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INTRODUCTION 

Surface discontinuities formed by the trailing edges of wings and panels and 
other aft-facing discontinuities are known to be a source of drag for an airplane. 
The theories and models developed in the 1950's for base pressures in supersonic 
turbulent flow were usually simplified by assuming the initial or approaching 
boundary layer thickness to be zero or approaching zero (Korst's theory, ref. 1, 
and Chapman's model, ref. 2) .  Correlations were developed from experimental 
data to account for the effect of the initial boundary layer thickness on the base 
pressure for a given Mach number. For example, in the early 195O's, Chapman, 
Wimbrow , and Kester (ref. 3) established a relationship between base pressure 
ratio and base thickness, Reynolds number, and length of the body upstream of 
the base for Mach numbers ranging from 1.5 to 3.1, and in the mid-l960's, Hastings 
(ref. 4) showed a relationship between base pressure ratio and the ratio of momentum 
thickness to step height for Mach numbers ranging from 1.56 to 3.10. Hasting's 
data covered a wide range of ratios of momentum thickness to step height (from near 
zero to approximately 2)  hut were for a relatively thin initial boundary layer (a 
momentum thickness of less than 0.05 centimeter (0.02 inch)). Two experiments 
with thick boundary layers were conducted in the mid-1960's and early 1970's 
(refs. 5 and 6 ,  respectively). The data of reference 5 ,  for which the momentum 
thickness was approximately 0.76 centimeter (0.30 inch) , were obtained for two 
step heights at a Mach number of 2.8.  The data of reference 6, for which the 
momentum thickness was approximately 1 .27  centimeters (0.50 inch), were obtained 
for one step height for a Mach number range of 0.4 to 2.5.  At  Mach numbers of 2 .0  
and above, the base pressure ratios for the thin boundary layer data of reference 4 
differed from thcse for the thick boundary layer data of referl-mces 5 and 6.  For 
ratios of momentam thickness to step height of approximately A ,  both the thick 
boundary layer studies had lower base pressure ratios (more drag) than the thin 
boundary layer study, and the disagreement became greater with increasing Mach 
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number. Because of the limited amount of thick boundary layer data available * 
further study was needed to determine how and why the curves for base pressure 
ratia as c function of ratio of momentum thickness to step height for thick boundary 
layer flow differed from those for thin boundary layer flow. 

The present study was initiated to provide more information about an aft-facing 
discontinuity in thick boundary layer flow. The thick boundary layer flow results 
of this experiment are  for different Reynolds number conditions than the previous 
studies and should provide more insight into the effect of Reynolds number on the 
drag levels associated with aft-facing discontinuities in a thick boundary layer. 
Because of its ability to maintain flight condition at speeds from subsonic to Mach 3. 
a YF- 12 aircraft \vas selected as the facility for the experiment. Base pressure data 
were obtained fcr step heights of 0.33. 0.63, and 1.19 centimeters (0.13, 0 25, and 
0.4'; iwh)  at Mach numbers from 0.60 to approximately 3.00 with a range in altitude 
for I \any of the Mach numbers. The data presented here for the nominal Mach 
nums .ers of 2.20, 2.50, and 2.80 and a Reynolds number based on flow length of 
approximately 10 represent an analysis of an unclassified poFtion of the data set. 
These Mach numbers were selected to provide information that could be compared 
with results obtained by other experimenters. The momentum thickness for these 
data was qproximately 0.25 centimeter (0.10 inch), and hence, the ratio of momentum 
thickness to step height ranged from 0 2 to nearly 1.0. Surface static pressures 
ahead of and behind the step were also measured and are presented as surface 
pressure distributions. A boundary layer rake was used to determine the velocity 
profiles and the local surface and boundary layer edge flow conditions. 
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SYMBOLS 

Physical quantities in this report are gjiren in the International System of Units 
(SI) and parenthetically in U .S . Customary Units. The measurements were taken 
in Customary Units. Factors relating the two systems are  presented in reference 7 .  

U constant 1.0 

b constant, 20.5 (m/sec)/K1'2 (49.02 (ft/sec)/ ( O R )  1 /2 )  

average compressible skin friction coefficient CF 

local compressible skin friction coefficient Cf 

C 
'b 

'b - p r  
2 base pressure coefficient, 

0 - 7Mo0 P, 
d diameter 

h step height (2h is equivalent to trailing edge thickness of o wing) 
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K 

1 

M 

P 

R 

Re 

(-1 

T 

T' 

=t 

U 

U 

W 

X 

a 

mixing length constant, 0.4 

length of flow f rom nose of aircraft to rake or step 

Mach number 

static pressure 

Reynolds number based on length 1 

Reynolds number based on momentum thickness 

standard deviation of subscripted variable 

static temperature, loc& value unless subscripted or  superscripted 

reference temperature (ref. 17) 

total or stagnation temperature 

flow velocity 

width of rake s twt  

longitudinal distance from step, distance forward of step is 
negative 

distance above aircraft surface (perpendicular to x) 

ratio of specific heats for a i r ,  1.4 

boundary layer thickness 

momentum thickness 

absolute viscosity 

coefficient of wake function 

air density 
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'p 

$ 

Superscript: 

1 

Subscripts: 

b 

e 

r 

00 

function dependent on Mach number and Reynolds number based 
on step height (ref. 20) 

function dependent on Mach number and local compressible skin 
friction coefficient (ref. 20) 

based on reference temperature 

step face, o r  base of aft-facing step 

edge of boundary layer 

local reference 

free stream 

INSTRUMENTATION 

The experiment reported in this paper w q s  conducted on the upper surface of 
the fuselage of a YF-12 airplane. Figure 1 shows the airplane with the experiment 
installed. The fuselage diameter is 162.56 centimeters (64 .OO inches). 

