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ABSTRACT

The present work gives the results of flow visuali-

zation studies and six component force measurements on an ogive

cylinder body at high angles of attack in the subsonic and

transonic flow regime. High angle of attack aerodynamic in-

vestigations had not been done before at the von Karman

Institute, so a new wind tunnel model support system, six

component force balance and water tunnel contraction and test

section were designed and constructed to enable the present

investigation to be performed. Force measurements and flow

visualization studies were carried out on both a sharp nosed

body and a blunt nosed body of (Y/d)TOT = 18 and 17.4

respectively.

The side force induced by the asymmetric vortex pat-

tern which develops on the leeward side of an ogive cylinder

was the primary focus of this investigation A detailed

review of previous investigations was performed. The results

obtained in this investigation were found to agree quite well

with previous results.

The flow visualization studies were carried out in

the VKI WT-1 water tunnel and the force measurements in the

VKI S-I transonic-supersonic wind tunnel.
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1. INTRODUCTION

Due to the increased maneuverability and performance

requirements of modern day aircraft and missiles, high angle

of attack aerodynamic design has become increasingly important.

In the high angle of attack flight regime, two phenomena not

encountered at lower angles of attack but which can drastically

affect an aircraft's or missile's maneuverability or perfor-

mance characteristics are vortex breakdown and the induced side

force generated by asymmetric body vortices. Vortex breakdown,

or bursting as it is sometimes called, involves the degenera-

tion of the structured vortical flow formed at the leading edge

of a wing. This can cause a sudden change in the lift and also

exert unbalanced loads on the aircraft (Ref. 1). The second

phenomenon, the formation of body vortices and their develop-

ment into an asymmetric vortex pair, involves the generation

of sudden side forces that can cause aircraft to spin or a

missile to tumble. In flight, the vehicle's control system

must be capable of coping with the loads generated by these

phenomena. Presently the modelling of these flows mathemati-

cally is impossible, so a description of these phenomena must

be based upon a large number of experimental measurements.

It is the purpose of this investigation to explore the feasi-

bility of making high angle of attack aerodynamic investigations

using VKI facilities by experimentally studying the second

phenomenon discussed, the side force generated by asymmetric

body vortices. Several investigations of this phenomenon

have already been conducted at other facilities and the results

published (Refs. 5-11,13,15,17,18,20,23-28). Recently several

excellent review articles of all present day information on

various aspects of the asymmetric vortex phenomena have also

been published (Refs. 1-4). A description of the phenomenon

and a summary of the important results others have so far

obtained will be given before a description of the present

investigation and a comparison of its results with others is

made.
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2. PREVIOUS INVESTIGATIONS

In figures 1-4 an excellent illustration is given of

the different flow regimes and their limits encountered by an

ogive cylinder as its angle of attack changes from 0'-90'

(Refs. 4,22). In discussing these flow regimes, it is conve-

nient to divide the flow into two componcrts, the axial compo-

nent and the crossflow component. At low angles of attack,

a _ 50, the axial flow dominates. No separation occurs, no

vortices form and the flow is essentially potential flow about

a slender body. As the angle of attack increases beyond 50,

separation due to the crossflow begins to become important.

As can be seen in figures lb and 3a, the boundary layer is

swept to the leeside and separation occurs. The free shear

layers formed roll up into two symmetric vortex sheets and a

nonlinear normal force is generated. This flow regime is

the symmetric vortex flow regime. It may last for angles of

attack up to 40', depending primarily upon body length. Since

the vortices grow in size as they go towards the base of the

body, they tend to interact sooner at a smaller angle of attack

on a longer body and thus near 200 or even sooner, interaction

between these vortices may occur and the symmetric vortices

may begin to give away. The flow in this regime is well behaved

and no undesirable increased loads occur on the body. In

figure 5, an excellent view of how this flow appears in the

crossflow plane is given. Note that perhaps in this flow

regime, smaller, secondary vortices may occur.

Somewhere between 150 and 400, depending on the body

length and nose fineness, the flow field about the body begins

to resemble that shown in figures 1c or 3b. The vortical

flow begins to dominate and the shed vortices take on an asym-

metric pattern, causing a side force to be generated. The

exact mechanism by which this asymmetric vortex shedding and

subsequent side force generation occurs is not really known.

It is probably due to a combination of some change in the

separation characteristics of the flow and an inviscid

-.-. -'- 4- . ' 1. a _- a s
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interaction of the vortices which causes the symmetric vortex

pattern to become unstable. The question is which process

occurs first; do changes in the separation characteristics of

the flow cause an inviscid interaction of the vortices and the

subsequent asymmetric vortex pattern to form, or is it the

other way around? Observation of both processes has been seen

to occur, but it is not presently possible to say which process

occurs first.

As the angle of attack continues to increase the side

force steadily increases to a maximum and then begins to

drop off rapidly. Continuing to increase the angle of attack

further causes the flow to enter a regime where the separated

flow completely dominates. Unsteadiness begins to set in

from the body's base, and unsteady asymmetrical vortex shed-

ding begins to occur. For longer bodies, this occurs at a

much lower angle of attack, about 5 0 'C 6 0 ', when compared to

shorter bodies for which this may not occur until an angle

of attack of 800.

As indicated before, this investigation will center

on the third flow regime, that of steady asymnmetric vortex

shedding. It is in this regime where a substantial side

force is generated and thus it is this regime which is of

primary importance. In trying to understand and analyse

this flow regime, there are four parameters of primary impor-

tance; the maximum induced side force C Ymaxil the angle of

attack at which this maximum induced side force occurs, cmx
the angle of attack at which the onset of asymmetry occurs,

a'AV' and the angle of attack at which the onset of unsteady

asymmetric vortex shedding occurs, a UAV* These parameters

have been investigated in some detail by many others (Refs.
5-28). It appears that they are influenced primarily by

Mach number, Reynolds number, nose fineness and body length.

