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FOREWORD

Trnis report presents, first, a method for selecting
a torpedo body shape that will have minimﬁm drag and,
second, a modification of the method for estimating the
drag of existling tofpedoes. It is intended for use in
preliminary design and in analysis.

The work was done at the U. S. Naval Ordnance Test
Station from August 1956 to September 1957 under Bureau
of Ordnance Task Assignment NO-UOY-664/41001/01054. The
report was reviewed for techﬁical adequacy by H. T. Yerby

and J. W. Hoyt of this Station.
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ABSTRACT

The experimental drag data from a, large number
of tesﬁs of bodies of revolution, with and. without
aﬂpendages, were analyzed. Semiempirical relations
were developed and then extended theoretically.

The results in graph form show the variation of
drag coefficlent with tall shape, nose shape, and
cylinder-section length for stable torpedo con-
figurations having constant volume and velocity.
From these data; methods were developed for obtain-
ing an optimum configuration for any given set of
design specifications. 1In addition, a method 1is

presented for quick calculation of the drag of any'

torpedo with arbitrary fin size, roughness, holes,

tail cutoff, volume, and velocity.
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INTRODUCTION

Modern undersea warfare requires torpedoes that combine high
speed, long range, and precise maneuverability.in a small and com-
pact vehicle. To achleve this, not only the internal components
but also the external hydrodynamic shape must be optimized. Where
some latitude exlists in the design specifications, it is desirable
to select a body form and stabilizing fins having the least drag
for a given volume. The methods presented here enable the designer
to estimate the drag of a torpedo configuration quickly and accu-
rately and to select the optimum shape within the given specifica-

tions.

Theoretical methods employing boundary-layer theory are
available for estimating the drag of a submerged body, but in
general the computation required is prohibitive. Much experimental
data have been obtalned on the drag of underwater body shapes, but
careful analysis of this information shows considerable scatter.
The most commonly used method for quickly estimating the drag of
a torpedo consists, first, of calculation for skin friction of the
body and fins by using the turbulent flat-plate drag coefficient,
then the addition of a certaln percentage for body form drag and

another percentage for Interference effects and fin-form drag.
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Refinements that allow for differences In nose shape, tall-cone
shape, cylinder-section length, and fin size, and for variations
of surface roughness and number of holes or protuberances are
seldom Included in the calculations.

A method 1s presented here for estimating torpedo drag as a
function of the effects of these differences and variations. The
accompanying graphs, which show these effects éualitatively, are
intended for use in a quick calculation of an optiﬁum design.
Additional graphs are included for use in estimating the drag of
the optimum design. Then, a modified procedure is described that
may be used for estimating the drag of any existing torpedo.

The analysis used in preparing this report is both empirical
and theoretical in nature. An attempt is made to correlate the
known experlmental data on streamlined body shapes with theory and
additional experimental data on the effects of body-shape varia-

tions and fin drag.

DRAG OF STREAMLINED BODIES

A large number of experimental drag tests were conducted on
streamlined bodies of revolution at zero angle of attack in in-
compressible flow. éince there is much scatter and conflict among
the test data, the first step must be an attempt at correlation
before the torpedo drag can be analyzed. This torpedo drag 1s

composed of frictional drag and form drag. It is a well-known
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result of fluid mechanies that the drag of any body in a nonviscous
fluld is zero, even though there exists a pressure distribution
over the body. Friction drag is the sum of the viscous shears in
the boundary layer, and form drag is the result of the difference
in integrated pressure over the nose and tall sections caused by
the Qinite thickness of the boundary layer streaming off to in-
finity in the wake.

Most torpedoes operate at speeds sufficiently high that the
boundary layer is fully turbulent. Therefore, this report is con-
cerned only with those submerged body shapes over which the flow
is fully turbulent and where no separation occurs, except possibly
at the tail cone. Unfortunately, many water- and wind-tunnel tests
have been conducted at low Reynolds numbers where some laminar flow
is likely to occur at the nose. Thils situation is clearly illus-
trated in Fig. 1 (Fig. 2 from Ref. 1) showing the results of drag
measurements taken on a single model 1n a varlable-density wind
tunnel where the pressure 1s varied. It can be seen that in the
transition region 2 X 106<: Rg < 2 X 107 there 1s considerable
scatter In the drag measurements, Indicating the presence of
laminar flow, whereas above Ry = 2 X 107 there 1s 1little scatter,
indicating fully turpulent flow. Sometimes, in tunnel tests,
transition to turbulent flow is artificially stimulated by rough-
ening the nose section, but the results of such practice on models

have not always agreed with those of full-scale models.
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The basic drag data used in this report are results of tests
on streamlined bodies shown in Filg. 2 where the skin friction in
each instance, including the overvelocity effect, has been adjusted
to a standard Reynolds number of 2 X 107, with the form drag kept
constant. It 1s believed that the wide scatter in these data 1sA
due mainly to tests in the transition region of Reynolds number
and to differences in test equipment and technique, test fluid
nature and turbulence, model roughness, and strut interference.

