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NOMENCLATURE 

A,B calibration constants 

Cf wall skin-friction coefficient 

I electric current 

k kinetic energy of turbulence, 1/2((u12) + (v12) + (wt2)) 

L model length 

M Mach number 

P~ total pressure 

P static pressure 

R gauge resistance or model leading-edge radius (fig. '1) 

Re unit Reynolds number per meter 

T temperature 

u ' velocity component in x-direction 

+ 
u law-of-the-wall velocity coordinate in x-direction 

(u' 2> mean square of velocity fluctuation in x-di~ection 

(v '  2> mean square of velocity fluctuation in y-direction 

(wl 2, mean square of velocity fluctuation in z-direction 

x streamwise coordinate parallel to model. centerline measured from model 
trailing edge 

Y vertical coordinate normal to model centerline measured from model surface 
and in the wake from the model trailing edge 

+ 
Y law-of-the-wall distance coordinate 

z spanwise coordinate parallel to model trailing edge measured from tunnel 
midspan 

a flap-deflection angle 

6 boundary-layer thickness 

s * displacement thickness 

0 momentum thickness 

1-I molecular viscosity 

iii 



P density 

T shear stress 

Subscripts: 

e boundary-layer edge conditions 

g gauge 

L based on model length 

n nominal free-stream conditions 

o reference conditions 

T total 

t turbulent 

w wall 



AN EXPERIMENTAL DOCUMENTATION OF TRAILING-EDGE FLOWS AT 

HIGH REYNOLDS NUMBERS 

P. R. Viswanath,* J. W. Cleary, and H. L. Seegmil ler  

Ames Research Center 

SUMMARY 

Experiments documenting a t tached  t ra i l ing-edge  and near-wake flows a t  h igh  
Reynolds numbers are described.  A long, a i r f o i l - l i k e  model was t e s t e d  a t  subsonic 
and low t r anson ic  Mach numbers, and bo th  symmetrical and asymmetrical flows w i t h  
p re s su re  g rad ien t s  upstream of t he  t r a i l i n g  edge were inves t iga t ed .  Model s u r f a c e  
p re s su res  and d e t a i l e d  mean and turbulence  flow q u a l i t i e s  were measured i n  t h e  v i c in -  
i t y  of t h e  t r a i l i n g  edge and i n  t h e  near-wete. The da t a  obtained a r e  presented 
mostly i n  t a b u l a r  form; they a r e  of s u f f i c i e n t  q u a l i t y  and d e t a i l  t o  be  u s e f u l  a s  t e s t  
cases  i n  a s se s s ing  turbulence models and c a l c u l a t i o n  methods. 

INTRODUCTION 

I n  r ecen t  yea r s ,  t h e r e  has  been growing i n t e r e s t  i n  understanding and p r e d i c t i n g  
a i r f o i l  t r a i l i ng -edge  flows, p a r t i c u l a r l y  a t  t r anson ic  speeds. Proper modeling of t h e  
flow i n  t h e  v i c i n i t y  of t h e  t r a i l i n g  edge and i n  t h e  near-wake i s  q u i r e  important i n  
p r e d i c t i n g  a i r f o i l  performance ( r e f s .  1 and 2 ) .  Moreover, t h i s  problem provides a  
good example of i n t e r a c t i n g  tu rbu len t  shear  l a y e r s  which a r e  not  w e l l  understood. 

i A t  Ames Research Center ,  two-dimensional, t r a i l i ng -edge  flows a t  h igh  Reynolds 
numbers have been i n v e s t i g a t e d  f o r  t h e  purpose of a s se s s ing  t h e  importance of turbu- 
lence  modeling and viscous-inviscid i n t e r a c t i o n  e f f e c t s  i n  t ra i l ing-edge  flows. 
Deta i led  experiments on r e l a t i v e l y  s imple aft-body shapes have been conducted i n  which 
symmetrical and asymmetrical t ra i l ing-edge  flows, w i th  p re s su re  g rad ien t s  upstream of 
t h e  t r a i l i ng -edge ,  have been s tud ied  a t  subsonic and low t r anson ic  Mach numbers. An 
a d d i t i o n a l  o b j e c t i v e  of t h e s e  experiments has been t o  provide a  d a t a  base  f o r  u s e  i n  
eva lua t ing  turbulence  models and c a l c u l a t i o n  methods. I n  f a c t ,  t h e  t h r e e  flows 
descr ibed  i n  t h i s  r e p o r t  were se l ec t ed  a s  t e s t  ca ses  a t  a  r ecen t  S tanford  conference 
( r e f .  3)  on complex, t u rbu len t  flows. 

Resu l t s  from t h e s e  experiments,  a long with comparisons of both boundary-layer and 
Navier-Stokes s o l u t i o n s  employing d i f f e r e n t  tu rbulence  models, have a l r eady  been pub- 
l i s h e d  ( r e f s .  4 and 5 ) .  I n  t h i s  r e p o r t ,  we desc r ibe  the  experiments i n  d e t a i l ;  most 
01 t h e  d a t a  a r e  presented i n  t a b u l a r  form, but some a r e  a l s o  shown g raph ica l ly  t o  
i l l u s t r a t e  t h e  flow f i e l d  and t h e  v a r i a t i o n  of flow q u a n t i t i e s .  

*Research Assoc ia te ,  J o i n t  I n s t i t u t e  f o r  Aeronautics and Acoust ics ,  S tanford  
Univers i ty ,  S tanford ,  Ca l i fo rn i a .  