These influences will now be discussed for each parameter.
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The angle at wihthe asymmetry first appears is

of first importance in determining the angle of attack range

of asymmetric vortex effects. In figure 6, the independence

of the angle of onset from Mach number in the subsonic and

transonic ranges is shown (Ref. 7). It appears "AV is not

only independent of the Mach number, but the Reynolds number

and roll orientation as well (Refs. 6-9,24). Indications of

this can be seen in figures 7 and 8. However there appears

to be a definite influence of the fineness ratio and body

length on aAV. In figures 9 and 10 these influences are

readily apparent. As both the nose fineness ratio and total

fineness ratio increase, the angle of onset decreases. A

possible explanation of the first effect is given by Keener

and Chapman (Ref. 9). As the nose fineness ratio increases,

the nose angle will decrease. This may cause a crowding of

the vortices which come off the missile nose at high angles

of attack. This crowding may cause the vortices to interact

and the symmetric pattern to become unstable leading to

asymmetric vortical flow. Since the same effect is observed

on delta wings, the argument seems very plausible. When the

afterbody fineness ratio is large, however, the forebody fine-

ness ratio does not influence the angle of onset so much.

In this case, it appears the asymmetry sets in from the base

of the body. As the separated vortical flow develops along

the body, the vortices grow in size and strength towards the

body's base. These larger vortices interact stronger than

the vortices near the forebody, and thus the asymmetry first

develops at the base. In the present investigation, the

effect of body length will be extremely important, as the body

examined will have a high total k/d of 18.

The other important angles, amxand UA.appear

to have the same dependencies as cLAV; i.e., they are mainly

influenced by body length and nose fineness. However, in

some investigations, strong Reynold's number and Mach number

effects on these parameters have been noted. In figure 6

and in figure 11, some of these effects may be observed.
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Most works up to this point have concentrated more heavily on

the angle of onset of asymmetric vortices, and thus much more

investigation needs to be done on a max and aUAV before any-

thing can be said about their true dependencies.

The above parameters are important in establishing

the flight boundaries of asymmetric vortex effects. But by

far the most importan- parameter concerning asymmetric vortex

effects is the maximum induced side force. It is this para-

meter which must be known by aircraft designers and so it is

the parameter which has received the most interest. In figure

12, the strong effect of Mach number on ICymaxl can be seen.

A definite fall off in Mach number in the transonic regime

can be observed. Two explanations have been suggested for

this. Ericsson and Reding suggest that there is a purely

three dimensional reason for this ICymaxI fall off nose-

induced flow separation (Ref. 2). Their argument is that at

M,.sina > .5, the supercritical/subcritical flow geometry neces-

sary for vortex asymmetry cannot be established. Instead, a

closed three dimensional separation bubble forms, preventing

the nose from generating the vortices associated with more

open separation regions, which play such an important role in

the asymmetric vortex induced loads. Thus, the vortices can

only be generated by the aft body, and since the corresponding

side force in this case is usually small, C Ifalls off.
I max

On a slender nose tip, this nose induced separation phenomenon

should not occur, and thus nose generated asymmetric vortices

generate significant side forces even at supersonic speeds.

Wardlaw points out another possible explanation for

this transonic fall off in iCymaxl (Ref. 4). As the crossflow

Mach number becomes larger than the critical value (about .42

for a cylinder) parts of the flow near the cylinder's shoulders

may become supersonic in the cross flow plane. Because of this,

the influence of the leeward asymmetric vortex structures is

not sensed on the surfaces near the cylinder shoulder. This

explanation is well supported by experimental evidence.

Ll - ILI
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Reynolds number also has a large effect on

1Cymax1. In several studies, this effect has been pointed

out (Refs. 1,4,8,10,24). In figure 13, an example of this

effect can be seen. It appears from this curve that as Red

increases, the Cymax value increases. This is not always

the case, however, and presently, no definite statement about

the Reynolds number effect can be made, except that the maxi-

mum side force appears to occur at a Reynolds number where

boundary layer transition can influence the flow separation

asymmetry the most (Ref. 2).

Effects of body length and forebody fineness on

ICymax! are also definetely observed. In figure 12, the body

length effect can easily be seen. It appears that the *Cymaxj

value increases as body length increases up to a point, and

then it falls off again. The effect of the forebody fineness

on ICymaxi can be seen in figure 14. As for afterbody length,

an increase in the forebody fineness tends to increase the

value of iCymaxl. Both of these trends have been observed in

many studies and so these trends are fairly well accepted now.

By far, the most puzzling of the effects on the side

force is that of roll orientation. For an axisymmetric body,

one would not expect the flow characteristics to change with

roll orientation. This is not the case, however. In figure 15,

the variation of side force and normal force with roll angle

are shown. It can be seen that rolling the model does not

really affect the magnitude of the side force, but the sign of

the side force. The effect is similar for the normal force.

At first, it was believed that this variation with roll angle

was due to wind tunnel turbulence, but this has been shown

not to be the case (Ref. 27). Probably, it is due to minute

model asymmetries, but this is not known for certain and much

more investigation into this problem needs to be done. The

important point here is that when investigating the asymmetric

vortex induced side force, data should be taken at several

different roll orientations.

a' -M
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Up to this point, the discussion has centered on

the side force and what parameters influence it. In practice,

however, one would like to know for missile and airplane design

purposes, how to alleviate this side force. This problem of

side force alleviation has been the subject of some very recent

investigations. Three primary models of asymmetric induced

side force reduction have been observed; nose blunting, helical

trips, and spinning the nose or the nose tip (Refs. 29-31). It

is easily observed that all of these methods involve changing

the flow characteristics about the nose. This is because of

the dominant role of the nose shape and fineness ratio in

determining the asymmetric flow field. In a large number of

investigations, the general conclusion seemed to be that the

flow separating from the nose played the dominant role in tie

asymmetric flow field development (Refs. 2,4-8,24,26). This

is the primary reason for the success of the above side force

alleviation methods. By blunting the nose, asymmetric vortex

formation is delayed and the side force decreases (Ref. 27).

