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AN ACTIVITY OF THE BUREAU OF NAVAL WEAPONS’ '

J I. Harov, CAPT.,USN Wu. B. McLEaN, PH.D.

\ N Commander " Technical Director.

FOREWORD

~ For several \'LDI'S, the Rescarch and Underwater Ordnance
Departments of the U. S. Naval Ordnance Test Station have been
engaged in L:\pf:-imcntal and theoretical investigations of various
methods of drag reduction. One of the more promising methods
of drag reduction is boundary-layer control by suction. This
report gives the results of wind-tunnel tests on 2 full-scale
porous- fibe rglass torpedo model with suction. The tests were”
conducted in November and December 1962, in a 7-by-10-foot
subsonic wind tunncl of the Northrop Corp., Norair Division,
Hawthorne, Calif. '
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i ) NOME\ICLATURE
,Cl_)S .Sucnon -drag. coefﬁc:cnt, .CDS = CDSS + CDS\I =X CQaC.Pa
CbSM - Momentum-drag coefficient due to momentum loss of
flow in portion of boundary layer sacked throunh shcll
CDs) = CDg - CDgg ) '
CDSS Equwalcnt-drag cocfficient in portfon of boundary layer sucked

Static-pressure cocfiicii:nt outside shell

through shell owing to pressure drop across porous shell,

o C(Z)aRano R
Cpss ", — - CQa‘CP + Cp,)

%o
Drag

-Total drag CO(.fflCIC‘nt CDt CDW 1 CDS ==

o0
Wake-drag coufficient measured by wakg rakes

Static-pressure cocfficient, Cp = (p - Poo)/qoo .

Static-pressurce cocfficient for each chamber . -

Suctlo.z cocfﬁcu 'nt for to’al model, CQ =X CQa.

Sucnon cm.fﬁcmnt for cach chamb( r, CQ = Q /(U S)

'Refc. rence length of modd to \»akv rakes (7.59 ft)

Wind-lunncl dynamic pressure, lb/ft » Q= (I/&)pUiI

Suction-rate quantity for cach chamber, ft3/scc -

- - . Pe - Pa .2
Porous-shell resistivity, psi/fps, R = ——— - (CDSSqw)/(UJ,-,CQ)
T ' v

Reynolds number bascd on le ngth of model gn(n as chord

" length, Ry = pUyxt/p

Wetted arca of body (21,65 (t2)
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_INTRODUCTION ST
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Interest in achicving a laminar boundary layer through the use of
suction began at the U. S. Naval Ordnance Test Station (NOTS) in the
mid-1950's, and resulted in a study that included several advanced
torpedo concepts (Ref. 1). Discussions of permceable materials, tor-
pedo body shapes, suction rates, pumping characteristics, criteria
for body roughness and waviness, results of sea water clogging tests
of perme abl-. materials, and descriptions of various types of free-
running and gravity-propelled test vehicles are prcsented in Ref. 2,

Vhile other methods of drag reduction were considered (Ref. 3 and
4), boundary-laycer control by suction was believed to have the greatest
potential. If the boundary layor were idcally laminar, torpedo drag ]
would be reduced by a factor of about ten at normal speeds. Consider-
. ing the pumping power necded to provide the required suction, the loss
in volume due to ducting, and the addition of fins, a nct-cquivalent .
. drag-reduction factor of four was considered conservative. Since
’ torpedo volume is reduced as fuel and power requirements are reduced,
the power required to propel the torpedo might be reduced by a factor
of six or sceven. . R

. To investigate practical aspccts of boundary—laycr control applied

_ to torpcdo dcs:gn a study was conducted assuming a nct drag-reduction
factor of four (Ref. 5). Since the effects of boundary-layer control are
theorctically the same in air as in water {(2ssuming no cavitation, gas
entrainment, or clogging problems), Ref. 6 is an excellent source of
information that summarizes relevant research in air, including
Dr. W. Pfenninger's work for the Norair Division of the Northrop Corp.

In 1958, NOTS decided to build a full-scale model of a torpedolike

" - body, composcd primarily of a sting-mounted porous shell, This body
was to be tested in water at the David Tavlor Model Basin (DTMB)., A

. contract was let to the H. I, Thompson Company (11ITCO) in Los Angcles,
Calif., to fabricate the porous-fiberglass shell, Design of the model's
internal structure and cother rescarch on the fiberglass material was
performed at NOTS, while the sting support and suction pump were de-
signed at DTMB.  Difficalties with the fiberglass material were en-
countered by both NOTS and HITCO bucause of its lack of uniformity
in permeability, strength, surface hardness, and water absorption.

