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Measurements of streamwise mean and fluctuating velocities in laminar and transitional 
joundary-layer flows on a concave surface of 2.0 m radius of curvature have been 
jerformed using hot-wire anemometry technique. A new turbulent intermittency detector 
nethod was used to calculate the lntermittency factor. In addition to the spanwise 
listributions of mean velocity, the profiles of mean, fluctuating velocities and intermittency 
cross the boundary layer at two different spanwise positions; namely, the upwash and 
lownwash, are also presented. The experimental results show that the normal and 
panwise distributions of mean velocity, normal turbulence intensity u;,,/Uo profiles 
,xperience different streamwise evolutions in the laminar and transition regions. 
Significant velocity profile distortion, saturated growth of Goertler vortices, and the 
,xistence of two peaks in u;,,/UO profiles are the main features of the boundary-layer 
low at the onset of transition. The intermittency profiles in the early stages of transition 
t the two spanwise positions have some similar characteristics and are not consistent 

vith each other on some other aspects. Comparisons of the ;’ profiles at the two spanwise 
lositions confirm that the transition first starts at the low-speed regions. 
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Introduction 

I t has been recognized that a strong inviscid instability may 
( ccur in laminar boundary-layer flows on concave surfaces 
\ ith longitudinal curvature caused by the imbalance between 
L :ntrifugal force and radial pressure gradient. This instability 
I lay result in steady counter-rotating streamwise vortices 
I low known as Goertler vortices). Since Goertler (1940) first 
1 redicted this phenomenon, numerous experimental and 
I leoretical investigations have been made because of its effect 
i I increasing heat transfer, (McCormack et al. 1970; Smith and 
I laj-Hariri 1993), and hastening boundary-layer transition 
I .om laminar to turbulence (Liepmann 1945). Goertler vortices 
c In also be used in other fluid dynamic investigations that 
I :quire counter-rotating vortices (Swearingen and Blackwelder 

987). 
Based on the stability theory, for example, Goertler (1940). 

! mith (1955). and more recently Floryan and Saric (1982), 
( ioertler vortices will develop in boundary layers over concave 
: .trfaces provided the Goertler number G,( = CJi,O,iv(q!‘r)‘~‘, 
I here 0 is the Blasius boundary-layer momentum thickness 
c vceeds a certain critical value. The presence of Goertler 
/ ortices makes the boundary-layer flow three-dimensional 
I 1-D) because of the redistribution of the streamwise 
I momentum. and therefore. causes spanwise variation in the 
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streamwise velocity component and in boundary-layer 
thickness. That is. the boundary layer is thicker at upwash 
regions where the streamwise velocity is lower, and thinner at 
downwash regions where the velocity is higher. 

Localized velocity measurements within the vortex system in 
laminar boundary layers have been made by using hot-wire 
anemometers; for example, Tani and Aihara (1969). Aihara and 
Sonoda (1981). Ito (1985). and Swearingen and Blackwelder 
(1987), and by using laser Doppler anemometer, for example, 
Winoto and Crane (1980). These works provide a large amount 
of information on the nonlinear evolution of Goertler vortices. 

The problem of transition in the presence of Goertler vortices 
also attracts much attention. Tani and Aihara (1969) observed 
the vortex behavior near transition and concluded that 
Goertler vortices indirectly affect the transition by inducing a 
spanwisc variation in the boundary-layer thickness. A 
secondary instability in the form of “horseshoe” vortices. as 
observed by Aihara and Sonoda (1981), Aihara and Koyama 
(1982), and Swearingen and Blackwelder (1987), seems to play 
a significant role in the onset of transition. Transverse 
oscillation of low frequency (known as vortex meandering), 
which seems to initiate the transition of the boundary layers 
was also found by Aihara (1979) and more recently by 
Swearingen and Blackwelder (1987). 

The first boundary-layer transition experiment on concave 
surfaces was conducted by Liepmann (1945), who found that 
the presence of Goertler vortices can lower the transition 
Reynolds number. Recently, Crane et al. (1987) and Winoto 
and Low (1989) confirmed that the transition first started at 
the upwash regions by detecting the transition using a hot-film 
probe in a water channel and a hot-wire probe in a wind tunnel, 
respectively. 
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Many experimental studies on the evolution of Goertjer 
vortices and their effect on the onset of transition have been 
reported. However. only relatively few systematic measure- 
ments in concave surface laminar and transitional boundary- 
layer flows have been performed, especially those that 
concentrate on the intermittency behavior. The aim of the 
present work is to provide more detailed information on the 
effect of Goertler vortices on the flowfield within the laminar 
and transitional regimes. Measurements of streamwise mean 
and fluctuating velocities and intermittency factor were carried 
out using the hot-wire anemometer technique. 