By spinning the nose or nose tip, the side force again de-

creases possibly because the new vortices cannot change their

positions, or perhaps fully establish their flow fields at

new positions, fast enough to produce the full effect on the

body (Ref. 31). And by using helical trips on the nose,

separaticn at the nose is again affected and the side force

decreases (Ref. 30). Further investigations must be conducted

in order to determine the degree and range of these methods,

but it appears practical ways of alleviating the induced side

force are emerging.



3. EXPERIMENTAL FACILITIES AND EQUIPMENiT

Since high angle of attack aerrndynamic investiga-

tions had not been previously conducted at VKI, it was neces-
sary to design several new pieces of equipment and modify

some already existing equipment. A six component force balance

was designed and built in order to carry out the necessary

force measurements. A model support system was designed that

enabled investigations to be made for an angle of attack range

of 0' to 900. A new contraction and test section were made

for the existing water tunnel so that flow visualization

studies could be made on missile bodies for up to an angle

of attack of 600. These and the other facilities used will be

described.

3.1 Wind tunnel

The VKI S-1 supersonic wind tunnel facility was used

for this investigation. The tests were performed using the

40 cm k 40 cm transonic test section which has slotted top and

bottom walls to reduce interference effects. This facility

has a Mach number operating range of about .4 to 1.2 and a

stagnation pressure of about 200 mm Hg. A typical unit Reynolds

number is in the 5 x 106 per meter range. The stagnation tem-

perature is approximately equal to room temperature. For the

present investigation, the Mach number range was .4 to .9 and

the Reynolds number was about 8.3 x 10"~ based on model diameters.
The S-1 is a continuous closed circuit facility of the Ackeret

type.

3.2 Wind tunnel models

Drawings of the models u: ed in wind tunnel investi-

gations are presented in figures 16-19. Figures 16 and 17

show the rear and front pieces of the cylindrical afterbody.

This afterbody had an Z b/d ratio of 15, with the outer dia-meter
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being 17 mm. The two nose shapes used are drawn in figures

13 and 19. The pointed nose has a fineness ratio of 3.0 and

the blunted nose a fineness ratio of 2.4. The degree of

bluntness, r N/r b. is 50',. The overall length of the sharp

nosed body was 306 mm and that of the blunt nose 296.25 mm.

These dimensions were chosen in order to minimize the wind

tunnel wall effects on the measurements at high angles of

attack and to allow a reasonable clearance between the inter-

nal force balance and the model's inner diameter. The reduc-

tion of the aft body's inner diameter to 13 mm w,.as specifically

done for this purpose, The attachment of the nose to the after-

body was also designed to allow for 4 roll orientations of the

nose at angles of 90', 1800, 2700 and 3600.

3.3 SupportSystem

The support system used is shown in figures 20-25.

Angle of attack studies beyond 30' had never before been done

at VKI so a new type of support system had to be designed in

order to cover the angle of attack raig,- from 0' to 90'. In

order to do this, three separate supports needed to be designed

since only a 350 sweep can be done with one support system.

In figures 20-22, the three support systems are schematically

shown. Figure 20 shows the support for low angles of attack,
-5' < ot 30 , figure 21 the support system for mid-angles of

attack, 250 < a 601, and figure 22 the Support system for

high angles of attack 550 < u _< 90'. The support system is of the

sting type. This type of support was used because in studies of

support interference effects on bodies at high incidence, this

support was found tr cause the least amount of interference in

the transonic regime (Refs. 4,33,34). The sting support acts

to increase the effective length of the model, which may result

in a slightly higher C z value. For this investigation only

the first two support systems were used, as only angles of

attack from 00-60' were investigated. The third support

will be used in future high angle of attack studies. In figures

23 and 24, the sting attachment component for the supports is
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shown. This component was designed to be removable from each

of the supports in order to make the support changes easy to

perform. In figure 25, the sting upon which the force balance

and model were mounted, is shown. Its total length was chosen

as to insure that the center of pressure of the model would

fall between the two gage stations of the ';ix component force

balance. Its diameter was chosent as to be small within the

model so that a reasonable amount of clearance existed between

the sting and the model's inner diameter and larger beyond the

model's base to insure strength and rigidity. A hole was put

in the center of the sting for the passage of the force

balances' wires.

3.4 The six component force balance

A six component internal strain gauge force balance

was designed and constructed for use in this investigation.

This type of balance had never before been built at VKI and

thus it represented a major portion of this project's work.

The balance's design, calibration and operation are discussed

in Appendix I. At the time of the investigation the wiring

of the axial component was not complete and so no axial force

measurements were made.

3.5 Water tunnel

The water tunnel WT-I was utilized for flow visuali-

zation studies on three ogive cylinder models of ( /d )TOT = 18
and (J/d )TOT = 17.4. It was felt that even though the flow is

incompressible and the Reynolds number low, a qualitative under-

standing of the asymmetric vortex flow field could be obtained.

A detailed sketch of this facility is given in figure 26.

