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FOREWORD 

This work was accomplished for the Marshall Space Flight Center 
under Contract No. NAS 8-21152, Subcontract Na. LTV Purchase Order 
P-451008-AER. 

The present study is a part of the overall "Non-Linear-Lift" 
research program being conducted by MSFC to determine scale effects 
on the aerodynamic characteristics of bodies of revolution at large 
angles of attack. 
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Meridian angle, measured from windward plane of symmetry 

Kinematic viscosity 

Model roll angle 



INTRODUCTION 

The non-linear variations of the force characteristics of slender 
bodies of revolution with angle of attack have long been recognized to be 
primarily due to the effects of boundary layer separation induced by the 
crossflow. ~unk(1) (1924) first pointed out a usefh analogy between the 
development of the crossflow along a body of revolution at angle of 
attack and the development of the crossflow about a two-dimensional circu- 
lar cylinder impulsively started from rest. This analogy is based on a 
simplified one-dimensional approach to the flow w e r  a body of revolution 
at angle of attack, as illustrated in figure 1. A plane lamina of air, 
perpendicular to the axis of the body, is considered to be moving with 
constant velocity in the stream direction. This lamina sees the body as 
a segment of a circular cylinder, suddenly introduced as the lamina passes 
the nose of'the body, and moving in the plane of the lamina at a velocity 
Vsincv. Neglecting the effect of the changing cylinder radius at the nose, 
this situation is identical to the classical flow about a two-dimensional 
circular cylinder impulsively started from rest to a velocity Vsincv, 
with the crossElow distance X/D tana! for the body of revolution being 
equivalent to the distance S/D = Vsina! A ~ / D  traveled by the impulsively 
started cylinder. The experimentally determined flow about the impulsively 
started cylinder is described by ~oldstein(?):for a range of Reynolds 
numbers as being characterized by the symmetrical development of a pair of 
vortices on the lee side of the cylinder, fed by vortex sheets emanating 
from the point of boundary layer separation on the cylinder. This flow is 
illustrated in figure 1, at various stages of development, as applied to, 
the case of the body of revolution at angle of attack; 

The above description of the crossflow phenomenon has been exploited 
theoretically and empirically by many investigators (e.g. references 3 
through 7) in the development of methods to predict the resulting forces 
on bodies of revolution at angle of attack. The empirical methods generally 
consist of adding to the predicted local potential normal force distribution, 
which accounts for the forces generated by the nose, a local crossflow drag 
coefficient determined from impulsively-started and/or steady-state ex- 
perimental drag data for two-dimensional _circular cylinders. Theoretical ' 
methods utilize a "lumped" vorticity approximation for the vortices in a 
"slender body" potential flow field. The methods have met with various 
degrees of success but none are capable of accurate predictions over g 
practical range of Mach numbers, Reynolds numbers and body shapes. 

A basic shortcoming of previous studies has been a lack of systematic 
experimental data on the effect of these variables. In an attempt to fill 
this void, the Marshall Space Flight Center (MSFC) instituted a "Non-Linear- 
Lift1' research program to experimentally define the effects of Mach number, 
Reynolds number and body geometry on the flow about bodies of revolution 



at angle of attack. The program consists of force, pressure, surface flow - 
visualization and flow field survey tests conducted in the MSFC 14 in. TWT 
and LTV 4 ft. HSWT facilities on three different configurations over a wide 
range of Mach and Reynolds numbers. 

This report is primarily concerned with a crossflow drag analysis of 
pressure data obtained on two configurations (an ogive/cylinder and an ogive/ 
cylinder/frustum/cylinder) in the MSFC 14 in. TWT and of the force data 
obtained on these configurations in both the MSFC 14 in,TWT and the LTV 4 
ft. HSWT at Mach numbers 0.4, 0.8, 1.2 and 2.0. 
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CONFIGURATIONS, MODELS, TESTS 

The three configurations being investiaged in the MSFC "Non-Linear- 
Lift" research program are illustrated in figure 2. They consist of a 
simple ogive-cjrlinder (o/c), an. ogive-cylinder-frustum-cylinder (o/c/F/c) 
and a typical Saturn V configuration.' 

One-half in. and one in. diameter force models of each configuration 
were tested in the MSFC 14 in. TWT and two and four in. diameter models 
were tested in the LTV 4 ft. HSWT. Tests were conducted in both facilities 
at Mach numbers 0.4, 0.8, 1.2, 2.0, 3.0, 4.0 and 5.0, at angles of attack 
to approximately 300 and at the maximum and minimum Reynolds number. 
capabilities of the facilities. The resulting Reynolds number ranges are 
illustrated in the M / R ~ ~  chart of figure 3. Details of the LTV models, test 
procedures and the basic data are reported in reference 8. 

One-half in. and one in. diameter pressure models of the O/C and 
O/C/F/C configurations were tested in the MSFC 14 in. TWT at Mach numbers 
0.4, 0.8, 1.2 and 2.0, at nominal angles of attack of 0, 5, 10, 15, 20 and 
250, and at the maximum and minimum Reynolds number conditions. The M/R~I> 
conditions for the pressure tests are also illustrated in figure 3. The 
pressure models were instrumented with a high density orifice array in 
order to obtain the required data in a practical amount of wind tunnel 
occupancy time. The orifice arrays generally consisted of seven longitudinal 
rows of orifices at 150 increments of meridional angle in one quadrant and 
two rows of orifices in an adjacent quadrant as illustrated in the following 
figure. The model was tested in roll positions of 00 and 900, and the data 
transposed and combined (assuming symmetrical flow) to give the meridional 
distribution shown. Details of these models, test procedures, and resulting 
data are reported in reference 9. 

Leeward 
(Top) 

% 

Orifice Array 
at$m= 0 

Orifice Array 
at@,= 900 

Combined 6 Transposed 
Orifice Array 



FORCE DATA AND ANALYSIS 

Force d a t a  from t h e  MSFC and LTV t e s t s  were provided f o r  use  i n  t h i s  
a n a l y s i s  as aerodynamic c o e f f i c i e n t s  CN and cP/D, a t  ang le s  of a t t a c k  of 
5 ,  10, 15, 20, 25 and 300 f o r  each conf igu ra t ion  a t  a l l  of t h e  Mach/~eynolds 
number cond i t i ons  t e s t e d .  This  d a t a  had been co r rec t ed  f o r  apparent  flow 
a n g u l a r i t i e s  by s h i f t i n g  t h e  measured ang le s  of a t t a c k  such t h a t  CN = 0 
a t  a = 0. These d a t a  f o r  t he  O/C and O/C/F/C con f igu ra t ions  a t  M = 0.4, 
0.8, 1.2, and 2.0 a r e  shown i n  f i g u r e s  4 and 5. 

Comparison of t h e  co r r ec t ed  d a t a  w i th  t h e  b a s i c  d a t a  from t h e  LTV 
t e s t  ( r e f e r e n ~ e . 8 ) ~  however, showed t h a t  t h e  flow a n g u l a r i t y  co r r ec t ions  
were excess ive  a t  Mach number 0.4. This  i s  i l l u s t r a t e d  i n  f i g u r e  4(a)  
where both t h e  co r r ec t ed  and the  b a s i c  LTV d a t a  a r e  shown f o r  t he  O/C 
con f igu ra t ion .  The maximum flow a n g u l a r i t y  c o r r e c t i o n s  f o r  M = 0.4 were 
on t h e  o rde r  of 30 and cannot r e a l i s t i c a l l y  be a t t r i b u t e d  t o  t unne l  flow. 
The b a s i c  d a t a  a l s o  showed e r r a t i c  t r ends  w i t h  f r e e  s t ream Reynolds number 
a t  a l l  ang le s  of  a t t a c k ,  which f u r t h e r  increased  the  concern f o r  accuracy 
of t h e  d a t a .  These d a t a  anomalies were d iscussed  wi th  LTV t e s t  engineers  
who ind ica t ed  t h a t  t h e  probable cause was a r e s u l t  o f  "ampl i f ie r  lag" i n  
t h e  d a t a  system i n  use  a t  t h e  t ime, and aggravated by low balance outputs  
a t  Mach number 0.4. 

