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ABSTRACT 

The near wuke of a sharp,  slender cone at an angle of attack equal to 

the half-cone angle (10 ) is studied experimentally.    Tests were run at two different 

Reynolds numbers; these correspond to (i) completely laminar flow on the surface 

(ReD = 0. 15 x 10  ) and,  (ii) laminar flow on the windward ,md turbulent on the 

leeward surface (ReD = 0.55 x 10 ).    The nature of the surface boundary layer 

was determined by measuring the surface heat transfer over a wide range of test 

Reynolds numbers (0.6x10    <   Re^ <  1.2x10 ) and comparing the data with 

theoretical analyses. 

Wake data obtained correspond to radial profiles taken in the plane of 

symmetry; total temperature, pitot, and static pressures are measured from the 

rear stagnation point to approximately seven diameters downstream of the base. 

Centerlin • distributions of Mach number, stagnation pressure, and static tem- 

perature are computed and compared to the corresponding results at zero angle 

of attack. 
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SECTION I 

INTRODUCTION 

The near wake of blunt-baaed slender bodies represents a fundamental 

fluid mechanical problem which derives its basic features from the formation 

of the separated flow regime.    The necessity of studying this region in detail 

has been dictated by the effect of the local flow field properties on communica- 

tions with,  guidance    of,  and identification of high speed vehicles.    A comprehen- 

sive review of the available literature connected with this problem is presented 

in reference (I) while the current development of theoretical analyses of the near 

wake region is typified by the results of re£erences(2) through (4).    These analyses 

are applicable to two dimensional bodies with laminar boundary layers.    Even in 

this somewhat limited context,   moreover,  there arise certain difficulties which 

restrict the solutions to limited ranges in free stream Reynolds numbers and 

Mach numbers,  cf.  reference (4).    For the more practically interesting problem 

of an axisymmetric body with either a laminar or turbulent boundary layer,  the 

inherent complexity of analyzing such a region is even greater,  therefore,  no 

analysis is currently capable of accurately predicting the near wake properties for 

such a configuration. 

Certain properties of the base flow region are significant from the view- 

point of design and advanced development of reentry bodies,   e. g.  the temperature 

of the fluid in the recirculating region,  and near wake velocity profiles,  which are 

necessary initial conditions for far-wake computations.    Since theoretical analyses 

for the prediction of these properties are not yet available,   attempts have been 

made to correlate information of this type in terms of the free stream conditions 

and vehicle configurations from experimental data,   cf.  references (5) through (7). 

It has therefore become necessary to obtain a large amount of experimental data 



for this purpose; this data also provides inforTiation for comparison with proposed 

theoretical analyses,   and indicates the basic flow pattern from which the theoreti- 

cian can ga.n insight into mechanisms governing the flow in this region.    The 

experimental data has been obtained by various techniques including ballistic 

range firings,   shock tunnels,   and blcwdown wind tunnels.    A summary of the 

experimental reports issued over the past several years has been presented in 

reference (8) and includes near wake data for a variety of vehicle configurations, 

free stream Mach numbers,   Reynolds numbers,  wall temperature ratios,   etc. 

Although there is a reasonably large amount of data available,   certain aspects 

of the flow pattern have not yet been satisfactorily resolved and require further 

investigation. 

A configuration which has received little attention as yet is the axisymmet- 

ric body,  or slender body at angle of attack.    This problem is of extreme practical 

importance since a re-entering hypersonic vehicle will not necessarily be at zero 

attitude throughout its entire flight trajectory.    In fact,   if maneuvers are desired, 

the angle of attack required to produce the necessary lateral forces can be quite 

large.    Even without this consideration,  however,   oscillations of the vehicle 

about the zero angle of attack attitude are possible and IT ay have a significant 

influence on the general behavior of the base flow.    This can also be important 

in interpretating data obtained from free flight firings,   (uither in ballistic ranges 

or in the atmosphere) since,   under these conditions the zero attitude configuration 

may be difficult to achieve and even more difficult to measure accurately.    Some 

wind tunnel data is currently available concerning this phenomenon and has been 

presented in reference (9).    It consists of a 10    half angle cone tested at M     =6.0 

and at a 10    angle of attack.    The free stream Reynolds number is sufficiently 

large so that fully turbulent flow is achieved both on the cone surface and in the 



o 
near wake.    The corresponding data for a= 0 are presented in reference (6). 