Water is pumped from a storage tank into an overhead reservoir

and the velocity' of the water through the test section is con-

trolled by means of a valve and measured by a rotameter. Two

possibilities exist for driving the tunnel :a continuously



driven mode with overflow and a blowdown mode after filling

the overhead reservoir. In this study, only the blowdown mode

was utilized as the pump used for the continuous mode tends to

generate unwanted vibrations in the flow. Thirty to forty

minutes were allowed between runs to red'uce the amount of free

stream turbulence the water acquires when it is pumped to the

settling chamber. In order to investigate flows at high angles

of attack, a new 24 cm x12 cm rectangular test section was

designed. Details of the design of this new section may be

found in Appendix 2. For this investigation, Reynolds numbers

based on the diameter of 750 and 1250 were achieved. The

average run time was about 1.5 minutes.

In order to visualize the flow, dye of different

colors was injected into the flow from small holes on the

model. Then color pictures and video movies of the flow were

taken in order to record any observed physical phenomena.

3.6 Water tunnel models

For this investigation, three different models were

used. Schematics of these are shown in figures 27, 28 and 29.

In figures 27 and 28, a sharp nosed ogive cylinder and a blunt

nosed ogive cylinder are pictured. These models are geometri-

cally similar to their counterparts used in the wind tunnel,

having (x/d )TOT's of 18 and 17.4 respectively. A maximum

allowable length of 200 mm was used to keep wall generated

boundary layer effects small. Nevertheless to investigate

whether there were any wall effects, a third model shown in

figure 29, was built. This model also had an ("/d)TOT Of 18,
but its diameter was smaller (8 mm instead of 11 m~m). The

small model was used in order to compare its flow~ field with

that of the longer model at high angles of attack. By obser-

ving any discrepancies in these two flow fields, it was

thought that a wall effect mioht be observed.



- 12 -

The dye ejection holes were chosen as to be just

upstream of the separation points of the body vortices. By

doing this, the dye is taken by the vortical flow and forced

to follow its path. Twelve dye ejection holes were used on

the two larger models and only four holes on the smaller model.

The holes were placed at the following locations

X-(s 7; 11; 45; 50; 75; 80.

Three different colors of dye were used to further enhance

the visualization.

3.7 Data acquisition

The data acquisition system used for the force

balance measurements was a set of six strip chart recorders

in conjunction with two voltage divider bridge circuit boxes

which were able to handle three force components each. The

recorded data was then reduced and plotted using the VKI VAX

computer facilities.



- 13-

4. WATER TUNNEL RESULTS AND DISCUSSION

4.1 Experimental procedure

As stated before three models were used in the wate:"

tunnel flow visualization studies. Using these three models

and running the tunnel in the blowdown mode at Reynolds numbers

of 750 and 1250 based on the model diameter, the following

series of tests were performed :

(1) Test No. 1 : This test involved model I (Fig. 27) using

six of the dye ejection holes

x ( 7; 50; 75.

An angle of attack range from 15--55- was covered in 5Z

intervals as it is in this range where the asymmetric vortex

phenomenon is observed. At each angle of attack 5", a few

pictures were taken during the coLursc of each run. More than

one test was usually done at each 3n~le of attack to insure

repeatability. The Reynolcs nunmber for this test was 750.

(2) Test No. 2 Same procedure as test No. 1, but a Reynolds

number -)f 1250.

(3) Test No. 3 Same procedure as test No. 2, except only

the four most forward dye ejection holes were used. This

was done to see if the more rearward dye ejection affected

the flowfields.

(4) Test No. 4 and Test No. 5 : These tests were done using

the small sharp nosed body (Fig. 29). Test 4 was done at a

Reynolds number of 750 and test No. 5 at a Reynolds number

of 1250. Only angles of attack from 35'-55 "  were investigated,

as it is here where a wall effect, if any should be observed.

(5) Test Nos. 6, 7 and 8 : These are the same as tests

Nos. 1, 2 and 3, except the blunt body (Fig. 28) was used.

In total , 150 pictures were ta ken duri ng the various tePsts.
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4.2 Results and discussion

In fijures 30-34 example pictures of the flow

visualization tests are shown. Figures 30-31 constitute a

series of pictures taken during test [Jo. 3 showing the flow-

field for the angle of attack range from 15 to 50 . One can

clearly see the asymmetric flowfield's development from its

onset near 20 ° to its full development at 30' and higher.

The moving forward of the asymmetric vortex location as

angle of attack increases is also observed along with the

unsteadiness of the flow which can begin to be observed at 50'.

In figures 32-33,a similar series of pictures is shown for the

blunt body. Again similar trends as for the sharp body are

visible, but the asymmetry does not appear to occur until

about 250-30". This was to be expected, as blunting the nose

has been observed to delay asymmetric vortex formation (see

Chapt. 2). In figure 34, a comparison between the flowfields

about the long and short sharp nosed bodies is made. It

appears that there may be a wall effect which changes the

location of the vortex asymmetry on the body. In the upper

set of pictures, the asymmetry appears to be more forward

on the small body and in the lower pictures it appears to be

more rearward on the small body. However, more investigati.),

of this problem needs to be done before any firm conclusie, :

can be made.

For this investigation, the water tunnel was pri-

marily used to obtain a general qualitative idea of the asym-

metrical vortical flowfield. In a related investigation

though, a more detailed analytical study of the water tunnel

results was performed (Ref. 45). Certain parameters involving

vortex location (A,, A 2 etc.) and the angle the shed vortex

makes with the body axis (x) were determined and compared with

the results of others. In figures 34-40, examples of the

results obtained are presented. Good agreement was found for

the parameter x (Fig. 35) but the agreement for A2 with others

was not as good (Fig. 36). Also the effects of Reynolds
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number (Fig. 37), blunting the nose (Fig. 38), the wall inter-

ference (Fig. 39) and the rearward dye ejection holes (Fig. 40)

were not totally clear due to data scatter. These results were

not totally unexpected,however. In the previous investigations

of Thomson and Morrison (wind tunnel) and Clark (water tunnel),

the tests were performed at Reynolds numbers one to two orders

of magnitude higher. This is perhaps too large a difference

in Reynolds number to expect the results to be comparable.