EXPERIMENTS 

Test  F a c i l i t y  

The experiments were conducted i n  t h e  38.1- by 25.4-cm (15- by 10-in.) h igh  
Reynolds number blowdown f a c i l i t y  a t  Ames  Research Center ( f i g .  l ( a ) ) .  I n  t h a t  f a c i l -  
i t y ,  t h e  tunnel  Mach number can be  va r i ed  i n  d i s c r e t e  s t e p s  by appropr i a t e ly  choosing 
t h e  choke i n s e r t s  l oca t ed  downstream of t h e  t e s t  s ec t ion .  F iner  c o n t r o l  of Mach num- 
be r  is  achieved through use  of a t r a n s l a t i n g  wedge loca ted  near  t h e  choke i n s e r t .  

R 

Model Configurat ion 

The model con f igu ra t ion ,  which spans t h e  t e s t  s e c t i o n ,  i s  made up of two p a r t s :  
(1) a  forebody, which i s  a  f l a t  p l a t e  56.75 cm long and 2.54 cm t h i c k  wi th  a  24.51-cm 
tapered forward s e c t i o n  t h a t  has  a  lead ing  edge r ad ius  of 0.52 cm ( f i g .  l ( b ) ) ;  and 
(2) an a f t  body f l a p  wi th  a  sharp  t r a i l i n g  edge, which i s  11.63 cm long and has an  
included angle  of 12.5" ( f i g .  l i b ) ) .  The f l a p  can be  de f l ec t ed  t o  angles  up t o  220". 
The above rnodel con f igu ra t ion  was chosen because of t h e  fol lowing advantages: (1)  i t  
provides a t h i c k  and f u l l y  developed tu rbu len t  boundary l a y e r ,  which i s  d e s i r a b l e  f o r  
modeling s t u d i e s ;  (2) t h e  f l a p  can be  de f l ec t ed  t o  impose d i f f e r e n t  p re s su re  g rad ien t s  
on the  f l a p  boundary l aye r ;  and (3) t h e  r e l a t i v e l y  long l eng th  of t h e  model combined 
with t h e  h igh  s t a g n a t i o n  pressures  a v a i l a b l e  wi th  t h e  f a c i l i t y  gives h igh  Reynolds 
numbers, a  unique f e a t u r e  of t h e  present  experiment.  

Flows Studied and Tes t  Conditions 

The t e s t s  on symmetrical t r a i l i ng -edge  flows were conducted a t  two nominal f r ee -  
stream Mach numbers, ' %, of 0.4 and 0.7; t h e  asymmetrical flow was s tud ied  only ah a  
Mach number of 0 .4.  The asymmetry was produced by d e f l e c t i n g  t h e  f l a p  downward by an 
angle a of 6.25". With t h i s  f l a p  d e f l e c t i o n ,  t h e  lower s u r f a c e  of t h e  f l a p  was 
al igned w i t h  the  lower s u r f a c e  of t h e  f l a t  p l a t e ,  providing a  zero p re s su re  g rad ien t ,  
t u rbu len t  boundary-layer flow on t h e  lower su r f ace .  Only t h e  tu rbu len t  boundary l a y e r  
on the  upper s u r f a c e  of t h e  f l a p  experienced p re s su re  g rad ien t s  be fo re  reaching t h e  
t r a i l i n g  edge. 

The free-stream Reynolds number based on model length ,  ReL, was v a r i e d  between 
9 x 1 0 ~  and 60x10~  over t h e  range of Mach numbers anrl s t agna t ion  p re s su res  PT of t h e  
test. Because t h e  i n f l u e n c e  of Reynolds number on model s u r f a c e  pressures  was found 
t o  be s m a l l ,  a l l  t h e  d e t a i l e d  f low-field measurements were made only a t  t h e  moderately 
high s t agna t ion  p re s su re  of 275 k ~ / m ~ .  The nominal t o t a l  temperature TT of t h e  
t e s t s  was 480°R. The t o t a l  temperature v a r i a t i o n  about t h e  nominal va lue  was w i t h i n  
+1O0F dur ing  d i f f e r e n t  runs and over  t h e  period t h e  t e s t s  were made. The t o t a l  pres-  
s u r e  was held cons tan t  w i th in  21.7 kN/m2 f o r  d i f f e r e n t  runs. 

 he nominal Mach number quoted r e f e r s  t o  t h e  nea r ly  cons tan t  downstream tunne l  
Mach number est imated ( f o r  x > 30 cm) from t h e  measured tunnel-wall  p ressures .  Free- 
stream Mach number f o r  each flow i s  not  known p r e c i s e l y  s i n c e  t h e  model lead ing  edge 
i s  c l o s e  t o  t h e  en t r ance  s e c t i o n  ( f i g .  l ( a ) ) ,  bu t  i t  is  l i k e l y  t o  be  s l i g h t l y  less 
than t h e  va lue  quoted above i n  view of t h e  r e l a t i v e l y  smal le r  boundary-layer 
displacement-thickness e f f e c t s  a t  t h e  en t rance  loca t ion .  



The flow conditions for the three different flows documented were as follows: 

Surface Measurements 

The flat-plate model had 68 static pressure orifices, 0.075-cm i.d., most of 
which were located on the centerline of the model on the upper and lower surfaces. 
Spanwise static pressure orifices, in the flat plate and flap region, corresponding to 
specific streamwise stations on the centerline, made it possible to assess the span- 
wise uniformity of surface pressures. Static-pressure orifices at intervals of 10 cm 
were aJ-so provided on the tunnel top and bottom walls in the region of the model, as 
well as downstream up to a distance of 45 cm. The pressures were measured with 
strain-gauge pressure transducers; which were calibrated before each tunnel run. 

