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EXPERIMENTAL INVESTIGATION OF THE EFFECTS OF VISCOSITY
ON THE DRAG OF BCODIES OF REVOLUTION
AT A MACH NUMBER COF 1.5

By Dean R. Chapmen gnd Edward W. Perkins

SUMMARY
Tests wore conducted to detexrmine the offects of V'S ogity |
on tho drag and base pressure charactoristics of various bedies of

revolution at a Mach number of 1.5. The models were tosted both
with smooth surfaccs and with roughness added to evaluatc the
effocts of Reynolds number for both leminax and turbulent boundary
layers. The principal geometric variablecs investigated were aftor-—
body shape and length—-diameter ratio. For most models, force tests
) and basec pressure measurcments werc made over a range of Reynolds
\ numbers, based on model longth, from 0.6 million to 5.0 millions.

Schlicren photographs werce uscd to analyze the effocts of viscosity
on flow scparation and shock-wave configuration ncar tha basc and
to verify the condition of the boundary layer as deducod from force
tosts. Tho results arc discussed and compared with th“or ytical
calculations.

The vosults show that viscosity offccts are large and depend
to a great dogree on the body shape. The offects differ greatly for
laminar and turbulent flow in tho boundary layer, and within cach
regime depend upon the Reynolds number of the flow. Leminar flow
was found up to a Roynolds numbor of 6.5 millions and mey possibly
exist to higher values.

The flow over the afterbody and tho shock-wave configuration
near the basc are shown to be very much diffcreont for laminar than
for turbulent flow in the boundary layer. Thc basc pressurc is much
higher with the turbulont layor than with the laminar layer, rcsult—
ing in a2 negative basc drag in some cases. Tho total drag charactor- ‘
istics at a given Reynolds number are affoctod considerebly by the
transition to turbulent flow. Tho fore drag of bodics without boat
tailing or of boat—tailod bodics for which the effccts of flow
scparation arec negligiblc can be calculated by adding the skin-
friction drag bascd upon tho assumption of the low—spced friction
characteristics to the thooretical wave drag.

«
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For leminar flow 1in the boundary layer the offects of varying
the Reynolds number were found to be large, approximately doubling
the base drag in many cases and increasing the total drag about
20 percent over the Reynolds number range investigated. For
turbulent flow in the boundary layer, the effects of varying the
Reynolds number usually changed the base drag and total drag coelf
clents considerably.

INTRODUCTION

The effects of viscosity on the aercdyanamic characteristics
of bodies moving at low subsonic speeds have been known for meny
years and have been evaluated by numerous investigators. The
effects of viscosity at transonic spoeds have been investigated
only recently, and relatively ¢Qrbe effects on the flow over air—
foils are reported by Ackerset {reference 1) and Liepmann (reference Z).
Although the relative thoroughness of these two investigations has
furnished a good start toward a satisfactory GVolUdtLCﬂ end under—
standing of the effects of viscosity in transonic flow fields still
very little is known about the effects at purely supersonic speeds.

The experiments reported in references 3, 4, and 5 have succeeded
in evaluating the magnitude of the skin friction for supersonic flows
in pipes and on curved surfaces. Roference 6 contains a small
amount of data on the effects of Reynolds number on the drag of a
sphere and a circular cylinder; however, these date are not appli-
cable to serodynamic shapcs which are practical for supersonic flight.

It has been gencrally assumed that the effects of viscosity ar
small and need be considered only when determining the magnitude of
gkin friction. In roviewing past data for the effects of viscosity
it was found that in meny reports, such as references T and 8, the
model size was not stated, thereby rondering the calculation of
Reynolds number guite difficult.

Preliminary tecsts in the Ames 1- by 3—foot supersonic wind
tunnel No. 1, which is a varisblo-preossurc tunnel, showed a relatively
large effect of Reynolds number on the drag of bodies of revolution.
The results of this cursory investigation were not roported because
the magnitude of support interfcrence was not known and because
cortain inaccuracies in the balancc measurements wore known to exist
in the date takon at low tunncl pressurcs. An investigation of wing—
body interaction at supersonic spceds has been conducted subsoquontly
and the results prosented in roferonce 9. Because of tho support
interference and the balance inaccuracies notod at low pressures
the data prescnted thercin of the cffoct of Reynolds number on tho
drag of smooth bodies are not sufficiently accurate throughout
the range of Reynolds numbers for direct epplication to the conditions
of froe flight.

CONFIDERTIAL
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Since the effects of viscosity alresdy were known to be
relatively large at the outsset of this investigation, the purpose
of the present research was made twofold., The primary purpcse was
to develop an understanding of the mechanism by which viscosity
alters the theoretical inviscid flow over bodies of revolution at
supersonic speeds, and the secondary purpose to determine the magni-
tude of these effects for the particular bodies investigated.

APPARATUS AND TEST METHODS
Wind Tunnel and Tnstrumentation

A general description of the wind tunnel and the principal
instrumentation used can be found in reference 9. Included therein
is a description of the schlieren apparatus, which forms an integral
part of the wind-tunnel squipment, and the strain—-gage balance system
smployed for measuring asrcdynamic forces. In ordser to chtain
accurate data at low as well as high tunnel pressures, more sensi-
tive drag gage was used in the present investigation than in the
investigation of reference 9; howover, all other details of the
balance system arec the same. For the purposes of tue present
investigation, it 1s pertinent to add that the tumnel is equipped
with three turbulenco-reducing scrocns located in the scttling
chamber.

o

The tunncl total pressure, the static refercnce pressure in
the test soction, and the pressure in the air chamber of the balance
housing were obsecrved on a mercury manometer. Bocausc the Aiffer—
ence botween the base prossure and the static reforonce pYessure 1n
the test scction is ordinarily too smell (cnly 0.5 cm of mercury at
low tunncl pressurcs) to be accurately rcad from a mercury manono ter,
a supplementery manometer using a fluid of lower specific gravity
was employed. Dibutyl phthalate, having a specific gravity of
approximately 1.05 at room temperatures, was used as an indicating
fluid in this manometer instead of the conventional light manometer
fluids, such as water and alcohol, because of its lower vapor pres—
sure and its property of releasing little or no dissolved air when
exposed to very low pressures.

Models and Supports

Photographs of the models, which were made of aluminum alloy,
are shown in figures 1 and 2, and their dimensions are given in
figure 3. Models 1, 2, and 3 were esch formed of a l0—caliber ogive
nose followed by a short cylindrical section; they differ from one
another only in the amount of boat tailing. The shape of the ogive
was not varied in this investigation because the flow over it is not
affected appreciably by viscosity. Models k4, 5, and 6, which differ

CONFIDENTIAL
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b
arcs with the vortex at the position of maximum thicknoss. Fo
convenionce, some of tho more important goometric propertics o
models 1 through 6 are listed in the following table:

Nosc hroa— Length- Basec—
Modecl Frontal half volumo diamector area
arca anglo ratio ratio ratio
A(sq in) 8(deg) A/(V)2/® LD Ap/A
1 1207 18.2 0.302 7450 1.00
2 1.227 18.2 .309 70 1550
3 A 2RI 8.2 .318 70 .348
4 .866 e .305 8.8 191
5 B o 1.0 355 5.2 .186
6 3.426 21.8 479 h.h o o

In addition to tho above-mentioncd models, scversl othcr bodics
wore tested for cortain specific purposcs. Thus, models 7 and 8
wero made unusually long so that the gkin friction would bec a large
portion of the measured drag, thereby enabling the condition of the
boundary layer to be deduced from force tests. Various substitute
ogives, shown in figure 2(a), were made interchangeeble with the
smooth ogive that is shown attached to the cylindrical afterbody of
model 8. These ogives were provided with different types end
amounte of roughness and could be tested either alone or with the
long cylindrical afterbody attached. When the ogives were tested
alone, a shroud of the same diameter as the ogive was used to
replace the cylindrical afterbody. Model 9, a body with a conical
nose, and model 10, a sphere, were tested in crder to compare the
results of the present investigation with existing theoretical
calculations and with the results of other experimental investigea—
tions, Models 11, 12, 13, and 14 were constructed to determine the
effects of the length-diameter ratio for a fixed shape of afterhody.
In all cases when a smooth surface was desired, the models were
polished before testing to cbtain a surface as free from scratches
and mechining mexks as possible.