The full-scale 8-foot model was completed during the Fall of 1961
and installed in a towing tank at DTMBE. During preliminary tare runs
. in the spring of 1962, the model shell eracked along its joints and was
shipped back to NOTS for replacement. A new shell was built and the
modcl was made ready for testing by November 1962, This time,

. - .
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however, it was decided to first test the model in a wind tunnel at
‘Northrop because of the relative ease of conducting the tests, observ-
ing the model, varying the test parameters, and collecting a large mass
of data. Other advantages were the nearness of the tunnel to NOTS, the
low turbulence level of the tunnel, the help of highly qualificd Northrop
personnel in conducting the tests, and the possibility of comparing the’
NOTS porous-shell model with an existing Northrop slotted-metal
model. At the conclusion of these tests, it-was apparent that the
model shell was not sufficiently porous to permit testing in water. The
lack of permeability was apparently caused by spraying the completed
model shell with resin in order to harden surface regions where the
resin content was undesirably low. :

This rcport presents vesults of these wind-tunnel tests during
November and December 1962, Descriptions of the model, pressure
distribution, tcst setup, and data-reduction proccdurc are included in
Appendixes A and B. Results of theoretical boundary-layer calculations
are included in Appendix C. : o -

Test results show fully laminar boundary-layer control.” The many
problems due to lack of uniformity in the fiberglass material show that
morec devclopment i required; potentially, however, its fabrication
cost is low. ~ o : : I

In view of current plans by Northrop to test its slotted-metal body B
in water, no further development of the fiberglass material or addi-
tional tests on the NOTS model are planned at this time. |

TOTAL DRAG RESULTS

EFFECT OF REYNOLDS NUMBER co STRR

Figure 1 shows the total drag coefficient, Cp, of the entire shell
(up to the wake rakes) plotted against the Reynolds number, Rg, for ‘
the NOTS model both with and without suction, as well as test results
of the 12-foot Northrop slotted-metal body obtained from Ref. 7. Fig-
ure 1 also includes a plot of the NOTS model data (with suction) modi-
fied for a change in shell permeability. The modification was made
because the porous shell that was tested proved to be less permeable
than was nccessary. - .

A significant penalty in drag is obtained when the pressure drop -
across the porous shell is excessive. The desired pressure drop is
around 0.10 q_,, where g, is the free-stream dynamic pressure. This
pressure drop is the minimum that will still provide adequate suction
everywhere on the shell despite surface-pressure changes caused by
mancuverine, shell waviness, and reasorable variations in shell
permeability,  The slotted-metal shell used in the Noraird tests (Ref.7)
had a pressure drop of 0.05 g, in reasonable agreement with the de-
sired valuce., The NOTS porous-fiberglass model had a pressure drop
of about 1.1 q_, rather than thedesign value of 0.10 q,.. Since varlicr



ey ,‘ ae e

e,

- ap-

L~
P
-
-

UNCLASS%HED ; P s 5

.
v . - -
.- : ot .- . . . . .. . .
r . T
e tat s e cmte o teS imems e has oo T EN o emin e e S v WMew o gt Com e d v
. . ‘e .

NAVWEPS REPORT 8528

2}
- . e NOTS model {8.ft) no suction
"2 O NOTS model (8-ft) experimental
'x- 1.36 Laminar plate X NOTS model (8-1t) modificd
L? VA O Noraie model (12-0t)
- 0.8 -
0.6 -
>
0.5 -
0.4 Laminar flat’ 7]
- plate
0.3} - —
‘0.2 1 [ 1 1 g 1 !
. 2 3 4 5 6 38 19 20 30 40 50 €0

~ FIG.1. Total Dr2g of the NOTS and Northrop
~ Wind-Tunnel Models. - e
test samples of the porous-fiberglass material had adequate properties,
it is rcasonable to expect that, with additional development, a porous-
fiberglass shell could be obtained with a pressure drop of 0.10 g,.
Conscquently, it is believed that the most reasonable way to present
the wind-tunnel results, to permit comparison with the Northrup results .
and to permit extrapolation to prototype operation, is to modify the
shell-pressure drop from 1.1 g to 0.10 qg, in the data prescntation.

Three notable facts emerge from Fig, 1:

-1. Total drag cocefficient of the NOTS model increases markedly
beyond Ry = 12 X 10%, while the Norair model drag coefficient increasces
markedly beyond about Ry = 18 X 109, This difference in Reynolds
number (R = IU@/V) indicates that the critical speed of the tunnel is
_about the same for both models, in view of the greater length of the
Norair model., (Critical speed is the point at which tunnel turbulence
and vibration causc the model boundary layer to become turbulent.)