Significant differences in the flow field were observed due to the angle of attack 

of the body,   in particular,   the stagnation pressure recovery in the near wake was 

significantly increased. 

It is known that the behavior of the near wake of an axisymmelnc body is 

directly related to the nature of the surface boundary layer at the model shoulder, 

therefore,   for the angle of attack configuration it is of considered importance to 

determine whether a change of vehicle attitude  can sufficiently alter the surface 

boundary layer characteristics and the corresponding base flow to change the near 

wake from a laminar to a turbulent condition.    In other words,   if the free stream 

Reynolds number is sufficiently low so that both the surface boundary layer and 
o 

the near wake are laminar at a = 0,   and then a change in attitude occurs,   the 

question arises as to whether the altered nature of the boundary layer on the 

surface of the body can significantly alter the mixing processes occuring in the 

near wake. 

It is the purpose of this investigation,  therefore,  to examine the flow 

characteristics in the near wake of a slender body at angle of attack for reason- 

ably low Reynolds numbers.    A detailed study of the surface properties on the 

cone is performed both at zero and non-zero angle of attack to accurately ascertain 

the nature of the boundary layer under these conditions.    This is necessary if a 

more complete understanding of the measured wake data is to be obtained.    The 

flow field is surveyed between the base and several base diameters downstream of 

a sharp,   10    half angle cone which is wire supported at a 10    angle of attack. 

Tests were conducted at a free stream Mach number of 7. 7 in the PIBAL hyper- 

sonic facility at two free stream Reynolds numbers, these are 0. 15 x 10    and 

0. 55 x 10    based on model diameter.    The average stagnation temperature was 

1700  R producing a wall to stagnation temperature ratio of 0. 32.    The same model 



was also tested prev!   usly at zero inclination,   cf.   reference (10),   thus,  a 

comparison of results is performed between the zero and non-zero angle of 

attack configurations. 

SECTION II 

MODEL DESIGN AND INSTRUMENTATION 

The model,   illustrated schematically in figure (1),  is a 10    half angle 

cone which was rolled and machined to 0.05 inches thickness from a stainless 

steel sheet.    The surface is instrumented for local heat transfer and static 

pressure measurements; for these tests,   the model is supported by a base sting 

to facilitate removal of the instrumentation leads from the wind tunnel.    Heat 

transfer gauges,  which are located at various positions along a generator of the 

cone,   consist of fine thermocouple wires spot welded to the inside of the model 

skin.    The local heat transfer  rate is calculated by the thin skin technique, 

utilizing the basic assumption that no heat is transferred along the cone surface, 

and that the inner surface is adiabatic.    Static pressure taps are also located along 

a conical ray,   the peripheral distribution of surface pressure being obtained by 

rotating the model about its axis on the model mount. 

To obtain data in the near wake,   the model is supported by six braided 

cables of 0. 03 inches diameter; three of these support the model at the nose and 

three just slightly aft of the model center of gravity.    In this manner,   the rear 

wires penetrate the model boundary layer at a location of more than 250 wire 

diameters upstream of the model base.    This is done to assure no wire inter- 

ference effects on the base region,   since in this distance the major influence 



of the wires has been dissipated. 

The wake survey data obtained  correspond      to radial variations of flow 

parameters in the model plane of symmetry at selected axial positions.    These 

measurements of local values of the pitot and static pressures and stagnation 

temperature are obtained only in the supersonic portion of the near wake region. 