The experiment required an aircraft surface contour change. The test section is 
shown in figure 2 (a) ,  and details are given in figure 2 6). The test section covered 
an area approximately 0.9 meter (2.9 feet) wide and 3 . 2  meters (10.5 feet) long and 
consisted of a ramp region, a reference region, a recovery region, and a boundary 
layer rake complex. The rvnp region, which provided a gradual trar Ition for the 
flow from the upper fuselage surface of the aircraft to the reference region, had a 
slope of approximately 1 O 7 '  relative to the surface of the aircraft. At the side edges, 
the three regions terminated in an a t :  upt step to the aircraft surface. The height 
of the recovery region could be changed between flights from a position level with 
the reference region to a position below the level of the reference region. Each 
position formed a right-angle step from the surface of the reference region to the 
surface of the recovery region, the maximum step height being 1.19 centimeters 
(0 .47  inch). The step heights studied in this experimer,t were 0 . 3 3 ,  0.63, and 
1.19 centimeters (0 .13 ,  0.25, and 0.47  inch). The reference and recovery regions 
were parallel to within O O 4 0 ' .  Pressure orifices were locateci along the surfaces 
of the reference and recovery regions and on the step face, a s  shown in figure 2 (c) . 
The locations of these orifices are given in table 1. The pressure measured at the 
orifice 20.42  centimeters (8.01 inches) ahead of the step was used as the local 
reference pressure. An average base pressure was determined by manifolding the 
pressures from thr? three bas2 pressure orifices. 

The boundary layer rnhc complex (fig. 3 ) .  which consisted of r7 boundary layer 
rake and a Preston probe, could be placed at one of two locations (fig. 2 ( a ) ) :  in 
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the reference region approximately 5 1  centimeters ('20 incnes) nhend of the step, or 
in the recovery region approximately 30 centimeters (12 inches) behind the srep. 
The static pressure orifice for each boundary layer rake comp!cx w a s  in the skin 
surface directly ahead of the boundary layer rake. A static pressure probe was 
placed on the toy rake probe for some of the flights of this study. 

The boundary layer rake had 18 probes and consisted of a stainless steel strut 
with a 15O wedge-angle leading edge and a semicircular trailing edge. The leading 
edge of each of the probes on the rake was chamfered internally to a 30° included 
angle. The heights of the rake probes from the test section surface are given in 
table 2 .  Some design criteria far the boundary layer rake are shown in figure 4 .  
The proportions of the rake were designed using criteria determined from wind 
tunnel evaluations of flight rakes tested in th? NASA Ames Research Center's 
Unitary Plan Wind Tunnel. Parameters derived from these rakes ir. supersonic flow 
(ref. 8)  were found to compare well with data from a single traversing probe. 

suggested by Preston (ref. 9)  and calibrsted in the study of reference 10. The 
leading edge of the cylindrical probe, or tube, was squared off perpendicular to 
the probe axis and was free of burrs .  The probe had en outer diameter of 0.635 centi- 
meter (0.250 inch), an inside-to-outside diameter ratio of 0.6 ,  !nd a length of 
6.35  centimeters (2 .5 inches) . Skin friction coefficients were derived using the 
calibration in reference 10. 

The Freston probe used in this study was an impact pressure tube similar to that 

The ramp, reference, and recovery regions were made of stainless steel. A l l  
joints resulting from the installation of the test apparatus that would affect the flow 
ahead of and behind the step were faired into the surrounding surface areas with a 
high temperature fairing compound. Some slots between the test section surface and 
the airplane surface were required along the sides and near the leading and trailing 
edges of the test installation for venting of trapped air and for heat expansion. All 
slots and gaps near the step were carefully sealed to insure that nearby venting 
did not affect the base pressure and that base bleed did not exist. 

The pressure orifices in the surfaces of the reference and recovery regions were 
normal to the surface. The edges of the orifices were sharp (that i s ,  free of observ- 
able radii) and free of burrs.  

A 48-port multiplexing valve (Ycanivalve) with a differential pressure transducer 
referenced to the local static reference pressure was used to measure the differential 
base pressure and the 34 static pressures ahead of and behind the step. The local 
static reference pressure was included in the pressure survey in front of the step; 
therefore, the Scanivalve tralisducer was referenced to itself for two ports and 
measured an in-flight zero with each complete cycle. The local static reference 
pressure, the base pressure, and the pressures at three orifices located 7.57 ,  25 .35 ,  
arid 30.43 centimeters (2 .98 ,  9 . 9 8 ,  and 11.98 inches) behind the step were also 
measured by individual differential pressure transducers. The differential trans- 
ducers that measured the base pressures and the pressures at the orifices 7.57 and 
25.35 centimeters (2 .98 and 9.98 inches) behind the step were referenced to the 
local stctic reference pressure. The differential transducers that measured the 
pressures for the local static orifice and the orifice 30.43 ccn imeters (11.98 iilches) 
behind the step were referenced to a plenum pressure obtained from a static orifice 
on the lower fuselage toward the front of the airplane. The plenum pressure was 
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measured by a high-resolution, absolute-pressure transducer which was kept in a 
caretully controlled temperature mvironment . 