2. Test results of both NOTS and Norair models agree up to critical
. speed, s0 long as the NOTS model results are modificd to allow for
shell permeability. ’
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3. Without suction, the boundary layer of the NOTS model is mostly
turbulent at the lowest test Reynolds number of 8 X10%, indicating that
the transition Reynolds number may have been about the' same as for a
flat plate in a low-turbulence wind tunnel, namely 3 to 4 X 106,

Using the modified NOTS model figures, the reduction in'drag over
the test results with no suction is a factor of 4.3 at Ry = 10 X 106, A
‘prototype torpedo would be operating at about Rf. = 50 X 106;.at this
point, the drag of a body with suction would be reduced by a factor of
about nince from the drag of the samc body without suction. Preliminary
results of 1962 tests of the Norair model at the NASA variable-density
wind tunnel at Ames, Calif., show that laminar flow was obtained up to
Ry = 56 X 109, which corresponds to drag reduction by a factor of nine.
This indicates that ex*rapolation is valid for the Norair model and there-
fore may be valid for the NOTS model. o . -

EFFECT OF SUCTION RATE )

~ Figures 2 and 3 show the effect of suction rate, Cq, on the total
drag. These results indicate that the cffect of suction on total drag co-
efficient is less critical at the lower Reynolds number, and that the
suction coefficient for minimum drag varies from 1.5 X 10-4 up to about
2.1 X10-% for Ry = 8 to 11 X 10°, :

EFFECT OF ANGLE OF ATTACK

* Figure 4 shows the effect of attack -anglv on minimum drag cocffi--
cient to be very small. A detailed inspection of the data indicates that
if the model had uniform permeability and no scams, the total drag

slightly as indicated in Fig. 4.

. i
.

EFFECT OF SUCTION DISTRIBUTION - T
Figure 5 shows that the total drag up to the rakes,.cither with or
without the shell-permeability correction, remains essentially inde-
‘pendent of suction distribution, assuming that the tntal suciion rate is
sufficicntly high to laminarize the boundary layer. Suction Distribu-
tion I is the case where the suction pressurce was a constant over the
entire model. Suction Distribution II is uniform suction pressure over
the first and sccond compartments, with increased suction'pressure
over the third compartment. Suction Distribution Iil is uniform suc-
tion pressure over the last two compartmaents, with less suction pres-
sure over the first compartment. The permeability of the first chamber
was 1 2/3 times those of Chambers 2 and 3, both of which had cqual
permeability. Therefore, Suction Distribution T did not provide uni-
form suction, cven though suction pressure was uniform. (Sce Ap-
pendix A for additional information on permeability and resultant suc-
tion distribution for the three suction cases.) . '
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'COMPONENTS OF TOTAL DRAG,

- DATA-REDUCTION METHOD . . s :
oo In reducing the data, the total drag of the model,’ CDy, is divided
into three parts: ’ oo . :

1. The wake drag, CDyw, representing the momentum loss in the
‘boundary layer outside the model. ' . :

2. CDsM, representing the momentum loss of the flow in the portion
of the boundary layer that was sucked through the shell. :

3. CDss, representing the equivalent drag cocfficient produced by
the pressure drop across the porous shell. .

The sum of CDg)y and CDggs is called CDs, and represents the por-.

A tion of the total drag coefficient attributable to the action of sucking the
fluid inside the shell. The suction drag, CDg, is calculated as follows:
Power loss = QAP, where AP is the loss in total pressure from the
free-strcam condition to the condition inside the model. The equiva-
lent suction drag, then, is the power loss divided by Uw. The suction
drag coefficient equals the suction drag divided by qS. Thus, 'sum-
ming up the effect of each chamber, S '

Cpg= X (Qgépa)/(QwSUoo)

. with Ap, = pn+ Qe - Pa where p, is the internal static pressure and
. subscript a designates a particular chamber. Defining CQ,4 as Qa/SUw
and Cp, as py - Pw/q w0, the suction drag coeffi;ient reducc.s to °~

' CDS =Z CQa(l - Cpa) e .
The equivalent drag cocfficient due to shell-pressure drop is
. CDSS =X Qa(?a - Pe)/(quaoS) = -3 CQa(Cpa - Cpe)

where pe is the static pressure outside the shell. Further details on
data recduction and accuracy can be obtained from Ref. 7.

. Looking at the modified data in Fig.6 and 7, it is scen that for
optimum CQ, CDg)¢ is approximately half CDyy, and that CDg) in-
crecases linearly with CQ. Also, it is seen that Cpyy reduces with
increasing CQ up to about 2.1 X 10-1, beyond which it stays approxi-
mately constant or increcascs. A significant increase in CDyy takes
place for Rg > 11 X 10° because the boundary layer becomes turbulent
due to wind-tunnel turbulence and vibration.