2

Tho models were supported in two different ways: by a reax
support and by a side support, as shown in figures 4, 5, and 6. Tho
rear support used in the majority of the cases consists of a sting
which supports the model and attaches to the balance beam. A thin
steel shroud encloses the sting and thercby eliminates
dynamic tare forces. Use of the rear support allows force da

-+

U

2

3 the acro-
-

8, base
pressure data, and schlieren photographs to be taken simultaneously.
\.‘

The side support which attaches to the lower side of the mode
consists of a 6-percent—thick airfoil of straight—side scgments
and 7° semiwedge angle at the leading and trailing edges. The
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gide support was used to determine the effects of the axial variation
in test-section static precssure on base pressure, and, in conjunc—
tion with a dummy roar support, to evaluate tho cffects of support
interfercence. Base pressure data and schliercn photographs can bc
obtaincd when the side support is used.

Test Methods

The tosts wore conducted at zoro angle of attack in a fixed
nozzle designed to provide a uniform Mach numbor of approximately
1.5 in the test scction. For the positions occupied by the differcnt
modols, the freo~strecam Mech number actually veried from 1.49 to
1.51. This is somewhat lowecr than the Mach number of the tosts
reported in reference 9, which werce conducted farther downstrecam in
tho test scction.

Befcre and aftecr each run precsutions were teken to test the
prossurc linecs for lecaks and the balanco system for friction or
zoro shift, Each run wes madc by starting the tunncl at & low
pressurc, usually .3 pounds por squarc inch absoluto, and taking
data at diffcrent lovels of tunncl stagnation pressurc up to a
maximum of 25 pounds por square inch absolutc. Bocausc of the lag
in the menomcter systcm, approximately 15 minutes at low prossures
and 5 minutes at high pressurcs woerc allowed for conditions to
come to cquilibrium. Tho over-—all variation in Roynolds numbor
bascd on body loength ranged from about 60,000 to 9.4 millions. Thoe
gspecific humidity of tho air usually wes maintaincd below 0.0001
pound of water por pound of dry air, and in all cascs was bclow
0.0003.

In genoral, cach body was tostod with a polished surface and
then lator with roughnoss added to fix transition. As illustratcd
in figuro 2(a), scveral difforont mothods of fixing transition on
a body in a supcrsonic strcam werc tricd. Tho usual carborundum
mothod cmployed in subscnic rescarch was not uscd becausc of the
danger of blowing carborundum particlcs into thc tunncl-drive
compreossors. The mothod finally adopted was to ccment a 1/8-inch-
wide band of particles of tablc salt around the body. This mcthod
provod successful at all but the veory low Reynolds numbors. On
models 1, 2, 3, and 12 roughness was located onc~cighth inch down—
gtrecem of the boginning of the cylindrical scction. On modcls h,

5, and 6 the roughness was placed 4.5 inchcs from the nosc and on
model 8 onc—cighth inch upstrcem of ths beginning of the cylindrical
aftorbody. Modols 7, 9, 10, 11, 13, and 1k werc tcsted in tho smooth
condition only.

CONFIDENTTIAL
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RESULTS
Reduction of Data

The force data included in this report have been reduced to
the usual coefficient form through division by the product of the
free—strecam dynamic pressure and the frontal erea of the body.

If it is desired tc refer these ccefficients to (chlt,u'ae)g/3 the
necesgsary conversion factors can be found in the table of the
gecmetric properties of the modsls included in the secticn on
models and supports In each case, conditions just sheed of the
nose of a model are taken as the free-stream ccnditions.

The measurements of the pressure on the bage of sach model
are reforred to freo stream static pressure and made dimensionless
through division by the frec—strecam dynamic pressure. Thus, the
base pressure cocfficient is calculeted from the cquation

Pp = Elﬁ..;_l_?}_ (1)
whero
Pp base pressure coefficiont
PR prossure acting on the base
P1 frece—-stream static preossure
a1 free—strocam dynamic pressurc

The dynamic pressure is calculated from the isentropic relation
ships. A small oxpcrimentally determincd correction is applied
for the loss in total pressurc duc to condcensation of water vapor
in the nozzle. Tho Reynolds number is based upon the body longth
and is calculated from the isentropic relationships using
Sutherland's formula for the vaeriation of viscosity with the
tomperature of the air.

It is convoniecnt to considor the forco duc to tho basc prossurc
as a soparatc component of the total drag. Accordingly, the basc
drag is roforrcd to the frontal arca, and in coofficient form is
given by

/" Ap\
Cpg = B{\;B'/? (2)
CONFIDENTIAL
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where

CDB bagse drag coefficient

Ag area of base

A frontal area of the body

The fore drag is defined as the sum of all drag forces thet
act on the body surfece forward of the base. Hence, the fore drag
coefficient is given by

Cpp  =Cp - Cpy (2)

where Cp is the total drag coefficient and CDF the T
coefficient. The concept of fore drag coefficient is usefl
several reasons. It is the fore drag that is of direct imp
tc the practical designer when the pressure acting on the base of
a body is altered by a Jet of gases from a power plant. Cor

the fore drag as an independent component of the total drag greatly
simplifies the drag aznalysis of a given body. Finally, the fore
dreg, as will be explained later, is nct affected appreciably by
interference of the rear supports used in the investigation.

Since the nozzle calibration with no model present showed that
the static pressure along the axis of the test section is not
constent (fig. 7), the measured coefficients have been corrected
for the increment of drag or pressure resulting from the axial
pressure gradient. A detailed discussion of this correction 1s
presented in appendix A, and the experimental Justificetion shown
in figures 8 and 9.

Precision

The table which Tollows lists the total uncertainty that
would be introduced into each ccefficient in the majority cf the
results if all of the possible errors that are known to exist in
the measurement of the forces and pressures and the determination
of free-stream Mach number and gradient corrections were to accumulate.
Actually the errors may be expected to be partially compensating, soO
the probable inaccuracy is about half that given in the table. The
sources and estimated magnitudes of the probable errors involved are
considered at greater length in appendix B. The values in the
following table are for the lowest and highest tunnel pressures and
vary linearly in between The table does not apply to data that are
presented in figures 12(b), 16, 17 and for models 4, 5, and 6 in

CCNF IDENTTAL
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figures 26(a) and 32(2) where the possidle variation in tho oalnncu
calibration constant may increazsc tho limits of crror as discussed
in appendix B.

Maximum value of Maximum valuc of
Coefficient error at lowest pressure orror at highost prossurc
Total drag + (2.4% plus 0.004) t (1.1% plus O. om‘)
Fore drag + (1.6¢ plus 0.00%) + {0,680  plus Ok
Basc prossure * (0.8 ”ﬁ plus 0.005) * (0,5% plus b.,
Besc drag + [0.8% plus 0.005(An/A) + [0.5% plus 0.005

Effects of Support Interference

revious to the present investigation an extonsive sorices of
tosts was conducted to determine the body shapc and support combina—
tions neocossary to eliminate or svoluate the support interfercnce,
Based upon the results obtained, a summary of which appcars in
appendix C, it is belieoved that all the drag data presented herein
for the models tested in the smooth condition is free from support
interference effects with the exception of the data shown in figure
30. For the models tested with roughness, the fore drag data are
free from interference effects, but an uncertainty in the base
pressure coefficient exists which may vary from a minimum of £0.005
to a maximum of +0,015 for the different bodies. As a result, the
base drag coefficients and total drag coefficients for the same
tost conditicns are subject to a corresponding small uncertainty. »

Schlisren Photographs

Since much of the basic information contained in this report
is obtained from schlieren photogrephs, a uomswhut detalled explana--
tion of their interpretation is in order. A typical schlieren
photograph taken with the knife edge verticel is shown in figure 10.
The various features of the flow are designated in this photograph
which shows the entire field of view of the schlieren apparatus.
Other items, such as the natural gradients inherent in the glass
and. the horizontal and vertical reference wires mounted outside of
the tunnel are also apparent in this and other photographs presented
in the report. The horizontal streaks that appear on some of Uhe
schlieren photographs are a result of oil in the tunnel circult
due to temporarily faulty gasketing in one of the main drive
compressors. The mottled appesrance of the background is belleved
to result from the varying density gradients in the boundary layer g
flow on the glass windows.