The 18 rake probe pressures were measured by two 48-port Scanivalves with 
differential transducers referenced to the plenum pressure, one Scanivalve trans- 
ducer having a low range and the other a high range. Some of the rake probe 
pressures were measured on both Scanivalve transducers. The Preston probe 
pressure was measured on the low-range Scanivalve transducer and, for practically 
all the flights, was also measured with an individual differential pressure transducer 
referenced to the plenum pressure. The surface static pressure for the rake, the 
static probe pressure (measured by the static probe on the top probe of the rake), 
and the top probe impact rake pressure were measured on individual differential 
pressure transducers referenced to the plenum pressure. The range of the differ- 
ential pressure transducer measuring the pressure from the top probe of the rake 
depended on whether o r  not the static probe was on the rake. Al l  the ranges of the 
differential pressure transducers used in the experiment were chosen so that the 
pressures measured would vary throughout the range of the transducer. 

Chromel-Alumel thermocouples were used to measure the local skin temperature. 
They were placed on the underside of the skin of the reference and recovery regions 
near the boundary layer complex. In addition, Chromel-Alumel thermocouples were 
used to monitor the temperature environment of the transducers, which assured that 
these instruments remained within acceptable temperature limits during flight. 

A i r  data quantities were obtained from sensors on the aircraft's nose boom. The 
free-stream Mach number was obtained from onboard sensor data and was corrected 
with a calibration obtained from a combination of radar,  radiosonde, and pacer air- 
craft data, The air data system is  describcd in reference 11. 

All  the data obtained for the study were recorded on magnetic tape using a pulse 
code modulation (PCM) system. All records were synchronized by a time code 
generator. 

ACCURACY 

2 2 The Scanivalve transducer had a standard deviation of 2158 N/m (23.3 lb/ft 1. 
The standard deviation for the transducers measuring local reference static 

2 2 pressure and the static pressures for the rakes was 2139 N/m 
rake probe pressure transducers and Preston probe pressure transducer had 

2 2 standard deviations of +206 N/m (24.3 lb/ft ) . 

(k2.9 lb/ft 1. The 

The stsndsrd deviations for the pressure ratios were found by using the follow- 
ing relationship, which was derived from equation (37) in reference 12: 
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This equation simplified to 

The standard deviations for p/pr were 20.015 for Mach 2.20, kO.022 for Mach 2.50, 
and 20.029 for Mach 2.80. 

The data were obtained at stabilized flight conditions: therefore, pressure lag 
effects were negligible. 

TEST CONFIGURATIONS AND CONDITIONS 

Five configurations were tested. These configurations consisted of the following 
conditions: the boundary layer rake complex in the forward location; the boundary 
layer rake complex in the location behind the step for the no-step condition; and the 
boundary laqer rake complex in the location behind the step for step heights of 
0.33, 0.63, and 1.19 centimeters (0.13, 0.25, and 0.47 inch). Hereafter, these 
configurations wi l l  be referred to a s  the forward rake location, and the aft rake 
location with no step, the 0.33-centimeter (0.13-inch) step, the 0.63-centimeter 
(0.25-inch) step, or the 1.19-centimeter (0.47-inch) step. The aft locations are 
also referred to by the respective step heights alone. The forward and aft (no step) 
rake locations were used to determine reference boundary layer parameters for the 
step height data. 

Data were obtained for a time period of 1 minute, beginning after the airplane 
had been established at steady-state flight conditions (that i s ,  flignt conditions for 
which the altitude and airspeed of the airplane were essentially constant). A 
12-second time period was then chosen from the steadiest portion of each l-minute 
time period, and the data from that period were analyzed. The same nominal Mach 
numbers of 2 - 2 0 ,  2 .SO, and 2.80 and their respective dynamic pressures were 
repeated for each configuration. 

It was assumed that turbulent flow began at the nose of the airplane. The 
experiment was far enough downstream that the transition location did not affect the 
data. The length of turbulent flow from the airplane’s nose to the leading edge of 
the boundary layer rake probes was 21.01 meters (68.94 feet) for the forward rake 
location and 21.86 meters (71.71 feet) for the aft rake location. The length of 
turbulent flow to the variable step was 21.53 meters (70.65 feet). The reference 
boundary layer parameters for the step location were considered to be an average 
of the parameters from the forward and aft rake locations. 

RESULTS AND DISCUSSION 

Boundary Layer Pressure Data 

Data-reduction Drocedures . - Local Mach number values wcre determined from 
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the boundary layer impact pressures and the corresponding local static pressure 
by the method described in reference 13. The static pressure was assumzd to be 
constant through the boundary layer. This assumption was supported by a compar- 
ison of the static pressure obtained from the rake tip static probe and the local 
surface static pressure. Local flow velocities were computed from local Mach 
number by assuming the total temperature to be constant through the boundary 
layer and equal to the free-stream value. The following expression was used: 

Momentum thickness, 8 ,  was calculated from the following flat-plate relationship: 

Local skin friction coefficients were determined using the Preston, or  surface 
impact, probe technique developed in reference 9.  Compressibility effects were 
accounted for by using the calibration given in reference 10. 