Wall shear-stress measurements on the flap were made using hot-wire surface 
gauges embedded in an alternative flap. More detailed information on these gauges is 
available in references 6 and 7. There were six gauges on each side of the flap. 
Each gauge consisted of a 5-pm-diam tungsten wire and a thermocouple located down- 
stream of the hot wire for recording wall temperature. The heat loss from the wire 
is related to the local wall shear-stress through the relation 

The gauges were calibrated using the Eully developed turbulent boundary layer on 
the upper surface of the flat-plate forebody and the flap (a = -6.25", so that it 
formed a continuous surface with the forebody) at each Mach number. During the tali,- 
bration tests, an extension plate was attached to the flap to extend the boundary- 
layer flow of the flat plate beyond the trailing edge. This plate was used mainly to 
avoid the possible upstream influence of the trailing edge in the absence of the 
extension plate. Wall shear-stress results obtained from a boundary-layer code 
employing the Wilcox-Rubesin two-equation turbulence model (ref. 8) were used for the 
calibrations. As reported in reference 9, the calibration curve was found to be non- 
linear for large values of (~pr)$~' and the coefficient B was dependent on Tw. 
A procedure similar to that described in reference 9 was used to obtain the calibra- 
tion curve for each gauge. 

Flow-Field Measurements 

Flow-field measurements were made using a two-color, laser-Doppler velocimeter 
(LDV), as well as conventional pitot and static probes. Two static-pressure probes, 
one with an ellipsoidal and the other with a conical nose, were used, with appropriate 
calibrations for each probe. Pitot- and static-probe pressures were measured with 
strain-gauge-type pressure transducers. 



A schematic of the LDV optical arrangement is shown in figure 2. The two- 
component system employed a 4-Y argon laser with a dispersing prism to obtain beams of 
488- and 514.5-nm wavelength. The two beams were split, rotated +45", and intersected 
in the flow field at a location at the midspan of the model. The forward-scattered 
light, from particles passing through the volume formed by the intersection of the 
four beams, was optically collected and transmitted to photomultiplier tubes. The 
probe region was approximately 0.3 mm in diameter and about 3 mm long in the spanwise 
direction. Bragg cells were used to enable the system to detect velocity direction 
by causing the fringes within the stationary measuring region to move downstream at 
the Bragg frequency of 40 mz.  Vertical, axial, and chordwise movement of the probe 
region during surveys was accomplished by remotely positioning the optical bench that 
supported the laser and optics. 

A two-channel counter system measured the velocity of particles passing through 
the probe region. Pulse-stretching, velocity consistency checks on the basis of 
particles crossing five and eight fringes, and signal-amplitude lfmiting were 
employed. Doppler signals were processed by the counters and passed into a dual- 
channel signal analyzer which retained the data in memory. Subsequent to the comple- 
tion of data acquisition, a computer with access to this memory was used to determine 
statistically the mean velocities and their variances. 

The flow was seeded by introducing 0.35- to 0.55-pi-diam polystyrene spheres into 
the settling chamber of the facility upstream of the model. This was necessary 
because of a lack sf naturally occurring particles in the air supply system. An 
analysis of the response of the seed spheres to a normal shock wave indicated that a 
99% velocity adjustment would occur in a distance of about 1 mm. A counting rate of 
a few thousand particles per second was obtained in the free stream. 

These data were not corrected to account for the effects of velocity bias caused 
by particle averaging; such effects are believed to be small because of the fixed 
inactive time of the processors during pulse-stretching and other logic functions. 
This is conducive to a near-random sampling of measured velocities. Experiments were 
conducted to test this premise by electronically inhibiting the processors with a 
pseudorandom function generator set to various time scales. No significant effect was 
observed during these tests in the turbulent boundary-layer and wake regions. The 
excellent agreement in mean velocity from LDV and pitot-static measurements shown in 
figure 3 is also consistent with this result. 

Flow Visualization 

Conventional Schlieren and shadowgraph techniques were used for flow visualiza- 
tion. Surface flow on the flap was examined with an oil-flow technique using a mix- 
ture of titanium dioxide, oleic acid, and vacuum pump oil. 

Accuracy of Measured Data 

For the LDV measurements, three main sources of error were considered: optical, 
statistical, and positional. The optical errors include uncertainties in the measure- 
ment of beam angle and in alignment of the laser beams relative to the tunnel coordi- 
nate system. The statistical errors arise from the finite sample size. Typically, at 
least 5,000 samples were acquired at each measurement station. The errors introduced 
by each of the pbove sources were added to get an estimate of a probable maximum 
uncertainty. In practice, however, some of the errors could be compensating. 



Quantity Error 

The mean velocity data determined from pitot-static measurements are estimated to be 
accurate to 23%. Figure 3 shows good agreement between velocity profil-es obtained 
from LDV and pitot-static measurements; the small differences are within the accuracy 
estimate stated above. 

Two-Dimensionality of the Flow Field 

Two diniensionality of the flow was evaluated from the following observations: 
(1) spanwise measurements of static pressure on the flat plate and flap over the cen- 
tral 20 cm of span, which showed negligible variation about centerline values; 
(2) surface-flow visualization, using the oil-flow technique, which showed surface 
streamlines nearly parallel to the main-stream direction over 90% of the span; and 
(3) estimates of the two-dimensional boundary-layer monentum balance. Results from 
these calculations are described next. 

Symmetric flows- For the boundary layer (on the flap), the left-hand side (LHS) 
and right-hand side (RHS) of the integrated momentum equations are (ref. 10) 

2 ( ~ ~ u ~ 0 > ~  
LHS = - 1 

0 

RHs = j'" u2 dp 0) + f - 'f peu; dx 
('e e xo 2 ( ~ ~ u y ~  

Xo Xo 0 

For the wake, the above expressions hold, with the skin-friction tern being zero. 