Freestream turbulence, which may have been in the flow due to

the pumping and mixing of water in the settling chamber, is

known to cause data scatter (Ref. 19). It generally manifests

itself by causing a constant switching or dancing of the vor-

tices, a phenomenon observed during these tests. Also, minor

problems shown in figures 41a-d were encountered which may have

contributed to data scatter. These were ejected dye inter-

ference (Fig. 41a,b), support interference (Fig. 41c) and

problems of dye dispersal which made some pictures difficult

to interpret. A discussion of these problems and suggestions

on how they may be avoided may be found in reference 45.

In summary then, two definite conclusions can be

made from the water tunnel results :

(1) The angle of onset of the asymmetry for the sharp nosed

body was smaller than the angle of onset for the blunt nosed

body; between 15'-20' for the sharp nosed body and between

25o-300 for the blunt nosed body. This agrees quite well

with the results of other investigations.

(2) The position of the asymmetry moves towards the nose as

the angle of attack increases, which again agrees with pre-

vious investigations.

Further studios concerning Reynolds number effects,

water tunnel wall effects and the values of ., and A l, A,, etc.

must be made before any definite conclusions may be drawn.

The suggestions were made and the test procedure outlined in

reference 45 should greatly aid these investigations.
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5. WI-ND T U NNEL I NV ESTI1GATI10N S

5.1 Exper-imental -procedure

Force measurements were made on the two models pre-

viously discussed in the transonic test section of the VKI

S-i wind tunnel. Measurements were made at Mach numbers .4,

.6, .7, .8 and .9 for both bodies, over an angle of attack

range of V0-60'. The Reynolds number was held reasonably cons-

tant at 8.3 x 101 based on the model's diameter. Due to the

need for a support change to cover the full angle of attack

range, the following procedure wias utilized

(1) The low angle of attack support was installed and tests

for all the various Mach numbers were conducted for the sharp

nosed model. The angle of attack was varied from 0' to 30'

with force measurements being taken every one or two degrees.

The model was then returned to 0' with force measurements being

taken every 50 to 100. This was done in order to check the

repeatability of the measurements and to observe if there was

any hysteresis effect. The static pressure, the stagnation

pressure, the atmospheric pressure and the temperature were

recorded at the beginning and end of each Mach number run.

(2) The high angle of attack support was installed and again

tests were conducted for all the various Mach numbers on the

sharp nosed body. The angle of attack was varied from 280 to

600 with force measurements being made every one or two degrees.

The model was returned to 28' in larger increments of 5' or 10',

once again in order to check the repeatability and to observe

if there was any hysteresis effect. The static pressure, the

stagnation pressure, the atmospheric pressure and the tempera-

ture were recorded at the beginning and end of each Mach

number run.

(3) The above tests were repeated in exactly the same manner

for the blunt nosed body.
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All measurements were recorded using the data

acquisition system described in section 3.8. The data reduction

was done by utilizing VKI's VAX computer facility. All the data

were reduced to coefficient form and referred to the body axis

coordinate system. Since a six component force measurement data

reduction program did not exist at VKI, one was developed and

utilized for this investigation. A listing of this program and

some example outputs may be found in Appendix II It is again

pointed out that no axial force measurements were made during

this investigation.

5.2 Overall force measurement results

All the data obtained from the force measurements are

plotted in figures 42-109. The first set of plots (Figs. 42-86)

refers to the yawing moment, normal force, pitching mornent,

center of pressure for thle normal force, and the rollinig moment.

The second set of plots (Figs. U07-log) refers to the main focus

of this investigation, the side force.

Figures 42-86 are arranged in ascending order of Mach

number for first the sharp nosed body and then the blunt

nosed body. For each test, the yawing moment plot comes first

followed by the normal force, pitching moment, the center of

pressure for the normal force and the rolling moment. The yaw-

ing moment is seen to follow the same trends as the side force

which was expected. The normal force coefficient (-C z) is seen

to decrease as Mach number increases for both nose shapes, but

the blunt nose body's normal force is less than the sharp nose

body's for M = .4, .6 and .7. Similar trends to these were

pointed out in Wardlaw's article (Ref. 4). It should be noted

that in thle norimdcl force curves there is a discontinuity

in the data between 25-30'. This discontinuity is due to thle

support change and was expected to occur. The pitching moment

and center of pressure curves also compare well with the results

of others (Ref. 4). From the center of pressure curves (Figs;. '15.

5 0, . 5 .) i t cain h e s eeon t ha t th ec ce nt er o f p re s sureP mov es f r o-
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the tip (at small A) to the point X = 8.6 (large x) which

agrees well with expected values. The rolling moment was

observed to always be zero, which also was expected as these

models had no added lifting surfaces or control surfaces that

could induce a rolling moment. All the data indicate that the

model support causes very little interference on the model.

Therefore, it can be concluded that high angle of attack in-

vestigations, especially force measurements at high angles of

attack can be accurately done using these new VKI facilities.

5.3 Discussion and results of the

side force measurements

The main focus of the present investigation is the

side force measurements. The results are shown in figures

87-109 with the sharp nose data coming first followed by the

blunt nose data and then some comparative plots. The ,lots

are in ascending order of Mach number, with the side force

plot first and the side force center of pressure plot second.

The data was found to be very repeatable and no hysteresis was

found. Data scatter was small for the sharp nosed body at

smaller transonic Mach numbers, but increased for the blurt

nosed body and the higher Mach numbers (.8 and .9) for the

sharp nosed bodies. From each plot, the angle of attack for

the onset of small side forces (' AV)weak' large side forces

(cAV)strong' maximum side force "max' as well as IUAV and

iCymaxi was determined and plotted in figures 105 and 106.