A mean line has been drawn through those points which are regarded
as most reliable. The criteria used in Jjudging the test validity
are shown in Table 1.

The tests at the David Taylor Model Basin (DTMB) are con-
sidered the most reliable and were conducted on bodles having
fineness ratios of 4 and larger. In the range of fineness ratios
less than 4, a theoretical drag estimate was obtained using Ref. 5,
which agreed with some data taken by the Natlonal Advisory Commit-
tee for Aeronautics (NACA) at a low Reynolds number; therefore,
the mean line was drawn through these points.

It is noted that the drag data considered most reliable are
obtained from a water basin. This 1s in accord with the statement
of Hoernerl that transition from laminar to turbulent flow occurs,
for some unknown reason, at a lower Reynolds number in water than

in air.

1 Hoerner, S. F. Fluld-Dynamic Drag. To be published.
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TABLE 1. Basic Drag Data

Tne first four symbols are the mere rellable data; the re-
mainder are less relilable.

Refer- Scatter | Turbulunce Type of Support
Symbol ence Test Rﬂ of Data | Stimulation Tunnel Correction
. DTNB, ,
) Ref. o | 2% 10T | Small Yes Water Small
i} DTMB, )
™ Ref. 3 2 X 107 | Small Yes Water Small
L DTMB
& Ror. k| 2% 107 | Sma1l Yes Water Small
ARC,
) Ref, 5 | «veev Theoretical points; valid if no separation
Air
o NACA, 2% 107 | Medium No (Variable | Medium
Ref. 6
Density)
7 X 102
A gggA’7 to 6 Large No Air Large
) 3.6 x 10
ZWB
v Ref. 8 [5-4 X 106 | Large No Alr Large
’ SIT
© Rer. o [2:Tx 100 | ..... Yes Water Small
X HCR, 122 % 107 | ..... No Atr Small
Ref. 10
SIT, 6
\/4 Ref. 11| TX 10 Large Yes Water Small
Alir
NPL
P Ref. 12|48 )<‘106 Large No (variable Medium
Density)
NACA, 7 Alr
> Ref. 13| 2 X 10 Large No (variable Medium
Density)
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The drag measurements included in Fig. 2 are all obtained from
tests of streamlined bodies having similar shapes. Reference 2
shows that small changes in the position of maximum thickness and
in prismatic coefficient have only a small effect on drag. Conse-
quently, the mean line for drag as a function of fineness ratio in
Fig. 2 i5 consldered valid for streamlined bodies in fully turbulent
flow when the prismatic coefficient is apppoxiﬁately 0.6 ana the
position of maximum thickness is approximately O.hﬁ from the nose.

A graph of the skin-friction coefficient based on body sur-

face area 1s plotted in Fig. 3 as a function of Reynolds number.
The coefficient was obtained from the well-known Schoenherr tur-
bulent skin-friction drag of a flat plate. It was corrected for
overvelocity effects by using the results of theoretical calcula-
tions from Ref. 5. Figure 4 shows the form or residual drag

coefficient based on body-surface area Cp, obtained by subtracting

the drag coefficients shown in Fig. 3 from those in Fig. 2.
DRAG OF GENERAL BODY SHAPES

The effect on drag of changes in body shape and of the addition
of appendages can be,explained by considering the same physical con-
cept mentioned on page 3--that of a viscous boundary layer on which
is superimposed the ideal fluid pressure distribution. It can be seen

that an increase in length of the cylindrical midsection can cause

Cco
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additional friction drag because of the added shear in the boundary .
layer, and additional form drag because of the effect on the thick-
ness of the boundary layer at the tail. Also, any change of shape
that changes the pressure distributioﬁ on the body, such as a gross
change in nose shape,cut-off‘tail cone, or stabilizing fins, can
cause a corresponding change in form drag; and any change in sur-
face condition or roughness that 1nfluences the shear in the
boundary layer can cause added friction drag. These effects will

be investigated in the following sections.

10



(=

e

Lo

NAVORD REPORT 5842

CYLINDRICAL SECTION

The effect on drag of the addition of cylindrical midsections
to a torpedo body hds been tested at a number of facilities. The
results of these tests are inconclusive, since they were made at
different Reynolds numbers and with high strut-drag corrections.
An analysis of data similar to that made for the streamlined body
drag shows that the best data obtained on torpédo bodies wiih
varyling cylindrical-section lengths were taken at ﬁTMB (Ref. 14).
A theoretical method is described in Ref. 15 for estimating the
drag of a body of revolution.\ This method was modified by making
simpliffing assumptions (as described in Appendix A) and then used
to calculate‘the added form drag caused by the increased boundary-
layer thickness over the cylindrical section. The results are
combined wifh the tail-cone form drég of streamlined bodies and
shown 1n Fig. 5 as the total drag coefficient of torpedo bodies
based on body voluﬁe(as a function of tail;cone shape and .
cylindrical-secfion lehgth. .Good agreement was obtained with the
experimental results of Ref. 1i. The theoretical eylindrical-
section drag was estiméted for a partlcular range of Reynolds
numbers as described in Appendix A, but it 1s belleved that the
increase in form drag attributable to the cylindrical section will
remain reasonably 1ndeﬁendent of Reynélds number in the range of

torpedo applications.