The results of boundary-layer and wake momentum 'balances at Q = 0.4 and 0.7 
are shown in figures 4 and 5, respectively. In figures 4(a) and 5(a), xo corresponds 
to the first measurement station on the flap (x = -2.5 cm). As may be seen, differ- 
ences between the left-hand and right-hand sides arise in the vicinity of the 
trailing edge, and they remain downstream in the wake. These differences arise mainly 
because of the difficulty in estimating the pressure-gradient contribution close to 
the trailing edge. This view is supported by the results shown in figures 4(b) 
and 5(b) in which only the wake momentum balance is considered. In figures 4(b) 
and 5(b), xo corresponds to the first measurement station in the wake (xo = 0.08 cm). 
The vertical bars in figures 4 and 5 indicate the sensitivity of the results owing to 
a 25% uncertainty in the momentum thickness, which is typical in the measured data. 
The agreement between the left-hand and right-hand sides of the momentum equations is 



very good except at the last measurement station in the wake at M, -- 0.4, where some 
difference is seen. 

Asymmetric flow- For the boundary layer ahead of the trailing edge, the left and 
right sides of the integrated-momentum equations are identical to those described 
above for the symmetrical flows. 

For the asymmetric wake formed downstream of the trailing edge, it is necessary 
to determine the momentum balance considering the wake as a whole, since there is 
interaction between the upper and lower sides of the wake. An approximate momentum 
integral equation, derived within the boundary-layer approximations (see the appendix 
for details) is used here. 

The momentum-balance results are shown in figure 6. For the boundary layers on 
the flap, xo corresponds to the first measurement station on the flap (xo = -2.5 cm), 
Good agreement between the left-hand and right-hand sides may be seen. For reasons 
described earlier, the results for the wake alone are shown in figure 6(b), and xo 
corresponds to the first measurement station in the wake (xo = 0.15 cm). The left 
and right sides again represent terms similar to those mentioned above for the bound- 
ary layer, with the skin-friction term being zero (see appendix). The measured static 
pressure data on y = 0 are used to evaluate the right-hand side of the momentum 
equations. The vertical bar indicates the sensitivity of the results that could arise 
from a 45% uncertainty in the value of the integral I (see appendix) which is typical 
in the measured data. There is excellent agreement between the left and right sides 
in the wake. 

Based on all these different observations and momentum balance estimates, mean 
flow two-dimensionality for all three cases is considered very good. 

EXPERIMENTAL RESULTS 

Symmetrical Trailing-Edge Flows 

Symmetrical trailing-edge flows were obtained with zero flap deflection (a = 0") 
at nominal Mach numbers of 0.4 and 0.7. 

Surface quantities- Model static-pressure distributions, normalized by the tunnel 
total pressure PT, are shown in figure 7 for Mn = 0.4 and 0.7. The wake centerline 
pressures, as measured by the static-pressure probes, are also shown. Because of the 
excellent symmetry observed in the model pressure distribution, oniy the upper-surface 
pressures are shown in figure 7. The pressures on the flat plate are nearly constant, 
but at different levels for each Mn. The sudden decrease in the surface pressures at 
the junction of the flat plate and flap is a result of the rapid change in surface 
curvature. The flows do not involve shocks and the Mach number has only reached sonic 
value (p/PT = 0.528, fig. 7) I.ocally at the flap hinge line. The magnitudes of 
adverse pressure gradients on the flap increase with Mach number. There is a weak 
favorable pressure gradient in the near-wake region. 

Model and tunnel-wall static-pressure distributions at M, = 0.4 and 0.7 are 
presented in tables 1 and 2, respectively. 

The skin-friction measurements at both Mach numbers, obtained with the hot-wire 
gauges, are displayed in figure 8. Measurements for only the upper surface of the 



flap are shown because of the symmetrical nature of the flow. The decreasing trend 
of cf along the flap caused by adverse pressure gradients is evident at = 0.7. 
The vertical bars in figure 8 indicate estimated uncertainty in the skin-friction 
data. The cf values obtained by fitting the measured velocity data to the law-of- 
the-wall are also shown. 

Flow visualization- Spark shadowgraphs of the trailing-edge flow fields at 
Mn = 0.4 and 0.7 are shown in figure 9. The turbulent flow in the shear layers 
upstream and downstream of the trailing edge can be disceroed from the outer flow. 

Mean flow field- The neasured mean-velocity profiles on the flat plate at a sta- 
tion 20.4 cm upstream of the trailing edge are shown in figure 10 in law-of-the-wall 
coordinates at-both free-stream ~ach-numbers. Good agreemint with the law-or-the- 

1 I 

wall indicates a fully developed, turbulent boundary layer upstream of the flap. The 
mean-velocity data along with boundary-layer integral-thickness parameters dre listed 
in tables 3 and 4. 

All the experimental data that follow are presented in a suitably nondimensional- 
ized form; the normalizing values are given in table 5. For the symmetrical flow, 
conditions at the edge of the boundary layer close to the trailing edge (x = -0.4 cm) 
at each Mach number are chosen for normalization. For the asymmetrical case, the data 
are normalized by boundary-layer-edge conditions on the flat-plate upper surface 
(x = -30 cm). 

A typical example of flow symmetry is shown in figure 11. Mean-velocity and tur- 
bulent shear-stress profiles, as measured by the LDV, are shown for the symmetrical 
case at one streamwise position in the near-wake. The mean-velocity profile is sym- 
metrical to within 23%. A small asymmetry was observed in the position of the wske 
centerline at both values of M, (0.4, 0.7); it did not coincide with the model 
centerline, but was progressively displaced downward. For example, this displacement 
at = 0.7 was about 0.15 cm (bo/lO) at the farthest downstream x-station 
(x = 14 cm). We believe this asymmetry is due to the tunnel flow characteristics 
rather than model asymmetry. All velocity profiles were symmetric about the wake 
centerline to the same degree mentioned above. In view of the reasonably good sym- 
metry observed about the wake centerline, most of the LDV measurements were limited 
to the lower half of the wake. However, most pitot- and static-pressure profiles were 
measured on both sides of the wake. In the figures and tables to follow, data will be 
presented for only one half of the wake. . 