In all plots of side forces for the sharp nosed body,

there appears to be a small rise of the side force starting at

an onset angle (aAV)weak of about 13-15' ,  followed by a decrease

back to zero near 250. The side force remains to be zero up to

about (aAV)strong 350 and then increases sharply, reaching a

maximum value at amax* The peculiar hump of the side force

curve between (qAV)weak and (,AV)strong which was also observed

in other investigators results (example : Fig. 7, Ref. 7) can
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possibly be explained as a Reynolds number effect. With in-

creasing (x, the type of separation changes from supercritical

to transcritical to subcritical. This is because the path

length of the boundary layer between stagnation point and sepa-

ration decreases with increasing t. At small cL, the boundary

layer is turbulent at separation (supercritical separation)

leading to the formation of the separated vortices which is

different from that obtained for laminar separation. The tur-

bulent separated vortices possibly interact stronger and there-

fore may become asymmetric sooner than in the case of laminar

separation. With increasing ,, the separation becomes subcriti-

cal and asymmetry ceases until higher a's are reached. Further

work needs to be done investigating the above effect.

The above quantities are plotted in figures 105 and

106. Both curves compare very well with previous results. On

figure 106, a line indicating the onset of a weak asymmetry has

been added. In figure 107 the effect of Mach number on the side

force can be seen. As Mach number was increased, the side force

is shown to decrease. Above a Mach number of .7, a large fall

off in C can be seen. Figures 108 and 109 show the effect ofY
blunting the nose. The side force is definitely reduced and

thus blunting the nose seems a very efficient way of allevia-

ting the side force.

A few remarks should be made concerning the plots at

the side force center of pressure versus angle of attack (Figs.

88,90,...104). For points where the side force is small, the

calculations of (XCP/0)sid e  is very inaccurate and these points

should be ignored. For the points where this problem in not

encountered the results sho, the definite movement of the asym-

metry towards the nose with increasing ,. For example, in

figure 43, for 13" -. a - 23"-24' and 32' < a < 59^, the forward

movement of the asymmetry is clearly shown. For the angles of

attack outside the above ranges, C is small and the calcula-Y
tion of (XCP/D)side is unreliable. This movement of the asym-

metry towards the nose has been observed by other investi(at rs

and is thought to account for the increasing values of C
Y(Refs. 2,4,7,etc.).



- 20 -

In summary, the phenomena associated with asymmetric

vortex formation on ogive cylinder bodies are observed to occur

in the same manner and magnitude on a body having a large

(x/d)TOT. The maximum side force varies in the same manner as

for smaller bodies and the Mach number and nose blunting effects

are shown to be the same as for shorter bodies. Future work

should concentrate on the investigation of the effects of roll

angle, to determine the exact unsteadiness boundaries, to do

tests for different nose and body configurations, and investi-

gate other side force alleviation techniques. Further, this

investigation demonstrates that high angle of attack investi-

gations at VKI are very feasible and that the induced side

force and other high angle of attack phenomena can be investi-

gated at VKI in the future.
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6. CONCLUSIONS

Flow visualization studies and six component force

measurements have been made on an ogive cylinder at high

angles of attack in the transonic flow regime with good results.

Force measurements were made up to an angle of attack of 60 °

but the possibility exists to extend these measurements up

to 90 °.

The water tunnel flow visualization studies gave an

excellent qualitative view of the asymmetric vortex phenomenon.

The previously recognized trends of the vortical flow field

forming first a symmetric pair of vortices, then an asymmetric

pair of vortices and finally a diffuse vorticity pattern and

the tendency of the asymmetric vortex pair to move upwards the

model's tip as a increased were shown to occur. Quantitative

analysis of water tunnel results showed much scatter and

further investigations need to be done before any firm conclu-

sions can be made.

The force measurements for the two ogive cylinder

bodies of (k/d)TOT =  18 (sharp) and (k/d)TOT = 17.4 (blunt)

yielded the following result> :

(1) As Mach number increased CYmaxI and the side force in

general decreased in value, falling-off sharply after M = .7.

(2) Blunting of the nose was found to reduce the side force

greatly,especially for M < .7.

(3) A possible explanation for the onset of weak asymmetries

is given. It may be due to a Reynolds number effect which

causes the passage of the flow from the supercritical to sub-

critical flow regimes for cx < 250.

Further investigations for other model configurations,

higher angles of attack and different roll orientations could

now be considered in order to add to the present data base

concerning the induced side force phenomena.
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APPENDIX I - DESIGN AND CALIBRATION OF A

SIX COMPO N ENT FORCE BALANCE

For this investigation, a six component force

balance had to be designed, constructed and calibrated at VYI.

Since this had not been done before at VKI, a considerable

amount of effort was put into this undertaking. In order to

design a force balance, certain factors concerning its use,

maximum tolerable loads, adaptability, etc., must be first

considered. The factors important in determining this balance

overall dimensions are listed below.

(1) The balance was to be used mainly in VKI S-I wind tunnel.

This tunnel has a cross section of 36 cm 4 cm. Thus in

order to minimize wall effects, no model longer than 320 mm

should be used. Since for this investigation bodies of

(x/d)TOT = 18-20 were to be investigated, the largest outer

body diameter tolerable is 17 mm. Generally, a 2 mm model

thickness is needed for the model manufacture, so the largest

tolerable inside diameter is 13 mm. Thus, the balance must

have a diameter < 13 mm.