Since the ideal static-pressure coefficient across the shell,
cPa. - Cpc. is approximately -0.10, the ideal value of :

. _ CDgg/CDg = -(Cp, - Cpe)/L - Cp,
. UNCLASSIFIE
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of Suction Rate; Ry = 8 X 106,
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is less than 0.10.- Tt may be inflerred that in a prototype torpedo con-
figuration, where CDs = CDyy, the drag due to shell-pressure drop is
- around 5% of the total drag. : _ )

-

RELATIVE MAGNITUDE OF DRAG COMPONENTS

Figures 6 - 9 show the components of total drag as a function of .
suction rate for both the original data and the modified data for
Ry = 8 and 11 X 100. These figures show that the drag arising from .
. shell permeability is approximately 1/4 the total drag before modifica-:
tion, but is extremely low after modification. Thus the total drag is
reduced by approximately 25% when modified for shell permeability.

1
i

EFFECT OF ROUGHNESS  * - e g

At the lower Reynolds numbers of Fig.6'and 9, there is no signifi-
cant.change in CpDyy with higher values of CQ, indicating that there is
probably no problem with roughness, at least in this range. Increas-
ing CQ, it should be noted, reduces the thickness of the boundary layer,
which makes roughness more critical and also increasecs the wall shear
stress. This result would indicate that when the wind-tunnel conditions
are nonturbulent and vibration-free, there is no sign of adverse model

! : . roughness. This lack of roughness indicates that the same model could
be tcsted at a higher Reynolds number in a wind tunnel with lower tur-
bulence and vibration, and still maintain a laminar boundary layer.

EFFECT OF LONGITUDINAL MODEL SEAMS A ]

Figure 10 shows how wake drag varied appreciably around the body,
and how this variation depended on suction rate. Rakes 1, 4, and 6,
located along Seams 1, 3, and 4, arce compared with each other and
with Rake 5 midway between Seams 3 and 4. To make this comparison,
CDyy was calculated singly from cach rake. ‘Tt is seen that Seam 3 is
unusually good, Scam + unusually bad, Seam 1 bad at lower Cq and
average at high CQ, assuming that a typical body scgment (Rake 5) has
average characteristics. Part of this behavior could be explained if
large upflow existed on the model ata = 0°. Itis believed, however,
that a more feasible explanation is that the region around Scam 4 is
nearly impermeable, that Scam 3 is more pc'ry:"nuablu than average, and
< that Scam 1 exhibits characteristics of roughness. This viuwpoi‘nt is in
part supported by the data in Fig.d showing that the drag of Scam 4 de-
clined when the model was placed at an angle of attack, a, of 3° to
4°, indicating that inadequate suction existed along the seam ata =0°
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FIG. 10. Effect of Suction Rate on Wake Drag . ) .

at Various Rake Positions.

EFFECT OF INCREASED SUCTION

20 ‘2.2 24 2.6 28 30

BOUNDARY-LAYER PROFILES

: An interesting scquence of boundary-laver profiles is_.shown in
Fig. 11 - 17, for Rakes 1 - 6, with Rg = 11X 106 and CQ = 1.46 to

2.25 X 104,

considerably around the body, as was implied by Fig. 10.

Of gencral interest is the fact that the profiles vary

At the low-

esl suction rate, it is scen that the profiles at Rakes 1, 2, 3, and 6
are generally turbulent, that the profile at Rake 5 is transitional, and

that the profile at Rake 4 is essentially laminar,
One is.that the boundary layer at

increases, two cffects are scen.

As the suction rate

Rake 3 goes from esscntially turbulent flow to an almost-separated -
laminar flow (as in an adverse pressure gradient), whereas the bound-
ary layers of the other rakes (except Rake 6) tend to become more

laminar, particularly above CQ = 1.8 X 10-4,

Rake 6 (Seam 4) remains

esscntially turbulent throughout the whole suction range; this is prob-
ably due to this scam being less permecable than the rest of the shell.
As previously stated, Seam 3 (Rake 4) appears to be more permeable
than any other part of the shell becausc its profile becomes laminar at
such low values of CQ. The separation tendency of Rake 3 (which is
located between scams) is undoubtedly due in part to the adverse pres-

sure gradient at the rakes caused by the rake-support ring.

It is be-

lieved that with increased suction, the tendency to sceparate would be

CORPIBENTHYE

11
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eliminated. In Fig. 17, Rakes 1 and “show a slight tendency toward
separation, in contrast to Rakes 4 and 5, indicating th= prcsence of a
slight upflow about the rcar of the model, even though a =0°, Ina’--
prototype configuration, therefore, it ‘may be desirable to design for
an increcased suction rate in regions where an adverse pressure gra-
dient might exist, since the rcsultmﬂ prcssure drag could be signifi-"
cantly high. .o .