Mean-velocity profiles in the trailing-edge and near-wake regions at Mn = 0.7 
are shown in figure 12. As may be seen, measurements were made at stations quite 
close to the trailing edge. The y-values are corrected for the slight displacement 
of the wake centerline discussed earl5er. The negative and positive values of the 
x/eO correspond to streamwise stations upstream and downstream of the trailing edge, 
respectively. Qualitatively similar results were seen at M, = 0.4. 

The mean-velocity data at M, = 0.4 and 0.7 are presented in tables 6 and 7, 
respectively. These velocity data are those obtained from the pitot-static surveys 
rather than from the LDV. The pitot-static data are used because a larger number of 
more closely spaced y-positions were covered at each x-station during the pitot- 
static measurements. 

Static-pressure profiles measured in the near-wake are displayed in figure 13 at 
both Mach numbers. The conical-nose probe was used at the first station downstream 
of the trailing edge and the elipsoidal-nose probe was used at the other downstream 



s t a t i o n s .  The probes were used wi th  axes p a r a l l e l  t o  t h e  x-axis. The probe d a t a  
hare  n o t  been co r rec t ed  f o r  f low-incl inat ion e f f e c t s ;  t hese  co r r ec t ions  may be  impor- 
t a n t  i n  a smal l  reg ion  around y = 0 a t  x - s t a t i ons  c l o s e  t o  t h e  t r a i l i n g  edge. The 
probes used had two s t a t i c  ho les  (180" a p a r t )  t o  minimize flow-incidence co r r ec t ions .  

The boundary-layer and wake in tegra l - th ickness  parameters Tor both  Mach numbers 
a r e  given i n  t a b l e  8. 

Turbulence f low f i e l d -  Streamwise v a r i a t i o n s  of t u rbu len t  shea r - s t r e s s  ( T ~ )  and 
kinet ic-energy (k) p r o f i l e s  a t  % = 0.7 a r e  shown i n  f i g u r e s  14 and 15, r e spec t ive ly .  
The d e n s i t y  information requi red  f o r  ob ta in ing  .ct(= -Fu 'vl)  was determined from mea- 
surements of p i t o t  and s t a t i c  pressures .  To o b t a i n  t h e  t o t a l  values of k ,  t h e  con- 
t r i b u t i o n  from (wl2 )  w a s  assumed equal  t o  1 / 2 [ ( ~ ' ~ )  + (v12 ) ] .  Q u a l i t a t i v e l y  s i m i -  
l a r  r e s u l t s  were observed aL M, = 0.4. 

Data of t u r b u l e n t  s h e a r - s t r e s s  and kinet ic-energy p r o f i l e s  a t  bo th  Mach numbers 
a r e  given i n  t a b l e s  6 and 7 .  

Asymmetric Trailing-Edge Flow 

Asymmetric t r a i l i ng -edge  flow was obtained wi th  a downward f l a p  d e f l e c t i o n  of 
6.25" a t  a nominal Mach number of 0 .4.  

Sur face  q u a n t i t i e s -  Figure 16 shows t h e  model s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  
normalized by PT. A s  may be seen ,  c i r c u l a t i o n  i s  developed around the model, and t h e  
s t a t i c  p re s su re s  on t h e  upper and lower su r f aces  of t h e  f l a t  p l a t e  a r e  p r a c t i c a l l y  
cons t an t ,  a l though a t  d i f f e r e n t  l e v e l s ;  t he  corresponding Mach nuinbers a r e  0.48 
(upper su r f ace )  and 0 ,39  (lower su r f ace ) .  On t h e  upper su r f ace ,  t h e  flow a c c e l e r a t e s  
toward t h e  hinge l i n e  and dece l e ra t e s  on t h e  f l a p .  Model and tunnel-wall  s t a t i c  
pressures  a r e  presented i n  t 55 le s  9 and 10, r e spec t ive ly .  

Mean-velocity measurements of t h e  boundary l a y e r  were not  made on t h e  upper sur-  
f ace  of t h e  f l a t - p l a t e  forebody. However, w a l l  shea r - s t r e s s  measurements were made a t  
x/L = -0.220, u s ing  a Pres ton  tube;  c f  had a va lue  of 0.0022 a t  t h i s  s t a t i o n .  

S k i n - f r i c t i o n  measurements on t h e  upper and lower su r f aces  of t h e  f l a p  a r e  shown 
i n  f i g u r e  17. A decreas ing  t rend  i n  cf toward t h e  t r a i l i n g  edge on t h e  upper sur -  
f ace ,  caused by adverse p re s su re  g rad ien t s ,  may b e  seen.  The v e r t i c a l  b a r  i n  t h e  
f i g u r e  r e p r e s e n t s  an e s t ima te  of t y p i c a l  unce r t a in ty  i n  t h e  d a t a .  

Flow v i s u a l i z a t i o n -  A spark shadowgraph of t h e  asymmetric t r a i l i ng -edge  flow 
f i e l d  is  shown i n  f i g u r e  18. The turbulen t  flow i n  t h e  boundary l a y e r s  and i n  t h e  
wake may be seen.  

Mean flow f i e l d -  Mean-velocity p r o f i l e s  i n  t h e  t ra i l ing-edge  and near-wake 
reg ions ,  measured wi th  t h e  LDV, a r e  shown i n  f i g u r e  19. Data f o r  bo th  s i d e s  of t h e  
flow a r e  shown. I n  t h i s  f i g u r e ,  a s  wel l  as 'in subsequent ones,  l i n e s  a r e  drawn 
through t h e  d a t a  p o i n t s  f o r  c l a r i t y .  Again, t h e  negat ive  and p o s i t i v e  va lues  of x 
correspond t o  measurement s t a t i o n s  upstream and downstream of t h e  t r a i l i n g  edge, 
r e spec t ive ly .  Upstream of t h e  t r a i l i n g  edge, t h e  p r o f i l e s  on t h e  upper s u r f a c e  ere 
t h i c k e r  and l e s s  f u l l  compared t o  those on t h e  lower su r f ace ,  r e f l e c t i n g  t h e  e f f e c t s  
of adverse  p re s su re  g rad ien t s .  The mean-velocity d a t a  shown i n  f i g u r e  19 a r e  pre- 
sented i n  t a b l e  11. 