Experimental details 

Apparatus and instrumentation 

The experiments were carried out in a perspex curved duct of 
rectangular cross-section, connected to a low-speed, blow- 
down-type wind tunnel. The duct is a 60” bend with 
cross-sectional dimensions of 0.15 m x 0.60 m. The perspex 
concave test surface, which has a constant radius of curvature 
of 2.0 m and a sharp leading edge with an acute angle of 15 ‘, 
is mounted inside the duct at 0.05 m from the duct outer 
surface, forming a working test section with aspect ratio of six. 

Flow is generated by a 0.60 m centrifugal fan powered by a 
4.3 kW variable speed dc shunt-wound motor. The motor speed 
was thyristor controlled and adjusted manually, giving stability 
of flow velocity in the wind tunnel better than 1 percent 
throughout its speed range. A small angle (11 l/4”) diffuser 
connects the blower to a 0.60 m x 0.60 m settling chamber. To 
prevent the transmission of vibration caused by the fan, a 
5 mm-thick rubber pad was installed between the fan section 
and the diffuser. 

The upstream portion of the settling chamber consists of a 
honeycomb with cells of 10 mm diameter and 50 mm length, 
and five removable frames, each having interior dimensions of 
0.61 m x 0.61 m x 0.02 m. Fine screens of mesh 20 (per inch) 
and 28 s.w.g (0.38 mm diameter) stainless steel wire gauze are 
attached to the frames. A two-dimensional (2-D) 4: I 
contraction is attached downstream to the settling chamber, 
which reduces the flow cross-sectional area to that of the 
rectangular curved duct. 

A single sensor hot-wire probe having a platinum-plated 
tungsten wire of 1.25 mm long and 5 pm diameter, operated by 

a constant temperature anemometer (CTA) system at an 
overheat of 1.5, was used to obtain the streamwise velocity 
component and free-stream turbulence intensity data. This 
probe is mounted on a traversing mechanism that is placed on 
the top surface of the test section and is capable of traversing 
in the streamwise N. normal to the surface 4’ and spanwise z 
directions. The access of the probe to the concave surface is 
achieved by inserting it through a large opening made on the 
top surface. This opening is covered by a thin, well-fitted 
perspex plate that can slide on the top surface of the test section. 
The streamwise distance x from the leading edge and the 
spanwise position z were measured by means of fine ink marks 
on the test surface. The estimated errors are within 1 mm. A 
traveling microscope that gave a reading accuracy of 
i: 0.01 mm was used to determine the distance between the test 
surface and the probe. The zero-position of the probe was 
determined by using “mirror method” with an accuracy of 
about 0.05 mm. 

The voltage signal from the CTA was first low-pass filtered 
to reduce any high-frequency noise associated with the 
electronic circuitry, and then simultaneously fed into a digital 
voltmeter, an rms-unit, and a signal conditioner. The voltmeter 
and the rms-unit were, respectively, used to obtain local mean 
and rms-fluctuating velocities (an average time of 30 seconds 
was used). The signal conditioner was used to condition signals 
for calculating turbulent intermittency. To eliminate the effect 
of the large-scale unsteadiness on the calculation of 
intermittency factors, a 200 Hz high-pass filter was used to 
remove any mean and low-frequency components of signals 
before being digitized with a 12-bit A/D converter at a sampling 
frequency of 2 kHz. The duration for each sample was taken 
to be 20.48 seconds, which was considered adequate to produce 
a statistically stationary results. Further increase in the 
duration of sampling time results in the scatter of intermittency 
values obtained at a fixed point to be less than 2 percent for 
the same flow condition. The data obtained were stored in a 
microcomputer memory. In addition, a dual-beam oscilloscope 
was also used to monitor the signals simultaneously. 

Detection of turbulent intermittency 

In this work, a new intermittency detection method was used 
to determine the turbulent intermittency factors (Zhang et al. 
1994). In this method, the quantities of 1~’ &‘/&I over a 
predefined time-interval (0.005 seconds, which equals the 

Notation 

C 
CP 
GO 
H 
P 
PR 
Rex 

U” 
u R 

dimensional constant for threshold 
static pressure coefficient (P - P,)/1/2 pUi 
Goertler number Ui, 0,iv (H/r)‘!’ 
shape factor 6*/e 
static pressure 
reference static pressure measured at .x = 200 mm 
Reynolds number based on streamwise distance 
U,.x,~v 
free-stream velocity 
reference free-stream velocity at Y = 200 mm 
radius of concave surface 
time 
streamwise mean velocity 
streamwise fluctuating velocity 
root-mean-square value of streamwise fluctua- 
ting velocity 
maximum value of IA;,,,% across boundary layer 