The LW t e s t  program a t  Mach numbers 0.4 and 0.8 was r e c e n t l y  r e run ,  
r e f e r e n c e  21, u s ing  a n  improved d a t a  system and ba l ances  more c o n s i s t e n t  
w i t h  t h e  model l oads  a t  t h e s e  condi t ions .  A pre l iminary  eva lua t ion  of t h i s  
d a t a  showed t h a t  t h e  ind ica t ed  f low a n g u l a r i t i e s  were reduced t o  t h e  o rde r  
of 0.25' except  f o r  t h e  O/C/T/C con f igu ra t ion  a t  Mach number 0.4 which 
ranged t o  0.7O f o r  t h e  2 i nch  diameter  model. The e r r a t i c  t r e n d s  of normal 
f o r c e  vs .  Reynolds number a t  M = 0:4 were l a r g e l y  e l imina ted  f o r  t h e  ogive- 
c y l i n d e r  and Sa turn  V conf igura t ions .  The O/C/F/C con f igu ra t ion  a t  Mach 
number 0.4, showed 'unusual  t r ends  a t  low ang le s  of a t t a c k  f o r  t h e  2 inch  
diameter  model which were n o t  present  i n  t h e  o r i g i n a l  d a t a .  A t  Mach number 
0.8, t h e  r e run  d a t a  f o r  t h e  O/C and O/C/F/C compared ve ry  w e l l  wi th  t h e  
o r i g i n a l  test, b u t  r e r u n  d a t a  f o r  t h e  Sa turn  V con f igu ra t ion  was approx- 
imate ly  10% lower than  t h e  o r i g i n a l  d a t a .  

The re run  d a t a  w a s  n o t  a v a i l a b l e  i n  time t o  be included i n  t h i s  a n a l y s i s ,  
and due t o  t h e  anomalies i n  t he  o r i g i n a l  M = 0.4 d a t a  a t  h igh  Reynolds 
numbers (LTV), only t h e  low Reynolds number (MSFC) d a t a  i s  considered i n  t h e  
a n a l y s i s  of t h e  f o r c e  d a t a  a t  M = 0.4. The d a t a  a t  Mach number 0.8 and 
above i s  apparent ly  f r e e  of s i g n i f i c a n t  d a t a  anomalies,  a t  l e a s t  f o r  t h e  
O/C and O/C/F/C co.nf i iurat ions of i n t e r e s t  h e r e ,  and i s  included.  



Side Force Data and Flow Asymmetries 

Although a detailed consideration of the side force data on the sub- 
ject configurations is beyond the scope of this report, it should be noted 
that significant flow asymmetries and resultant side forces were observed 
at certain conditions in both the LTV force tests and the MSFC pressure 
tests. The side force data from the LTV tests at,Mach numbers 0.4 and 0.8 
showed large side forces at some Reynolds numbers (CymX on the order of .5 

to 1.0) which developed at angles of attack above approximately 200. 
Asymmetries in the MSFC pressure data were also observed for M = 0.4 and 
0.8, and to a lesser extent at M = 1.2, at angles of attack of 150 and 
above. The pressure data asymmetries are thought to be related to the 
pressure orifice arrangement although there are indications that flow 
Asymmetries at these conditions could be expected, independent of the 
particular orifice arrangement. The pressure asymmetries are discussed 
in greater detail in a later section. 

A detailed investigation of the side forces on bodies of revolution 
with ogive noses has recently been reported by Pick (reference 10) at Mach 
numbers from 0.5 to 1.1. It was found that large side forces were developed 
on these bodies at angles of attack also above 20'. The magnitude of the 
side force was a strong function of nose shape and Mach number, decreasing 
with increasing Mach number or with increasing nose bluntness. The direction 
of the side force, once it developed, varied randomly with model roll 
angle and was attributed to small variations in model geometry. 

The development of the flow asymmetries causing the side forces can' 
be related to asymmetrical flow phenomena on two dimensional cylinders in 
transverse incompressible flow using the impulsively started cylinder 
analogy described in the introduction. According to Sarpkaya's experiments 
(r'eference 7) on impulsively started cylinders at Reynolds numbers from 
104 to 105, the symmetrical development of vortices behind the cylinder 
continues for a non-dimensional time increment of V ~ / D  2 4 at which time 
asymmetries in the flow pattern begin to develop. Based on the fmpulse 
analogy this would correspond to X tana= 4 where asymmetries would first D be expected on a constant diameter body of revolution at angle of attack 
and for a 10 caliber body (X/D = 10) would indicate an angle of attack of 
a= tan'f 0.4 = 240 for first flow asymmetry. This is approximately the 
angle of attack at which side forces are first observed on these bodies of 
revolution. The agreement between the predicted angles of attack for first 
flow asymmetry based on Sarpkaya's data for impulsive cylinders and the 
actual values observed is remarkable considering the differences in the 
flow situations. 

The development of the flow asymmetries found in experiments with 
impulsively started cylinders and slender bodies at angle of attack'is 
consistent with the theoretical prediction that the location of a pair of 
symmetric vortices on the lee side of these bodies is unstable for anti- 
symmetrical disturbances (reference 2). It is probably this instability 
of vortex pairs which is the basic cause of the flow asymmetries and the 
"small" geometric irregularities (or other flow disturbances) simply act 
to trigger the instability. 



Effect of Reynolds Number on Normal Force and Center of Pressure Character- 
istics 

The data presented in figures 4 and 5 show some very significant in- 
fluences of Reynolds number and Mach number on the characteristics of these 
configurations. The greatest effect of Reynolds number is observed for the 
O/C configuration at M = 0.4, even excluding the high Reynolds number LTV 
data. The normal force coefficients versus Reynolds number at the higher 
angles of attack exhibit all the features of the classical variation.:of 
drag coefficient with Reynolds number of two-dimensional circular cylinders 
in incompressible transverse flow (e.g. reference 2). There is a sub- 
critical maximum associated with laminar boundary layer separation and a 
minimum value at a critical Reynolds number associated with transition of 
the boundary layer to hurbulent flow. The subcritical maximum noynal 
force coefficients are approximately twice the minimum values at the 
higher angles of attack. 

The center of pressure for the O/C at M = 0.4 also shows large variations 
with Reynolds number. Largest CP/D variations occur at an angle of attack 
of 20° where the CP/D at subcritical Reynolds numbers'is located at 5.5 
calibers from the base, and moves forward to 6.9 calibers at the critical 
Reynolds number. 

Data for the O/C at higher Mach numbers exhibit a decreasing effect 
of Reynolds number with increasing Mach number. At M = 2.0, significant 
Reynolds number effects are confined to angles of attack of 10 and 15O 
where the crossflow Mach number ( = M sina) is .35 and .52 respectivellr. 
This is also consistent with circu ? ar cylinder data (references 11, 12) which 
show little effect of Reynolds number abdul MC = 0.4 to 0.5. 

Data for the ogive/cylinder/frustum/cylinder shown in figure 5 indicate 
very small effects of Reynolds number as compared with the ogive/cylinder 
configuration. This is due to the combination of (1) a small forward cylinder 
planform area which reduces the contribution of its crossflow drag to the 
total normal force, (2) the large, 25O, slope of the frustum which delays 
crossflow separation effects on the frustum to angles of attack above 2S0, 
and (3) the relatively short aft cylinder length, with flow at the forward 
end controlled to a large extent by axiai flow pressure distribution and a 
large potential carryover normal force from the frustum. These factors 
are illustrated later using the integrated pressure data from the MSFC 
pressure tests. 

Correlation of O/C '~ormal Force Characteristics 

Correlations of the O/C normal force data were made for the purpose of 
gaining some insight into the effects of Mach number and Reynolds number, 
and to develop correlation parameters for use in the analysis of the local 
normal force and pressure data. As indicated above, the M = 0.4 data shows 
the greatest sensitivity to Reynolds number. At this Mach number no com- 
pressibility effects should be present, and these data were thus used to 
isolate the effects of Reynolds number. The data was reduced to crossflow 
drag coefficients according to the equation. 