Near-wake static-pressure profiles, measured with the static pressure probes, are 
shmn in figure 20. The conical-nose probe was used at x = 0.15 cm h,ld the 
ellipsoiZzl-nose probe was used at downstream stations. The probes were used in a 
manner similar to that alreariy described for tbc symmetric flows. 

The boundary-layer and wake displacement-thickness distributions are listed in 
table 12. In the wake, as an approximation, the flow was divided into two parts 
about the minimum-velocity line, and the integral-thickness parameters were estimated 
independently for the upper and lower flows. 

Turbulence flow field- The streamwise development of the turbule~t shear-stress 
and kinetic-energy profiles is shown in figures 21 and 22, respectively. The manner 
in which .rt and k are obtained has been described with regard to the symmetrical 
flows. T,arge, normal gradients in the vicinity of the minimum-velocity location are 
seen in the shear-stress profiles. Both the shear-stress and kinetic-energy prcfiles 
exhibit two peaks corresponding to the upper and lower sides of the near-wake. These 
data are presented in table 11. 

CONCLUDING REMARKS 

Experimental data for two-dimensional, trailing-edge flows at high Reynolds num- 
bers are presented. Both symmetrical and asymmetrical flows, with pressure gradients 
upstream of the trailing edge, were investigated. The measurements made are of suffi- 
cient detail and quality for use in assessing turbulence models and prediction 
methods. 

Since the experiment was carried out in a wind-tunnel test section that has solid 
upper and lower walls, wall effects may be important, particularly at the high Mach 
numbers. Any calculation method used in attempts to predict the entire flow field 
should include the effects of tunnel walls. Measured tunnel-wall static pressures may 
be used as boundary conditions or for verifying any modeling of the tunnel walls that 
may be employed in the prediction method. 



APPENDIX 

APPROXIMATE MOMENTUM IMTEGP\AL EQUATION FOR AN ASYMMETRIC WAKE 

The flow under cons idera t ion  has two d i f f e r e n t  edge v e l o c i t i e s  ( s ee  f i g .  23), 
which a r e  causc& by s t a t i c -p re s su re  v a r i a t i o n s  normal t o  t h e  f low d i r e c t i o n .  A l s o , ,  
t he re  is  i n t e r a c t i o n  between the  upper and lower s i d e s  of t h e  wake. Xn de r iv ing  t h e  
momentum in t eg ra l  equat ion,  t he re fo re ,  i t  i s  necessa.:y t o  t r e a t  t h e  upper and lower 
s i d e s  of t h e  wake toge ther .  

For t h e  c o n t r o l  volume s h o ~ m  ( f i g .  23),  equat ing  t h e  n e t  outgoing momentum f l u x  
t o  t h e  n e t  fo rces ,  we g e t  

(Shear s t r e s s e s  a r e  zero a t  t h e  edges of t h e  c o n t r o l  volume.) 

I n  equat ion ( A i ) ,  M* represents  t h e  t o t a l  momentum f l u x  (due t o  uU and ug)  
en t e r ing  t h e  c o n t r o l  volume j u s t  +;.side t h e  wake from both s i d e s .  Since i n  genera l ,  
uu # UR, i t  is  d i f f i c u l t  t o  e s t ima te  t h e  i n d i v i d u a l  c o n t r i b u t i o n s  from upper and 
lower s i d e s  t o  o b t a i n  M*, A s  an approximation, M* is  obtained us ing  an  average edge 
ve loc i ty :  

Therefore,  

Equation (Al) can now be  w r i t t e n  a s  

The above approximation i s  l i k e l y  t o  be s a t i s f a c t o r y  f o r  r e l a t i v e l y  smal l  d i f f e r ences  
between uu and ug. For t h e  asymmetrical wake descr ibed  e a r l i e r ,  uu and ug d i f f e r  by 
about 4% i n  t h e  v i c i n i t y  of t he  t r a i l i n g  edge. The edge v e l o c i t i e s  a r e  e s s e n t i a l l y  
t h e  same a t  t h e  l a s t  measurement s t a t i o n  (x = 14 cm). 

I n t e g r a t i n g  equat ion (A2) with  respec t  t o  x from xo t o  x and t r e a t i n g  p 
a s  a cons tan t  ( f o r  s i m p l i c i t y ) ,  we ge t  



we now define 

h 

u2 dy = 1 and u dy = J 

Inserting the above definitions into equation (A3), and after carrying out the inte- 
gration and normalizatiorl by I(xo), the two sides of the momentum integral equation 
can be written as follows: 
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TABLE 1.- MODEL STATIC-PRESSURE DISTRIBUTIONS 

Note: For x/L > 0, s t a t i c  p r e s su re  va lues  on y = 0 a r e  presen ted .  



TABLE 2.- TUNNEL-WALL STATIC-PRESSURE DISTRIBUTIONS 

TABLE 3.- FLAT-PLATE BOUNDARY-LAYER PROFILE 

Note: Displacement thickness = 0.110 cm; 
momentum thickness = 0.083 c.m. 



TABLE 4.- PLAT-PLATE BOUNDARY-LAYER PROFILE 

Note: Displacement thickness = 0.140 cm; 
momentum thickness = 0.089 cm. 