The total pressure rake consists of standard pitot tubes with blunt leading edges 

connected to StathamO. 5,   2. 5,   and 15 lb. /in,7'  transducers.    The static probes 

consist of tubes with six static holes  drilled around their periphery at a distance 

of 15 tube diameters from the tip; slender (5   ) cones are installed at the tips of 

the probes to facilitate the decay of local static pressure on the probe surface 

to that of the local free stream.   The static pressure is measured using Hastings 

DV  -  13 thermocouple type gauges.    From the pitot and static pressure data,   the 

local Mach number is obtained and the corresponding value of the local stagnation 

pressure can then be computed.    The stagnation temperature probes are open-tip, 

bare wire thermocouples stretched across two support struts.    The stagnation 

temperature together with the Mach number obtained from the pressure survey 

allows the calculation of local static temperature. 

The tests were performed at Mach 7. 7 with air as the test gas.    The 

duration of sustained hypersonic flow in this tunnel is on the order of 30 seconds, 

however,  to obtain wake data at a relatively constant value of the wall temperature 

ratio,   a run length of about 5 seconds is used.    This is sufficient to achieve a 

stabilization of the pressure instrumentation and still have a relatively uniform 

model surface temperature.    The tunnel stagnation pressure was varied from 30 

psia to 550 psia to obtain the desired variation in Reynolds number necessary to 

compare with the theoretical analyses of the boundary layer and to determine 

whether the boundary layer is laminar or turbulent.    The complete wake survey 



o 
at a = 10    was conducted at nominal tunnel stagnation pressures of 75 and 275 

lb. /in.a and roughly 1700 R stagnation temperature,  which corresponds to 

free stream Reynolds numbers of 0.225 x 10    and 0. 825 x 10    per ft. ,   respec 

Uvely. 

SECTION III 

PRESENTATION AND DISCUSSION OF RESULTS 

One method which has been utilized extensively in the past to ascertain 

the nature of the boundary layer characteristics on a surface is to measure the 

local heat transfer rate and compare this to theoretical analyses; this is par- 

ticularly useful where, as in the present tests, the boundary layer thickness is 

too small for standard pressure probing techniques.    The surface heat rates 

therefore, have been obtained fur the test model at both zero and non-zero angles 

of attack and typical results are shown in figure (2),    The data is presented in 

terms of a Nusselt number versus a Reynolds number based on free stream 

conditions and the base diameter of the cone.   This particular variation of heat 

transfer corresponds to a surface location ('s = 2.80) on the cone which is close 

to the shoulder (¥.   = 2.88).    Figure (2a) presents the data for the zero angle of 

attack condition and includes the laminar boundary layer predictions of reference 

(11) and the fully turbulent theory of reference (12).   It is observed that by varying 

the stagnation pressure of the tunnel, a complete range of boundary layer behavior 

can be obtained corresponding to either completely laminar, transitional, or fully 

turbulent at the shoulder.    For Reynolds numbers less than 0.65 x 10   , the bound- 

ary layer is seen to be laminar over the entire cone surface. 

For the angle of attack configuration, the corresponding data for the same 



surface location is presented in various meridian planes in figures (2b) and (2c). 

The angle     is measured from the windward plane and for •; = 0, the theoretical 

laminar boundary layer analysis of reference (13) is also included.    It is evident 

from this comparison that the boundary layer is laminar in this plane over the 

entire test Reynolds number range.    The corresponding data and analysis is also 

shown in the cross plane (v = 90 ) and again it is observed that the boundary layer 

is laminar.   Figure (2c) presents the heat transfer data on the cone surface in 

the leeward plane.    In this case, there is no theoretical analysis available since 

the cross flow is toward the plane of symmetry and the inviscid flow field is not 

accurately known.    In fact, the analysis of reference (14) indicates (for lower 

Mach numbers) that the flow will separate along a generator of the cone when 

the angle of attack is approximately equal to the semi-vertex cone angle.    This 

analysis, however, is based on the assumption of isentropic flow throughout the 

flow field.   For the present case the free stream Mach number is sufficiently 

large and the semi-vertex cone angle is high enough so that the results of 

reference (14) are not applicable, in addition, the inviscid flow field around 

the cone is not accurately known in the present case.    In order to determine, 

therefore, whether the flow has separated or not, the static pressure distribu- 

tion around the periphery of the cone was measured.    These results are shown 

in figure (3), where the local surface pressure, normalized with respect to the 

free stream static pressure, is presented as a function of the peripheral angle. 