The 'inviscid normal force slope, 
I c ~ a  

, was taken t? be the slender body 

theory value of 2.0 rad'l and was in close agreement with the experimental 
data. 

According to Allens theory (reference 3), the crossflow drag coefficient 
at incompressible speeds should be a function of the crossflow Reynolds 
number Res 

A correlation of the M = 0.4, O/C crossflow drag data with crossflow Reynolds 
number, C ~ c  (ReC) is shown in figure 6 for various values of free stream 

Reynolds numbers based on diameter, ReD, and for angles of attack of 10, 
15, 20, 25 and 300. This correlation was developed using the normal force 
data represented by the faired (solid) curves of figure 4 (a), for ReD 
between 105 and 4 x lo5. The lack of any correlation of crossflow drag with 
crossflow Reynolds number in figure 6 is obvious. 

It was pointed out by Schindel (reference 6) that body lengths parallel 
to the free stream (i.e. streamwise lengths) are approximations of particle 
paths, as indicated in the sketch below, and shouJd represent appropriate 
lengths for determination of boundary layer transition. A Reynolds number 
based on a characteristic body length parallel to the freestream should 
therefore provide an approximate correlation of boundary layer transition 
and its effect on the crossflow drag characteristics. This hypothesis wa's 
tested by correlating the O/C crossflow drag data at M = 0.4 as a function 
of a "streamwise" Reynolds number, ReS = VD . This Reynolds number 

v sina 
is based on the streamwise length of the cylindrical portion of body, Dlsina. 
The correlation is shown in figure 7 and it is seen that the streamwise 
Reynolds number does in fact correlate the crossflow drag data quite well. 



The effect of compressibility on crossflow drag coefficient was 'investi- 
gated by plotting the data vs crossflow Mach number at two free stream 
Reynolds numbers, ReD = 2 x lo5 and 5 x lo6, representative of the minimum 
and maximum values of the test range. The results, shown in figure 8, 
were developed from cN(a).'data for each free stream-Mach number and Reynolds 
number, at angles of attack from 10 to 30°. The high Reynolds number (LTV) 
data at M = 0.4 was excluded for the previously stated reasons. 

Crossflow, Mach number correlates the compressibility effects on cross- 
flow drag coefficients very well for the high Reynolds number data 
(ReD = 5 x lo6) at M..= 0.8 and above. These data are in the supercritical 
Reynolds number range and should be relatively insensitive to Reynolds 
number. The low Reynolds number data (ReD = 2 x 105) is not correlated by 
crossflow Mach number at M = 0.4 and 0.8. This data is in the sqbcritical 
Reynolds number range where the large effects of Reynolds number were found 
to be correlated by the "streamwise" Reynolds number, Res, and an improved 
correlation of compressibility effects could be expected for subcritical 
Reynolds numbers if it were developed for constant values of the streamwise 
Reynolds number. 

The streamwise Reynolds number cannot be considered to be a universal 
correlation parameter, of course-, even at incompressible speeds, as it does 
not consider'the effects of nose shape, is not appropriate at low angles of 
attack where Res +- co ., and does not consider the effects of finite cylinder 
length which are known to be quite significant an angles of attack approach- 
-ing 900. The above correlations do, however, show the superiority of the 
streamwise Reynolds number over the crossflow Reynolds number a$ a correlation 
parameter and should lead to an improved understanding of the effects of 
Reynolds number on the crossflow separation phenomena. 

Although direct measurements of the actual state of the boundary layer 
were not available for the conditions of these tebts, the crossflow drag 
correlations in£ er that for the angle of attack .range 1.0 s a! s 30°, the MSFC 
test conditions corresponded to a fully laminar boundary layer at the lowest 
Reynolds numbers and' that transition occurred on the body at the highest 
Reynolds numbers. Also, a preliminary evaluation of the rerun LTV data 
infers a fully turbulent boundary layer at the higher Reynolds number 
conditions . . 



PRESSURE DATA 

The pressure data,  on which t h e  l o c a l  crossflow drag ana lys i s  i s  based, 
was obtained on models wi th  high o r i f i c e  dens i ty  i n  order t o  obta in  t h e  l a rge  
amount of data required  i n  a  p r a c t i c a l  amount of wind tunnel  occupancy time. 
The models were b a s i c a l l y  instrumenteq with 7 longi tudinal  rows of o r i f i c e s  
a t  15' azimuthal increments i n  one quadrant and 2 long i tud ina l  rows of o r i -  
f i c e s  a t  intermediate azimuth angles i n  an adjacent  quadrant a s  described on 
page 3 .  This arrangement was se lec ted  based on t h e  assumption of symmetrical 
flow and no o r i f i c e  e f f e c t s  on the  r e s u l t i n g  pressure data such t h a t  the  data 
a t  model r o l l  pos i t ions  of 0  and 90' could be transposed and combined t o  give 
a  d e t a i l e d  pressure d i s t r i b u t i o n  on one s ide  of the  model. 

The pressure data  and t h e  l o c a l  and t o t a l  force  and moment c h a r a c t e r i s t i c s  
r e s u l t i n g  from i n t e g r a t i n g  t h e  pressure d i s t r i b u t i o n s  over t h e  surface of t h e  
models a r e  repor ted  i n  t h e i r  e n t i r e t y  i n  reference 9. Inspection of these  data  
revealed l a rge  asymmetries i n  t h e  pressure data and poor cor re la t ion  of i n t e -  
grated pressure data  with t h e  r e s u l t s  of t h e  force  t e s t  f o r  t h e  O/C configura- 
t i o n  ( f i g u r e  4) a t  the  lower Mach numbers and higher angles of a t tack.  Limited 
surface f l a w  v i sua l i za t ion  t e s t s  a t  M = 0.4 u t i l i z i n g  the  a c t u a l  one in .  d ia .  
ogive/cylinder pressure model confirmed t h e  exis tence  of severe flow asymmet- 
r i e s  a t  s u b - c r i t i c a l  Reynolds number, apparently induced by t h e  pressure o r i -  
f i c e s .  

~ f f e c t  of Pressure Or i f i ces  on Tota l  Normal Force 

A comparison of t h e  fo rce  and in tegra ted  pressure data a s  a  funct ion of 
Reynolds number i s  i l l u s t r a t e d  i n  f igure  9 f o r  the  ogive/cylinder configuration. 
I n  general,  t h e  pressure models ind ica te  lower normal fo rce  a t  s u b - c r i t i c a l  
Reynolds numbers and higher normal fo rces  a t  s u p e r c r i t i c a l  Reynolds numbers a s  
compared with t h e  fo rce  model data.  This type of r e s u l t  i s  very s imi lar  t o  
the  e f f e c t  of roughness on t h e  drag c h a r a c t e r i s t i c s  of c i r c u l a r  cylinders i n  
t ransverse  flow (reference  2 )  and ind ica tes  t h a t  the  o r i f i c e s  on the  pressure 
model ac ted  a s  surface roughness elements. Agreement of fo rce  data with i n t e -  
grated pressure data  f o r  t h e  O/C/F/C configurat ion was good a t  a l l  conditions 
ind ica t ing  l i t t l e  e f f e c t  of o r i f i c e s  f o r  t h i s  configuration. This i s  consis- 
t a n t  wi th  the  low s e n s i t i v i t y  t o  Reynolds number f o r  t h i s  configurat ion and i s  
due t o  the  geometry of the  configurat ion a s  discussed on page 6. 