Greek 

coordinate in streamwise direction (measured 
from concave surface leading edge) 
transition start position 
transition end position 
coordinate normal to concave surface (measured 
from concave surface) 
coordinate in span-wise direction (measured from 
centerline of concave surface) 

turbulent intermittency factor 
boundary-layer displacement thickness 
boundary-layer momentum thickness 
nondimensional parameter ~/(xv,/U,)‘~ 
fluid kinematic viscosity 
nondimensional parameter (x - x,,,,)/(x,,,, - x,,,,) 
fluid density 
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reciprocal of the lowest frequency of the flow signals after the 
high-pass filter) and C(~(du’/dt),,~(l(u’at(~‘iar),,,) were respectively 
Jsed as the turbulent detector function and the corresponding 
hreshold level. When 1 U’ du’/dz 1 > C(ii(Zu’,/&),,,/(u’ iiu’idt),,,), 
he corresponding flow in the predefined time-interval was 
.egarded as turbulent, otherwise as laminar. Each flow record 
:onsists of a number of time intervals, the intermittency value 
If the record is determined by the ratio of the number of 
urbulent time intervals to the total number of time intervals 
n the record. In the above equation. u’ and U are the 
,treamwise fluctuating and local mean velocities: C is a 
hreshold constant and was taken to be two according to the 
Fxperiments; (du’ldt),,, and (u’&‘/&),,, are both the long time 
,tandard deviations. 

x=200 mm 

or r------ 

o;; 

1 I so0 mm 

0.5 

0 
By testing this method in transitional boundary-layer flows 

Zhang et al. 1994), it was found that it had several advantages, 
,uch as: (1) its nonlinear detector function u’ du’jdt can widen 
he range of values of a transitional flow signal caused by 

Inonlinear amplification that results in clearer discrimination 
l,etween laminar and turbulent patches; (2) its threshold value 
s more stable and less sensitive to the choice of value of the 
,onstant C when compared with other methods; and (3) it gives 
nore reliable intermittency values m the near wall region of a 
ransitional boundary layer (see also Kuan and Wang 1990). 

1 v 600 mm 

0.5 
u 
uo 0. 

9ow conditions and experimental procedure 

sefore the experiments, measurements of free-stream velocity 
jutside the boundary layers in the test section showed that the 
.panwise deviation was within 1 percent for the free-stream 
,elocity range from 4.0 to 15.0 m/s. In this range, the 
ree-stream turbulence intensity at various streamwise positions 
vas about 0.3 percent. 

The measurements reported here were conducted for 
ree-stream velocity U, = 6 m/s. in which the streamwise static 
jressure distribution (obtained from the static pressure taps 
nstalled along the midspan of the test surface and connected 
o a digital manometer with an accuracy of 0.01 mm HzO), 
howed deviation of static pressure coefficient C, = 2(p - pR)/ 
IV;; to be less than 2 percent, where pa and U, are, 
espectively, the reference static pressure and free-stream 
elocity measured at x = 200 mm. In the experiment conducted 
by Swearingen and Blackwelder (1987), the deviation of C, was 
percent. 
The hot wire was calibrated in the free-stream region (over 

I De range of velocities to be encountered within the boundary 
1 iyer) against a standard Pitot tube that was connected to a 
; licromanometer with a reading accuracy of 0.008 mm H,O. 
‘l‘he mean voltages obtained by the microcomputer from the 
I ‘TA outputs, together with the readings from the micromano- 
I leter were used to obtain the least-squares estimates of the 
L onstants A and B in the relation EZ = A + BU”.45, where E 
I ; the anemometer voltage, and U is the mean velocity. Prior 
t 1 the static calibration, the frequency response of the constant 
I :mperature hot-wire anemometer was adjusted at the 
I maximum velocity expected in the subsequent experiment. 
*\,pplying the square-wave test, a frequency response typically 
8 reater than 10 kHz was achieved for the 5 pm diameter sensor 
( mnected to a S-meter probe cable. Calibration of the hot-wire 
I ‘as carried out before each set of measurements. During each 
i :t of measurements, the calibration was checked frequently 
; gainst the free stream. which was monitored constantly by a 
1 ,itot probe. When there was a drift of more than 2 percent, 
1’1e corresponding data will be rejected and, the calibration and 
t le measurements will be repeated. By adopting the above 
t measures, it was estimated that the velocity can be measured 
t ) an accuracy of about 1 percent. 