11
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NOSE SHAPE

A number of experimental tests have been made on torpedo
models with different nose sections. Although some differences
were noticed, the general conclusion 1is thaf the form drag of a
torpedo body 1s independent of the nose shape when no separation
occurs on the nose section and when the boundary layer is fully
turbulent. This finding also agrees with the fheory that the form
drag of a mose section attached to a very long bod& is zero. There-
fore, it can be assumed that, within the practical range of torpedo
fineness ratios, the pressure distribution on the nose has neg-
ligible effect on the pressure distribution on the tail. It is
possible, thever, that for very short bodies {small fineness
ratios), the form drag will be influenced by the nose shape. Con-
sequently, nose sections now in use can be consldered to have
purely frictional drag and the total form drag considered a func-
tion of the tail—cgne shape and the boundary-layer thickness at
the tail cone.

The curves of drag coefficient for a famlily of torpedoes are
shown in Filg. 5. This famlly has over-all fineness ratlios which
are 1.67 that of each particular tail-cone fineness ratio, since
the tail-cone length, 1s 0.6 the length of the parent streamlined
body. These same curves can be used to estimate the drag of a
torpedo having any nose shape, 1if separation does not occur, by

including a nose-~shape correction factor. It is assumed that two

13
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noses having the same volume also have approximately the same skin-
friction drag. For example, on a blunt nose the effect of over-
velocity is to increase the nose drag, but this is in turn reduced
by the decreased surface area. Filgure 6 shdws the nose-shape cor-
rection factor that must be used in applying Fig. 5 for estimating
torpedo drag. This factor 1is the effective change that must be
made to the cylindrical-section length ordinarily used so that the
volume of the actual torpedo nose plus the volume éf the cylindrical-
length correction is equal to the volume of the basic streamlined
nose section used in Fig. 5. Consequently, to use Fig. 5, the
finenesé ratio of the torpedo cylindrical sectlon must be changed

by the amount shown in Fig. 6.

CUT-OFF TAIL CONE

Frequently, the tall cone of a torpedo 1s truncated. The
added drag of this-bluff base is a function of the boundary-layer
thickness and the diameter of the cut-off. The drag coefficient

feor the truncated tall cone is expressed in Ref. 16 as

0. 3
(1) e (dB)

Cp, = ——=I{—
Ac \/Cf wet \d
A

For standard torpedoes, the expression under the radical can be

approximated as follows:

L
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Cp ¥ 0.003
where Ry 107
2%
Syet = 0.81— a2
d
and P1¢
A=—a2
L

therefore

~e

0.29 ;dg\3
(2) CDAc V!*/d (;_)-

This function 1s graphed in Fig. 7 for use in estimating the
drag of torpedoes which have large cut-off diameters. For the
normal range of torpedo bodies having cut-off diameters less than
one-fourth the maximum diameter, Fig. 7 shows the drag lncrease to
" be less than 2 percent and therefore negligible. Thus the drag of
torpedoes with sma}l cut-off diameters may be estiméted by assuming
that the tail cone is streamlined and by measuring a length gﬁ out
to the projected tip. When very short tall cones are used aﬁd
separation occurs, the drag caused by truncation 1s zero if the
cut-off is back of the separation point.

SURFACE ROUGHNESS

The drag coeffiLient correction for roughness, based on body
surface érea, can be obtained from Fig. 8 which’was drawn from data
reported in Ref. 6 and modified for torpedo use ih Ref. 17. This

correction factor can be based on cross-section area of the torpedo

16
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rather than surface area if the assumption 1s made that the body
surface area 1s
S T 0.8n4 %4
Then to a close approximation,
c T 0.31Cy df*
(3) ~ Cp, FO0.31cpg al

R
The correctlion for very smooth surfaces is zero.

The added drag of holes and protuberances can be estimated by

using methods given by Hoerner in Ref. 16.

DRAG OF STABILIZING FINS

Basically, the method used for calculation of fin drag is
presented by Hoerner (Ref. 16). The calculation explained in
detall in Appendix B of this report was done according to Hoerner's
method and by the use of a correction factor computed from empirical
data. A simplified explanation 1s given below.