Data presentation. - In-flight velocity profiles were obtained for the five config- 
urations of the experiment for each of the Mach numbers studied. The velocity pro- 
files normalized to the velocity obtained frcjm the probe most distant from the surface 
are shown in figures 5 and 6 .  Figure 5 compares the velocity profiles for the forward 
rake location with those for the aft rake location with no step; figure 6 shows the 
velocity profiles for the aft rake locaticn with no step and with each of the three 
step heights. The velocity profiles for the aft rake location with the various step 
heights exhihtt the same trend as the profile for the aft rake location with no step 
height, except for the pressure change caused by the expansion wave from the step. 

In figure 5 ,  the velocity ratio first appears to become constant with respect to 
distance above the surface at approximately 8 Centimeters (3 inches) above the 
surface, thus indicating that the boundary layer h;s ?ached a uniform velocity. 
For distances greater than 13 centimeters (5 inches) above the surface, the velocity 
profile does not appear to be constant. 

The reference boundary layer thickness parameters from the forward rake 
location and the aft (no step) rake location were calcillated from the rake data for 
two outer edge conditions and are presented in table 3(a). One set of calculations 
assumed the edge conditions to be at the rake probe most distant from the surface, 
and the other set assumed the edge conditions to be at the rake probe approximate!y 
13 centimeters (5 inches) from the surface. These sets of data are referred to 
herein as the full-rake profile and local profile data, respectively. 

The ful!-rake profile data appear to be affected by flow from other parts of the 
aircraft, as  evidenced by the velocity profile and by thz significant bu t  not consist- 
ent variations in momentum thickness values between the forward rake location and 
the aft (no step) rake location (table 3(a)).  This variation in momentum thickness 
is also observed between the forward rake  location data for a free-stream Mach 
number of 2.55 and those for Mach 2.57. The local profile does not have this 
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variation. Because of this and because the lower portion of these boundary layers 
i s  believed to dominate the step base pressiire, the boundary layer parameters from 
the local profile were used to analyze the step base pressure data. Velocity profiles 
normalized to the velocity obtained from the probe approximately 13 centimeters 
( 5  inches) from the surface are presented in figure 7 for the forward rake location 
and the aft (no step) rake location. (Note that the ordinate scale is expanded rela- 
tive to that used in figures 5 and 6 .  ) 

Compressible, two-dimensional, turbulent momentum thickness wlues were 

, where cF values were obtained using predicted using the relationship 0 = -. 

the information in references 14 and 1 5 .  The pyedicted momentum thickness values, 
presented in table 3 ( b ) ,  are  larger than the measured values. A reason for this 
difference could be that the flow i s  not fully two-dimensional. 

cFx 
2 

The two-dimensionality of the flow was further considered by comparing the 
measured velocity profiles for the local profile data with a predicted two-dimensional 
velocity profile (fig. 7 ) .  The relatianship (ref. 16) used to predict the two-dimen- 
sional velocity profile, 

is for a compressible, turbulent, isoenergetic flow Additional assumptions are 
that the boundary layer thickness, 6 ,  is 13 centimeters ( 5  inches): K ,  the mixing 
length constant, i s  0 . 4 ;  a i s  1 . 0 ,  which i s  equivalent to assuming a linear shear 
stress distribution through the bouudary layer; and ll is  0.55, which corresponds 
to dpldx = 0 .  The predicted velocity profiles all have larger velocity defects than 
the measured velocity profile. This i s  consistent with the predicted momentum 
thickness values' being larger than the measured momentum thickness values. 
The velocity profile differences (and, hence, the differences in moment 'm thickiless 
values) result from the upstream flow history and possibly from some three-dimen- 
sional effects; therefore, the flow is considered to be quasi-two-dimensional . 

The local incompressible skin friction coefficient for the forward rake location 
and the aft (no step) rake location is presented in figure 8 as a function of Reynolds 
number based on momentum thickness. The data for the forward rake location and 
for the aft (no step) rake location are approximately 23  and 17 percent higher, 
respectively, than the von K$rm&n-Schoenherr flat-plate curve (ref. 1 4 ) .  This 
difference i s  consistent with the measured velocily profile's having a lesser vc.locity 
defect than expected. The data for incompressible conditions were obtained from 
the compressible data by using the reference temperature method described in 
reference 1 7 .  Local compressible skin friction coefficients for these rake locations 
are given in table 3(a).  The skin friction coefficients used to analyze the base 
pressure data are a r  average of the skin friction coefficients for the forward rake 
location and the aft (no step) rake location (table 4 ) .  



Surface Pressure Data 

The surface static pressures ahead of and behind the step were measured for 
each of the step heights m d  the no-step configuration. These data, although not 
analyzed in this report, are usefd in confirming the zero pressure gradient 
assumption and are included for future reference 2nd analysis. The ratio of these 
pressures with respect to the local refereme pressure is shown as a function nf 
distance from the step in figures 9 ,  10,  and 11 for nominal Mach numbers of 2.20,  
2 .50 ,  ard  2 .80 ,  respectively. The pressure distributions for the various step 
heights have similar shapes. Figure 12 shows that the pressure rise occurs at the 
same normalized position, independent of Mach number, when distance from the 
step is expressed in terms of step height. 