Ef fec t  of Pressure Or i f i ces  on Surface Flow and Pressure Dis t r ibu t ions  

The e f f e c t  of t h e  o r i f i c e s  on t h e  surface flow pa t t e rns  a t  the  conditions 
where pressure asymmetries were the  g rea tes t ,  i. e. t h e  'ogive/cylinder a t  M =, 0.4, 

6 ReD = .23 x 1 0  , and 24.5' angle of a t tack,  i s  i l l u s t r a t e d  i n  f igure  10. The 



clean ( l e f t )  s ide  of t h e  model e x h i b i t s  a  laminar primary separa t ion which 
i s  q u i t e  r egu la r  back t o  a model j o i n t  a t  s t a t i o n  X/D = 4.45. The model j o i n t  
causes a small  per turbat ion i n  the  separa t ion l i n e  a t  t h e  jo in t ,  followed by 
another per turbat ion a t  X/D 5.0. The second per turbat ion i n  the  separa t ion 
l i n e  appears t o  be accompanied by t h e  discharge of t h e  l e f t  vortex, a s  ev i -  
denced by t h e  sudden change i n  the  loca t ion  and eventual  disappearance of the  
secondary separa t ion l i n e  associa ted  wi th  the  l e f t  vortex. The separat ion 
l i n e  on t h e  high o r i f i c e  dens i ty  ( r i g h t )  s ide  ind ica tes  per turbat ions  associ -  
a t ed  with the  o r i f i c e s  a t  X/D between 1.0 and 2.0. A t  X/D between 2.0 and 
5.0, t h e r e  i s  an obvious i n t e r a c t i o n  of the  o r i f i c e s  with the  secondary sepa- 
r a t i o n  l i n e .  It i s  bel ieved t h a t  these  per turbat ions  i n  t h e  primary and 
secondary separa t ion l i n e s  hindered the  development of t h e  r i g h t  s i d e  vor tex  
and r e s u l t e d  i n  lower normal forces  being developed on the  pressure model a s  
compared wi th  the  f o r c e  model a t  these  conditions. It i s  a l s o  l i k e l y  t h a t  t h e  
model j o i n t  p rec ip i t a ted  t h e  discharge of the  l e f t  vortex, modifying the  f l o w  
over t h e  r e a r  of t h e  model and f u r t h e r  a f f e c t i n g  the  cor re la t ion  of t h e  force  
and in tegra ted  pressure data .  

The asymmetry i n  the  pressure d i s t r i b u t i o n s  on the  l e e  s ide  of t h e  pres-  
sure  model i s  i l l u s t r a t e d  i n  t h e  pressure contours of ' f igure 11 f o r  t h e  same 
condit ions a s  above. Asymmetry develops a t  X/D between 2 and 3 and p e r s i s t s  
t o  varying degrees downstream of t h i s  region. The maximum pressure asymmetry 
(Acp =" 0.4) occurs a t  X/D between 4 and 5 wi th  the  development of an in tense  
low pressure c e l l  on t h e  l e f t  s ide  (negative 8 )  of the  model j u s t  p r i o r  t o  
discharge of t h e  l e f t  vortex. Poor development of the  r i g h t  vortex i s  ev i -  
denced by the  f l a t t e r  contours on the  r i g h t  s ide  and genera l ly  higher pres-  
sure l eve l s .  The two regions of o i l  accumulation indicated  i n  the  top  view 
of f i g u r e  10 and shown on t h e  pressure contour i n  f i g u r e  11 appear t o  be d i -  
r e c t l y  r e l a t e d  t o  t h e  low pressure c e l l s  induced by t h e  vor t i ces  and ind ica te  
a severe asymmetry i n  vor tex  posi t ions .  The c lose ly  spaced isobars  a t  r o l l  
pos i t ions  (4 )  between 50 and 60°, a f t  of X/D = 2.5 on t h e  r i g h t  ,side of t h e  
model a r e  associa ted  wi th  the  secondary separat ion l i n e .  

The surfa  e flow v i s u a l i z a t i o n  p ic tu res  f o r  M = 0.4 a t  Reynolds number 8 ReD = .39 x 10 showed small  asymmetries consis tent  with t h e  small asymmetries 
i n  t h e  pressure data a t  t h e  higher Reynolds number. The O/C/F/C configurat ion 
a t  Mach number 0.4 showed comparable pres,sure asymmetries on t h e  forward 
cylinder a t  t h e  same Reynolds number, based on l o c a l  diameter, a s  t h e  ogive/ 
cylinder model. The frustum and a f t  cylinder of the  O/C/F/C genera l ly  showed 
smaller pressure asymmetries due t o  the  predominantly i n v i s c i d  influence of 
the  25' frustum. 

Flow on the  Lee Side of t h e  O/C/F/C Configuration 

A s i g n i f i c a n t  f e a t u r e  of the  flow on t h e  l e e  s ide  of the  O/C/F/C configu- 
r a t i o n  i s  i l l u s t r a t e d  by t h e  data  of f i g u r e  12, where t h e  leeward meridian 
pressure d i s t r i b u t i o n s  a r e  shown a t  25' angle of a t t a c k  f o r  each Mach number 
and compared t o  the  zero angle of a t t a c k  pressure d i s t r i b u t i o n s .  The maximum 
pressures  associated wi th  t h e  l e e  s ide  cylinder/frustum compression corner a t  
25' angle of a t t a c k  a r e  t h e  same o r  higher than a t  zero angle of a t t a c k  f o r  
a l l  Mach numbers, and t h e  ex ten t  of a x i a l  flow boundary l ayer  separa t ion a t  
zero angle of a t t a c k  f o r  M = 1.2 and 2.0 i s  much diminished a t  25' angle of 
a t t ack .  This i l l u s t r a t e s  how t h e  vor tex  p a i r  generated by t h e  forebody induces 
a downflow toward the  body i n  t h e  leeward stagnation plane a t  high angle of 
a t tack,  maintaining and accentuating t h e  e f f e c t  of the  compression corner, and 
reducing the  ex ten t  of a x i a l  separa t ion through th inning of the  boundary l ayer  
by outflow from t h e  leeward :stagnation l i n e .  



The loca t ion  of the  v o r t i c e s  a t  Mach number 0.8 can be seen i n  the  
Schlieren photograph of f i g u r e  t;3, taken a t  an angle of a t t a c k  of 24.5' and 
Reynolds number R ~ D  = 0.67 x 1 0  . The center  of the  v o r t i c e s  appear a s  the  
d iv id ing l i n e  between t h e  dark and l i g h t  regions above the  body. An asymme- 
t r i c  vor tex  p a i r  i s  ind ica ted  on t h e  nose by the  appearance of two d i s t i n c t  
vor t i ces ,  one o r i g i n a t i n g  on the  ogive nose and one j u s t  a f t  of the  ogive 
nose. This Schl ieren  was taken of the  a c t u a l  pressure model and the  asymme- 
t r i c  forebody v o r t i c e s  a r e  a t t r i b u t e d  t o  the  asymmetric o r i f i c e  ar ray .  The 
forward cyl inder  vor tex  p a i r  i s  "released" from the  body j u s t  a f t  of the  
frustum and i s  convected away i n  the  f r e e  stream d i r e c t i o n  while a  second 
p a i r  of v o r t i c e s  i s  generated on the  a f t  cyl inder.  

Surface flow f o r  the  above condit ion i s  v i sua l i zed  by the  f luorescent  
o i l  flow photographs shown i n  f i g u r e  14. These p i c t u r e s  were taken using a 
model wi th  a s i n g l e  row of dummy o r i f i c e s  i n  an inves t iga t ion  of o r i f i c e  
e f f e c t s .  The o r i f i c e s  a r e  on the  l e e  meridian i n  these  p i c t u r e s  and no s i g -  
n i f i c a n t  asymmetries a r e  apparent here, although when t h e  o r i f i c e s  were i n  
the  v i c i n i t y  of the  s ide  meridian they d id  cause asymmetries i n  the  region of 
the  nose. The e f f e c t  of t h e  forebody v o r t i c e s  a t  24.5O angle of a t t a c k  i s  
ind ica ted  by t h e  s t rong  induced outflow from the  leeward meridian on the  f o r -  
ward cylinder and frustum. The induced flow t h i n s  the  boundary l aye r  on the  
l e e  s ide ,  preventing a x i a l  flow separa t ion  and causing the  high peak pressures 
i n  the  cylinder/frustum compression corner. 