The fin drag based upon the wetted fin-surface area for tail

fins located along the rear portion of the tail cone is

) Fin drag t t (0.16 t
c = ——— =0.93 Cr,, (1.135 + 2-) + 0.16 — + 0.017)
DSf QSp fin ¢. b -~a c
c g%
-0.00024

+ 0.00093 (9.5 - —)
‘b - a | d

The first three terms represent the skin friction corrected
for overvelocity plus body-fin pressure interference effects, and

the last term 1s an empirical correction for boundary-layer

19
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interference between the body and fins, where £*%/4 is the fineness
ratio of the body. Thls last term was obtained from experimental
drag data for 12 different airships and torpedoes which bere tested
with and‘without fins. The term represents the difference between
the experimental fin drag and that portion of the theoretical drag
of the fins that can be calculated. The scatter in the data shown
in Fig. 9 1is significant. These data, however; represent the best
that 1s currently available. More tests should be conducted in the
future to reduce this scatter, since this term is important in
selecting an optimum body shape for minimum drag.

If the fins are attached to the body at positions other than
the tail cone, or 1if cruciform fins of radical design or a shroud
ring are used for stability, a modification of the procedure shown
in Appendix B and Ref. 16 can be used for estimgting the drag. All
the data seem to indicate, however, that cruciform fins provide the

most stability for the least drag.

OPTIMUM BODY SHAPE

Much interest has been shown by a number of investigators in
determining the optimum body shape for a torpedo. Reference 2
shows that the minimum drag per unit volume for a streamlined body
occurs at a body fineness ratio of 6.5, which corresponds to a tail
fineness ratio of 3.9. Reference 1 explainé the effect of the

.variation of ecylindrical midsection length on the drag of a single

20
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parent form. However, there are no systematlc series of tests to
show the combined effect of nose shape, tail-fin size, tail-cone
fineness ratio, and cylindrical midsectlon length, probably because
the number of different models and tests required would be prohibi-
tive. Nevertheless, 1t 1is possible to approximate, theoretically,
this combined effect by applying the method described in this
report to different torpedo configurations, eaéh configuration
representing a different body shape to which 1s apbended the
proper-size fin to achieve constant torpedo stabllity. Drag data
for a serles of fully appended torpedoes can thus be achileved.

In order to compare the effect of differences in body shape
on drag, torpedo volume and ﬁelocity were held constant. To accon-
plish this 1t was assumed that ¥1/3 Vo =a constant. To make the

study more general, the drag can be expressed in coefficient form

D
where C = ——— . This drag coefficlent will be constant for
¥ y2/3 g,
all geometrically similar torpedoes which operate at the same
2V, '
Reynolds number Ry =——. Since { is proportional to ¥1/3, Ry 1s

proportional to-¥l/3 VZ. Therefore, CDv.is a measure of the drag
per unit volume for a series of tbrpedoes where ¥l/3 Vo is a con-
stant. An arbltrary value I‘or‘-%‘-l/3 Vo of 120 was selected, which
corresponds to famil}es of torpedoes having a volume of 20 cu ft
running at L4 fps, a volume of 10 cu ft running at 56 fps, or a

volume of 5 cu ft running at 70 fps.

22
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Consequently, the Reynolds number of the torpedo bodles satis-
fying these conditions varies, depending upon body fineness ratio.
It is assumed that the flow is fully turbulent and that no flow
separation exists over the nose. Although the skin friction will
change when other sizes or velocitiles are considered, it is believed
that the optimum design point and qualitative differences between
shapes will not noticeably vary. The results 6f the computations
are shown in Filg. 5 and 10 where the drag coefficiént based uﬁon
body volume is presented for bare bodies and fully appended bodies,
respectively, as a function of tail-cone fineness ratio and cylin-
drical-section length, where ¥1/3 Vo = 120. The nose correction
factor is obtained from Fig. 6. A study of Fig. 5 and 10 shows
that the drag per unit volume of a bare torpedo body is minimized
when the body 1s fully streamlined and has a tail-cone fineness
ratio of 3.9, which corresponds to a body fineness ratio of 6.5.
Replacement of the.streamlined nose with a well-designed blunt noss
may slightly decrease the drag if the flow is fully turbulent in
both situations. The minimum drag per unit volume of fully ap-
pended torpedoes occurs when the tail-cone fineness ratio is 6 or
greater. When the tail-cone fineness ratio is smaller, minimum
drag occurs when the,cylindrical-section length is equal to or
greater than six torpedo diameters. The addition of a blunt nose
in this instance increases the drag slightly for low body fineness
ratlos and has no effect for the higher body fineness ratios. Con-

sequently, it is seen that the minimum drag per unit volume for

23
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different body shapes depends on the presence or absence of sta-
bilizing fins. The optimum shape, however, .is not eritical, so
that a small variation in body shape is acceptable. Figures 5 and
10 show the effect of large body-shape variations on the drag per

unit volume.

DRAG OF THE FULLY APPENDED TORPEDO

The drag coefficient of a fully appended torpedo can be esti-
mated by one of three methods outlined below. 1In general, these
methods are not valid for estimating the drag on submarines because
of the effect on form drag of widely divergent Reynolds numbers,
and the presence of various nonstreamlined protuberances and ap-
pendages, for example, conning tower, bow planes, etc.