The schlieren photographs were taken with the knife edge both g
horizontel and vertical. Density gradients normel to the stream

CONFIDENTTAL
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direction are detected with the knife edge horizontzl; whersas those
parallel to the stream direction are detected with the knife edgs
vertical. For the horizontal orientation the kznife edge was pliaced
g0 that increasing density grsdients in a downward direction appesar
as white areas on the photographs. For the vertical orientation

the knife edge was placed (except for the photograph in fig. 10 and
the sphere photographs in fig. 20) so that increasing density
gradients in the downstream direction appear as white arecs.

Thecretical Calculaticns

Although at present nc theoretical method is available for
calculating the base pressure and hence the total drag of a body,
several methods are available which provide an excellent bﬂJOfut cal
standard to which the experimentel measurements of fore drag can be
compared. In this report the theoretical fore drag is considered
to be thc sum of the theoretical wave drag for an inviscid flow and
the skin-friction drag corresponding to the type of boundary layer
that exists on the body.

A typical Mach net and the corresponding pressure distrivution
for the thecrotical inviscid flow over one of the boat-talled bedies
tosted in this investigation is shown in figure 11. For purpeses of
comparison the pregsure distribution as calculated by the lincar
theory of von Karmen and Moorc is included as is the Progsure
coefficient at the nose of a cong, the included angle 'of which is
equal to thc angle botween the surface tangonts at the nose of the

ogive. This lattor is cbtained by the methcd of refercnces 10 and 11.

The wave drag for many of thc bodics tested was calculated by
the method of charactoristics for rotationally symmeiric suporsonic
flow as given in roforences 12 and 13. In accordance with the
theorctical results of reforence 14, the fluid rotation produced by
the vory small curvaturc of the hovd shock wave wes noglocted. This
procodure is justified experimontelly in ro forence 8, where tho
theoretical calculation using tho method of charfctorlst*oo as
presented in reference 12 are shown to be in cxcellent egroomznt
with tho measured precssure distributions for ogivos with cylindrice
afterbodies.

The celculation of the skin—friction drag in any given casc
requires a knowledge of the condition of the boundary layer. In tho
cases for which tho schlicren photographs and the force tests indi-
cated that thc entire boundary layer was laminer, the curve of
theorotical fore drag used for comparison with the el porimental
results was obtainod by adding to the wave drag a the oretical
skin—friction drag calculated by using the low gpood skin-friction
coofficicnts for laminar boundary layor flow at tho Reoynolds number

CONF IDENTTAL
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based on the full length of the model. This.procedure, which is in
accordance with reference 3, gives the ecguation

CDp = Cfpam(AF/A) ()
where
Cpr skin—friction drag coefficient for the model at the
Reynolds number, Re, based on the full length of
the model
Cflam low-speed skin-friction coefficient for laminar boundary—
layer flow at Re
Ay wetted area of the model forwsrd of the base
A frontal area of the model

For the models with roughness added it was assumed that the
disturbance of the boundary layer resulting from the salt band was
sufficient to cause transition to a turbulent boundary layer to
occur at the band. The theoretical skin--friction drag was then
obtained by means of the equation

A A s ARk ™ "
CDg = Cfiom u"l‘m\ + Cf gy KEE l“m-/ (3)
\

where

Cf&am low—speed skin~friction coefficient for laminar boundary-
layer flow at the effective Reynolds number, Re', based
on the length of the model from the nose to the point
where the salt band was added

A)am wetted area of that portion of the model forward of the
salt band

Cf turb low—gpeed skin-friction ccefficient for turbulent boundary—
layer flow at the Reynolds number Re, based on the full
length of the model

Cfturb low—speed skin—friction coefiicient for turbulent bﬁundarj—
layer flow at the effective Reynolds number Re'

CONF IDENTTAL
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This method of calculation presumes that the fixed roughness was
of such a nature as to cause the turbulent boundary--layer flow
downstream of the point where the roughness was added to be the
same as would have existed had the boundary--layer flow been
turbulent all the way from the nose of the body.

DISCUSSION

Flow Characteristics
\

Before analyzing the effects of viscosity on the dreg of the
bodies of revolution, it is convenient to consider qualitatively
the effects on the general characteristics of the observed Ilcw.
In s0 doing it is advantageous to consider first the condition of
the boundary layer characterized by whether it ig laminar or tur-
bulent and then the effect of variation in Reynolds number on flow
separaticn for each type ofc boundary lasyer. Once the effects, on.
flow separation, of the Reynolds number and the condition of the
boundary layer are known, the observed effects on the shock—wave
configuration at the base of the model are easily explained.
Likewise, oncc the effects on flow separation and shock-wave
configuration are known, the resulting effects of viscosity on
the fore drag, base drag, and total drag are easily understood.

Condition of the boundary layer.— Since results observed at
transconic spoeds (references 1 and 2) have shown that the general
flow pattern about a body depends to a marked degree on the type
of boundary layer present, it is possible that the boundary-layer
flow at supersonic speeds also may be of primary'importance in
detormining the over--all aerofynamic characteristics of a body.
Consequently, the determination of the extent of the laminar
boundary layecr under normal test conditions is of fundamental
importance.

In an attempt to dstermine the highest Reynolds number at which
leminar flow exists on models tested in this investigation, a
relatively long polished body (model 7) was tested from a low
pressurc up to the highest tunnel pressure obtainable. In thisg
casc, the diamcter of the shroud which encloses the roar suppoxrt
sting was madc the same as the diametor of the body. The fors
drag moasurcmonts on this modol are shown in figurc 12(a). Since
the skin friction is a relatively lerge portion of the measurcd
fore drag, the condition of the boundary layer can be deduced from
these force tosts. Tho data indicato that the boundary layor on
this body is still laminar up to the highest obtainablec Reymolds
number of 6.5 millions. Tho computed fore drag data used for
comparison are obtained by adding a laminar or turbulent skin—
friction coefficient basod on low—spood charectoristics to the

CONFIDENTIAL
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experimental wave drag of the cgival nose. Thisg latter is determined
by subtractlng from the fore dreg data of figurc 16 the low-spcod
laminar skin-friction coefficicnts for the smooth ogive at the
higher Reynolds numbers where the error, resulting from the assump—
tion of the low-speed coefficients, is a small percent of the
deduced wavo drag. Schlieven photographs from which the conditicn
of the boundery layer may be obscrved arc shown in figure 13. Thﬁy
confirm the previous finding by showing that transition does not
occur on the body, but begins a sghort distance downstroacn from
the base of the meodcl, as indicated by arrow 1 in the photograp!

A close exemination of the photographs in figure 13
that the beginning of transition (arrow 1) is locutcd at
point on the support shroud as tho waves (arrows 2 and 3
originate from a disturbanco of the boundary laycr. It was found
by measurcmonts on the schliercon photographs that the pc1nt of
origin of thcsc waves on the shroud and the intersoction with thoe
shroud of thc bow wave, which has been reflected by the tost-secction
sido walls, coincide. This suggosts that transition on thc shroud
is being brought about prematurely by the roflected bow waves. Addi-
tional ovidoncc that this is not natural transition is obtained in
noting from figure 13 that the point whore tran "'tﬂon bogins do
not move with a change in Reynolds number. If thce m cl wore l nEger
than a critical length, which is about 11 inches for thc conditions
of tho prescnt tests, these roflected waves would strikc the model
somowhere on the aftprbody and prcmature transition would be cxpccted
to affect tho results. Figure 12(b) shows the resulte of tho
moasurcments of fore drag on a 16.7-inch body (modol 8), which is
considerably longer than the critical length. Thesc force data
confirm the above conjocture by clearly indicating a partially
turbulent boundary laycr on the body cven at Roynolds numbors as
low as 2 millions. The schlicren photographs of the flow over tais
body arc proscnted in figurc 1l4. It is scon thet, in this casc alsoc,
the transition to turbulent flow (arrow 1) is located at the samo
point as the waves (arrows 2 and 3) originating from the disturbance
of the boundary laycr by the reflocted bow wave. Similarly, an
additional small wave (arrow 4) can be traoced back to a disturbance
of the boundary layocr caused by a shock wave criginating from o
vory slightly imporfoct fit of the glass windows in tho side walls.