(2) In order for the balance to be widely applicable, it must

be able to work over the following force ranges

Normal force - 0-100 Nt

Rolling moment - 0-200 Nt

Axial Force - 0-25 Nt

For this investi ation, the loads will he much les than

this. However, it was felt that the balance should be designed

to respond linearly in the above force ranges.

(3) Generally, the center of pressure on a body will move by

as much as 100 when the body is not at an extreme aerodynamic

condition. Thus, the distance between the gage stations should

allow for at least a 10% movement of the center of pressure.

(4) When a model is placed at high angle of attack, -1 > 15' ,

deflection of the sting and balance becomes important. The

sting and balance must not be deflected so as to touch. the
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model. At least 1-1.% mm of deflection should be allowced for

in the balance's design.

(5) The strength of tie balance is very important. It must

be safe from failure and must be vory stiff so that large

bending (which leads to a non linear response) does not occur.

Thus a safety factor of at least 2-2.5 should be designed into

the balance against failure and a very strong steel should be

used for its construction.

In figure I-I, a sketch of the final balance design is given.

Its largest outer diameter is 11 mm. This allows a 1 mm

deflection tolerance for this investigation, which was calcula-

ted to be sufficient. A distance of 36 mm is Found between

the two gage stations, which should allow for the center of

pressure movement. A safety factor of at least 2.0 in terms

of strength exists for each cross section of the balance. It

is constructed of a very high quality steel and should only

suffer small deflections within its design force range. A

brief discussion will now be given of each individual

component design.

Rolling moment

The rolling moment is the cruciformed cross section

part (section B, LTO T  = 38 mm) of the balance. A standard

cruciform cross section is used as this type of section is

uniformly responsive to a rolling moment. The strain gages

are mounted in the center of this section, being crossed at
450 to obtain the most accurate and maximum -esponse signal.

A limit of 200 Nt cm was designed as the maximum rolling

moment at which linear signal response will be obtained.

Normal and side forces and their associated moments

The two normal and side force stations are shown as

sections C and F. They are 9 mm long and separateJ by a dis-

tance of 36 mm. A cross sectional area of 8.9 to 4.15 was
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chosen as this makes the ,-'de force section twice as sensitive

as tie normal force section. This was done because for most

applications the normal force is usually twice as larqe as the

side force, if not more. Two gages are mounted on eac- surface

of the gage station and a bridge circuit is formed between

the upper and lower gaqes and the right and left side aes

at each station. The normal force and side force is thus

measured at each station and then by adding and - Atracting

them, the total normal and side forces and their respective

moments are obtained.

Axial force

The axial force is by far the most difficult compo-

nent to design, as it must be extremely sensitive but yet

strong enough so as not to break. The axial component design

for this balance is fairly standard and closely follows the

design of a similiar balance used at DFVLR. A maximum force

of 25 Nt was calculated as the limit force for linea,- response

of the axial component. This component is located between

the two normal and side force gage stations.

A wiring schematic of the balance is shown in

figures I-(2-5). For details of the theory of strain gage

bridges, see either reference 35 or 36.

The cal 4bration of the balance was carried out in

the standard procedure of individually loading each component

and determining the calibration constants for each component.

Details of this procedure may be found in references 37-40.

The balance was found to be relatively interference free and

the tolerable maximum loads even higher than designed for.

However, at the time of this investigation, the axial compo-

nent was not constructed and so will be calibrated at a later

date. The programs used for the determination of the calibra-

tion matrix and calculation of the forces and moments may be

found in Appendix III.

LA



.1

- _v -

'~IT.

a -~a.on

I U

Z-1 I I wzu4

- . a'S

FIG 1- a.'BL ICE D S C



15 117

Normal. Force
18 16at

B
(81)

Normal Force
6 4 at

01 0

Side Force
20 14at

B
(B3)



Side Force
802 at

D
0D4)

Axial Force
1211 (C5)

Rolling Moment
23 24(A6)

F~~~~ b' P, - -i RIY



3 3

A B C D

r Z13,14 19,zc

IA I I I_7111,18

C-G.1- LOA~i~O TA A

T L.



-35-

APPENDIX II -DESIGN OF WATER TUNNEL CONTRACTION

AND TEST SECTION

In order to allow flow visualization studies at high

angles of attack to be made, a new rectangular test section

and nozzle contraction had to be designed. In designing the

new test section, several factors had to be kept in mind:

(1) One operates mostly in the blowdown mode (see Section 3

for water tunnel description). This puts a limit on the

run time. In order to keep the existing run time and the same

present range of Reynolds numbers, the new test section area

must be approximately the same as the present test section

area of 15 x 15 cm (A = 225 cm2 ).

(2) An important factor in any test section design is the

contraction ratio. This is the ratio of the settling chamber

area to the test section area. Most tunnels have contraction

ratios between 5 and 16.

(3) The boundary layer along the test section wall also must

be accounted for in the test section design. The model must

be kept well away from this boundary layer as its effects on

the flow field are not predictable. The approximate boundary

layer thickness for the present test section is about 1-1.5 cm.

Thus, the model should be kept at least 2 cm from the test

section wall.

(4) It was stated that the present investigation is concerned

with bodies at high angles of attack. In fact, the bodies to

be studied have a very high (k/d )TOT of about 18-20. Since

angles of attack up to 700 want to be investigated and models

10-12 mm in diameter want to be used, the test section must be

at least 20 cm in one of its dimensions.