0;s b-y=: 
-50 -40 -30 -20 -10 0 10 20 30 40 50 

z (mm) 
Figure 7 Mean streamwise velocity distributions in the spanwise 
directlon at fixed y/H = 2 and various streamwise positions P and 
V correspond to a downwash and an upwash region, respectively 

U(z), U(y). and u:,,(y) were measured within the boundary layer 
for a number of streamwise locations covering the laminar and 
transitional regions, from x = 200 mm (GB = 2.86, and Re, = 
0.78 x 105) to x = 950 mm (GO = 9.17, and Re, = 3.73 x 10’). 
Measurements of the mean streamwise velocity component 
was first carried out in the spanwise direction at a fixed 
distance of 20 from the test surface (where 0 is the 
boundary-layer momentum thickness calculated using the 
Blasius flat-plate solution). This was done to find the peaks and 
valleys in the resulting spanwise distributions ii(z) that 
correspond to downwash and upwash regions, respectively, and 
hence, indicate the presence of streamwise counter-rotating 
Goertler vortices (Figure I). Spanwise positions P (downwash 
region) and V (upwash region) were then chosen (Figure 1) for 
the measurements of U(y) and us,, at various streamwise 
locations. 

Results and discussion 

For extensive investigation of the flowfield, the quantities of 

Mean flo wfield 

The spanwise velocity G(z) distributions, at eight streamwise 
locations (Figure 1) show the development of the flowfield in 

Cl Int. J. Heat and Fluid Flow, Vol. 16. No. 2, April 1995 



Measurement in laminar and transitional boundary-layer flows: D. H. Zhang et al. 

the streamwise direction and the presence of the Goertler 
vortices in the boundary-layer flow. The U(z) distributions seem 
to experience two stages in their streamwise development: 

(I) In the laminar region (for x 5 600 mm, G, 5 6.53) 
the initial boundary layer seems to be unperturbed 

in the spanwise direction in the early stage (for 
Y I 200 mm), but from x = 400 mm onward, the effect of 
Goertler vortices becomes evident. The boundary layer 
becomes 3-D because of alternate regions of high- and 
low-speed fluid in the spanwise direction, and hence, 
causing the spanwise profiles U(z) to be inflexional. With 

o;;-y--J 
0 4 

q=yl$ u/uo)‘/2 

12 16 

Figure 2 Profiles of mean streamwise veloclty at various streamwise positions. (0 = upwash region V; a = downwash region P) 
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increasing streamwise distance, each of the high-speed 
(downwash) and low-speed (upwash) regions maintains the 
fixed spanwise positions, but the difference between the 
velocities in the upwash and downwash regions gradually 
becomes larger, and eventually reaches a saturation at 
x = 600-700 mm. Meanwhile, as the vortex flow evolves, 
the high-speed region becomes wide and flat, and the 
low-speed region becomes narrow and sharp. These are in 
complete agreement with the results of Swearingen and 
Blackwelder (1987) Winoto and Crane (1980) lto (1985), 
and Winoto and Low (1989). 

upwash reym, 
downwash regmn 

. Blasius 
(a) 

2 

6*(lnm) . 
* n :. A 

( 2) In the transition region (for 640 mm I x 5 950 mm), the 
additional mixing caused by the occurrence of transition 
smears out the laminar spanwise structure and exerts 
significant influences on the Bowfield. This makes the 
spanwise distributions homogeneous downstream. At the 
same time, the upwash and downwash regions are not at 
the same spanwise positions when the fully turbulent flow 
is reached (.x = 950 mm). 

Profiles of U/L./~ against a nondimensional boundary-layer 
larameter rl( = ~/.ur:‘U,)“2) at the eight downstream locations 
re shown in Figure 2 for spanwise positions V (upwash region) 
nd P (downwash region). These profiles are similar to those 
If Ito (1985) and Swearingen and Blackwelder (1987). 
n the upstream region (for Y I 200 mm), the mean 
low develops almost in the same way as Blasius boundary 
lyer. The experimental data obtained at the upwash and 
lownwash regions agree very well with each other, and the 
elocity distributions are all of Blasius type. At Y = 400 mm, 
he difference of velocity in the upwash and downwash regions 
lecomes apparent as the Goertler vortices evolve progressively. 
The profiles show a defect from the Blasius flow in the 
rpwash region and an increase in the downwash region, vvhich 
jecomes more apparent with increasing streamwise distance. 
Distortions from the Blasius flow gives rise to concentrated 
egions of low- and high-speed fluid that produce a boundary 
dyer with wavy appearance in the spanwise direction as its 
hickness alternately increases and decreases. Consequently, the 
elocity distribution U(Z) becomes intlexional across one 
panwise wavelength. Up to Y = 600 mm. the velocity profile 
f(y) obtained in the upwash region also begins to become 
nflexional, and this situation is more apparent at Y = 650 and 
‘00 mm. These inflexional profiles appear in the same 
egion where the amplitude growth of the spanwise 
listribution reaches a saturation. In addition, the boundary- 
lyer flow also becomes transitional here (from turbulent 
ntermittency measurements, y starts to become nonzero at 