Although tho maximum possible coxtent of leminar flow that may
be oxpectcd on bodics of revolution cannot beo determincd on tho
basis of the prosont tosts becausc of thie interforencs from the
roflccted shock wavos, the forogoing results show that, under tho
conditions of théso tests, a laminar boundery laycr cxists ovor tho
ontire surface of a smocth modol about 11 inchos long up to at least
6.5 millions Reynolds numbor,

Tn comperison to the valucs normally cncountered at subsonic
spcods, a Reynolds numbor of 6.5 millions at first appcers to be
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somowhat high for maintcnance of laminar flow over a body, unlecss
favorable pressurc Zradients coxist over the ontirc l:ngth of that
body. The pressure distribution over model 7, shown in Ffigurc 157
has been determined by superimposing the prossurc distribution which
oxists along tho axis of the nozzle with no modcl present upon the
thco“oticul preossurc distribution calculated for model 7 by tho

mothod of characteristics. The resulting preesurc distribution shows

hnt tho pressurc gradicnt is favorable over the ogive, but is
actually adverse over the cylindrical afterbody. This suggosts
that the stability of tho laminar boundary laycr at a Mach numbor of
1.5 may be considerably groatcr than at low AuCh numbors.

An increase in the stability of the laminar boundary layer with
an increase in Mach number has been indicated previocusly by the
theoretical work of references 15 and 16, and is confirmed experi—
mentally for subsonic flows by the resuluq of references 6 and 17
as well as by the experimental data given for airfoils in reference
15. Some of the experimental research carried out in Germany are
in disagreement with these results. In fact, part IV of reference
18 reports that the schlieren observations made in the supersonic
wind tunnels at Kochel indicated that the Reynolds number of transi-
tion to turbulent flow on cones was even less than the value for
an incompressible flow with no pressure gradient. On the basis of
the description of the Xochel wind tunnels given in part I of
reference 18, it appsars that because of several factors the condi-
tions of flow therein are scmewhat adverse to the formation of
laminar boundary layers as extensive as those that wculd exist in
free flight. One of the more important of these factors is
believed to be the large number of shock waves which originate
from imperfections in the nozzle walls and disturb the boundary
layer over the body. These shock waves ordinarily number about 15
and are readily visible in various schlieren photographs. (See
reference 21, for example.)

In order to cause the laminar boundary layer to become tur—
bulent in this investigation, an artifice such as adding roughness
was necessary. In a supersonic stream, however, the addition of
roughness to a body also will increase the wave drag of that body.
The magnitude of the wave drag duve to roughness was determined Dby
testing with full diameter ghrouding and no afterbody attached,
first the smooth ogive, and then the ogives with various amounts
and kinds of roughness added (fig, 2(a))

The corresponding fore drag measurements are shown in figure 16.

These data illustrate that little additional drag is attributable to
roughness at the low Reynolde numbers where the boundary layer is
relatively thick, but that an appreciable amount of wave drag is

attributable to it at the higher Reynolds numbsrs. For all subsequent

results presented, the amount of drag caused by the artifical
roughness is subtracted from the measured date taken for the bodies
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tested with transition fixed. In order to calculate the emount of
drag caused by the roughness for models of diameters different from
the ogives tested, it was assumed that for any model the increment
in drag coefficient attributable to the drag of the artificisgl
roughness was inversely proportional to the diameter of the umodel,
at the station at which the roughness was applied.

The fore drag messursments of model 8, which consists of a
cylindrical afterbody with any one of the interchangeable cgives
directly attached, are presented in figure 17. These data, Ifrom
which the drag increment due to the added roughness has been sub—
tracted as noted previocusly, show that the degree oi roughness
produced by sand blasting the surface of the ogive is insufiiclent
to cause transition at low Reynolds numbers; whereas, the roughness
produced by the 3/16«inch— or the 3/S_inchnwide salt band caused
transition at all Reynolds numbers.

A vivid i1llustration of the turbulent characiter of the boundary
layer on those bodies with roughness added is given by the schlisren
photographs in figure 18. The boundary layer is best seen in the
photogreph teken with the knife edge horizontal. A ccmparigon of
these photographs with those of laminar boundary layers il N B 8
for example) illustrates how the condition of the boundary layer is
apparent from schlieren photographs.

The results at transonic speeds reported in references 1 and 2
have shown that the same changes in pressure distribution and shocl—
wave configuration brought about by transition due to inherent
boundary-layer instebility at high Reynolds numbers can alsc be
brought about at those speeds by any of several means. The artifices
used in references 1 and 2 included fine—grain roughness, free-—
stream turbulence, and a single large disturbance; the resulting
aerodynamic effects were the same, provided in each case the boundary
layer was changed from laminzr to turbulent. Consequently, no
matter what causes the boundary layer to become turbulent in free
flight, it seems likely that, excluding possible small differences
in skin fricticn, the resulting effects on the aerodynamic character—
istics of the body will be very nearly the seme as if the boundary
layer worc made turbulent by roughness alone, as is the case in the
experiments conducted in this investigation.

Flow Senaration.— Changes in flow seperation brought about by
changing the boundary-layer flow from laminar to turbulent alter
the effective shape of the body, the shock-wave configuration, and
also the drag. It is therefore essential to consider the effects
on flow separation of both the condition of the boundary layer and
the Reynolds number,

The location and degree of separation of the laminar boundary
layer for the boat tailed bodies tested in the smcoth condition
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varied noticeably with the Reynolds number of flow. The schlieren
photographs of Model 6 in figure 19 are typical of this effect.
Additional photographs, presented in figure 20, illustrate the

same phenomena in the flow over models 2, 3, and 10, each at two
different Reynolds numbers. In each case, as the Reynolds number
of the flow is increased, the separation decreases, the convergence
of the wake increases, and the trailing shock wave moves forward.

Separation of an apparently laminar boundary layer has been
pointed out previously by Ferri in reference 19 for the two-—
dimensional supersonic flow over the surface of curved airfoils.
The schlieren photographs therein indicate that a shock wave forms
at the point of laminar separation. On the other hand, the schlisren
pictures of the flow fields for the bodies of revolution tested in
the present investigation, show no definite shock wave accompanying
geparation except for the sphere (fig. 20) in which case the shock
wave is very weak indeed. It may be concluded, therefore, that a
geparation of the laminar boundary layer is not necessarily
accompanied by a shock wave at supersonic sgpeeds. The same con
clusion for transonic flows has been drawn in reference 2.

It might be surmised that the trailing shock wave situated some
distence downstream of the separation point is interacting with or,
perhaps, even causing the flow separation by virtue of pressure
disturbances propagated upstream through the subsonic porticn of
the wake and boundary layer. Some indication that this is not the
case is given by the schlieren photographe in figures 19 and 20. It
cen be seen from these photographs that the trailing shock wave
moves upstream and the point of separation moves dcwnstream es the
Reynolds number is increased. It would logically be expected that
this decrease in the distance between the shock wave and the separa—
tion point would intensify any possible interaction between these two
elements. The photographs show, however, that the degree of scpara-
tion actually decreases as the trailing shock wave moves upstream.
This suggests that the trailing shock wave does not have much
influence on the laminar separation. Additional evidence which
corroborates this conjecture was noted in the course of the investliga—
tion of support interference, wherein 1t was found that if the
diameter of the support behind models 2 and 3 was increased, the
trailing shock wave moved forward, but the base pressure and laminar
separation did not change. On this basis it appears likely that the
cause of the laminar separation is not associated with a shock wave,
but with other phencmena.