TABLE 5.- REFERENCE VALUES FOR NORMALIZING DATA 
r 

Mn uo. m/sec ( P U ~ ) ~ .  ~ / r n ~  a. deg 6:, cm eO, cm 

0.4 124.2 5.163x104 0 0.230 0.147 
.7 215.8 1 . 3 3 7 ~ 1 0 ~  0 .363 ,195 
.4 153.6 7.592x104 6.25 

C 



TABLE 6.- BOUNDARY-LAYER AND WAKE PROFILES: MEAN AND TURBULENCE DATA 



TABLE 6 . -  CONTINUED 



TABLE 6.- CONCLUDED 

1 8 v 0 0 0  8. 00E-01 0.000 4.37J3-83 0. 
.I14 8.00E-0 1 .I01 5.183-83 1.68E-rB9 
.203 8. EOE-O1 .23d 4.473-83 8.683-04 
.305 8.303-01 .355 5.01C-03 1.323-03 
.406 8.463-8 1 .610 5.983-03 1 .WE-03 
.533 8.73E-0 1 .863 5.933-03 1 ,.58E-03 
,635 9.063-01 1.370 2.433-03 7.803-04 
,737 9 33E-0 1 1.880 9 -203-04 3.303-84 
,840 9.503-0 1 2.390 8.30E-04 3. 063-04 
.940 9.443-0 1 

L 1.840 9.90E-0 1 
1.240 1.00E+00 
1 .470 1 .003+00 

a Turbulence measurements were not  made a t  t h i s  s t a t i o n .  



TABLE 7.- BOUNDARY-LAYER AND WAKE PROFILES: MEAN AMD TURBULENCE DATA 



_ 

TABLE 7.- CONTINUED 



TABLE 7.- CONCLUDED 

r- Mn = 0.7, ReL = 3 6 . 6 ~ 1 0 ~ ~  a = 0' 

a~urbulence measurements were not made at this station. 



I 

TABLE 8.- BOUNDARY-LAYER AND WAKE MOMENTUM-INTEGRAL PARAMETERS 

TABLE 9.- MODEL STATIC-PRESSURE DISTRIBUTIONS 
I 1 

Upper surface Lower surface 

x/L PIP, x/L PIP, 

,863 - .9M +.910 - ,973 ,863 -.W3 ,487 - "809 .868 -.889 .903 
-.775 .857 - .775 .902 1 - ,742 ,851 - .742 .898 - .704 .a53 - .704 ,899 - .672 ,853 - .672 .899 - ,607 .855 - ,607 .898 - ,541 .856 -.541 .900 
-.475 .255 - .475 .900 - .409 ,854 -.409 .899 - ,344 .853 - .344 ,900 - .278 ,852 - .278 .898 
-.213 .849 -.213 .897 
-, 180 -.I80 .898 
-.I46 ,823 -. 146 ,897 1 -.I24 .774 -. 124 .895 -. I17 ,816 -. 117 .897 -. 103 .840 -. 103 .898 - ,894 ,851 - -083 .897 - ,083 .858 -.064 .a97 - ,073 .865 - ,042 .897 - ,064 .670 - .005 .899 - .052 .876 - .042 - ,032 ,878 - ,024 .a89 - .022 .891 
-.@I3 894 - ,005 .848 
,000 ,901 
,025 ,897 
.I58 .892 

Note: For x/L > 0, static-pressure values 
on y = 0 are presented. 



TABLE 10.- TUNNEL-WALL STATIC- 
PRESSURE DISTRIBUTIONS 

Mn'= 0.4, ReL = 2 4 . 3 ~ 1 0 ~ ~  u = 6.25" 

x /L 

-1.027 
-.918 
-.a09 - .700 -. 591 - ,482 - ,373 -- .Y64 
-.I55 - 046 
.063 
.I72 
.281 
.390 

/ :%: 

Upper  
w a l l  

PD" 
.a82 
.876 
.865 
.859 
.856 
.a54 
.853 
.853 
.856 
.864 
.a79 
,884 
.893 
.891 
.89 1 
.893 

Lower 
w a l l  

PIP, 

.9@9 

.a85 

.906 

.909 

.907 

.406 

.903 
,903 
.898 
.891 
.895 
.893 
.89 1 
,890 
,894 



TABLE 11.- BOUNDARY-LAYER AND WAKE PROFILES: 
MEAN AND TURBULENCE DATA 

x = -2.5 c m  (upper su r f ace )  

6; 888 8.000 8 .  8. 
.I47 .410 7.8833-83 2.69.h-03 
200 .460 7.68E-83 2.713-03 
.250 ,493 7 .TIE-03 2.633-03 
.300 ,530 1.623-03 2.653-03 
.400 ,583 6.693-83 2+25E-03 
.503 .642 4.753-83 1 ,473-03 
"604 ,690 5,653-03 1 . lOE-03 
,705 .722 2.963-03 9.303-04 

1 .8Q7 ,814 1 .78E-83 4.60E-04 
1,479 .860 9.103-04 1 .90E-04 
1.976 ,886 8.603-04 1 ,103-04 
2..480 ,900 9.9033-04 2 00E-05 

x = -0.4 c m  (upper su r f ace )  

x = -2.5 cm (lower su r f ace )  





TABLE 11.- CONTIWED 

x = 6 , 4  crn 

-1.651 827 E. 10E-@4 
-1.143 .800 1.04E-03 
-.635 .720 3.4973-03 - ,381 .640 4.653-03 -. 127 ,578 4.6PE-03 
0.000 ,570 5.14E-03 

,127 ,581 5.843-83 
.254 ,620 6.793--03 
,381 .642 6.573-03 
,510 ,680 5.853-83 
,635 ,720 5.1 BE-03 
.898 ,780 3.03E-03 
1.143 ,819 1.413-03 
1 .400 .830 7.103-04 
1.910 .a46 4.90E-04 
2.413 .a57 4.603-04 
2..921 .870 5.403-84 