EFFECT OF REYNOLDS NUMBER

The cffect of the Reynolds number on the boundary layer profile is.
shown in Fxg 18 and 19 for Rakes 5 and 3, respectively, with ..
CQ =2 %X 10-%, It is secn that the boundary layer for Rake 5 is becom- .
ing turbulent as Ry approaches 11.5to 12 X 106, owing to tunnel turbu-
lence and vibration. The boundary layer is essentially laminar up to
that point and becomcs thinner as the Reynolds number increases. The .
boundary layer at Rake 3, however, is very different under identical
conditions. As previously stated, this tcndency toward separation is
attributed to the cffect of a greater adverse pressure gradient and pos-,
sibly to a region of reduced permeability. Note, however, that this
tendency to separate becomes less marked as the Reynolds number
increases. This is to be expected, since the boundary layer is becom-
ing thinner. = '

PROFILES WITH NO SUCTION . . = -

Figure 20 shows the turbulent boundary laycrs at Rakcs 1-6 for
Rg=11X 106 and no suction. The variations between rakes are prob-
ably due to differences in shell roughncss and rake.calibration. For
example, Rake 4 appears to produce 197 higher drag than Rake 5.

EFFECT OF ANGLE OF ATTACK

The effcct of attack angle on boundary- laycr profile is shown in
Fig.21 - 24, where Rg = 11X 106, CQ =2% 104 and 2 =0, 2, 3, and
4° ., Scveral conclusions can be drawn from these figurcs. Looking at
the profiles for Rakes 4 and 5, located near the bottom of the model, it
is seen that the effect of increasing a is to reduce the laminar-profile
thickness. This behavior is to be expected becausce the crossflow thins
the toundary layer and the pressurce gradient becomes more favorable
on the lower side as a increases. The effect of a at Scam 4 (Rake 6)
shows that the boundary layer is primarily turbulent ata = 0 and 2°,
while ata = 3° it is predominantly laminar, and then is less laminar
~ata =4°. This result would be predicted if Scam 4 were somewhat
impermeable; the transitional behavior at the side of a body in high .
crossflow is normal. Rake ] is located at Scam 1 at the top of the
"model and appears to remain laminar throughout thie range of varying

lz . ) . - ) £
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angle of attack. Rake 3, however, exhibits a tendency toward separa-
tion ata = 0° and 2°, toward turbulence at a = 3°, and then a tendency
toward separation again ata = 4°, Rake 2, on the other hand, shows

a2 slight tendency toward scparatmn ata = 0°, a greater tendency at
a=2°, and then a state that'is almost separated I}Ing between turbu-
Ient and laminar flow ata = 3° and 4°.

' DATA VARIATIONS BETWEEN RAKES °

The effect of suction rate on boundary-layer profiles is shown in
Fig.25 - 27 for Rakes 2, 3, and 5, respectively, ata = 0° and
Rp=11X 106, Even though conditions are identical, the.results from
these three rakes are quite different. Looking first at Rake 2, itis

‘secn that thé boundary layer is partially turbulent up to a suction co-

efficient of 2 X 10-4 and is essentially laminar above this point, be-
coming thinner as suction is increased. Therc is no sign of increased

wake drag @s suction.increases, indicating that roughness is not a

problem at this particular body station and Reynolds number. The
profiles at Rake 3 indicate that the boundar; layer is essentially tur-
bulent for Cq up to 1.91 X 10-%, and that it is Iaminar with a tendency.

- toward scparation above 2 X 10-4, The results from Rake 5 show tur-
" bulence up to Cq of 2.16 X 10-4, and full laminar flow above 2.3X10-4.

EFFECT OF SUCTION DISTRIBUTION

Figux"es 28 and 29 show the effect of suction distribution on the
boundary layer for Rakes 2 and 5, respectively, for Ry = 9 X 106,
Cq = 1.5 X 10-4, anda = 0°. In general, the results indicate that the

_boundary laycer is partially turbulent for Sucticn Distributions I and III,

with a tendency toward laminar flow (Rake 5) and scparation (Rake 2)
for Suction Distribution II.

EFFECT OF 45° MODEL ROTATION WITH RAKBS

REMAINING FIXED IN SPACE

The wake drag is shown in F1g 30 as a function of rakc numbecr both
in the normal model position and with the model shell rotated 45° clock-
wise, looking forward. Thus the portion of the shell measured nor-
mally by Rake 5 is now bcing mecasured by Rake 6, and Scam 3, nor-
mally measured by Rake 4, is now being recorded by Rake 5. Looking.
at the data from these two locations, it appears that the readings taken:
by Rakes 4 and 5 of Scam 3 are cssentially in agreement, and that the
reading of the shell at -135° is different by about 25%, as mcasurcd
by Rakes 5 and 6. This difference is due either to errors in rake
calibration or to suspected upflow in the wind“tunnel. The faultiness
of Stam 4 is readily apparent, since before rotation Rake 6 measured

CONFIDIRERAL, ' . : 17
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a wake-drag cocfficient of 0.88 X 10-3, which is approximately twice
as high as the average of the dther readings. There is.a tendency of -
the wake drag to be higher on the upper side of the body than on the
lower side, again indicating a|sligit upflow. It is apparent that varia-
_tions in shell characteristics and rake calibration are primary param-’

. eters. ' .