Data are shown for both the low and high Reynolds number condition, i.e., at 

Reynolds numbers equal to 0. 15 x 10    and 0.55 x 10    respectively.   It appear, 

that no separation is present under either test condition since the pressure is 

monotonically decreasing from the windward to the leeward plane around the cone; 

therefore, the surface heat transfer in the leeward plane can be examined to de- 



termine the nature of the surface boundary layer.    For comparison purposes, 

a flat plate theory is applied using the undisturbed free stream conditions as 

the inviscid flow.   The results of these analyjes are plotted in figure (2c) for 

the laminar and turbulent conditions corresponding to the experimental heat 

transfer data.    Although the quantitative agreement is not good, the qualitative 

behavior of the heat transfer as a function of Reynolds number is quite clear. 

A region of laminar flow is seen to occur at low Reynolds numbers followed by 

transitional and then a fully turbulent boundary layer.    In all cases, the Reynolds 

number at which transition occurs and the Reynolds number at which a fully 

turbulent condition exists can be determined quite accurately from these plots. 

Similar data has been obtained in other planes to determine the lateral extent 

of transitional flow on the leeward surface; these correspond to values of 

:; = 135   , and 160  .    The data are not shown here but the results are summar- 

ized in figure (4) where the transition Reynolds number and the fully turbulent 

Reynolds number are plotted as a function of peripheral angle around the cone; 

also included are the corresponding points for the zero angle of attack config- 

uration. 

For the cone at angle of attack it is seen that transition is initiated at a 

considerably lower Reynolds number than for the zero angle of attack condition 

in the leeward plane.    It is also observed (cf. figure 4) that the transitional 

region occurs over a small area in the vicinity of the leeward plane; for the 

remainder of the model surface, the flow is completely laminar even at the 

highest Reynolds numbers attainable in the PIB tunnel.   As noted previously, 

the wake surveys were performed at Reynolds numbers of 0. 15 x 10    and 

0.55 x 10   .    From figure (4) it can be seen that these particular Reynolds num- 

bers correspond in one case to a completely laminar flow over the surface and. 



in the other, to a surface boundary layer which is laminar, transitional,  or 

turbulent, depending on the peripheral location. 

Since the near wake characteristics of axisymmetric bodies have been 

found to be strongly dependent on the surface boundary layer at the model shoulder, 

it is of interest to determine the wake flow field conditions that are produced for 

the present configuration at different Reynolds numbers.    With this in mind the 

centerline variation of local properties such as Mach number, temperature,  and 

pressure will be examined for the angle of attack condition and compared to the 

corresponding zero inclination dita of reference (10). 

The static pressure distribution along the model centerline is shown in 

figure (5) for both laminar and turbulent flow on the model surface for the zero 

inclination and 10    angle of attack conditions.    Within the experimental accuracy, 

there is little observable difference in the data for the various conditions.    The 

static pressure is seen to reach a pressure somewhat higher than free stream 

and then it decays to the free stream value roughly four model diameters down- 

stream of the base.    It should be noted that although the data presented in figures 

(5) through (9) correspond to the geometric centerline distribution for the zero 

angle of attack configuration, when the cone is inclined at an angle with the free 

stream this centerline does not correspond to the "local symmetry axis."   There- 

fore, the angle of attack data correspond to the maximum local static,  or minimum 

local pitot pressures    and total temperatures rather than the values obtained along 

the geometric centerline.    These occur slightly off axis as can be seen in figures 

(10),  (12).  and (13). 

The total temperature variation along the centerline is shown in figure (6). 