Base Pressure Data 

The base pressure ratio, p b / p r ,  for a given Mach number is considered to be a 
function of the ratio of momentum thickness to step height, 8 / h ,  with p b / p r  increas- 
ing (drag decreasing) as  8 / h  increases. A considerable amount of base pressure 
data has been accumulated for B/h values less than 0.1, as  shown in references 18 
and 19; however, base pressure data for B/h values greater than 0 . 1  are limited. 
At least two flight experiments (the present study and that of ref. 6 )  and two wind 
tunnel experiments (refs. 4 and 5)  have obtained base pressure data for 8 / h  values 
near 1.0.  The base pressure data used in this study are summarized in table 4 .  
Figure 13 shows the base pressure ratio for these four experiments as  a function of 
8/h for Mach numbers near 2.20 ,  2 .50,  and 2.80. A l l  the data have the same trend 
of increasing base pressure ratio (decreasing drag) with increasing 8 / k .  However, 
the base pressure ratios from the various experiments are not always in good agree- 
ment, especially for values of 8 / h  near 1 . O .  The difference in the base pressure 
ratio for 8 / h  near 1 .O increases with hach number from a base pressure ratio 
difference of less than 0.1 for Mach numbers near 2.20 to a difference of 0.2  for 
Mach numbers near 2.80.  This suggests that for a given Mach number, pb/p, is 
a function of some other factor in addition to 8 / h ,  such as  Reynolds number based 
on momentum thickness, R e .  Even though the data from the four experiments are 
compared for similar Mach numbers and 8 / h  values, the Re values vary, as shown 
in the keys in figure 13. The data appear to form a family of curves dependent L T ~  

R e ,  the trend being lower values of pb/p, (increased drag) for a given B/h  as Re 
increases. The variation of base pressure ratio with Re is shown in figure 14.  7 ;. 

effect of Re on base pressure ratio appears to be largest at the lower Re values. 

A method of predicting the base pressure coefficient for surface discontinuities 
in turbulent flow (ref. 20) was derived from experimental data for surface discon- 
tinuities at an angle of attack of Oo and for zerc heat tranceer. *'he experimental 
drag values were obtained using a floating-element drag balance. The drag coeffi- 
cients represent the loads on the discontinu?y plus any changes in skin friction on 
the balance plate due to the discontinuity, less the skin friction on any part of the 
plate covered by the discontinuity. The method is considered to be applicable for 
surface discontinuities with heights up to one-tenth of the boundary layer thickness 
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The predicted base pressure coefficient is calculated using the equation 
c 

on discontinuity heights and 9 is  a function of Mach number and c 

and <p are found by using the empirically determ..ned curves of reference 20.  
Predicted base pressure coefficients were calculated using this method for the flcw 
conditions of references 4 and 6 and the present study. The predicted base pres- 
sure coefficients for the flight data of the present study and of reference ti were 
calculated using two sets of values for c and Reynolds number pcr unit length, R /  1 .  

One set used the experimentally determined values for c and R I I ,  anti the other 
set used the aircraft's altitude and assumed standard atmosphere conditions to 
Dbtain a value for R I I .  This predicted RII  was red to obtain a flat-plate-predicted 
value for c f' 
reference 4 was calculated using an cxperimentaliy determined value for R/Z and a 
predicted flat-plate value for c The percentage differences between the measured 
base pressure coefficients and those predicted using the procedure in reference 20 
are summsrized in the following table. 

= (9  - q ) c  where <p i s  a function o Mach number and Reynolds number based 
pb f 

Values for 9 f '  

f 
f 

The predicted bas0 pressure coefficient for the wind tunnel d8;a of 

f '  

Sourcr or 
measurrd c 

PI1 
If 

PrediLted c - Measured c 
p b  

Measurrd e 
Pb 

Avcrnge 

Source of 
p r d i c t c d  c 

' b  

Expcrirnr ntally 

25 Wind tunnel determiiierl R I I .  

predicted c 

I 3  to 40 

The XB-7@ flight data (ref. 6) were obtained from an installation on the upper 
wing surface, and the flow field closely approximated flat-plate boundary layer 
flow conditions at an equivalent Mach number and Reynolds number. These flow 
conditions are  known from a coyvirison of flight measurements nnd flat-plate 
predictions for thc wing chordwise pressure distributions local skin friction, aqd 
the boundary layer pvofile (ref. 21)  . Therefore it is not surprising that the 
predictions, wnich were derived from flat-plate experiments, are in reasonably 
good agreemem with the XR-70 flight data, 

Fligh' ;rean1 
study 

Fl ight .  X H  i'n 
fr-rr' '1 

As  previously discdssed the flow field for the prese1.t experimmt was consid- 
ered to be quasi-two-aimensional . The momentum thickness and skin friction 