PERMEABILITY AND ROUGHNESS OF SEAM 4

Figure 31 shows that as the suction rate increascs, the wake drag
of Seam 4 continuously decreases; this is a further indication that
Seam 4 tends to be impermeable and that there is no apparent problem
of roughness. : : ' .o '

CONCLUSIONS . I
‘ The following conclusions may be drawn from this sfudy.

, 1. The results of the NOTS porous-fiberglass model tests show full
laminar flow up to Rp = 12 X 106, the turbulence and vibration limit
of the wind tunnel. Full lamigar flow might be obtained at much higher
Reynolds numbers, since there is no indication that roughness was a
problem, except at Seam 1. -

2. The results of the NOT$ porous-fiberglass model tests and the
Northrop slotted-metal model|tests are in general agreement. :

3. Onec longitudinal scam ‘yas found to have higher drag, and
another lower drag, than other portions of the shell, indicating that
seams arc not always a problem.: .

4. A tendency toward lamipar scparation appcarcd”on the upper
sidc ncar the rear eond of the body where an adverse pressure gradient .
existed. . .

5. The total drag coefficiept varied little with suction distribution
for the range of these tests, : :

6. Little change in-total drag cocfficient was noted as a function of
o up to 4°, the highest test angle of attack. ‘

7. The permeability of the| porous shell did not change signiﬁcantl.y
with variations in wind speced, Reynolds number, and suction rate,

18 - ' . ee:‘!‘isi:?‘;:a '
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FIG. 25, Effect of Suction Rate
- on Boundary-Layer Profiles;
o L Rg = 11 X 106, Rake No. 2.
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Appendix A
MODEL DESCRIPTION

The model sclected was an 8:] modified prolate spheroid
12 3/4 inches in diameter and sting-mounted. The choice of a porous
shell was madc because arca suction is simpler and theoretically more
desirable than suction through slots or holes. It wasfound that such a
shell could be fabricated inexpensively, and that clogging neecd not be
a major problem. :

It was decided to choose a body of revolution w‘)ose shape would
produce a predominantly constant pressure distribution for axisym-
metric flow. Such a shell produccs uniform suction velocity over the
area of cach suction compartment if permeability is uniform. For-

’ : tunately, a body-contour family having the desired characteristics has

been identificd b\ Munzner and Reichardt {Ref. 8). On the basis of

. . axial source- sink potential-flow calculations, they concluded that the
- body family desc ribed by the contour y(x), with .
. - S ) x\% y 2.4 ‘
- g : -1+ |- =1, -a<x<fa

should have ncarly constant pressure distribution except near the
rounded nose and tail. The flow is along the x axis and b << a. For
the present body, a=51 inches and b=6.375 inches. Detailed potential-
flow calculations by Douglas Aircraft Corp., using the method of Ref. 9,
confirmed the predicted character of this 8:1 Reichardt ovoid’s pres-
sure distribution, and the surface-velocity distribution furnished by
Douglas has been used in subscquent boundary-layer calculations. Ex-
pcrxmcntal pressurce-distribution measurements by Norair agreed with
the potential- flow results (Fig. 32).

The shell was made from lavers of fiberglass rnatt'nc placed in a
dic and compressed from a thickness of about 12 inches to 3/16 inch.
Each strand of fiberglass came covered with a microscopic layer of
resin, which created a bond at cach interscvction of the fibers when
the resin was cured by heating. The internal structure of the model
and two porous-fiberglass half-shells are shown in Fig. 33, The inside
of the model! is divided into three suction compartments with a line

! The design of the internal structure and calculations of stress and
shell deflection under suction were conducted by J. D, Bascom and
P. F. Reichert of this Station, while J. D. DBrooks aided in the carly
design of the model,
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_ leading from cach compartment to control valvcs. Compartment 1
" extends from 3 inches to 51 inches behind the nose, Compartment 2
from- 51 to 75 mclu.s, and Compartment 3. from 75 to 91 inches.

In Flg 34 and 35, sh'_ll resistivity’is presented as a functmn of
soaking time in distilled water. Figure 34 pertains to typical samples
from the shell tested at Norair, while Fig. 35 pertains to samples from
~-previously manufacturcd skins. It is obvious that the resi stw'ty varies
radlcally The samplos become impermeable after four to nine days
of immersion, owing to watcer absorption by the phenolic resin that was
used in the manufactur.nf' process. The impermeability arising from
long immersion would affect the testing of 2 model in water, but would
not bv a factor in the usc of a warshot torpedo because of their short
running periods. In any case, th1s problem could be ehmxnatcd by the
usc of waterproof resins.