In order to analyze more closely the details of the flow
separation, the pressure distribution slong the streamline Just
outsids of the scparated boundary layer was calculated for several
flow conditions over models 3 and 6. The calculations wore made
using the method of characteristics, and obtaining the contour
of the streamline just outside the separated boundary layer from
enlargements of the schlieren photographs. Typicel results from

CONFIDENTTAL




16 CONFIDENTTAL NACA RM No. A7A31la

these calculations for model 3 are presented in figure 21. It
seen that the pressure on the outside of the boundary layer is
approximately constant, downstream of the bant of eoaratﬁon, ag
ig characteristic slong the boundery of a Yead- water region. The
pressure along the line of separation can be expscted to be approxi-
mately equal to that in ths dead water reglon, and hence, equal to
the base pressure. A comparison of the calculated values of the
average presgsure in the dead-water region with the measursd valu
of the base pre°°‘” for geveral conditions of flow over mocdels
and 6 is given in the following table:

ry

8

=]

€8
2
2,

Celculated Meagured
pressure coeffi~— base

cient of cead Progsure

Model Reynolds numbsr ’ coefficient

3 0.5 x 10° 06", ~G.06
3 200 G -.11 —-.12
6 .6 x 10° ~.10 -.11
6 o0, b . -.13 -.13

The preceding results indicste that for laminar flow the base pressure,
at least for boat-tailed bedlee, is detcrmined by the degres of
separation which occurs forward of the vase. This suggests that,

if a means can be found to control the separation, the base pressure
also can be controlled.

The theoretical pressurs distributions on models 4 and 5 aro
similar to the pressure distribution on model 6, which is shown in
figure 22. In each case, the leminar separation observed in the
schlieren photowraphs is locaved at a point upstream of which the
pressure decreases continually slong the direction of flow. For
subsonic flow this condition ordinarily would be termed favorable
and. separation would not be expected. It thus appears that the
separation phencmena observed are of a different naturs from those
which commonly result from a rotardation of the fluid particles in
the boundary layer. Further research on this subject iz nccessary
in order to gain a satisfactory understanding of the observed results.

The findings of previous investigations in low- bp~od flows
indicate that if a boundary layer which is normally laminar over
the afterbody is made turbulent by either natural or artificial
means, the resistance to seperation is increascd greatly. The tests
on models 2, 3, 4, 5, and 6 with roughness added show cleariy that
this is also the case in supoersonic flows The two schlieroen
photographs presented in figurs 23 wore takon of mhdbl & with and
without roughness added aend are typical of this effect. A compari-
son of the two photographs shows that, without roughnese addoed,
scparation occurs near the point of maximum thickness, but if
transition is fixod aheoad of this point such scparation no longoxr
occurs.
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Skock-wave configuration. - It is to be expected that the changes
in flow separation due to changes in the condition of the boundary
layer and in the Reynolds number of the flow will bring about changes

in the shock-wave configuration at the basc of a body. Tuc schlieren
photographs of figures 19 and 20, which show how the laminar separa—

tion decroascs and the convergence of the wake increases as the
Reynolds number is incroased, also show that those phenomona are
acceompanicd by a forward motion of the trailing shock wave. In
gencral, as long as the boundary layer is laminar, the trailing
shock wave moves forward as the Reynolds number increases, but no
major change in the shock-wave configuration takes placc.

The shock—wave configuration with a turbulent boundary layer,
however, is vory much diffeorent from the configuration with a
laminer layor, as is illustrated by the schlieren photographs of
model 6, shown in figurc 23. Such configuration changes due to
the transition to turbulent boundary-layer flow correlate quite
well with the angle B that the tangent to the surface just ahead
of the base mekes with the axis of symmetry. Figure 24 shows the
changes in shock-wave configuration for models 1 through 6 arranged
in order of increasing angle B. It is seen that, on the boat-
tailed bodies with a small angle B, the transition to a turbulsnt
boundary layer is accompanied by the appearance of a wsak shock
wave originating at the base of the body (models 4 and 2). For
bodies with larger boat tail angles (model 5) the strength of this
wave, hereafter termed the "base shock wave," increases until it is
approximately as strongas the original trailing shock wave. For
even larger boat—tail angles, the base shock wave becomes more
distinct, and eventually is the only appreciable shock wave exist—
ing near the base of the body (models 3 and 6). In such a case,
the compression through the base shock wave occurs forward of the
base. This, as will be shown later, greatly increases the base
pressure and decreases the base drag. Since the change in shock-—
wave configuration caused by the addition of roughness is due to
the greater resistance to flow separation of the turbulent boundary
layer, it may be expected that the above shock—wave configurations
for the turbulent boundary layer will be obtained regardless of the
cause cf transition.

Compared tc the phenomena observed with a laminar boundary layer
(fig. 19), changes in the Reynolds number for a body with a turbulent

boundary layer do not alter the shock wave configuration tc any
significant extent, because the turbulent laysr, even at low
Reynolds numbers, ordinarily does not separate.
in figure 25, which shows the schlieren photogrephs of model 3 at
different Reynolds numbers with roughness added. No apparent change
in the flow characteristics takes place as the Reynolds number is
increassed. With a turbulent boundary layer, therefore, the effect
on base drag of varying the Reynolds number may be expected toc be
much less than with a laminar layer.
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Anslysis of the Dreg Data

The qualitative effects of viscosity on flow separation and on
shock-wave configuration, which have been discussed in the preceding
sectiong, provide the physical basis for understanding the effects
of varying the Reynolds number and changing the condition of the
boundary layer on the dreg coefficients of the various bodies tested.

Fore drag.— The fore drag coefficients of models 1 through 6
with laminar flow in the boundary leyer are shown in figure 26(a)
as a function of the Reynolds number. Thege data show that, over
the Reynolds number range covered in the tests, the fore drag of
model 1 decreases about 20 percent, while that of model 6 increases
about 15 percent. The fore dreg of the other bodies doses not change
appreciably.

The resason the effsets cf Reynolds number vary considerably
with different body shapes is clearly illustrated by a comparison
of the measured fore drags with the theoretical fore drags, In
figure 27(a) the theoretical and measured values of fore drag are
compared for model 1, which has no boat tailing, and for model 3,
which is typical of the boat-tailed models. From this comparison,
it is seon that, as previocusly noted for other models without beat
tailing, the theoretical and experimentel fore drags for model 1 are

in good agreement. The decrease in fore drag with increasing Reynolds

number for the bodies without boat tailing is due entirely to the
decrease in skin—friction coefficient. For model 3, which has
considerable boat tailing,the curves of flgure 27(a) show that the
thooretical and experimental fore drags agree only at high Reynolds
numbers. At the low Reynolds numbors the measured fore drags are
lower than the theoretical values because of the separation of the
laminar boundary layer as previously illustrated by tho schlieren
photographs in figures 19 and 20. With scparetion, the flow over the
boat tail does not follow the contour of the body, end the pressure
in the accompanying doad-water region is highor than it would be if
the separation 4id not occur (fig. 21). This makes the actual

fore drag lower than the theoretical value for a flow without scpara—
tion. At the highor Reynolds numbers, tho separation is negligible
and the flow closely follows the contour of the body; henco, the
thooretical and experimontal fore drags agrec. The reason for tho
approximatoly constant fore drag of models 2, 3, 4, and 5, thorefore,
is that the chenges duc to skin friction and flow separation arc
compensating. For model 6 with a smooth surface, the forec drag
shown in figure 26(a) rises rather rapidly at low Reynolds numbers
because the scparation effects for this relatively thick body

(fig. 19) more than componsatc for thc changes in gkin friction due
to the variation of the Reynolds numbor.

Figuro 26(b), which shows the fore drag coofficients of models 1
through 6 with roughness added, indicates that the fore drag for all
the bodics dccroascs as the Reynolds number increascs above a
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Reynolds number of 1.75 millions. This is to be expocted, since with
the change to turbulent boundary layer and conscquent 'elimination of
separation, the only factor remaining to influcnce the fore drag
coefficients is the decrease of skin-friction coefficients with
increase in Reynolds number. Below a Reynolds number of 1.75 millions,
however, the fore drag of all tho modcls oxcept model 1 increoascs

with increcasing Roymolds number. The cause of this somowhat puzzling
bohavicr is apparent upon closer examination of the data.