The primary crossflow separa t ion  l i n e  ( o r i g i n  of the  vor tex  feeding s h e e t )  
of t h e  forebody begins a t  t h e  model nose and i s  terminated on the  frustum by 
a x i a l  flow separa t ion  induced by t h e  adverse pressure gradient  of the  recom- 
pression on t h e  a f t  cyl inder.  This termination of the  feeding sheet  "frees" 
the  forebody v o r t i c e s  and allows them t o  be convected away from the  body. The 
a f t  cyl inder  v o r t i c e s  a r e  generated by a new primary crossf lav s e p a r a t i . 9 ~  
which begins a t  approximately .75 c a l i b e r s  downstream of the  frustum. This 
vor tex  p a i r  grows r a p i d l y  i n  s t r eng th  a s  evidenced by t h e  s t rong outflow and 
secondary separa t ion  l i n e s  which develop between 1.0 and 1 .5  ca l ibe r s  down- 
stream of the  frustum. 

This vor tex  induced downflow has been recognized a s  a  s i g n i f i c a n t  f a c t o r  
i n  determining the  heat ing  r a t e s  on t h e  l e e  s i d e  of bodies a t  l a rge  angles 
of a t t a c k  a s  s imi la r  e f f e c t s  have been found t o  p e r s i s t  t o  high supersonic 
Mach numbers. The s t rong  compression noted above a t  t h e  cylinder/frustum 
juncture on the  l e e  s ide  would i n d i c a t e  very high heat ing  r a t e s  a t  t h i s  point  
and s imi la r  e f f e c t s  would be expected on any l e e  s ide  protuberances under the  
influence of a  s imi la r  vor tex  induced flow. 



LOCAL CROSSFLOW DRAG CORRELATION 

Although the pressure data was found to be significantly affected by 
the presence of the pressure orifices, it was felt that a correlation of 
this data on the basis of the local crossflow drag coefficients would be 
useful in determining the general effect of Mach number, Reynolds number 
and body geometry on the crossflow drag characteristics. 

The local crossflow drag coefficient is defined as the difference 
between the total local normal force at angle of attack and the local normal 
force due to inviscid (potential) flow, nondimensionalized by the local 
diameter and crossflow dynamic pressure, 

The impulsively started cylinder analogy suggests that the local cross- 
flow drag coefficients should be a function of the distance parameter 
S = & tana ,i.e. - - Cdc - Cdc (t Lana 1 ' A modification to this analpgy has 
D D 
been proposed to account for the fact that at low or moderate angle of 
attack the crossflow separation does not occur at the nose but at some 
distance aft of the nose depending on the nose shape, angle of attack, 
Mach number and Reynolds number. This modified method suggests that the 
axial distance should be measured from the axial location of first crossflow 

- separation, i.e. cdC - cdc (A& tan a) where A &  = q - & . ~t has 
D D D D I 

also been suggested (references 13-and 14) that the crossflow drag can be 
correlated simply by X/D, based on limited results for specific configurations. 
The latter two correlations, i.e. 

Cdc 
(x/D) and cd ( AX/D tan a), are 

C 

explored here in investigating the effects of Mach number, Reynolds number 
and configuration geometry on the local crossflow drag characteristics. 

Local Inviscid Normal Force Distributions 

1 

The local inviscid normal force distributions, %a (x/D) used in the 

crossflow drag correlation were developed empirically from the experimental 
data at an angle of attack of.'50. This approach was taken as an expediency 
and because of the uncertainties involved in the application of the various 
theoretical methods to the body shapes and Mach numbers of interest. 

The local normal force distributions at a = 5O for each of the four 
Reynolds numbers, for a given configuration and Mach number, were examined 



and a curve faired through the data using theoretical results as a guide to 
the fairing. This procedure is illustrated in figure 15 where the a = 5' 
normal force distributions for each Reynolds number and the resulting "in- 
viscid" distributions are shown. The normal force data for the highest 
Reynolds number was weighted the most in arriving a! the faired inviscid 
distribution. 

A crossflow drag analysis was performed only for the aft cylinder of 
the O/C/F/C configuration. It was found that the forward cylinder character- 
istics were adequately described by the O/C alone, and that the local normal 
force characteristics of the frustum region were not amenable to a crossflow 
analysis, leaving only the aft cylinder characteristics to be evaluated by 
a crossflow drag correlation. 

The total normal force characteristics of the frustum section would 
not be expected to be significantly affected by non-linearities due to angle 
of attack for the conditions of this test as the maximum angle of attack is 
essentially the same as the frustum angle, i.e. 25O. This was found to be 
true for the integrated normal force on the frustum and also for the frustum 
plus carryover normal force, even though the local normal force distributions 
were highly sensitive to angle of attack. The sensitivity of the local 
normal force distributions in the frustum region is illusfrated by the data 
in figure 16, showing the normal force distributions, cN/a , for the 
maximum Reynolds number condition at each Mach number. The distributions 
at a! = 5' are not at all similar to the higher angle of attack distributions. 
At a! = 50, the large negative values of local normal force just forward 
of the frustum at M = 1.2 and 1.96, and the high positive peaks for all 
Mach numbers at the cylinder/frustum compression corner are due to the 
effects of axial flow separation induced by the adverse longitudinal pressure 
gradient. The expansion and recompression region just aft of the frustum 
is also affected by axial flow separation and is very sensitive to angle of 
attack. The variations in normal force distributions at the higher angles 
of attack tend to become more uniform and actually are more representative 
of expected inviscid distributions. The forward and aft cylinders, in the 
regions not influenced by the frustum, show the typical effects of increasing 
non-linear normal force with angle of attack due to crossflow separation. 

The integrated normal force coefficients for the frustum, the frustum 
plus carryover regions, and the total vehicle are shown versus angle of 
attack in figure 17. The frustum plus carryover region was arbitrarily 
taken as between X/D = 3.4 and 6.0 and includes the effects of axial flow 
separation forward and aft of the frustum. Both the frustum and frustum 
plus carryover normal force characteristics are very linear with angle of 
attack at all Mach numbers while the total vehicle characteristics are 
quite non-linear with angle of attack. 

The "inviscid" normal force distributions used for the crossflow drag 
analysis of the O/C/F/C aft cylinder were determined in a manner similar 
to the ogive-cylinder and the resulting distributions are shown in figure 16. 



Local Crossflow Dran Correlation, O~ive-Cylinder Confi~uration 

The local crossflow drag coefficients, derived according to equation 
(2), are presented vs. model station for the O/C configuration in figure 18 
at the minimum and maximum Reynolds numbers tested at each Mach number. 
Data are presented for nominal angles of attack of 5, 10, 15, 20 and 25 
degrees. The actual values of angle of attack, corrected for sting de- 
flection, were used in the computation of the crossflow drag coefficients 
and were generally within 112 degree of the nominal values. The crossflow 
drag coefficients are somewhat erratic due to orifice effects and tunnel 
disturbances and is particylarly severe at a = 50 due to small normal force 
coefficient increments, (CN - CN a ) , being magnified by the l/sin2a! term 
in computing cdc. The low angle o? attack crossflow drag coefficients 
are also very sensitive to the assumed inviscid normal force distributions 
for the same reason, although it should be noted that a change in the in- 
viscid normal force distribution, AC = .11, which would change cd at 

Na C 

a = 50 by 1.0 would change cd at CY = 150 by only .ll and by only .04 ae 
C 

a = 25O. The values of cdc at a = 5O are generally reasonable levels and 

tend to confirm the adequacy of the empiric method used here to determine 
the inviscid local normal force distributions. 