These changing resistivity characteristics also vary from onc set
of shells to another, and may vary in magnitude by a factor of two. .
Such a variance could produce local turbulence if the suction rate is
. lowered excessively. An example of such a variance is shown in Fig.36,
where the dniform suction pressure of Distribution I produces a non-
uniform suction distribution cven though all shell segments were made-
at the same time. , : AR

Calculations of alléwable roughness height were made, showing that .

roughness particles of 0.001-inch height at “the nose may causc transi-
tion on the 45-knot torpedo in water. Onc such particle will trigger
turbulence over a very large percentage of surface arca. Extensive
‘experience has been accumulated from aircraft npphcatzons (Ref. 6).
showing just how critical roughness can be. However, plastic cover-
ings might serve to protect surface finish during handling and launch-
ing. Thesc coverings might vither: bc \»ashed or torn away after watcr
-contact. . . A

Calculations showed that the direct effect of surface waviness upon -

boundary-layer stability was unimportant compared to the danger of
losing suction over the crests causced by local reduced static pressure.,

The primary model specifications include an external tolerance of
£0.015 inch near the nosce and tail, and £0.032 inch at the mid scction.
Waviness should not exceed 0.001 inch per cach half-inch increment,
nor 0.01 inch per cach -6-inch increment. The mismatch of the nose
Jjoint should be less than 0.0005 inch, and the shell thickness should be
0.188 = 0.01 inch. The shell should be made in cight segments, bonded
together with a cement that does not penctrate more than 0.05 inch into
the material. The porous-fiberglass tension-yiceld strenath should be
at least 2,000 psi, thc compn ssion- )u ‘Id strength 1,100 pst. the ten-
sile modulus of clasticity 225,000 psi, and the compression modulus of
elasticity 120,000 psi. Surface roughness should not exceed 15r. . s.
The model was held within these general specifications,
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FI1G. 36. Relative Suction Distributions.

Northrop provided personnel and instrumentation to check model
waviness. Results indicated that most waves were about 6 inches in
length, with a maximum trough-to-crest height of about 0.006 inch,
and an average trough-to-crest height of about 0.003 inch. Somée
waves had smaller lengths of about 2 inches, with trougzh-to-crest
heights of about 0.002 inch, In general, the maximum gage-measuraed
waviness was £0.001 inch per lincar inch at the joints and 20.005 inch
per lincar inch elsewhere. Waviness also proved identical from one
shell segment to the next, indicating that the waviness was in the die
and that little variation occurred from one scgment to another. These
measurements were conducted only on the first shell; it is believed
that the waviness of the final test shell would be essentially identical
since the same die was used. S
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Figure 37 shows the sting-mounted model in the wind tunnel at
Northrop. The modcl tests procecded very quickly; the model did not.
have to be smoothed, nor was it nccessary to change its surface in any
way. These results-indicated that surface roughness and waviness

were not a problem under the test conditions used.

A possible prototype torpedo using boundary-layer control is shown
in Fig.38. Hcre the standard torpedo cornponcnts are placed inside a
pressure-protected hull with a duct of about 1/4 inch between it and a
surrounding porous shell. This duct widens near the tail so that an
internal pump might be included. As shown.in Fig. 38, the pump would
*also be used to provide propulsive thrust. A very small pump could be
“used because thrust requirements are low and the velocity increase of

_ the water is high. An additional feature is that the shell can clog by a

factor of two, while the suction rate will remain essentially unchanged.
This is because only about 5% of the pump power is used for suction
through the shell. Doubling this vazlue does not appreciably change the
pump speed or flow rate. . . ’ : .
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: Appendix B’
TEST SETUP AND DATA PROCESSING

The tests were conducted in the 7-by-10-foot low-turbulence Norair
wind tunnel, which has a noise and vibration Ry limit of about 11 to
12 X 10°, bascd on the NOTS model length. The wake drag of the model .
was mecasured by means of the six wake rakes shown in’ Fig.39. The
model was internally divided into three suction chambers, each con- .
neccted to pipes passing through the North.rop floor-supported sting by
way of calibrated flow-measuring nozzles to a suction box. The suc-
tion rate was controlled by .remotely-operated needle valves.