Taking into account all of these factors, a test

section of 12 cm x 24 cm was chosen. Its area, 288 cm2', is

not much larger than the present section area of 225 cm7,

so the run time is only slightly decreased. Its contraction

a" MAN-M n14
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ratio of 8.8 is reasonable and should adequately reduce

velocity fluctuations in the streamwise direction. Its dimen-

sion of 24 cm should allow a body of ( /d)TOT = 20 with
d = 10 mm to be studied at high angles of attack without the

model's tip entering the wall's boundary layer. Thus, these

dimensions for the new test section appear reasonable. Below,

the calculation of the nozzle contour and the dimensions

obtained is given. The formulas used below may be found in the

report by A.F. Lehman, "The Garfield Thomas Water Tunnel",

Navy Department of Ordnance, Contract No. 16597, 1959.

Calculation of the contour

In order to calculate the dimensions of the nozzle

contour, the following formulas will be utilized

FmX 3 21
6 Xz

Cd Ds - L exp I)
2 2 LL 

L

e Xi 2 X,
d 2  D Dw + L L 2 - exp } i

S 2  {L2J exp 1 L2 >ij

where : oc  = non dimensional parameter.

The other variables are defined in figure II-1. The

problem in using these formulas is that they only apply for an

axisymmetric contraction whereas our test section is rectangular,

non axisymmetric. In order to utilize these formulas the

following procedure is used :

(1) The formulas are applied to an axisymmetric nozzle with

the same As and Aw as the desired rectangular nozzle.

(2) The dimensions obtained are then converted to their

rectangular nozzle equivalents.
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In figure 11-2, an illustration of the process is shown. "a"
is obtained from step 1 and then "b" and "c" are determined

in step 2. Below, all the calculations are shown in detail.

Tables listing the values a, b and c are given at the end.

Desired Center A = 2500 cm2
S

A = 283 cm 2

w

2

Equivalent contour D 0 = A - D = 56.42 cm
4 s s s

Tr 2
- D = A Dw = 19.15 cm4 5 w

Now at the inflection points

(1) d = d 2

(2) _ Ds_ s

=I
d

(3) = 0 and [Dwj -0
S2 2

X2 X2

where : - and 2-
L 1 L2
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Applying conditions (1) and (2)

0
(1) D -D = -_ (L1 +L2 )

2

L1  D
(2) s- =

L2  D

(3) Provides a check which is satisfied by (1) and (2).

Thus, the conditions at the inflection point are obtained.

0

(1) Ds_ Dw = c (L1+L2 )2

L1  L2
(2) - = -

Ds  Dw

Also : L + L2  = 50 cm.

Using all of the above, ec ,  L, and L2  may be calculated.

(1) a = 56.42-19.15 = 1.4908
25

LI L 2 56 42
(2) - - =- L 56. L2

56.42 19.15 19.15

(3) L I  = 50-L 2

L2 = 12.67 cm

L, = 37.33 cm
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Substitution of these into the formula give

exxd , 56 .42-27 .826 i- - exp 1- I .
137.33 2 37.33J 'iU IL

d . = 19 .15+ 9 .4 4 4 e xp 1  -

L f 2
Now the procedure outlined in figure 2 is utilized.
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X d a b c

cm cm cm cm cm

0 56 .42 0 0 0

3 56.40 .01 .01 .007

4 56.36 .03 .031 .021

5 56.31 .055 .056 .038

6 56.23 .095 .097 .066

7 56.12 .15 .153 .105

8 55.98 .22 .224 .153

9 55.80 .31 .316 .216

10 55.57 .425 .433 .296

11 55.30 .56 .571 .391

12 54.97 .725 .739 .506

13 54.60 .91 .928 .635

14 54.16 1.13 1.15 .788

15 53.67 1.375 1.40 .959

16 53.12 1.65 1.682 1.15

17 52.51 1.96 2.00 1.37

18 51.84 2.29 2.33 1.60

19 51.11 2.66 2.71 1.86

20 50.31 3.06 3.12 2.13

21 49.45 3.49 3.56 2.43

22 40.53 3.95 4.03 2.75

23 47.54 4.44 4.53 3.10

24 46.50 4.96 5.06 3.46

25 45.41 5.50 5.61 3.84
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X d a b c

cm cm cm cm cm

26 44.26 6.08 6.20 4.24

27 43.06 6.63 6.81 4.66

28 41.81 7.31 7.45 5.10

29 40.51 7.96 8.11 5.55

30 39.18 8.62 8.79 6.01

31 37.81 9.31 9.49 6.49

32 36.41 10.01 10.20 6.98

33 34.98 10.72 10.93 7.48

34 33.53 11.45 11.67 7.99

35 32.06 12.18 12.42 8.49

36 30.57 12.93 13.18 9.02

37 29.09 13.67 13.93 9.53

38 27.60 14.41 14.69 10.05

39 26.14 15.14 15.43 10.56

40 24.76 15.83 16.14 11.04

41 23.49 16.47 16.79 11.49

42 22.36 17.03 17.36 11.88

43 21.40 17.51 17.85 12.21

44 20.63 17.90 18.25 12.48

45 20.04 18. 19 18. 54 12 .69

46 19.62 18.40 18.76 12.83

47 19.35 18.54 18.90 12.93

48 19.21 18.61 18.97 12.98

49 19.16 18.63 18.99 12.99

50 19.15 18.64 19.00 13.00
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FIG. II-1 -SKETCH OF NOZZLE CONTOUR
AND IMPORTANT PARAIMETERS
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APPE-NDIX 1-I - DATA -REDUCT IU-N PROGRAMS_

AtJD SAriPLE. PLOTS AND OUTPUT
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APPENDIX IV - SOURCES OF ERROR

Below are listed possible error sources for this
project and values of their approximate magnitude.

(1) Tunnel blockage < .15%

(2) Error in angle of attack < .50

(3) Mach number <. 3-4%

(4) Wind tunnel interference Negligible

(5) Support interference Small

(6) Repeatability of data Excellent

(7) Error in force measure-

ments due to the zero < 3-4%

drift

(8) Hysteresis Negligible
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