Figure 18 illustrates the typical build-up of crossf low drag coefficient 
with model station, although the location of initial build-up, the build-up 
rate, and the peak values are strong functions of the test variables. The 
local crossflow drag distributions at M = 0.4 indicate the largest influence 
of Reynolds number, as was the case with the total normal force characteris- 
tics discussed previously. At 250 angle of attack and minimum Reynolds 
number (ReD = .I1 x 1061, cdc reaches a peak value of 1.5 at X/D = 4.0 

and approaches a "steady state" value of about 1.3, while for the maximum 
Reynolds number (ReD = .39 x 106)~ cd reaches a peak value of onlyt .57 at 
X/D = 5.0 and approaches a steady stafe value of approximately 0.5. The 
effect of angle of attack on the pehk cdC at M = 0.4 is interesting in that 

the minimum Reynolds number data shows a peak cd which increases with angle 
C 

of attack while the peak cd decreases with angle of attack for the maximum 
Reynolds number case. C 

The sensitivity of peak cdc to Reynolds number decreases with increasing 

Mach number and at M = 2.0, a peak cdc of 1.6 is representative for both 

the minimum and maximum Reynolds numbers at angles of attack of 15' and 
above. The value of the peak cdc was correlated as function of the stream- 

wise Reynolds number, Res = ~ e ~ / s i n a  , and the results are shown in figure 
19 for M = 0.4 and 0.8 where Reynolds number effects are most significant. 
The streamwise Reynolds number correlates the data quite well and inspection 
of the data trends indicates that correlation on the basis of either free 
stream Reynolds number ReD or crossflow Reynolds number ReD siria would 
be much poorer. Comparison of the data for M = 0.4 and 0.8 indicates a 
relatively small effect of Mach number in this range. The maximum crossflow 



Mach number f o r  t h i s  d a t a  i s  M, = 0.34 (M = 0.8, a = 25O), and i s  below 
t h e  commonly accepted c r i t i c a l  Mach number of 0.4 ( r e f e rence  11) f o r  
c i r c u l a r  cy l inde r s .  It should be noted,  however, t h a t  Jones ( r e f e rence  12.) 
found a  r a t h e r  gradual  i nc rease  i n  t he  drag  c o e f f i c i e n t  of c i r c u l a r  
cy l inde r s  w i th  inc reas ing  Mach number between 0.2 and 0.4 a t  ReD = 7.5 x 106. 
S imi l a r  e f f e c t s  of Mach number could be expected a t  lower Reynolds numbers 
and crossf low Mach number e f f e c t s  may be p re sen t  i n  t h e  high ang le  of a t t a c k  
d a t a  a t  M = 0.8. 

The opposing e f f e c t s  of ang le  of a t t a c k  on peak cd a t  tfie minimum 
C 

and maximum Reynolds numbers a t  M = 0,.4, noted e a r l i e r ,  i s  seen t o  be 
a s soc i a t ed  wi th  t h e  "bucket" i n  t h e  cd (Res) curve. The maximum Reynolds 

C 

number d a t a ,  ReD = .39 x lo6 ,  approaches t h e  bucket from t h e  s u p e r c r i t i c a l  
s i d e  wi th  inc reas ing  ang le  of a t t a c k  whi le  t he  minimum Reynolds number d a t a ,  
ReD = .ll x lo6 recedes from t h e  bucket on t h e  s u b c r i t i c a l  s i d e .  The a x i a l  
l o c a t i o n  of t h e  i n i t i a l  c ross f low sepa ra t ion  was der ived  from t h e  cd 

C 

d i s t r i b u t i o n s  such a s  those  shown i n  f i g u r e  18, by f a i r i n g  t h e  d a t a  a t  each 
angle  of a t t a c k  and i d e n t i f y i n g  t h e  po in t  where cdc * 0 a s  t h e  l o c a t i o n  of 

i n i t i a l  c ross f low sepa ra t ion .  This  approach y i e l d s  .a d i r e c t  measure of t he  
a x i a l  l o c a t i o n  f o r  t he  onse t  of v i scous  ( i . e .  s epa ra t ion )  e f f e c t s .  Jorgen- 
sen ( r e f e rence  15) developed a method f o r - d e t e r m i n i n g  t h e  a x i a l  l o c a t i o n  of 

i boundary l a y e r  s epa ra t ion  us ing  t h e  su r f ace  pressure  d i s t r i b u t i o n s  and t h e  
same technique was appl ied  by T i n l i n g  ( r e f e rence  16).  The vo r t ex  shee t  
must be r o l l e d  up, i . e .  t h e  v o r t i c i t y  must be concentrated i n  a  core ,  and 
t h e  r e s u l t i n g  v o r t i c e s  must be of a  s u f f i c i e n t  s t r e n g t h  before  they w i l l  
induce a measureable e f f e c t  on t h e  p re s su re  d i s t r i b u t i o n s .  The p re s su re  
d i s t r i b u t i o n  method i s  t h e r e f o r e  no t  an  accu ra t e  means of determining t h e  
loca t ion  of t h e  onse t  of v i scous  e f f e c t s .  ~ o r g e n s e n '  s and T i n l i n g '  s 
r e s u l t s  i n d i c a t e  m o r e - a f t  s e p a r a t i o n  l o c a t i o n s  p a r t i c u l a r l y  a t  low ang le  
of a t t a c k  and subsonic speeds. 

The sepa ra t ion  l o c a t i o n s  obtained above were used t o  develop a  
c o r r e l a t i o n  of cd a s  a func t ion  o f , &  t a n  a ,  t h e  c o r r e l a t i o n  parameter 
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i n fe r r ed  by t h e  impulsive cy l inde r  analogy. The d a t a  f o r  Xs(a) i n  f i g u r e  

20 showed no c o n s i s t e n t  e f f e c t s  of Reynolds number, t h e r e f o r e  a l l  t h e  d a t a  
has  been f a i r e d  i n t o  one curve f o r  each Mach number. The f a i r e d  X,(a) 
curves were then .used  t o  r e p l o t  t h e  cd (x/D) d a t a  cd ( A X  tancr ). These 

C C D 
r e s u l t s  a r e  presented i n  f i g u r e  21 and i t  can be seen t h a t  t h e  l o c a t i o n  p f  
t he  peak cd i s  c o r r e l a t e d  f a i r l y  we l l  by A& t a n  a , wi th  t h e  peak cd 
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gene ra l ly  occurr ing  a t  A X  t a n  a between 1.0 and 1.5. 
D 

Local Crossflow Drag Cor re l a t ion ,  O/C/F /C  Af t  Cylinder 

An a n a l y s i s  of t h e  l o c a l  c ross f low drag  c o e f f i c i e n t s  on t h e  a f t  cy l inde r  
of t h e  O/C/F/C con f igu ra t ion  was performed i n  t h e  same manner a s  f o r  t h e  



ogive-cyl inder  con f igu ra t ion ,  and the  r e s u l t i n g  l o c a l  crossf low d rag  co- 
e f f i c i e n t s  a r e  presented a s  a func t ion  of model s t a t i o n  i n  f i g u r e  22.  
The d a t a  a t  t h e  forward end of t he  a f t  cy l inde r  i s  q u i t e  i r r e g u l a r  and 
r e f l e c t s  t he  s t r o n g  i n t e r a c t i o n  of t h e  a x i a l  flow and t h e  crossf low i n  
t h e  expansion and recompression reg ion  behind t h e  f l a r e  and, a s  d i scussed  
i n  a previous s e c t i o n ,  i s  b e s t  considered a s  a carryover  of t h e  " l i nea r "  
frustum load.  

A t  M = 0.4 and 0.8,  t h e  l o c a l  crossf low drag  a t  the  minimum Reynolds 
number cond i t i on  i s  s t i l l  inc reas ing  r a p i d l y  a t  t h e  a f t  end of t he  cy l inde r  
whi le  t he  h igh  Reynolds number d a t a  has  reached a  maximum and near  s teady  
s t a t e  l e v e l  over t h e  last 2 t o  3 c a l i b e r s  of t h e  body. The maximum Reynolds 
number d a t a  i s  c o n s i s t e n t  wi th  t h e  su r f ace  flow v i s u a l i z a t i o n  p i c t u r e s  a t  
M = 0.8, a! = 25O, shown i n  f i g u r e  14, which showed crossf low sepa ra t ion  
developing a t  about  .75 c a l i b e r  a f t  of t h e  frustum, a subsequent rap id  
development of v o r t i c e s ,  and uniform flow over t he  r e a r  of t he  body. No 
f low v i s u a l i z a t i o n  was a v a i l a b l e  f o r  t h e  minimum Reynolds number ca ses  and 
i t  can only be specula ted  t h a t  e i t h e r  t he  a f t  cy l inde r  v o r t i c e s  a r e  
developing over  a  g r e a t e r  l eng th  o r  t h a t  a  t h i r d  p a i r  of v o r t i c e s  a r e  
developing a t  the  end of t he  body. 