Method A: Drag Coefficients for Standard Torpedoe82 When

-V1/3 Vo = 120. Method A 1s valid for selecting the optimum body

shape and estimating the drag coefficients of geometrically similar
torpedoes, with fin size and stabllity similar to that defined in
Appendix B, for which the ¥1/3 Vo constant is close to 120. It is
first necessary to obtain the fineness ratio of the tail cone (meas-

ured to extended tip)‘ﬂ*t/d,cylindrical section £¢,/d, nose £ ,/d,

2 purely arbitrary term designating torpedoes of the geo-
metric similarity, stability, and surface condition selected for
this study. Similarly, nonstandard torpedoes have characteristics
differing greatly from those selected for this study.
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and nose flat dn/h. The nose .correction factor 1s then obtained
from Fig..6, and the drag coefficient based.on volume from Fig. 10.
For convenlence in dpplication, the drag coefflcient based on body
cross-secfional_area is shown in Fig. 11.

Method B: Drag Coefficlents for Standard Torpedoes of Any

Volume or Velocity. Method B is-valld for selecting optimum body

shape and estimating the.drag coefficients of 6orpedoes in the

same family as those considered in Method A (fin size and stabillity
similar to that defined in Appendix B) but for which the ¥;/3 Vo
constant differs in a marked degree from 120, Agaid, it 1s nec~
essary to obtain the fineness ratios of the tail cone, cylindrical

Vol
section, nose, and nose flat. The Reynolds number 1s Ry = 2 where

v
u= 1.3 X 1072 for sea water at 60°F. The drag coefficient based
on cross-sectional area is found from Flg. 12 after the nose cor-
rection factor (Fig. 6) 1s applied.

Method C: Drag Coefficlents for Nonstandard Torpedoes.

Method C is valid for selecting optimum body shape and estimating
drag coefficlents for torpedoes whose velocity, displacement, and |
fin size vary widely from the series of torpedoes considered in
this study. To correct the Op found in Method B for the effect

of roughness, protubgrances, and fin size, the fin dimensions a,

b, ¢, and t (Fig. 13) must be obtained. The roughness and parasite
drag coefficients CDS and Cp are obtained from Fig. 8

parasite
and Ref. 16, respectively. The drag of a blunt tail cone 1is
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- FIG. 13. Parameters of a Typical Torpedo.

Important if the cut-off dilameter is greater than one fourth the
torpedo diameter, and it 1s obtained from Fig. 7. The fin drag

1s obtained from Appendix B, and for convenience of application is
used as a correctionACDA to the drag of the standard fins used
in Method B. f

The fully appended torpedo dfag, based on cross-sectional

area 1s
(5) Cp, =C + 0.31 d/f C
DA " "DA(Methoa B) Dsp
+ CD + CD +ACD
Aparasite Ac Af
or
(6) Cp., =¢C + 0.31 d/2 ¢ + C +C
Da DA(Method B) DSR DAparasite DAc
t
+10.95€p,, (1.135 + 2¢/c) + (0.16 t/c + 0.017)
fins b - a

c 10.2¢ (b - a)

a2

- 0.00024

+ 0.00093 (9.5 -2*/d)]
b -a

- 0.0190 + 0.00122 £*/4
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METHOD ILLUSTRATED WITH TORPEDO EX-2A

The drag of a full-scale Torpedo EX-2A was measured at DTMB3
and a value of CDA = 0.095 obtained. Since the fin shape of this
torpedo 1is approximately equal to that used in this study, and the
water-tunnel model was smooth and without holes or gaps, Method B
may be used to esfimate the drag of the Torpedo EX-2A.

From a drawing of the torpedo

I*t/d =3
2%/:1 =U4.9
2,/d = 0.5
dn/d = 005

The test Reynolds number 1s
Ry = 3.18 X 107
The nose correction factor from Fig. 6 1is

Age/d = -0.9
Therefore
2,/ = 4.9 - 0.9 =4.0
The drag goefficient found from Fig. 11 1s

Cp = 0.100
Dy

The difference between this estimated value and the measured value

is 5 percent.

3 Informal Confidential letter from H. Eggers, David Taylor
Model Basin, to S. Thurston, Naval Ordnance Test Station, dated
29 June 1954.
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CONCLUSIONS

The methods described in this report may be used to determine
the optimum torpedo configuration for a given application or to
calculate the drag of a specific (existing) torpedo configuration.
Speecific conclusions regarding these methods and their application
may be stated as follows:

1. The minimum drag per unit volume of a fuliy appended tor-
pedo 1s obtained when the tail-cone fineness ratio is 6 or greater,
irrespective of cylindrical section length. For smaller tail-cone
fineness ratlos, the drag is minimized when the cylindrical section
is 6 or more diameters in length. These conclusions. are based upon
the study of a systematic series of torpedoes(called standard in
this report) having a body fineness ratio between 2 and 13 and the
volume-speed constant (%*-1/3 Vo) equal to 120. These qualitative
conclusions are beiieved to be valid for other torpedoes which do
not differ greatly from this size and speed.