Experimentally 1 . 2 0  25 20 to 32 
determined 2.50 24 22 to 21 

2 . 8 0  30 28 to 31 R / I  an3 c r 
Predicted H / I .  2.20 -23 -20 to -27 

flat-plate- 2 .50  -24 -23 to -26 
-28 to -30 preC c:ed c p  2.80 - 29 ! - 

Experimer.lh':. 
t c ' ~ r m ~ n e d  2.40 3 4 to I 1  
R I I  8 1 i l  c I 

I>r,,,lcted H !, 
nat piate 2.40 1 2 - 5  to 13 

r predicted c 



values differed from those that would have been predicted for flat-plate turbulent 
flow st an equivalent Mach number and Reynolds number. Therefore, it is not 
surprising that the prediction of the base pressure coefficient from the method of 
reference 20 is not in good agreement with the measured base pressure coefficient 
of the present study. As shown in the table, the predicted values when using a 
predicted RIZ and flat-plate-predicted values of c are lower than the measured 
values. When measured values of c and R/Z are used, the prediction error is of 
approximately the same magnitude but in the opposite direction. 

f 
f 

The prediction based on Hastings' wind tunnel data (ref. 4) is not in good agree- 
ment with the wind tunnel data, even though the data were supposedly obtained for 
two-dimensional flow. It is not known why the disagreement is so great in this case. 

CONCLUSIONS 

High Reynolds number, turbulent flow data from an aft-facing. step ex-eriment 
w e r e  obtained from several flights of the YF-12 airplane for nominal Mach numbers 
of 2.20, 2.50, and 2 -80. The data were analyzed and tha base pressure data were 
compared with other flight and wind tunnel data and with a semiempirical estimate. 
The analysis led to the following conclusions: 

1. The base pressure ratio data of the present study showed the same trend of 
increasing base pressure ratio (decreasing drag) with increasing ratio of momentum 
thickness to step height as previous experiments; however, the values of the base 
pressure ratios differed. The differences varied from less than 0.1 at Mach numbers 
near 2.20 to 0.2 at Mach numbers near 2.80 for ratios of momentum thickness to 
step height near 1 .O. The differences were  found to be a function of Reynolds 
number based on momentum thickness with the largest differences occurring at the 
lower values. 

2. Surface static pressure rise occurred at the same normalized position, 
independent of Mach number, when distance from the step was expressed in terms 
of step height. 

3. Measured base pressure coefficients were compared with base pressure 
coeffici znts calculated using a prediction method based on discontinuity data 
obtained in flat-plate boundary layer flow. The measured and predicted base 
pressure coefficients were in reasonably good agreement for flight data that had 
boundary layer thickness parameters and skin friction values close to those 
predicted for flat-plate turbulent flow at an equivalent Reynolds number. Two- 
dimensional wind tunnel data, however, did not agree well with the results of this 
prediction method. The data of the present study, which did not have values of 
skin friction and momentum thickness close to those predicted for flat-plate 
turbulent flow at an equivalent Reynolds number, did not agree with base prc-sure 
coeflicients from .he prediction methods. 

NASA Dryden Flight Research Center 
Edwards. C a l i f . ,  Zune 22. 1977 
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TABLE 1. -SURFACE PRESSURE ORIFICE JBUTIONS 

(a) Reference and recovery regions 

Aft 

x. cm (in.) 

-54 .25 (21.36) 

-20.42 (8.04) b 
-15.34 (6.04) 
-10.26 (4.04) 
-5.05 (1.99) 

-1.88 (0.74) 

-0.66 (0.26) 

-85.50 (1O.twa 

--- 
--- 

--- 
7.57 (2.98) --- --- -_- 
10.11 (3.98) 

12.67 (4.99) 

15.21 (5.79) 

17.73 (6.99: 
20.27 (7.98) 
25.35 (9.98) 

30.43 (11.98)' 

--- 
--- 
--- 

'Surface static pressure orifice for forward rake complex 

bLocal reference pressure orifice. 

'Surface static pressure orifice for aft rake complex. 

15 



1 
Position with respect b experiment centerline- 

Left Right 
Distance from centerline, cm (in. ) 

7.65 (3.01) --- 
0.33 (0.13) 1.30 (0.51) --- 

cm (in.) 

--- 5.59 (2.20) 

--- 5.36 (2.11) 
0.63 (0.25) 1.30 (0.51) --- 

--- 6.65 (2.62) 

6.38 (2.51) --- 
1.19 (0.47) 1.30 (0.51) --- 

--- 7.75 (3.05) 

TABLE 2. -HEIGHTS OF BOUNDARY LAYER RAKE PROBES 

Depth from 
reference region, 

cm (in.) 

0.15 (0.06) 
0.15 (0.06) 
0.15 (0.06) 

0.30 (0.12) 
0.15 (0.06) 
0.30 (0.12) 

0.38 (0.15) 
0.89 (0.35) 
0.64 (0.25) 

0.490 (9.193) 
1.760 (0.693) 
3.030 (1.193) 
4.313 (1.698) 
5.56 (2.19) 
7.54 (2.97) 
10.08 (3.9;) 
12.57 (4.95) 
15.11 (5.95) 
20.17 (7.94) 
25.25 (9.94) 
30.33 (11.94) 
35.41 (13.94) 
40.49 (15.94) 
45.57 (17.94) 
50.67 (19.95) 
55.78 (21.96) ---- 

16 

0.401 (0.158) 
1.694 (0.667) 
2.951 (1.162) 
4.249 (1.673) 
5.54 (2.18) 
7.52 (2.96) 
10.06 (3.96) 
12.55 (4.94) 
15.11 (5.95) 
20.17 (7.94) 
25.27 (9.95) 
30.35 (11.95) 
35.43 (13.95) 
40.49 (15.94) 
45.54 (17.93) 
50.62 (19.93) 
55.73 (21.94) 
60.83 (23.95) 



TABLE 3 -HOI'NDARY LAYER THICKNESS PARAMFTERS 

(a) Meaddred panmeters for rrferencr c-mditims 

b. 
rm (in.) 