The turbulent zero angle of attack data is seen to recover to the free stream 

temperature more rapidly at first than the corresponding laminar flow data.    How- 
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ever, at angle of attack, there appears to be only a small difference between the 

data obtained at the two different Reynolds numbers.    Figure (7) presents the 

centerline variation of Mach number obtained from the various sets of experimental 

pitot and static pressure measurements available.    Again, lor the zero inclination 

model, the Mach number recovers more rapidly for the turbulent condition.    Further 

downstream, it appears that the low Reynolds number flow is transitional and the 

differences between the two are significantly decreased.    The angle of attack 

condition moreover produces a higher local Mach number initially than even the 

fully turbulent zero angle data; this occurs even for the low Reynolds number    case 

where the surface boundary layer is completely laminar. 

Since these two configurations produce similar static pressure distributions, 

it is evident that the stagnation pressure recovery in the near wake will be changed 

due to the difference in Mach number variation.    This can be seen in figure (8) which 

presents the variation of local stagnation pressure (normalized with respect to the 

free stream stagnation pressure) along the axis.   Again, it is seen that the recovery 

to the free stream condition occurs more rapidly at angle  jf attack than for the 

zero angle of attack case with a fully turbulent boundary layer.   The recovery of 

the near wake flow parametere thus appears to be influenced by two different 

phenomena in the angle of attack configuration.    First, the angle of attack produces 

a localized region on the cone surface wherein the boundary layer which was orig- 

inally laminar has become transitional or turbulent at lower Reynolds numbers than 

expected for the zero inclination case.   This effects the mixing processes and 

therefore the behavior of the local flow conditions in the wake.    In addition, it 

appears that for the angle of attack configuration there is a large scale mixing 

caused by the vortical inviscid flow over the cone surface which further increases 

the pressure recovery  in the wake and thus, it approaches its free stream value 

10 
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more rapidly. 

From the Mach number and total temperature data, the static temperature 

along the centerline is computed and shown in figure (9).   The overall trends 

observed in the other flow parameters are also seen to occur    in the temperature 

behavior,  although in this case,  they are even more evident.    In particular,  the 

high Reynolds number angle of attack tests produce extremely rapid recovery 

to the free stream temperature; there is a significant difference between this data 

and even the fully turbulent, zero angle data.    Even more important is the behavior 

close to the base region where the static temperature is between 20% to 50% lower 

when the cone is at angle of attack in comparison to the zero angle condition. 

Pitot pressure profiles are presented in figures (10a) throagh (I0f).    The 

trailing shock shape can be roughly determined from the observed discontinuity 

in the pitot profiles; this is shown to scale in figure (11), with the corresponding 

zero angle of attack shock shape as determined from Reference (10).    As noted 

previously, the symmetry axis in the viscous core is displaced toward the leeward 

side of the cone by an initial amount approximately equal to one tenth of the base 

diameter.   As the distance downstream of the base increases, this radial shift 

decreases until it is essentially zero (x ■ 4.5).    The trailing shock shape is also 

displaced in the same direction although it is seen to require a significantly longer 

distance to approach the axisymmetric shock configuration. 

In order to determine the rangs of validity of the measured profiles,  the 

conical shock and base expansion fan are also sketched in figure (11).    Reflection 

of the bow shock from the tunnel wall (or the displacement thickness as an 

approximate wall correction) on the windward side of the model indicates an 

approximate intersection with the trailing shock between four and five base diameters 

downstream of the model.   Although additional radial surveys were obtained for 

11 



values of x up to 7.5,  these are not included since the data is of questionable 

validity outside of the trailing shock radius.    Centerline conditions,   however, 

are expected to be reasonable for distances up to seven base diameters down 

stream of the model.    The disturbance from the leeward surface of the cone is 

seen to have no effect on the measured flow variables for considerably larger 

distances. 

The static pressure profiles are shown in figures (12a) through (lit). 