There were at least two static-pressure pickups in each of the
three chambers, with at least one necar the shell and another near the
chamber outlet. These lines passed through the sting to a bank of U-
tube manometers, : :

e | . o o'-o".‘ o .  . : “]
A S

-e © 2180°

Lz 91"
) —

boe* 30° Direction o
2 ) of rotation -2
/ o+ 60° .

ol

o= 225° Seams - :
. []
e 2 180°

. View A-A after rotating
View A-A modcel 45¢

FIG. 39. Lecation o.f Wake Rakes arnd Body Scams.-
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_The wake rakes consisted of multiple-total head tubes located at
different heights irom the skin, the first being as close to the skin as
possible. Each rake had two static-pressure pickups located where
they would not interfere with the flow past the other rakes. These

_tubes wcre externally attached to the sting and connected to the ma- -
nometer bank. ’ . :

The manometer banks were photographed and the resulting data,
on 70-mm film, were partially reduced by a film-reading machine.
They were then put into a form that could be used on punched cards in
an IBM 7090 digital computer. The final data rcduction uscd the same
computer program, with minor changes, that Northrop personnel had

. created for their model. ' :

2 : 31
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.Appendix .C .
THEORETICAL BOUNDARY-LAYER CALCULATIONS .
by | . ,
e A, G. Fabula

Several laminar-flow boundary-layer analyses of varying degrees
of refinement have been made on the Reichardt ovoid body shape used
in these tests. In all these theoretical calculations, only steady,.in-
compressible, axisymmetric flow has been considered. )

The writer's laminar-boundary-layer calculations for the Reichardt
ovoid were based on the approximate, one-parameter, modified
Schlichting analysis (Ref. 10). They served mainly to confirm that, in
“the intended towing-tank tests, a typical anticipated suction coefficient
‘of CQ = 3 X 10-% for uniform suction over the porous shell would, in
theory, suffice to stabilize the boundary layer for an intended maxi-
mum spced of 45 knots, assuming that shell wavincess, shell-surface
rocughness, and frcestrcam (i. e:, tank) turbulence were unimportant.
The analyses were as follows. With the calculated distribution of

Schlichting's velocity profile, Shape Parameter K versus surface dis-
tance from the stagnation point, the corresponding critical-thickness
Rcynolds number for ncutral stability, Rg., was obtained from Ref. 11,
Therefore, suction was assumeced to stabilize the boundary layer as
long as R@ < Roc. For the high Reynolds numbers considered for the
towing-tank tests, there was a short interval of instability ahcad of ~
the porous shell's leading edge. However, by applying Granville's
method (Ref. 12) to predict the scparation of the neutral-stability and
transition points (for the no-suction casc), it was concluded that
boundary-layer stabilization by suction would result because the no-
suction transition point would be well beyond the lcading cdge of the
porous shell. oL

In later calculations, W. G. Reller and W. B. Gilcs of the General
Electric Co. also considered the NOTS body with its solid nose, using
a morc accurate analysis bascd on their extension of M. R. Hcad's
method to axisymmetric boundary layers. The results for uniform
suction indicated somcewhat greater stability than did the Schlichting
analysis. Reller and Giles also calculated the optimum suction dis-
tribution over the porouns shell for the NOTS body with a body-length
Reynolds number Ry = 33 X 100, Over most of the porous shell, the
resultant optimum local suction coefficient was between 1.25 and
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0,75 >_<_l'0‘4. This is similar to the result of chghardt (Ref. 13) for a
_solid-nose ellipsoid, also of 8: 1 fineness ratio, with 'Ry = 8 X 106, The’

fact that the experimental optimum CQ in the present tests is.ty plcally
about 2 X 10-% is not ¢xplained, but may be due to the theory, which is
basically two-dimensional, or to a variety of experimental conditions,
such as surface wavinéss, variations in shell permeability, and tunnel
turbulence. However, it is notable that Norair's slotted model, when

" tested under the same tunnel conditions, also hid an optimum CQ of

2 X 10-%, and unofficial results for the Ames tests show necarly the
same value. Thus refinement of the ncutral-stability thcor) for bodies
of revolution would be worthwhile.

" To datc, the most detailed and refined theorectical boundary-layer

. calculations for a Reichardt ovoid shape have been n.ade at Northrop
.in connection with the Norair study of laminar-flow control by means

[o]

of suction through slots on an 8:1 ovoid 18 inches in diameter (com-
pared with a 12.75-inch diameter for the porous NOTS meodel). .The
Norair calculations, based on machince computations using the Raetz
method (Ref. 14), were used to determine slot spacing and to allow a
detailed comparison of theoretical and experimental boundary-layer
profiles at the wake rakes (Ref.7). "Another machinc-computation
program for laminar boundary-layer calculations was developed by the
Douglas Aircraft Co., Inc., bas~d upon the Hartree-Womersly method.
Example calculations for the NOTS Reichardt ovoid with and without

suction have also been made (Ref. 15).

Dctailed calculations could be performed now on the porous NOTS
model to compare theoretical laminar-flow profiles with the experi-
mental boundary-layer profiles from the rake measurements, but it is
clcar from the experimental results alrecady given that the comparison
would be of limited interest. Furthermore, the main uscfulness of
theoretical calculations of this sort is for future work, where optimum
suction distributions for more torpedolike shapes may have to be con-
sidered. Such work is now under way at Norair.
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