55 i8 (21.96) 
55.78 121.96) 
55.78 121.96) 

60.81 123.94) 
55.711 121.96) 
60 81 I 2 3  94) 
57 78 121 96) 

e. b. Re Me I cm (in.) I cm (in.) 
2.26 
2.57 
2 86 

2.21 
2 52 
2 58 
? 84 

.1 57  (4.95) 
2.51 (4  95) 

12.55 (4.94) 
12.55 (4.94) 
I2 55 (4.94) 
I? 55 (4 94) 

-- 
0.48 (0.19) 

0.28 (0.11) 

(b) Pred~cteC parameters. I = 21.53 meters (70.65 Ice0 to step 

1 . 4 0 X  lo4  

TABLE 4. -MEASURED STEP PARAMETERS 

[e. R e ,  and c obtained at reference conditions] f 

0.33 (0.13) I 11.63 (0.25) 
1.19 (0.47) 

0.33 (0.13) 
0.63 (0.25) 
1.19 ( 0 . 4 7 )  

I Moo I 'bIPr 
h .  I cm (in.) 

~ ~~ ~~ 

2.54 0.50 
2.50 0.43 
2 .SO 0.38 

2.89 0.51 
2.85 0.42 
2.81 0.34 

3.33 (0.13) 2.26 0.55 
0 .48  ! i::: 1 0.45 

0.63 (0.25) 
I .I9 (0.47) 

-1 profile i 

0.25 (0.10) I 0.96 
0.23 (0.09) I 0.79- 

1 

=f 

0.00198 

0.00198 

0.00196 
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w = 1.589 (0.6251 
I r Static pressure 

orifices 

~ 

f 
Figure 4.  Two views of boundary layer 
rake showing some design criteria. 
Dimensions are in centimeters (inches). 

21  



0 Y 

8 
E NN 

O D  

22 



aa 41, -= a 
(UN(U(U 

O O Q A  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  % n s % r x x  ~ W O  

a z 

doc; 

1 1 1 1 1 1 1 1 1 1 1 1 1  

8 
2 

u E+ 
00 

23 



8 
p N C U W  

0 0 ;  

8 
NNNN 

0 6 0 :  

v \ . p  m w  - 0  

al a - 
3 

L 

CI) 
9, 

c 
0 
L a 

e 
Y 

0 .- E 
0 cy 
0 cy u 
Q, 

B ? 
al Y 

U f 

3 z8 8 

24 



T '  "i 
0 Forword rakp location 
0 Aft rake location, no step 

von K & m h  -Schoenl;err, 
incompressible (ref. 14) 

- 

Figure 8 .  Variation of  local skin friction coefficient with 
Reynolds number based on momentum thickness for  forward 
and aft (no s tep)  rake locations; data transformed to 
incompressible conditions. 
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(a )  No step; M e  = 2.27.  

-6 -’ t 

x, in. 

-22 -20-10 -8 -6 -4 -2 0 2 4 6 E 10 12 

r - f ~ - f - l - T - ~ ~  

-58 -54 -50 - 2 4  -20 -16 -12 -8 -4 0 4 8 12 16 20 24 28 32 
x, cm 

( b )  h = 0.33 cm ( 0 . 1 3  i n . ) ;  M e  = 2.26.  

Figure 9.  Variation of pressure ratio with distance from step for 
Mach numbers n e w  2.20.  
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x, in. 
-22 -20-10 -8 -6 d -2 0 2 4 6 8 10 12 

I ~n I I " I  I I I I I 1 I 

-L u- 
-58 -56 -40 -24 -20 -16 -12 -8 -4 0 4 8 12 16 20 24 28 32 

x, cm 

( c )  h = 0.63 cm (0.25 in.); Moo = 2.23. 

x, in. 

-22 -20-10 -8 -6 -4 -2 0 2 4 6 8 10 V 
r 1 V I  I I I I I I I I 1- 

.- 

-58 -54 -50 -24 -20 -16 -l2 -8 -4 0 4 8 12 16 20 24 28 32 

PIP, 

x, cm 

( d )  h = 1 .19  cm ( 0 . 4 7  i n . ) ;  Mm = 2 .23 .  

Figure 9 .  Concluded, 
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Me 
0 2.55 
0 2.57 

PIPr 

( a )  No step.  

x, in. 

x, cm 

( b )  h = 0.33 cm (0 .13  in .); M e = 2 . 4 7 .  

Figure 10. Variation of pressure ratio with distance from steD for Mach 
numbers near 2 .50 .  
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x, in .  

I C )  h = 0.63 cm ( 0 . 2 5  in.); Sf = 2 . 5 0 .  e 

id) h = 1.19  cm ( 0 . 4 7  in . ) ;  M = 2 . 5 0 .  
e 

Figure 10. Concluded 
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x, in. 