TABLE 11.- CONCLUDED 

TABLE 12. - BOUNDARY-LAYER 
AND WAKE DISPLACEMENT- 
THICKNESS DISTRIBUTIONS 

M = 0.4,  ReL = 2 4 . 3 ~ 1 0 ~ ~  
n 

a = 6-25 '  

Lower 

6 * , c m  

. 100 

. I  ne 

.%a8 
,220 
,220 
,180 
.I80 

X, cm 

-2.500 - .a00 
.la"@ 
.YO3 

2.300 
6.400 

14.00@ 

Upper 

6*,cm 

,380 
,500 
-490 
.420 
,380 
.288 
,180 



BELLMOUTH 
SPEED CONTROL 

TEST SECTION 

ALL DIMENSIONS I N  em 

(a) Test  s e c t i o n .  

(b) Tes t  model. 

F igure  1.- Schematic of t e s t  s e c t i o n  and t e s t  model. 
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Figure 2.- Schematic of LDV o p t i c a l  arrangement. 
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ulu, ulu, 

Figure 3.- Comparison of mean-velocity data from LDV and pitot-static measurements. 
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0 L.H.S. 

0 0 R.H.S. 

0 
TRAILING 
EDGE 

-. 1 I I I I I I I 

(a) Boundary-layer and wake balance. 

(b) Wake balance. 

Figure 4.- Momentum-integral balance estimates: % = 0.4;  Ry = 24.3~10' ;  
C1 = o O .  
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(a) Boundary-layer and wake balance. 
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(b) Wake balance. 
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Figure 5.- Momentum-integral balance estimates: Y, = 0.7; R ~ L  = 36.6~10~; 
a = o O .  
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(a) Boundary-layer balance. 

(b) Wake balance. 

Figure 6.- Momentum-integral balance estimates: % = 0 . 4 ;  ReL = 2 4 . 3 ~ 1 0 ~ ;  
a = 6.25". 
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Figure 7.- Static-pressure distributions on the model: u = 0 " .  
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(a) Mn = 0.4; ReL = 24.3~10~. 

(b) Mn = 0.7; ReL = 36.6~10~. 

Figure 8.- Surface skin-friction distributions: a = 0'. 



( a )  Mn = 0 .7 ;  R e  = 3 6 . 6 ~ 1 0 ' .  
L 

(b )  Mn = 0 .4 ;  Re = 2 4 . 3 ~ 1 0 ~ .  
L 

F i g u r e  9.- S p a r k  shadowgraphs o f  the  f low f i e l d :  a = 0'. 
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v, crn 

Figure  10.- F l a t - p l a t e  boundary-layer v e l o c i t y  p r o f i l e s  i n  law-of-the-wall 
coord ina tes .  

Figure 11.- Mean-velocity and tu rbu len t  shea r - s t r e s s  p r o f i l e s  ac ros s  a symmetric 
wake : Mn 

= 0.7; x/Bo = 3.2;  ReL = 3 6 . 6 ~ 1 0 ~ .  
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Figure 12.-  Mean-velocity prof i les  i n  the trailing-edge and near-wake regions: 

Mn = 0 . 7 ;  ReL = 3 6 . 6 ~ 1 0 ~ ;  u = 0'. 



( a )  Mn = 0 . 4 ;  ReL = 2 4 . 3 ~ 1 0 ~ .  

(b) Mn = 0 . 7 ;  ReL = 3 6 . 6 ~ 1 0 ~ .  

Figure 13.-  Wake s t a t i c - p r e s s u r e  p r o f i l e s :  a = 0". 
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Figure 14. - Turbulent shear-s t r e s s  p r o f i l e s  i n  the  t ra i l ing-edge  and near-?ake 
regions : Mn = 0.7; Re = 3 6 . 6 ~ 1 0 ~ ;  a = 0". L 

Figure 15.- Turbulmt  kinetic-energy p r o f i l e s  i n  the  t ra i l ing-edge  and near-wake 
regions : Mn = 0.7; ReL = 3 6 . 6 ~ 1 0 ~ ;  a = 0'. 
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Figure 16.- Model static-pressure distributions: = 0.4; ReL = 24.3~10~; 
a = 6.25". 
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Figure 17.- Surface skin-friction distributions: M, = 0.4; ReL = 24.3~10~; 
a = 5.25". 
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Figure 18. -  Spark shadcwgraph o f  the  f low f i e l d :  = 0 . 4 ;  ReL = 2 4 . 3 ~ 1 0 ~ ;  
a = 6.25". 
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Figure 19.- Mean-velocity p r o f i l e s  i n  the  t rai l ing-edge and near-wake regions: 
M = 0.4; Re = 2 4 . 3 ~ 1 0 ~ ;  a = 6.25". 

n L 



Figure  20.- Wake s t a t i c - p r e s s u r e  p r o f i l e s :  M, - 0.4; ReL = 2 4 . 3 ~ 1 0 ~  ; 
a = 6.25". 

F igure  21.- Turbulent  shea r - s t r e s s  p r o f i l e s  i n  t h e  t r a i l i ng -edge  and near-wake 
reg ions  : Mn = 0.4; ReL = 2 4 . 3 ~ 1 0 ~ ;  a = 6.25'. 



Figure  22.- Turbulent  k i n e t i c  energy p r o f i l e s  i n  t h e  t r a i l i ng -edge  and near-wake 
regions:  M = 0.4; ReL = 2 4 . 3 ~ 1 0 ~ ;  a = 6.25O. 
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Figu re  23.- Sketch d e f i n i n g  n o t a t i o n  f o r  de r iv ing  wake momentum i n t e g r a l  
 equation.^ ' 
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