Figure 27(b) shows a comparison of the theoretical fore drags
with the experimental values for models 1 and 3 with roughness
added. The theoretical value for skin-friction drag was calculated
essuming leminar flow up to the location of the roughness, and
turbulent flow behind it. This value of dreg was added to the
theoretical wave drag to obtain the theoretical fore drag. It is
gseen from figure 27(b) that for model 1 the curves of theorstical
and experimental fore drag have the previously indicated trend of
decreasing drag with increasing Reynolds number over the entire range.
However, for model 3, which is typicel of the boat-tailed bodies,
the measured fore drag at low Reynolds numbers falls considerably
below the theoreticel value in the manner previously noted. The
reason for this is evident from an examination of the schlieren
photographs shown in figure 28, which were taken of the flow over
models 3 and 6 with roughness added. They show that at the low
Reynolds numbers a flow separation similar to that observed for an
undisturbed laminar boundary layer (fig. 19) is evident, and the
resulting shock-wave configuration is characteristic of the config—
uration for a laminar boundary layer rather than that for a turbu—
lent boundary layer. It appears that, at the low Reynolds numbers,
the amount of roughness added does not cause transition far enough
upstreem of the point for laminar separation so that the free
stream can provide the boundary layer with the necessary additional
momentum to prevent separation. The portions of the drag curves
in which the desired transition was not realized are shown dotted
over the region in which separation was apparent from the schlieren
pictures. For model 1, the schlieren photographs showed that at
the low Reynolds numbers the amount of roughness added was suffi-
cient to effect transition some distance ahead of the base, although
not immediately aft of the roughness.

The agreement between the experimental and the theoretical
results cbtained by the use of equations (4) and (5) indicates that,
at a Mach number of 1.5 and in the range of Reynolds numbers
covered by this investigation, the familiar low-speed skin-friction
coefficients can be used to estimate drag due to skin friction at
supersonic speeds. This confirms the results of references 3, k4,
and 5 and extends their application to the evaluaticn of skin-friction
drag for supersonic flow on bodies of revolution.
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A comparison of the curves of figures 26(a) and 26(b) showa
that for a given body at a given valus of the Reynolde number the
fore drag with roughness added is consistently higher than the
corresponding fore drag of tiue smooth-surfaced body. In the
general case, this over—all increase in fore drag is attributabl
both to the increase in the skin-friction drag of the body and to
the elimination of separation with consequent increase in the
pressure drag of the boat tail, For model 1, which has no boat
tailing, the increase in skin friction is the sole factor contribut-
ing to the increase in fore drag.

Base pressure and base drag.—- Figure 29{a) shows the base
pregsure coefficients plotted as a function of the Reynolds number
for models 1 through 6, each with a smocth surface. It is evident
from the dsta in this figure that the effects of Reynclds number on
base pressure for a body with a laminar boundary layer are qulite large.
In the range of Reynolds numbers covered, the base prossure cosffi-
cient of model 1 increases about 60 percent, and the coefficients of
models 2, 3, and 4 more than double. The thicker bodles, models 5
and 6, do not exhibit such large changes in base pressure coefficient,
for the coefficients apparently reach a meximum at a relatively low
Reynolds number, and then decrease with further increase In the
Reynolds number.

The base pressure coefficients for models 1 through 6 with
roughness added are shown in figure 29(b). Here again, the portions
of the curves which correspond to the low Reynolds number region
wherein transition did not cccur far enough upstream to prevent
geparation are shown as dotted lines. Model 1 exhibits the lowest
base pregsure and model 6 the highest; in this latter case the base
pressure is even higher than the free-sitream static pressure. The

- physical reason for this is evident from the schlieren photograph

at the bottom of figure 23, which shows that a ccmpression through
the shock wave occurs Jjust ahead of the base of model 6. Except

for the largs changes in pressure coefficient at low Reynolds
numbers where the desired transition was not effected, the veriation
of base pressure coefficient with Reynolds number is relatively
emall for the bodies with roughness added.

From a compariscn of the curves for the bodies with roughness
added to the corresponding curvesg for the smcoth—surfaced bodies,
it is evident that a large change in the base pressure coefficient
is attributable to the change in the condition of the boundary
layor. In general, the base presgsures for bedies with roughness
added are considerably higher then the corresponding base pressures
for the smooth—surfaced bodies. In the case of -the boat—tailed
bodies the physical reason for this increase 1in the bass pressure
is the appearence of the base shock wave, as ghown in figure 24,
For modsl 1, which has no boat tailing, the mixing action and
greater thickness of the turbulent boundary layer are probably
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responsible for the observed increase.

The foregoing data show that the effects of Reynolds numbsr and
condition of the boundary layer on the base pressure of a body moving
at supersonic speeds depend cocnsiderably upon the shape of the after-
body. In order to ascertain whether the effects of viscesity also
depend upon the length—-dismeter ratio for a fixed shape of afterbody,
some models of different length- diameter ratios were tested and the
data presented in figures 30(a) and 30(b) which show the variation
of base pressure coefficient with Reynolds number. The data presentsd
in this figure are not free of support interference. From these
data it is apparent that the effects of viscosity on the base pressure
increase with the length—diameter ratio of the body. It is to be noted
that tho base pressure increases as the length diameter ratioc
increases. This is somewhatl at variance with the results of
reference 20 (also reported in reference 18), which showed an effect,
but not a systematic one, of length-diameter ratio on the base
pressure of bodies without boat tailing.

The base drag coefficient can be obtainsd from the base pressure
coefficient of the models by using oquation (2). The base drag
coefficients for the smooth-surfaced bodies are presented in figur
31(a) and for the bodies with roughness added in figure 31(b). These
curves are, of course, similar to the corresponding curves of base
pressure coefficient given in figuros 29(a) and 29(b). In this
form the ordinates cen be added directly to the fore drag coeffi-
cients of figure 26 to obtain the total drag coefficient of a given
body. It is seen that the contribution of the base pressure to the
total drag is very small for models with large amounts of boat
tailing, such as models 3, 4, 5, and 6.

Total drag.— The total draz coefficients for mcdels 1 through 6
with smooth surfaces are shown in figure 32(a) as a function of
Reynolds number. These date show that the drag coefficients of
both models 1 and 2 with a laminar boundary layer increase a little
over 20 percent from the lowest to the highest value of Reymolds
numbor obtained in the tests. The other models exhibit somowhat
smaller changes. The data presented in figures 26 and 31 indicate
that the principal effect controlling the variation of total drag
with Reynolds number for laminar flow in the boundary layer is the
effect of Reynolds number on the base drag of the bodies. For the
special case of highly boat—tailed bodies, howsver, this effect is
of little reclative importance because the base drag is a small part
of the total drag. In such cases, the over-all variation of drag
cocfficient is due almost ontirely to the variation of fore drag
with Reynolds number.

Figure 32(b) shows the total drag cocfficionts plotted as a

function of the Reynolds number for models 1 through 6 with rough—
ness added. Again, the portions of the curves that are shown dotted
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reprssent the Reynolds number region in which the amount of roughness

added is insufficient to ceuse transition far enough upstream so that 1
separation is prevented. All the curves have approximately the same

trend, the over—all effect on the drag coefficientsbeing about 15

percent or less for the various bodies.

A comparison of the curves of total drag for bodies with rough-
negs added to the corresponding curves for bodies with smooth surfaces
shows an interesting phenomenon. . At the higher Reynolds numbers the
drag of models 1 and 6 is actually decreased slightly by the addition
of roughness, in spite of the corresponding increase in skin—friction
drag. The reason is, of course, that the base drags are very much
lower for the turbulent boundary layer than for the laminar. The
drag coefficients of the other bodies (models 2, 3, 4, and 5) are
somewhat higher with roughness added, because the increase in friction
drag of the turbulent boundery layer is greater than the decrease in
base drag.