2. Method A of fhis réport can be used for quickly esti-
mating the drag coefficient of any conventional torpedo configura-
tion similar to the systematic series considered. It can be useful
to the designer in agproximating an optimum torpedo configuration.

3. Method B can be used for estimating the drag of any tor-
pedo similar to the systematic series considered but of different
volume and operating speed. The drag of most conventional tor-

pedoes can be quickly calculated by use of this method.
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4. Method C i1s used for estimating the drag of torpedoes
with volume, velocity, fin size, and surface condition markedly
different from the standard series considered in this report.
Although-this method is slightly longer than Methods A and B, it
can be used for accurately estimating the drag of any torpedo dis-
similar to the standard series.

5. It 1s assumed that the flow is fully éurbulent and that
no separation ocecurs at the nose. Empirical data ére used in
several sections of this report which introduce some error caused
by the experimental scatter. It 1s believed that the methods shown
here fo; estimating torpedo drag are sufflciently accuréte for
preliminary deslgn purposes, but that more experimental data are
needed to fully verify the conclusions and refine the empirical

equations.
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Appendix A

CALCULATION FOR DRAG OF CYLINDER SECTION

One method of calculating the drag of a body of revolution
(Ref. 15) involves the step-by-step determination of the momentum
thickness of the boundary layer, from the nose to the tall and into
the wake beyond. The total drag is then proportional to the momentum
area of the wake far downstream. This method can be modified to
permit the calculation of the drag added by a cylindrical midsec-
tion by computing the change in the momentum area of the wake.

A simplified equation for thg momentum thickness 6 of a tur-

bulent boundary layer, where 6 is much smaller than the local body

cadius ry, is (from Ref. 15)

3.9732 1.1686 3.9732 1.1686
T \' r..0

(1.1686)(0.006361) e r,\ 11686y
‘ Ry

+ [

along the cylindrical section

33



NAVORD REPORT 5842

(8)

and since the angle between the surface of the body and the lon-

gltudinal axis 1s O degrees
(9) sec o = 1

For moderate pressure gradlents 1t may be assumed that the
velocity 1is the same at the beginning and end of the cylindrical

midsection,
\'f \'
-6
Vo b Vo e

Thus for this particular case Eq. 7 can be simplified to

1.1686 _ | 1.1686

¢

6 , G/L | 3.60M6
= 0.001 - —_ —_
1 597 ),

( )0.1686 Ve,b) v/t Vo 2
vO
VO

In order to solve for A9, where

(11) 8,

(12) 0B =05 -0y,

an additional relationship between 8, and 8, 1s necessary. Since

the exponents of 8y, and Be in Eq. 11 are close to unity, an
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approximate equation will suffice. For a flat plate in turbulen

flow, according to Ref. 18
(13) 0 = constant X (Rl)'l/il

so that approximately

(1k) goc!

Assuming this to be approximately true for the'streamlined fore-~
body and cylindrical section gives

Be £e

(15) 8y 1,
Equations 11 and 15 are solved simultaneously forlae. The
velocity distribution over the cylindrical section 1s estimated
using the experimental results in Ref. 5, 19, and 20, and the
integral is evaluated numerically. The increment of momentum

area 1is

(16) AQ=d/2 A®

Again using Ref. 15, the effect of the velocity distribution

over the tall on the change in momentum area in the wake is

Ve 3.4
(17) AQ, = (_) AQ
vO

and finally the drag of the cylindrical section is

(18) D¢ = hknf g0

t
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The drag coefficlents for streamlined bodies with cylindrical
midsections calculated by thls method agree well with the limited

test data that are available (Ref. 14).
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Appendix B

CALCULATION FOR DRAG OF TAIL FINS

Two problems are involved in adding stabilizing fins to the
series of torpedo bodies. First, for purposes'of comparison it 1s
necessary to add the proper-size fins to give equai stability to
each body, and second, the added drag of the fins must be deter~
mined.

It has been sho».m"L that the stabllity and controllability of
widely different torpedo configurations 1s approximately the same
if the tail-1ift coefflcients based on the frontal area of the
torpedoes are equal.

A partly empirical, partly theoretical formula for the 1lift
coefficient derivaéive of four cruciform fins placed on a body of

revolution 1s developed 1n Ref. 21,

§ 2 (1 - a2/b2)
L'g =16 — —— -
Pt de.(\[bg/c2 +1 + 1)

(19)

The fin and body dimensions a, b, ¢, and d are defined in

Fig. 13. For this study a value of L'Bt = 1.8 is chosen, which

b In a report on stability of torpedoes, by L. Lopes,
D. Elliott, and others, in preparation at this Station.
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results in an average torpedo dynamic stabllity. An average
torpedo-fin configuration is used composed of four cruciform fins,
each pair having an over-all aspect ratio of 3 (}R = 3 = 3?>.
These fins are placed on the torpedo body at a point wherz the fin
midpoint lies at an effective diameter of one half the maximum
diameter (a/b = 1/2). Thus, the fin-tip radius, b, is 0.42d and
the chord length, ¢, is 0.41kd.