A c o r r e l a t i o n  of t h e  peak crossf low drag  c o e f f i c i e n t s  i s  presented i n  
f i g u r e  23.  A t  M = 0.4, t h e  peak crossf low drag  i s  aga in  c o r r e l a t e d  by t h e  
streamwise Reynolds number and i n d i c a t e s  a  c r i t i c a l  Reynolds number some- 
what lower than  t h e  ogive-cyl inder  conf igura t ion .  The cases  where t h e  l o c a l  
c ross f low d rag  c o e f f i c i e n t  i e s t i l l  i nc reas ing  a t  t he  end of t h e  body ( i n -  
d i ca t ed  by t h e  v e r t i c a l  l i n e  beneath the  symbol) seem t o  be a s soc i a t ed  wi th  
s u b c r i t i c a l  Reynolds numbers. A t  M = 0.8, t h e  c o r r e l a t i o n  of peak l o c a l  
c ross f low d rag  i s  inconclus ive  al though the  h igh  ang le  of a t t a c k  d a t a  
i n d i c a t e s  peak va lues  on t h e  o rde r  of 1.0, independent of Reynolds number. 

Locat ion of t h e  i n i t i a l  c ross f low s e p a r a t i o n  i s  shown i n  f i g u r e  24 and 
i n d i c a t e s  l e s s  i n f luence  of angle  of a t t a c k  than t h e  ogive-cyl inder  da t a .  
This  i s  a t t r i b u t e d  t o  t h e  frustum i n  a c t i n g  a s  a  b l u n t  nose,  t ending  t o  f i x  
t h e  l o c a t i o n  of c ross f low separa t ion .  

Local  c ross f low d rag  i s  presented v s .  t h e  parameter A &  t a n a  i n  f i g u r e  
D 

25 and y i e l d s  a  b e t t e r  c ross f low d rag  c o r r e i a t i o n  than  X/D, with  t h e  ex- 
cep t ion  of t he  1ow.Reynolds number d a t a  a t  M = 0.4 and 0.8. 



CONCLUSIONS 

An analys is  has been made of fo rce  and pressure data  obtained on an 
ogive -cylinder and an ogive -cylinder -frustum-cylinder a t  Mach numbers 0.4, 
0.8, 1.2, and 2.0 f o r  a wide range of Reynolds numbers and angles of a t t a c k  
t o  30°. This ana lys i s  was d i r e c t e d  a t  e s tab l i sh ing  t h e  e f f e c t s  of Reynolds 
number, Mach number and configurat ion on the  crossflow drag c h a r a c t e r i s t i c s  
of bodies of revolut ion a t  l a rge  angles of a t tack.  

Some of the  f o r c e  and pressure  data was found t o  have been adversely a f -  
f ec ted  by t e s t  techniques used f o r  the  t e s t s .  The fo rce  data obtained a t  
M = 0.4 i n  the  LTV RSWT exh ib i t ed  some extraneous t rends  which have been a t -  
t r i b u t e d  t o  "amplif ier- lag" i n  the  data system, aggravated by low balance 
outputs a t  t h i s  t e s t  condition. These data have been re-run using an i m -  
proved data  system and balances s ized f o r  the  low model loads a t  M = 0.4 and 
0.8 but  were not  ava i l ab le  i n  time t o  be included i n  t h i s  analys is .  

The pressure data obtained i n  t h e  MSFC 14 in .  TWT was found t o  have been 
a f fec ted  a t  low speeds by t h e  asymmetrical, high o r i f i c e  dens i ty  of t h e  pres-  
sure models. Severe flow asymmetries were found a t  t h e  higher angles of 
a t t a c k  and intermediate Reynolds numbers, p a r t i c u l a r l y  a t  M = 0.4 and 0.8, and 
a re  a t t r i b u t e d  i n  p a r t  t o  t h e  asymmetrical o r i f i c e  arrangement. Force data 
on "smooth" axisymmetric models have shown la rge  s ide  fo rces  which were a t t r i -  
buted t o  "small" random v a r i a t i o n s  i n  geometry, but might more d i r e c t l y  be 
a t t r i b u t e d  t o  the  bas ic  i n s t a b i l i t y  of the  v o r t i c a l  flow f i e l d .  The d i r e c t i o n  
of t h e  asymmetries appears t o  be control led  by "small" model i r r e g u l a r i t i e s  
and the  angle of a t t a c k  a t  which t h e  asymmetries appears i s  decreased by "layge" 
model i r r e g u l a r i t i e s ,  a s  represented by the  o r i f i c e s  of t h e  pressure model. 

The l a rge  e f f e c t s  of Reynolds number and Mach number on t h e  t o t a l  normal 
force c h a r a c t e r i s t i c s  of t h e  ogive-cylinder a re  s imi la r  t o  the  c l a s s i c a l  e f -  
f e c t s  of these parameters on t h e  drag c h a r a c t e r i s t i c s  of two-dimensional 
c i rcu la r  cylinders.  A t  low ( s u b c r i t i c a l )  Reynolds number, these  e f f e c t s  a re  
corre la ted  by a crossflow drag ana lys i s  i n  terms of a "streamwise" Reynolds 
number, ~ e ~ / s i n  a, and t h e  crossflow Mach number. A t  high ( s u p e r - c r i t i c a l )  
Reynolds number, t h e  normal fo rces  appear t o  be independent of Reynolds num- 
ber and the  c r o s s f l m  drag i s  cor re la ted  by crossflow Mach nulmber alone. A 
l o c a l  crossflow drag ana lys i s  f o r  t h e  ogive-cylinder general ly indicated  the  
a p p l i c a b i l i t y  of t h e  "impulsive cyl inder"  analogy i n  t h a t  t h e  form of the  
l o c a l  crossflow drag d i s t r i b u t i o n  i s  f a i r l y  we l l  corre la ted  by the  "impul- 
s ive  cylinder " dis tance  parameter, (5 - Xs  ) t an  a.  - 
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The ogive-cylinder-frustum-cylinder t o t a l  normal force  c h a r a c t e r i s t i c s  
were r e l a t i v e l y  i n s e n s i t i v e  t o  Reynolds number f o r  t h e  range t e s ted ,  and was 
found t o  be more associa ted  wi th  the  geometry of the  configuration. Local 



normal force c h a r a c t e r i s t i c s  of the  forebody (ogive-cylinder)  were qu i t e  
s e n s i t i v e  t o  Reynolds number but  contr ibuted l i t t l e  t o  the  t o t a l  force  be- 
cause of t h e  small planform area of t h e  forebody. Normal fo rce  character-  
i s t i c s  of t h e  frustum a re  dominated by l i n e a r ,  p o t e n t i a l  flow due t o  the  
l a rge  frustum angle which precluded s i g n i f i c a n t  crossflow separat ion ( v i s -  
cous e f f e c t s ) .  Local normal force  c h a r a c t e r i s t i c s  of t h e  a f t  cylinder do 
show s i g n i f i c a n t  non- l inea r i t i e s  and Reynolds number e f f e c t s  near the  end 
of t h e  body bu t  have a smaller  e f f e c t  on t h e  t o t a l  normal fo rces  of t h i s  
configurat ion due t o  t h e  l imi ted  regions over which they a c t .  



RECOMMENDATIONS 

The present ,  r a t h e r  cursory, ana lys i s  of force  and pressure data ob- 
t a ined  i n  t h e  MSFC "Nan- ine ear-~ift" program has served t o  determine the  
a p p l i c a b i l i t y  of c e r t a i n  crossflow drag cor re la t ion  parameters and point  out 
p a r t i c u l a r  f e a t u r e s  of t h e  i n t e r a c t i o n s  of Mach number, Reynolds number, and 
body shape on the  t o t a l  and l o c a l  aerbdynamic c h a r a c t e r i s t i c s  of these  con- 
f igura t ions .  