The impcrtance of always ccnsidering both the Feynolds number of
the flow and condition of the boundary layer is illustrated by the
total drag characteristics of model 2. For exampls, if model 2 were
tested with a turbulent boundary layer at a Reynolds number of 2
millions, the drag would be about 35 percent higher than if tested
with a laminar boundary layer at a Reynolds number of one-half
million. Although discrepancies as large as these have not been
reported as yet in the drag data from different supersonic wind
tunnels, certain consistent differences, varying from about 5 to 25
percent, have been reportod (reforence 21) in the drag data of
similar projectiles tested in the Gottingen and the Kochel tunnels.
Although in reference 21 the discrepancies betwoen the two tunncls
were attributed only to the variation in skin friction with Reymolds
number, it appears from the results of the present investigation
that such discropancies are attributable primarily to differences
in flow separation and base pressure.

s

A comparison of the cffects of viscosity for pointed boliecs
with the offects for a blunt body shows clearly that body shapc
must be considered, and that conclusions about viscosity effects
based upon tests of blunt bodies may be completely inapplicable
to tho asrodynamic shapes which arc suitable for supersonic flight.
For oxemple, in the case of a sphore at 1.5 Magh number witg an over—
all Reynolds number variation of from 7.5 X 10 to 9.0 x 107, the
agrooment botween the drag data from Gottingen (reference T),
Pocnomundo (roferonco 21), and the prosent wind tunncl is within 1
porcent of the velucs measurod for freo-flight (roforences 7 and 22) . :
It is evident that tho offccts of viscosity on the drag of a sphere
aro quite differcent from the effocts on the pointed bodics tested
in this investigation. :
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CONCLUSIONS

The conclusions which follow apnly for a Mach number of 1.5 and
at Reynolds numbers based upon model length up to about 5 millions
for bodies of revolution similar to the ones tested.

1. The effects of viscosity differ greatly for laminar and
turbulent flow in the boundary layer, and within each regime depend
upon the Reynolds number of the flow and the shape of the body.

2. Laminar flow was found on the smooth bodies up to a Reynolds
number of 6.5 millions and may possibly exist to considerably higher
values.

3. A comparison between the test results for laminar and for
turbulent flow in the boundary layer at a fixed value of the Reynolds
number shows that:

(a) The resistance to separation with turbulent flow in the
boundary layer is much greater.

(b) The shock—wave configuration near the base depends upon
the type of the boundary-layer flow and the relative
degree of bhoat tailing.

(c) The fore drag coefficients with turbulent boundary
layer ordinarily are higher.

(&) The base pressure is much higher with *the turbulent
boundary layer.

(e) The total drag is usually higher with the turbulent
boundary layer.

k, For laminar flow in the boundary layer the following
effects were found:

(a) The laminar boundary layer separates forward of the
base on all boat—tailed bodies tested, and the
position of separation varies noticeably with Reynolds
number. Laminar separation is not necessarily
accompanied by & shock wave originating from the
point of separation. On many of the models the
separation is located in a region upstream of which
the vressure continually decreases in the direction
of the flow.

(b) The trailing shock wave moves forward slightly as the
Reynolds number is increased, but no significant change
takes place in the shock-wave configuration near the
base.
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(c) With incroasing Re; ynolds numbers, the fore drag coeffi-
cients increass for highly beat—tailcd bodies end
decreaso for bodics without boat tailing. For moder-
atoly boat—tailed bodics the variation of the fore
drag cocfficiont with Roymolds numbor is rolatively
smell,

(&) Tho baso prossure of the boat—~tailed bodiecs 1s
controlled by the laminar scoparaticn and changes
markcdly with Reynolds number. For bodics with
the samc aftorbody shaope, the base pressurc slso
deponds upon the length-dlamotor ratio of the body.

(c) Total drag varios considorebly with Reymolds numbor,
changing moxo than 20 percent for scovoral of the
modcls.

5. For turbulcnt flow in tho boundary layer tho following cffocts
werc found:

(2) Scparstion does not ordinarily occur.

(v) Tho shock-wave configuration near the basec doc
changc noticcably as tho Roynclds mumbor chan

C) m

nge

(¢) The forc drag cocfficionts docrcasc slightly as tho
Reymolds number is increasc

(d) The basc pressurc changes very littlc with changing
Roynolds numbor.
(¢) The total drag docreascs as the Reynolds numbor is

increcasocd.
Anes Acronautical Laboratory,

National Advisory C)mm"ttoo for Aeronautics,
Moffott Field, Calif.
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APPENDIX A
VARTATION OF TEST-SECTION STATIC PRESSURE

Since the static pressure with no model present varied along the
axis of the test section as shown in figure 7, it was necessary to
apply a correction to the measured coefficients to account for the
increment in drag or pressure resulting from this axial pressure
gradient. Although the axial variation of test-section stetic
pressure is not monotonic, the pressures at the downstream end of
the test section are uniformly lower than the pressures of the up—
stream end where the nose of the models are ordinarily placed. This
mezns that the actual pressure exerted at a given point on a body
is lower than it would be if the ambient pressure gradient were zero
as it is in free flight. The gradient corrections are calculated on
the assumption that the magnitude of the pressure exerted at an
arbitrary point on the body in the tunnel is lower than it would
be if no gradient were present by an increment equal to the amount
which the static pressure decreases (with no model present) from
the position of the model nose to the position of the arbitrary
point. It is not necessary to include the corresponding axial
variation of dynamic pressure in the corrections since it varies
cnly *0.2 percent from the mean test-section value used in all
calculations. The corrections to the measured ccefficients of model
1 located 2.5 inches downstream from the reference pressure orifice,
for example, amcunt to +0.012 in fore drag coefficient end —0.026
in base drag coefficient; the corresponding percentagses of the
uncorrected coefficients of fore drag and base pressure are 12 and
15, respectively.

Because the gradient correction is relatively large in the
present tests and apparently has not been applied in the past to
supersonic wind—tunnel data, an experimental justification of such
theoretical corrections is in order. The validity of the corrections
as epplied to fore dragis confirmed by tests on model 9, which
consists of a conical nose with a 20° included angle and a short
cylindrical afterbody. The theoretical foredragof this body, which
ig equal to tho sum of the wave and friction drags, can be easily
calculated as & function of Reynolds number. The wave drag of the
conical nose is given accurately by the experimentally confirmed
calculations of Taylor and Maccoll (references 10 and 11). The
frictional drag can be calculated using the low-speed laminar skin—
friction coefficients in accordance with references 3 and 11, since
the boundary layer was completely laminar over this model. A com—
parison of the corrected and uncorrected fore drags with the theo—
retical fore drag is shown in figure 8. The corrected fore dreg
coefficients are seen to be in gocd agreement with the theoretical
valves; whereas the uncorrected data fall below the wave drag at
high tunnel pressures. This latter condition, of course, represcnts
an impossible situation for a body without boat tailing.
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In order to check experimentally the validity of the corrections
as applied to the measured Lase pressure, modsl 1 was tested on the
side support at five different positions along the axis of the test
gsection. Because the support system remained fixed relative to the
body, the interference of the support is the same In each case, hence,
any discrepancies in the meesured base pressurss at the various
positions are attibutable only to the pressure gradient along the
tunnel axis. Figure § shows that the uncorrected base pressure data
talton at the five different positions differ by about 25 percent, but
the correspending five sets of corrected data fall within about *1.5
percent of their mean, thus confirming the velidity of the correction.
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APPENDIX B
PRECISION OF DATA

The accuracy of the results presented can be estimated by
considering the possible errors that are known to be involved in
the measurement of the forces and pressures, and in the dstermina--

tion of the free-stream Mach number and gredient corrections.