= 640 mm). In the transition region (for x = 640-950 mm), 
s the boundary-layer flow becomes more turbulent, the 
dditional mixing gradually reduces the difference between the 
elocity distributions at the upwash and downwash regions. At 
= 950 mm, both the upwash and downwash distributions 

lecome turbulent type, and the difference between them is 
liminishing. 

upwash reg,on 

A downwash rcyion 

Cd) 
0. l 

.* 
.  .  

8 

4 

0 

0 200 400 600’ 800 1000 

x Pm 

figure 3 Streamwrse development of the boundary-layer para- 
meters m the upwash and downwash regrons. (a) = displacement 
thickness; (b) = momentum thickness; (c) = shape factor; (d) = 
Goertler number 

upwash and downwash regions, and eventually reaches a 
similar value at x = 950 mm, where the boundary-layer flow 
becomes fully turbulent. The measured 6* is lower than its 
Blasius laminar value at x = 950 mm. 

The streamwise developments of the measured displacement 
hickness a*, momentum thickness 0. shape factor H, and 

1 ioertler number G, in the laminar and transitional regions at 
‘he upwash and downwash positions are compared with the 
( orresponding Blasius growths (Figure 3). At upwash, b* begins 
3 increase at about x = 350 mm and continues until reaching 

maximum near x = 650 mm, where the growth of the 
treamwise vortices reaches saturation and, at the same time. 
he transition starts. At downwash. 6* decreases at .Y = 
00 mm, and reaches a minimum at about x = 650 mm, where 
.s value is about half of that of the upwash. After the flow 
lecomes transitional, because of the existence of additional 

I rixing, 6* begins to decrease and increase, respectively, in the 

For the streamwise development of the measured 0, a similar 
situation exists at both upwash and downwash. Compared with 
that for 6*, Q in the upwash region begins to grow at 450 mm 
and reaches its peak at 750 mm. At downwash, 0 varies in a 
similar manner as 6* at some stages. 

As shown in Figure 3c, the development of the shape factor 
H from laminar to turbulent flow, both in the upwash and 
downwash regions, is similar to the case of a flat-plate 
boundary-layer flow. The variation of H with x in the 
downwash region is less distinct than that in the upwash region. 

Because the Goertler number G, is obtained based on the 
momentum thickness 0, its streamwise developments at the 
upwash and downwash regions are quite similar to the case of 
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0, and shown in Figure 3b and d. However, based on the 
measured values of 0, GB in the transition start-region (for 
x = 650-700 mm) are much higher in the upwash region and 
much lower in the downwash region than those based on 
Blasius values. This suggests that when a transition Goertler 
number criterion is used, the difference between the upwash 
and downwash regions should be taken into account, The 
criterion based on the Blasius value can roughlv reflect the 
average situation in relation to the upwash and downwash 

regions, It is interesting to note that, at x = 650 mm, which 
represents the approximate transition start position (transition 
begins at 640 mm and 675 mm for upwash and downwash 
regions, respectively). Their average value of 6.33 agrees well 
with the empirical transition Goertler number criterion of 
G, = 6 suggested by Liepmann (1945) on a concave surface with 
a constant radius of curvature of 2.5 ft at free-stream 
turbulence of 0.3 percent without considerina the spanwise 
boundary-layer variation. 

G8= 2.86 

24, , 

x = 5oomm 
20 

16 
Rex = 1.96.10' 

c, = 5.69:. 
12~ a- 

x=3oomm 
,. 

Rex= 1.179 10’ 

'Ge = 3.88 

(b) 

x= 600mm 

,="". 
. ‘Rex= 2.35~ 10’ 

. 9 

- 1  

f  

.  .  

x=7oomm 
20 . l r : 

. l " . KS =2.75*105 x 
16. 

.p l 

~Afi .  
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12-e* '0 

d a 
8-d A 

' * . 
I * (g) 

4 -5' 

0 
24- 

'x=85Omm 
20 

RI+= 3.34910’ 
16. .' 