-22 -20-10 -8 -6 -4 -2 0 2 4 6 8 10 12 
I 1 " I  I I 1 I I 1 I I I I 1 

1.1 

-9 
@Pr 1.0 

-58 -54 -50 -24 -20 -16 -l2 - 3  0 4 8 1 2 1 6 2 0 2 4 2 8 3 2  
x, cm 

( a )  No step; M e  = 2.85. 

x, in. 

-22 -20-10 -8 -6 -4 -2 0 2 4 6 8 10 12 
I I "I I I I I I 1 I I I 1 I 

1.1 
1 .o 
.9 

@Pr -8 
.7 
.6 
.5 111111 

-58 -54 -50 -24 -20 -16 -12 -8 -4 0 4 8 12 16 20 24 28 32 
x, cm 

( b )  h = 0.33 cm (0.13 i n . ) ;  M e  = 2.89. 

Figure 1 1 .  Variation of pressure ratio with distance Porn step f9r Mach 
numbers near 2.80. 
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x, in. 

-22 -20-10 -8 -6 -4 -2 0 2 4 6 8 10 12 
m - r - r - - T - - - r - r - - ~  

:: 1 
.5 

0 

0 

q-1 I A " l  j I 1 1  1 & I  I I I I I I J .4 
-58 -54 -50 -24 -20 -16 -12 -8 -4 0 4 8 12 16 20 24 28 32 

x, cm 

(c) h = 0.63 cm (0 .25 in.); Me = 2.85. 

x, in. 

-2 0 2 4 6 8 10 12 
! I 1 1 1 1 

0 

PIP, .7 0 

0 

- L , U  - 
-58 -54 -50 -24 -20 -16 -12 -8 -4 0 4 8 12 16 20 24 28 32 

x, cm 

( d )  h = 1.19 cm (0 .47  i n . ) ;  M e  = 2.81. 

Figure 1 1 .  Concluded. 
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h, 
M- cm(in.1 

0 2.26 0.33 (0.13) 
0 2.23 0.6310.29 
0 2.23 1.19(0.37) 

1.1 

1.0 

.9 

.8 

.7 

.6 

,5 

.4 

@pr 

-18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
xlh 

h, '- cm ( in.)  
0 2.54 0.33 (0.13) 
0 2.50 0.63(0.25) 
0 2.50 1.19(0.47) 

Forward of step Step Aft of step 
1 1.1 r 

1.0 

.9 

.8 
@ 
4J P'P, .7 
\ 

.5 8 

.4 O D  

.3  
-18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

xlh 

(b) Moo e 2.50.  

- 6 L l l  I l l ,  l t l , l l l l l l l l l l l j  

Figure 12.  Viriation cf pvessure ratio as function of step height. 
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1.1 

1.0 

.9 

.8 

P'P, .7 

.6 

.5 

.4 

.3  

h, 
M- cm (in.) 

0 2.89 0.33(0.131 
0 2.85 0.65i0.25) 
0 2.81 1.19(0.47) 

Fonvard of step Step Aft of step 
I 

- 

-18 -16 -14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
xlh 

( c )  Moo = 2.80. 

Figure 12. Concluded. 

M 

0 2.23 to 2.26 
A 2.2 9.0 x IO4 Beferctiie 6, XB-70 airplane 

1.4 x lo4 Present study, YF-12 airplane 

.7 - 8  c 
Increasing 

'dPr t drag 

.02 10 
elh 

1.00 2.00 

( a )  M = 2.20.  

Figure 13. Base pressure ratio as function of momentum 
thickness and step height. 
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.7 

.6 

%‘Pr .5 

.4 

.3 

.2 

( b )  M * 2.50. 

8.8 x 10 
0 - 

increasing 0 0  
- drag 

0 
Be: 

0 0  00 
0 0  

i - 
- 

0 - 
0 

I 1 I 1 1 1 1  I I I I I 1 1 1 1  I 

M Re 
0 2.81 to 2.89 

0 3.1 3.7 x Id Reference 4, wind tunnel 

d 2.8 4.1 x Id Reference4, estimated 

0 2.8 4’3 ”} Reference 5, wind tunnel 
6 2.8 6 . 0 ~ 1 2  

7.9 x 1 8  Present study, YF-12 airplane 

.8 

.7 

.6 

.5 

PdPr .4 

.3 

.2 

.1 

0 

- 
- 

Increasing 
- drag 

1 - 
- 
- 

-0 
- 

1 I I I 1 1 1 1  I 1 I 1 1  1 1 1 1  1 1 

o d  
0 
d 

0 0  0 
d 

0 0 O 8  
0 

(c) M *s 2.80. 

Figure 13. Cwcluded . 
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0 Pres?nt study, YF-12 airplane 
0 Reference 4, wind tunnel 
A Reference 6, XB-70 arrplane 

A 
0 

( a )  0 / h  = 0.8; AI = 2 .40  to 2.50. 

0 Present study, YF -12 airplane 
0 Reference 4, wind tunnel 
0 Reference 5, wind tunnel 

0 

! ! I 1 1  -1 1 - 1  1~Li..l-11 1~ i ! ‘1.1 
5 lo4 lo5 7 x 10 

( b )  8/h = 0.7; Al = 2.60  to 2 .80 .  

Figure 1 4 .  Base pressure ratio as function of Reynolds number 
based on momen tum thickness . 
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