The force measurements.are subject to0 errors from shifts in
Tths balance zero due to temperature effects, and also from a shift
in the calibration constant. The zeroc shift, which is less than =*1
percent of the force data at low pressures and less than *0.2
percent at high pressures, was checked periodicalliy by rumnning the
tunnel through the complete temperature range with no force applie
to the balance. In the majority of cases the variation.of the
balance calibration constant, which was checked before and after
each series of tests, permitted a possible deviation of 0.3 percent
in the force data. All data presented in figures 12(b), 16, 17, and
the data for models L, 5, and 6 in figures 26(a) and 32(a) were
obtained during a period between two consecutive balance calibrations
for which the constant differed by 6.4 percent. A comparison of the
data obtained during this period with theoretical results and with the
results of subsequent reruns of some of the some models indicates
that the change in balance calibration occured before the data in
question were obtained. The results in the afcrementioned figures
were therefore computed on the basis of the later calibration. It
is estimated that the maximum error in the balance calibration
congteant for these results is at worst no gresater than +0.3 to
-3.0 percent.

a

The pressure data, including the dynsmic pressure, are subject
to small errors resulting from possible inexact readings of the
mercury mencmeters. The base pressure data are also subjsct to an
additional error resulting from the small variation in the specific
gravity of the dibutyl phthalate indicating fluid. At the most,
these socurces can cause an error in the total and fore drag coeffi-
cients of about #0.3 percent, and in the base drag coefficient of
about *0.8 percent. The error in dynamic pressure due tc the
uncertainty in the free—stream Mach number is negligible, since the
isentrcopic relation for the dynamic pressure as a function of Mach
number is near a maximum at a Mach number of 1.5. For slender bodies
of revolution the variation of the force coefficients with Mach
number is quite small; hence, errors resulting from the variation of
free—stream Mach number from 1.49 to 1.51 are negligible.

On the basis of the data presented in figures 8 and 9, it is
estimated that for all tunnel pressures the uncertainty in the
gradient corrections to total drag, fore drag, and base pressure
coefficients can cause at the most an error in these coefficients

CONF IDENTTAL
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of +0.004, *0.004 and *0.005, respectively. It should be noted
that in the table on precision, pressnted in the section on resultis,
this scurce of error, which is independent of tunnel pressure, is
expressed as an increment and not as a percentage of the measured
coefficient.

Previous investigations have ghown that an uncertainty may be
introduced in supersonic wind—tunnel data if the humidity of the
tunnel air is very high, To determine the effects of this variable
in the present investigation, the specific humidity was varied from
the lowest values (approximately 0.0001l) to values approximately
20 times those normally encountered in the tests. Drag and base
pressure measurements were taken on a body with a conical head and also
on a sphere. The results showed no apprecisble effoct of humidity
over a range much greater than that sncountered in the preosent tests,
provided the variation in test-section dynamic pressure with the
changs in humidity was teken into account in the reduction of the
data. It is believed, therefore, that the precision of the results
presented in this report is unaffected by humidity.
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APPENDIX C
EFFECT OF SUPPORT INTERFERENCE

A knowledge of the effects of support interference upon the
ata in question is essential to an understanding of its applica—
bility to free flight conditions. DPrevious to the prosont investi--
gation an oxtensive series of tests were conducted to detormine the
body shape and support combinations necessary to evaluate the support
intexrference.

In general, it was found that for the models testcd in the smooth
condition (laminar boundary layer) the effect of the rear supports
used in the prescnt investigation was negligible in all respects for
the boat—tailed models 2 and 3 and was apprecciable only in the basc
prossure measurements for model 1. On the basis of thesc rosults
it is belioved that the roar supports used for the other highly boat—
tailed bodics (modols %, 5, and 6) have a negligible effoct on the
drag of the model. For model 1 combinations of rear support and side
support were used to aveluate the effect of the rear supbort on the
base pressure. Tho ovaluation was madc on. the assumption of no
mutual interference between the rear support and side support, and
was checked by tho use of two different comblinations of sidec support
and resr support. The data indicete that the assumption is Justified
within the limits of the experimental accuracy end that the corrccted,
intorference—rec base pressurcs deduced by this method differ only
slightly from those measured with the side support alono.

For the bodies with roughness added (producing a turbulcent
boundary layer) a complete investigation of the support interference
was not made; conscquently, a dofinite guentitative ovaluation of
the intorforcnce offccts for each body in this condition cannot bo
given. From tho data that werc cbtained it has becn found that the
forec drag is unaffected by the prescnce of the supports used in the
prescnt investigation, but that a smell amount of interfoerence . is
ovident in the base pressure coefficient which may vary from a
minimum of #0.005 to a maximum of *0.,015 for the diffcrent bodiocs.
This uncertainty in the base pressure coofficient results in a cor—
rospondingly small uncortainty in the base drag cocfflicient and in
tho total |drag copfficicnt.
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(@) Models used for boundary-layer tests and for comparison tests with other investigations.

FIGURE 2.—Special-purpose models.
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CONFIDENTIAL Figure 2b

MODEL~11 MODEL~-12 MODEL~13 MODEL- 14

(D) Models used to evaluate effect of length-diameter ratio on base pressure.

FIGURE 2.—Concluded.
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FIGURE 4.—Schematic diagram of model installation with rear support and drag gage.
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FIGURE 5.—Schematic diagram of model installed with side support.
CONFIDENTIAL



(a) Rear support.

NACA
A-10565
9-20-46

Figure 6

(b) Side support.

F1GURE 6.—Typical model installations.
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Figure 13

Re=6.5 x 108.

FIGURE 13.—Schlieren photographs showing laminar flow over the cylindrical afterbody of model 7 at two
values of the Reynolds number. Knife edge horizontal.
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(a) Knife edge vertical.

NACA
A-lll44
2-1-47

(b) Knife edge horizontal.

FIGURE 14.—Schlieren photograph showing premature transition on the cylinder afterbody of model 8.
Reynolds number 9.35 million.
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Figure 18

(a) Knife edge vertical.

2 vl
(b) Knife edge horizontal.

FIGURE 18.—Schlieren photographs of model 8 with transition fixed. Reynolds number 7.2 million.
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Re=0.58 x 106. Re=0.87 x 108.

Re=1.1 x 106. Re=1.4 x 108.

FIGURE 19.—Schlieren photographs showing the effect of Reynolds number on laminar separation for
model 6. Knife edge vertical.
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Re=0.79 x 108. Re=3.8 x 108.
Model 2

Re=3.8 x 106.
Model 3

Re=0.10 x 108. Re=0.45 x 106,
Model 10

FIGURE 20.—Schlieren photographs showing the effect of Reynolds number on laminar separation for
f models 2, 3, and 10. Knife edge vertical.
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(@) Laminar boundary layer, Re=0.87 x 108.

(b) Turbulent boundary layer, Re=0.87 x 106.

Schlieren photographs of model 6 illustrating the effect on flow separation of the condition
of the boundary layer.
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FIGURE 23.

FIGURE 24.—Schlieren photographs showing the effect of turbulent boundary layer on shock-wave con-
figuration at base of models 1, 2, 3, 4, 5, and 6. Knife edge vertical.
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NACA RM No. ATA31a CONFIDENTIAL Figure 28

FIGURE 23.

Model 3, Re=0.58 x 106.

Model 6, Re=0.62 x 10¢.

Schlieren photographs at low Reynolds numbers of models 3 and 6 with roughness added.
Knife edge vertical.
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Figure 29.- Variation of base pressure coefficient with Reynolds number for models 1, 2, 3,
4, 5, and 6 in the smooth condition and with roughness added.

-.24 —
Q)D”J}
vV - —
o
m 20 . ;ﬁz_—__ﬁ 5 —— 3
Ry " /r /a/ /—‘T—' S0—0— — e P ) (e
- s LN W P —
g 2 RS
% -.18 NATIONAL ADVISORY COMMITTEE
3 J FOR AERONAUTICS
®
o
: ¢
g -.12
- O Model 11 L/D = 4,34 O Model 12 L/D = 5.00
® o *| 13 " 5.00 A Gy *  7.00
S _ o8 © *| 13 " 6.00
e B el " 7.00
L]
g v " 14 9.00
-.04
(a) Smooth condition (b) Roughness added
(1805 O A W i ! = e
0 1 2 3 4 5 0 1 2 3 4 S
Reynolds number, Re, millions Reynolds number, Re, millione
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Figs. 31,32
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Figure 31.- Variation of base drag coefficient with Reynolds number for models 1, 2, 3, 4, 5
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