The drag of the fins is found by addlng the skin—friction
drag and the additional drag caused by body-fin interferecnce.
These drags are expressed as drag coefficients based on fin sur-
face area and are estimated, using Ref. 6 and other sources, as
follows:

1. The fin-skin-friction drag including the overveloclty

effect is

(20) Cpg =Cp (1 + 2 t/c)
f / friction

2. The form drag of the fins (Ref. 16) 1is

(21) (CDSI‘)I' = Cp [60 (t/c)u]
orn

or for small t/c

(22) Cp T o
St J form

3. The correction for the momentum thickness of the boundary

layer 1s applied by reducing the fin-surface area by the amount
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covered by the torpedo-body momentum thickness 8. The fin drag 1is
defined as

Dfo

=C S
Dsfqo f
The reference surface area Sp for four fins 1s defined as

(23) Sp =8e(b - r -0) = 8(b - a)

where r 1is the body radius at the fin midchord.

An approximate expression for O is
(24) 8 T 0.0025 g%

A more exact value obtailned from Ref. 21 1is

~f4 -1/6
9= o 0.02221ead1ng edge Rﬂleading edge

L. The interference drag caused by the effect of the fins

on the pressure distribution of the body (Ref.16) is

(2a/q,)
(25) (cD ) = 1.6 — ¢
S S
£/ body pressure [2/2

Q1eading edge 0.87 2
1.6 Jo c
= Y PO - D
S
1 -eleading edge ( f) friction

£
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5. The interference drag caused by the effect of the body on

the pressure distribution of one fin (Ref. 16) 1is

Ap 2 c2
(26) [ c¢p =[0.8 t/c(t/c + 0.25 —) - o.ooos] -
Sg fin pressure do 3p

or, for four fins where Sy is 8c(b - a),

2
t . AD

1) ( cp = o.h( ) (t/c + 0.25 ——-)
S¢ ) fin pressure b - a - 9

c
- 0.00025 ( )
b - a

6. Because the dynamic pressure over the tail cone is lower

than the free-stream dynamic pressure, the estimated total drag of

the fins must be multiplied by the local dynamic pressure ratio
(28) Df = Dr_ a/q,

7. The drag of holes and rudder gaps, if any, 1s estimated
by the methods of Ref. 16.

8. The thickness of the boundary layer over the tail cone
modifies No. 4 and 5 above by submerging the fins and increasing
or decreasing the effect of the pressure interference. To estimate
the magnitude of this correction, all of the available data
(Ref. 8, 9, 22 - 26) were used in which both bodies and bodies with

fins were tested. To the measured bare-body drag was added the sum
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of the drags estimated, using Eq. 20 - 28. The difference between
this estimated fin drag and the measured fin drag 1s£§CDS , the
empirical boundary-layer interference drag shown in Fig. 5. Al-
though there 1s conslderable scatter in the data because of the
inaccuracy inherent in taking a small difference of two large drag
measurements, the generally decreasing trend of the fin drag as the
boundary layer thickens 1s apparent. Thus, as'Z/H increases, the
momentum thickness increases, and the added drag ffom pressure in-
terference in the intersection between the body and fins decreases,
finally becoming less than that predicted by corrections No. L4 and
5 above and making ACDS negative. The equation for this correc-
tion is f

(29) ACDS = 0.001 (9.5 -2 */d)
£

The total drag of the fins, using the corrections given by

Eq. 20 - 29 and Fig. 9, 1is then

Fin drag

(30) ¢p
St 9o S¢ )

91eading edge )
- 0.8
) 7

(l £ jeading edge )
2

/00 {Cpll +2t/e + 1.6

.~

2

t t Ap c
+ 0.4 (—-+ 0.25-——) - 0.00025
b -a\e q b -a

+ 0.001 (9.5 -¢ */d)
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For the case of four fins mounted on the tail cone, it can be

Qleading edge 21eading edge Ap
assumed that § °dee ~ 1, — 7 £ cc& 0.8, — ¥ 0.87 and
q %4 q
— = 0.93.
qO

Then, neglecting higher order terms in t/c,
t B .
(31) Cp, =0.93Cp  (1.135 + 2 t/c) + (0.16 t/c + 0.017)
Sp fin b - a

c
- 0.0002k

+ 0.00093(9.5 - £%/4)
b - a

In estimating the drag of the fins to be added to the series
of bodles, 1t was assumed that the thickness-to-chord ratio of the
fins 1s 0.05. It was also assumed that the drag of gaps and holes
is negligibly small, and the fin sizes were as deseribed in the
first part of this Appendix.