I  

x=920nun 

‘Rex= 3.61* lo5 

G,= 8.99 

r=6SOmm 

I s=8OOmm 
1 

R%= 3.14*1d / , 

r 
0 4 8 12 16 0 4 8 12 16 0 4 8 12 16 
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Figure 4 Profiles of u:,,,,/uO at various streamwise positions. (o = upwash region V; @, = downwash region P) 
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Streamwise turbulence intensity 

1 he streamwise root-mean-square velocity fluctuations: L&, 
v.ithin the two spanwise regions of the boundary layer were 
r leasured at the same time as the mean velocity. The normal 
r rofiles of u:,, normalized by U, (streamwise component of 
t .Irbulence intensities) at various streamwise locations are also 
f lotted against the parameter q( = y/(x~,/U,)‘~~), as presented 
i / Figure 4. This figure shows that, in the measurement range 
f om x = 200 mm (Re, = 0.78 x 105) to x = 950 mm (Re, = 
Z 73 x 105), the relation between the c&/U, profiles at the 
1 pwash and downwash regions for each streamwise location 
i similar to that of the mean velocity during the evolution with 
> In the early stage (for x 2 200 mm), the effect of Goertler 
i Istability on the boundary-layer flow is weak, so the profiles 
a. the two spanwise positions coincide. (The existence of 
t Inbulence-like profiles in the laminar region is believed caused 
t’y three-dimensionality of the boundary layers). At .Y = 
Z 10 mm, with the occurrence of the inflexional distribution of 
L z), the maxima of L&/U, profiles increase both at the upwash 
;1 Id downwash, and the difference between them also begins 
t.) appear. As reported by Swearingen and Blackwelder (1987), 
1 1 the upwash vicinity, the shear of i%/dz is high, which makes 
tile t&/U,, increase more rapidly in the upwash region than 
i.1 the downwash region. As this kind of spanwise shear (at 
L pwash) and the streamwise shear in G(y) (at downwash) 
tlecome stronger downstream, the maxima of u&,/U,, profiles 
; L both upwash and downwash and their difference become 
I .rger. This situation continues to x about 65&700 mm, where 
the inflexional-type profile distortion in U(z) saturates, and the 
i y)-profile in the upwash region also becomes inflexional. The 
r,laxima of the u&/U, profiles at the two spanwise positions 
rl:ach their highest values, and their maximum difference also 
ilccurs. At the same time, the flow becomes transitional. In the 
f Illowing stage, starting at x = 750 mm, because of the 
tlreakdown of Goertler vortices, the spanwise and streamwise 
.r Iears caused by the vortices decrease gradually. This results 
111 a decreasing L&,/U, both in the upwash and downwash 
rl:gions, with the value in the upwash region decreasing more 
quickly. Up to N = 950 mm, where the boundary-layer flow 
hecomes fully turbulent, the u&,/U0 profiles at the two different 
b Janwise regions again coincide. 

of horseshoe-type vortices on both sides of the upwash region 
in the outer boundary layers through flow visualizations. In 
the present work, the existence of such vortices formed at the 
high shear layers above the second inflexional point (i.e., near 
the edge of the boundary layer) around the upwash region 
might lead to the occurrence of the second peak in u:,,/U, 
profiles, and then to transition to turbulence through their 
chaotic breakdown. 

At the downwash, the u:,,/U, profiles at x = 200, 300, and 
400 mm share the same features as those at the upwash, but 
their maxima are of lower magnitudes. However, in the region 
x = 400 mm-700 mm, the peaks at downwash are closer to the 
wall (around q = I), as compared with the case for the upwash. 
This might be attributable to thinner boundary layer at the 
downwash. Again, no obvious second peaks of u&/U0 profiles 
were observed at the downwash. But, as for the streamwise 
evolution of u&/U, within the transition region, some 
similarities exist with respect to the upwash and downwash. 
The highest peak value of u&/J, profiles at the downwash 
also appears at x = 700 mm. After reaching its highest value, 
it decreases with x to the value of the turbulent boundary-layer 
flow. 

The streamwise evolutions of u;,,/UO are represented by the 
streamwise variations of the maxima of u~,,/U, profiles for 
the upwash and downwash (Figure 5). Their trends in the 
laminar and transitional regions are similar to the results of 
Kuan and Wang (1990) for the flat-plate boundary layer. The 
highest value at the downwash (about 0.16) agrees very well 
with the those of Klebanoff et al. (1962), and Kuan and Wang 
(1990) for flat-plate transitional boundary-layer flows. The 
much higher value of u~,,/U, at the upwash in the present study 
might be caused by the existence of higher shear in this region, 
caused by the presence of Goertler vortices. In addition, it is 
observed that the maxima of u&,,/Uo at both spanwise 
positions grow slowly in the laminar and early transitional 
regions. After they reach their maximum values, they begin to 
decrease rapidly to an equilibrium value of about 0.12 in the 
fully turbulent flow. This might indicate the possible existence 