Analysis of t h e  fo rce  data  ind ica tes  g r a t i f y i n g  cor re la t ions  of Mach 
number and Reynolds number e f f e c t s  f o r  the  l imi ted  condit ions t h a t  were i n -  
ves t igated .  A complete ana lys i s  and cor re la t ion  of t h e  force  data i s  the re -  
f o r e  recommended, inc luding t h e  rerun data from the  l a t e s t  LTV t e s t s  and a l l  
s ide  f o r c e  and yawing moment data.  Also, the  r a t h e r  extreme s e n s i t i v i t y  of 
the  aerodynamic c h a r a c t e r i s t i c s  a t  incompressible speeds should be confirmed 
by a d d i t i o n a l  t e s t s  i n  a  l o w  turbulence f a c i l i t y  wi th  a  l a rge  range i n  oper- 
a t i n g  Reynolds numbers such a s  t h e  Langley 3.5 x 7'  low turbulence pressure 
tunnel.  Ex i s t ing  models could be used and would y i e l d  basel ine incompres- 
s i b l e  Reynolds number e f f e c t s  i n  a  high q u a l i t y  airstream. Additional force  
t e s t s  t o  inves t iga te  compress ib i l i ty  e f f e c t s  i n  more d e t a i l  a re  a l s o  very 
desirabl'e .' 

The pressure  data ,  while y ie ld ing  bas ic  information of Reynolds number 
and Mach number e f f e c t s  on t h e  ogive-cylinder and ogive-cylinder-frustum- 
cylinder normal fo rce  and crossflow drag d i s t r i b u t i o n s ,  was not of s u f f i -  
c i e n t  q u a l i t y  or  d e t a i l  t o  def ine  t h e  important f e a t u r e s  of the  flow a t  con- 
d i t i o n s  near t h e  onset  of viscous e f f e c t s  a t  low and moderate angles of , 

at tack.  Analysis of t h e  high angle of a t t a c k  pressure data was hampered by 
high dens i ty  o r i f i c e  e f f e c t s  and asymmetric flows. Addit ional  pressure t e s t s  
are  the re fo re  recommended t o  more accura te ly  quant i fy  t h e  non-linear l o c a l  
aerodynamics of these  configurat ions.  Single row of o r i f i c e  models of l a r g e r  
s i z e  than e x i s t i n g  models should be used, and surface flow v i sua l i za t ion  data 
a l s o  obtained on t h e  a c t u a l  pressure model t o  insure  t h a t  the  pressure data 
i s  f r e e  of i n t e r a c t i o n s  wi th  o r i f i c e s  or  model i r r e g u l a r i t i e s .  These t e s t s  
should be l imi ted  t o  Reynolds number and Mach number conditions where speci-  
f i c  flow regimes, ind ica ted  by the  present  ana lys i s  and fu tu re  fo rce  data 
analys is ,  can be inves t iga ted  i n  d e t a i l .  
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Figure 2. MSFC "Non-Linear-Lift" Study Configurations 
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Figure 4. Ogive-Cy linder Normal Force and Center of Pressure 
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Figure 4. Ogive-Cy l inder Normal Force and Center of Pressure (continued) 
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Figure 4. Ogive-Cvlinder Normal Force and Center of Pressure (continued) 
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Figure 4. Ogive-Cylinder Normal Force and Center of  Pressure (concluded) 
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Figure 5. Ogive-Cyl inder-Frustum-Cyl inder Normal Force and Center of Pressure 
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Figure 5. Ogive-Cyl inder - Frustum-Cy l inder Normal Force and Center o f  Pressure (continued) 
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Figure 5. Ogive-Cyl inder - Frustum-Cy l inder Normal Force and Center of Pressure (continued) 
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Figure 5. Ogive-Cyl inder - Frustum-Cy l inder Normal Force and Center of Pressure Iconcluded) 
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Figure 6. Correlation of Ogive/Cyl inder Crossflow Drag Coefficient as a Function 
of  Crossflow Reynolds Number, M = 0.4 
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Figure 7. Correlation o f  Og ive/Cyl inder Crossflow Drag Coefficient as a Function 
o f  Streamwise Reyno Ids Number, M = 0.4 
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Figure 8.- Effect o f  Co.mpressibi l ity on Ogive-Cyl inder Crossflow Drag Characteristics 
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Figure 9. Cornpar ison of Ogive-Cyl inder Normal Force Characteristics, Force/lntegrated Pressure Data. 
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NOT R E P R O D U C I B L E  

Figure 10. Effect of  Or i f i ceson Surface Flow Patterns 
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Figure 1 1. Surface Pressures on Lee Side of  O g  ive-Cy l inder 
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Figure 12. Pressure Distribution Along Leeward Meridian, O/C/F/C 
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Figure 13. Sch l ieren Photograph o f  Flow Around Og ive-Cy l inder-Frustum Cylinder, 
M = 0.8, Reg = ,67 x 106, a = 24.5O 
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Figure 14, Surface Flow Visual izafion, Og ive-Cy I inder-Frustum-Cy I inder, 
M = 0.8, R ~ D  = .67 x 106 
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Figure 15. Local Normal Force Distribution, Ogive-Cylinder 
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Figure 15. Local Normal Force Distribution, Ogive-Cylinder (concluded) 
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Figure 16. Local Normal Force Distributions, Ogive-Cy linder-Frustum-Cy linder 
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Figure 16. bra1 _Nerrn~l Force Distributions, Ogive-Cyl inder-Frustum-Cyl inder 

(concluded) 
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Figure 17. Component Normal Force Coefficients, O/C/F/C 
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Figure 17. Component Normal Force Coefficients, O/C/F/C- (continued) 
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Figure 17. Componen t Normal Force Coeff ic ients, O/C/F/C-[(concluded) 



ROD = ,39 x lo6 (a) M = 0.4 

0 1 2 3 4 .  5 6 7 8 9 I0 

Model Station, X/D 

Figure 18. b c a l  Crossflow Drag Coefficient vs. Madel Station, 
Og ive-Cyl inder Configuration 
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Figure 18. Local Crossflow Drag Coefficient vs. Model Station, 
Og ive-Cy l inder Configuration (continued) 
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Figure 18. Local Crossflow Drag Coefficient vs. Model Station, 

Og ive-Cy l inder Configuration (continued) 
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Figure 18. Local Crossflow Drag Coefficient vs. Model Station, 
Ogive-Cyl inder Configuration (concluded) 
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Figure 19. Correlation o f  Peak Local Crossflow Drag Coefficient, Og ive-Cyl inder 
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Figure 19. Correlation o f  Peak Local Crossflow Drag Coeffie ien t, Ogive-Eyl inder 

(concluded) 



Model Station, X/D \Model, Station, X/D 

Model Station, X/D Model Station X/D 

Figure 20. Axial Location of  Initial Crossflow Separation, Ugive-Cylinder 
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Figure 21. Local Crossflow Drag Coefficient vs A X/D tan a, 
Ogive-Cylihder Configuration (continued) 
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Figure 21. Local Crossflow Drag Coefficient vs A X/D tan a, 
Og ive-Cy l inder Configuration (continued) 
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Figure 2 1 . Local Crossflow Drag Coefficient vs A X/D tan a, 
O g  ive-Cyl inder Configuration (concluded) 
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Figure 22. b c a l  Crossflow Drag Coefficient vs Model Station, Aft Cy tinder 

of O/C/F/C Configuration (continued) 
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Figure 22. Local Crossflow Drag Coefficient vs Model Station, Aft Cylinder 
of O/C/F/C Configuration (concluded) 
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Figure 23. Correlation o f  Peak Local Crossflow Drag Coefficient, O/C/F/C 
A f t  Cy l inder 
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Figure 23. Correlation o f  Peak Local Crossflow Drag Coefficient, O/C/F/C 
A f t  Cylinder (concluded) 
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Figure 24. Axial Location of  Initial Crossflow Separation, O/C/F/C Aft Cylinder 
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Figure 25. Local Crossflow Drag Coefficient vs A X /D  tana!, O/C/F/C 
Aft Cylinder (concluded) 

68 
MSFC-RSA. A!(I 