In these plots,   the shock location is also evident although its location is not as 

accurate since the pressure readings on the static probes are affected for some 

distance on either side of the exact shock impingement location.    In addition,  the 

off-axis data for small downstream distances incur a larger percentage error than 

the pilot pressures due to the possibility of local flow inclination.    Total tempera- 

ture profiles are presented in figures {13a) through (I 3f)   and exhibit the same 

general behavior as the pressure plots in relation to the off axis location of the 

minimum temperatures.    One major difference is that all the temperature 

variation is concentrated within one base diameter of the centerline whereas 

the pressure field is disturbed to a much larger lateral extent. 

Figure (14) presents the radial distributions of base pressure corresponcftng 

to the various test conditions previously discussed.    The angle of attack tests pro- 

duce a large decrease in the level of the base pressure in comparison to the 

data corresponding to zero angle of attack; this is observed even for the low 

Reynolds number tests.    In addition,  there is an extremely large variation in 

pressure along the base surface,  with the lower pressure occuring adjacent to 

the windward plane; it may be noted that at the present test Reynolds numbers, 
o 

the corresponding base pressure distribution is quite uniform for a = 0  . 

li 



SECTION IV 

CONCLUDING REMARKS 

In addition to providing some profiles of pitot and static pressure and 

total temperature in the near wake of a cone at angle of attack,   some overall 

effects of the recovery of the flow variables to their free stream values have 

been observed.    The tests were performed at Reynolds numbers chosen to 

provide a completely laminar flow over the cone surface in one case so that the 

effects of large scale "inviscid" mixing could be studied by comparison with 

laminar cone data at zero angle.    The second test Reynolds number was 

sufficiently large to produce a small region of transitional and fully turbulent 

flow on the model surface in the leeward plane.   Again,  comparison of this data 

with fully turbulent data at zero angle of attack gives some indication of the 

relative importance of the boundary layer vs. the outer vortical layer in the 

determination of the wake characteristics.    These results can be summarized 

as follows: 

1.    Very little difference is observed in the static pressure distribution 

for the various test configurations,  except that the peak over pressure occurs 

closer to the base with angle of attack.    This is consistent with the measured 

base pressure behavior,  since lower base pressures result at angle of attack. 

1.    Both the static temperature and stagnation pressure data indicate 

that the inviscid vortical flow dominates the wake characteristics at angle of 

attack in the immediate base region (x <   3); here, the effect of an initially 

laminar vs.  turbulent boundary layer appears to have little influence on the 

recovery of these flow parameters.    For example, the stagnation pressure for 

both test conditions at angle of attack are close to each other but higher than 

would exist at zero angle even for a fully turbulent wake. 

13 



However,   for larger distanres downstream (x > 3),  the angle of attack 

data for a laminar boundary layer approaches the zero inclination data while that 

corresponding to an initial turbulent   region on the cone   surface continues to 

rrcover to the free stream conditions very rapidly.    At x = 6,   for example,  the 

(laminar) stagnation pressure recovery is roughly 0.03 for both   a = 0    and 

a = 10   ; the high Reynolds number (turbulent) data on the other hand,   yield values 

of 0.05 for a= 0° and 0. 2,0 for a =  10    indicating much more rapid mixing for 

the latter condition.    This may be caused by the eventual spreading of the initial 

turbulent burst,  on    the cone surface,  throughout the entire viscous region as 

the   listance downstream is increased. 

3.    Examination of the total temperature profiles,  and the trailing shock 

location indicates that close to the base there is a significant change in total 

temperature for radial distances larger than the shock radius.    This is caused 

by the three dimensional mixing   of the surface boundary layer with the outer 

flow; the corresponding data at zero angle of attack (ref.   10) shows the viscous 

core to be the only region where the total temperature is different from its free 

stream value.   Again, this shows the dominance of the vortical outer flow 

behavior on the flow in the near wake,   for the angle of attack configuration. 

In summary,  both the free stream Reynolds number and the outer 

vortical flow appear to be significant in the determining the local flow properties 

in the asymmetric near wake region.    Probably even more Important than thib, 

in terms of interpretation of flow observables,   is the complete change in the 

near wake   behavior (at the sane free stream Reynolds number) between the 

zero and non  zero angle of    ttac k configurations. 

14 
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