By examining the upwash and downwash u&j’U, profiles at 
r arious streamwise locations, some characteristic features can 
he identified. The upwash profiles at positions x = 200 mm- 
tx30 mm exhibit round peaks at around q = 2, as their 
rlaximum values become larger with increasing x, as shown in 
1, igure 4a-e. At x = 650 mm when transition begins. two sharp 
peaks appear in the u:,,/U, profile at upwash, as shown in 
I,igure 4f. It is interesting to note that the normal positions of 
the first peak at x = 650 mm and 700 mm are near the first 
illflexional points in the corresponding normal mean velocity 
profiles (Figure 2), and the positions of the second peaks 
c >rrespond to those of the second inflexional points in the 
i, y)-profiles. This suggests that, in addition to the high shear 
it1 al?/&, which results in high values of z&,/U,, as pointed out 
by Swearingen and Blackwelder (1987), the high dzi/ay might 
2 lso exert some influences in producing high fluctuations. This 
i. in accordance with the findings of Swearingen and 
Hlackwelder that there are regions of strong &i/ay shear near 
the positions of inflexion in the u(y)-profiles. The existence of 
the second peak in u&/U, profiles may be caused by the 
(jccurrence of some secondary instabilities in the region. 
~lccording to some previous work (see Floryan 1991; Saric 
1394), the breakdown process of Goertler vortices is through 
i: secondary instability that occurs when the vortex motion 
begins to saturate while distorting the mean flow. Aihara and 
Loyama (1982) and Ito (1985) observed a periodic formation 

16 
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Figure 5 Evolution of maximum of u&/U0 in the streamwise 
direction. (o = upwash region V; a = downwash region P) 

$14 Int. J. Heat and Fluid Flow, Vol. 16, NO. 2, April 1995 



Measurement in laminar and transitional boundary-layer flows: D. H. Zhang et al. 

of secondary instability in the form of horseshoe-type structures 
caused by the interactions of Goertler vortices with the 
spanwise vorticities attributable to Kelvin-Helmholtz in- 
stability (Floryan 1991), which results in the rapid collapse of 
Goertler vortices during transition. 

lnrermirrency facror 

The profiles of the intermittency factor y across the boundary 
layer obtained at the upwash and downwash regions for 
various streamwise locations are presented in Figures 6 and 
7. The streamwise location is presented by a nondimensional 
parameter t = (x - x,~.~Y(x,~.,~ - xtr.,L where x,~.~ and x,,., 
are, respectively, the transition start and end positions 
determined by y whose maximum value across the boundary 
layer first becomes nonzero at xtr.%, and first reaches a unity at 
X 1r.e. 

As shown in Figures 6 and 7, the intermittency profiles for 
the upwash and downwash regions in the early stages of 
transition exhibit the same behavior that the y does not 
decreases monotonically with increasing y from the wall to the 
outer flow. Instead, a fairly constant maximum value midway 

across the boundary layer in the upwash region, and a peak 
near the wall (q zz 1) in the downwash region are, respectively, 
observed at ;’ < 0.9. This suggests that, in the early stages of 
transition, the most vigorous turbulent activity takes place 
midway across the boundary layers at the upwash transitional 
region, and occurs at 7 z 1 at the downwash. 

An interesting point to note is that the maximum 7 at 
x = 650 mm in the upwash region occurs at q z 34, which 
corresponds to the positions of the high shear region above the 
second inflexional point (Le., near the edge of the boundary 
layer) in the corresponding ii(y) profile, and of the second 
peak in the u~,,/U, profile. This, to a certain extent, indicates 
that the transition might start in this region because of the 
breakdown of the streamwise vortices under the influence of 
some other secondary instabilities, as mentioned previously. 
Downstream of x = 6.50 mm, the transitional boundary layer 
at the upwash may be influenced by the further breakdown of 
Goertler vortices and the turbulent spots generated near the 
wall, resulting in a fairly constant y midway across the 
boundary layer. 

Because the downwash boundary layer resembles that on flat 
plates, the characteristics of the transition in this region should 

0 4 a 12 16 

rj = y/(x u I uo)"2 

Figure 6 Distributions of intermittency across the boundary layer 
at various streamwise positions in the upwash region 1/ 
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Figure 7 Distributions of intermittency across the boundary layer 
at various streamwise positions in the downwash region P 

have strong similarities to that on flat plates. By comparing 
the present results with those of Kuan and Wang (1990) and 
Sohn et al. (1991) for the flat-plate boundary layers, it is found 
that the y-profiles at the downwash are similar to their results. 

