more difficult Cj, coeflicient, given or knowing Cjs. A simple
method to evaluate Cjs is presented, using the more easier and available Cy coefficient. This
method proved to be even better than the lengthy semi-empirical methods used in some fast
aerodynamic prediction codes.

This surprisingly simple and apparently universal correlation reduces the number of costly
full flow field computations for such complex fin arrangements, if only Cj, is sought. It is
suggested that new experimental data be applied further to the correlation to still widen its
application to any other case which has not yet been considered.
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'ARBITRARY FIN NUMBER

CRUCIFORM (+) FINS

CURVED FLAT

WRAPAROUND FINS OFFSET FINS

Figure 1. Nomenclature for fin arrangements.
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Figure 2. Fin cant (deflection) angle, § -
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Figure 3. Nomenclature for estimating Cis from Cn .
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LIST OF SYMBOLS

Age; = reference area, (wd”/4)

B = fin panel offset angle, degrees

Cp = drag coefficient, drag force/ (0.5p00 V2 Arey)

C, = rolling moment coefficient, I/(geoAresd)

Ci, = roll moment damping coeflicient derivative,
9C;/d(pd/2V), per radian

C)s = roll producing moment coefficient derivative,
dC,/86, per radian '

Cyx = normal force coefficient, normal force/(gooAres)

Cno = normal force slope coefficient,
dCn/0a, per radian
Cnri = normal force coefficient for fin panel no. :

d = reference diameter

h = distance between chord end points for curved fin panels
I, = axial (polar) moment of inertia about the body geometrical (spin) axis
l = roll moment, also curved fin chord length

m = exponent in the new correlation of Equation (5)

M = Mach number

n = number of canted panels in a fin set

P = spin rate of projectile, rad/sec except otherwise noted
p, = steady state roll (spin) rate

q = dynamic pressure, (0.50V?)

V' = projectile velocity

y. = radial distance from fin area center to projectile axis

Greek Symbols

o = angle of attack

6 = fin cant angle for a whole fin panel

6, = partial fin cant angle (chamfer) at the leading
or/and trailing edge of the fin panel

6. = equivalent whole panel fin cant angle for the

partially canted (chamfered) fin

p = air density

o) = roll angle, radian

# = roll (spin) rate, ¢/t, rad/sec except otherwise noted
$ =0d9/0t

Subscripts

oo = free stream condition
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