The total drag of the fins is then

2 c =1.15 C + 0.0102 - 0.00093 £*/4
(32) Dsf : 5 feins 93 £/

In estimating the drag of a torpedo by Methods A or B of this
report, it i1s assumed that the fin drag is given by Eq. 32. A
more accurate procedure for finding the drag of torpedoes with
widely different taill configurations 1s given by Method C. The
difference in the fin-drag coefficlent from the standard fin size
assumed in Eq. 32 and an gfbitrary fin is obtained by subtracting
Eq. 31 from Eq. 32. Makidé the simplifying assumption that cffin
in Eq. 32 £ 0.0037, the difference in the fin-drag coefficient

based on cross-sectionglrgrea of the torpedo is

a
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t .
(33) acp = |0.93Cp (1.135 + 2 t/e) + (0.16 t/c + 0.017)
Af fin b - a
e 10.2¢(b - a)
- 0.00024 + 0.00093(9.5 - £*/d)
b-a a2

- 0.0190 + 0.00122 £ */d

where the ratio of fin surface area to torpedo cross-section area 1is

Sp 8e(b - a) (b - a)
— = = 10.2¢
A /), a2 d
: Se ‘
For the standard fin, (—) = (10.2) (0.41%4). (0.31) = 1.31
A standard

~ 4
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a, b, ¢

Aparasite

c
D
Ag

Ly

NOMENCLATURE

Cross-section area of torpedo, sq ft
Fin dimensions shown in Fig. 13, ft
Skin-frictlon drag coefficient

skin-friction drag (1b)

Cp =
QoS

Total drag coefficient based on surface area

total drag (1b)
CDS =

qS
Fin drag coefficlent based on fin surface area

fin drag (1b)

Cpp, =
8¢ 0S¢ -

Total drag coefficient based on cross-section area

total drag (1b)
CD =
A

QoA
Parasite drag coefficient based on cross-section area

» parasite drag (1b)
CD =
Aparasite apA

Roughness drag coefficient based on cross-section area
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Total drag coefficlent based on volume

total drag (1b)
C =
M g3

Drag coefficient from truncated tall cone, based on cross-
section area

Prismatic coefficient
b+ 4

Cu = ~——————
P 6

Residual or form drag coefficient based on surface area,

residual drag (1b)

Cp =
Q.S

Maximum diameter of torpedo, ft
Diameter of truncation on tail cone, ft
Drag, 1b

Fin drag, 1b

Roughness drag, 1b

Added drag coefficient of fins caused by boundary-layer
interference Fig. 1k

added drag due to boundary layer interference (1b)

ACD =
S
£ 95fins
Added drag coefficient of torpedo from holes and roughness

added drag due to roughness and holes (1b)

ACp
SR 4,8

Tall 1ift coefficient based on cross-section area

tail 1ift (1b)

L' =
B
t Ao AR

k5
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Ap/aq,

Aq/a,

do

46

Length of the torpedo tall cone, measured to the extended
tip, ft

Torpedo length, ft
Torpedo length, measured to the extended tall cone tip, ft

Body ;fineness ratio

Nose-shape correction factor (from Fig.6 )

Ratio of the position of maximum thickness from nose to the
over-all length of streamlined body

Change in the static pressure ratio on a body

Change 1n the dynamlc pressure ratlio on a body along the
chord length of the fins .

Dynamic pressure, 1b/sq ft
q=1/2pV2
Free-stream dynamlc pressure, lb/sq ft
qp = 1/2 PV02
Reynolds number based on over-all length
Ry =E
v
Local radius of the body at the fin midchord, ft
Local radius of the body, ft
Surface area, 2
Thickness of a fin, ft
Torpedo body volume, rt3
Local veloelty, ft/sec

Free-stream velocity, ft/sec
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o Angle between tangent to surface and axis of the body
B Angle of attack of the body (radians)

& Thickness of the boundary layer, ft

8 Momentum thickness of the boundary layer, ft

6 VAV
8 = (1 -—)—d6

0

2 Momentum area of the boundary layer, ££2

(8, vV
2 = (l - -——)—— I‘wd6
0 Vo/ Vo
v Kinematic viscosity of the fluid, fte/sec

SUBSCRIPTS

The longltudinal statlon located at the forward end of the
¢ylindrical midsection

¢ The cylindrical midsection

The longitudinal station at the after end of the cylindrical
midsection

f The forebody of a streamlined shape such as the DTMB Serles 58
N Any arbltrary nose shape

o Drag coefficients, Reynolds numbers, etc., of a specific
configuration

The taill section of a streamlined shape such as the DTMB
Series 58

b7
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port C-526), CONFIDENTIAL.
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Stevens Institute of Technology, Experimental Towing Tank. ....
Hoboken, N.J.,SIT, January 1949. (SIT ETT Report 357),
CONFIDENTIAL.

------ . +se. Hoboken, N.J.,SIT, November 19%9. (SIT ETT Re-
port 387), CONFIDENTIAL.
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