The fact that the maximum y across the boundary layer in 
the early stages of transition does not occur near the wall, but 
at a distance away from the wall, might be explained by the 
shape of the turbulent spots in the early stages of transition. 
Cantwell et al. (1978) indicated that the shape of a turbulent 
spot generated near the wall had a maximum cross-sectional 
area away from the wall after it became fully developed. In the 
early stages of a turbulent spot evolution, there is a strong 
overhang in the shape of the turbulent spot. The same 
phenomenon was also observed in the present flow when 
simultaneous turbulent signals obtained by two hot wires 
placed near the wall were analyzed. It is inferred that such 
overhang and the influence of secondary instabilities results in 
the shape of intermittency profiles, as shown in Figures 6 and 

1 

0.8 

0.6 

7 

0.4 

0.2 

0 

. upwash rcgiurr 

A downwosh regiorr 

l . . 

n * 
. A 

A' 

A 

. 

. 

.” 

’ A 

0 0.2 0.4 0.6 0.8 I I .2 

5 
Figure 8 Variations of mean boundary-layer intermittency value in 
the transition region 
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at various streamwise locations. The present findings, in 
which ;J is decreasing in the near wall regions of the boundary 

I iyer, is also consistent with those reported by Crane et al. 
I (987) and Walker and Solomon (1992) for concave surface 
I moundary layers. 

The delay of y toward zero in the outer region is possibly 
l,ecause of the entrainment of the free-stream flow into the 
1,oundary layer. From the intermittency profiles in Figures 6 
and 7, it can also be seen that in the very late stages of transition 
I 1 > 0.95) the intermittency factor is fairly constant in the near 
I,;all region and decreases gradually in the outer region. These 
I :sults are in agreement with those of Kuan and Wang (1990), 
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Sohn et al. (1991) and Dhawan and Narasimha (1958) for 
flat-plate boundary layers, and implies that the turbulent spots 
were fully developed. 

It is also observed from Figures 6 and 7 that the 
intermittency factor y grows quite rapidly in the early stages 
of transition, both at the upwash and downwash, implying that 
the breakdown rate of Goertler vortices and the growth rate 
of the turbulent spots are large. The maximum y across the 
boundary layer reaches values of about 0.9 at r = 0.55 at the 
upwash, and about 0.85 at < = 0.61 at the downwash. In the 
later half range of transition, the growth of intermittency factor 
seems to be relatively slow. 

x=7OOmm 

I x=78Omm 

0 4 8 12 16 0 4 8 12 16 

q = y/(x u / uoy2 
f lgure 9 lntermittency profile comparisons for the upwash (0) and downwash (A) regions at various streamwise positions 
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In addition to the above, comparisons between Figures 6 
and 7 show that the intermittency profiles at the upwash seem 
to have larger integral areas across the boundary layers. To 
investigate the variations of such integral areas, a mean 
intermittency value 1; across the boundary layer which is 
defined as follows: 

was introduced, where 6 is the measured boundary-layer 
thickness. The streamwise variations of 7 in the upwash and 
downwash regions (Figure 8) show that, at both upwash and 
downwash, 7 varies in similar way with 5, regardless of the 
shapes of the y profiles (see Figures 6 and 7). It grows rapidly 
in the early stages of transition, and at 5 = 0.5, T is nearly 0.6. 
It then decreases slowly and, at about < = 0.7, it asymptotically 
approaches a value of about 0.7 at the end range of transition. 

To examine the effects of Goertler vortices on the 
intermittency profiles further, the profiles at some stream-wise 
locations at the upwash and downwash are compared (Figure 
9). At x = 680 mm, it can be seen from the profiles that the 
transition first started at upwash; that is, when the upwash 
have already become transitional, the downwash can still be in 
laminar state. This is in agreement with the results reported by 
Crane et al. (1987) and Winoto and Low (1989). Figure 9 also 
shows that the large difference between the profiles at the 
upwash and downwash exists in the early stages of transition. 
This was also verified by inspecting the instantaneous velocity 
signals of the raw data. 

Conclusions 

The streamwise mean and fluctuating velocities have been 
measured using hot-wire anemometry technique, in a laminar 
and transitional boundary-layer flow on a concave surface. 
From the measurements, the profiles of intermittency factor 
were obtained by using a new turbulent intermittency detector 
method. 

The normal and spanwise distributions of velocity indicate 
that the initially Blasius boundary layer on the concave surface 
rapidly becomes 3-D as a system of counter-rotating 
streamwise vortices is established in accordance with the 
linearized stability analysis of Goertler. These vortices grow 
continuously downstream, producing regions of low- and 
high-speed fluid (or downwash and upwash regions) in the 
spanwise direction and resulting in the streamwise velocity 
profile ii(z) inflexional and a defect in U(y) profiles from the 
Blasius value at the upwash region. After reaching a saturation 
state where transition starts. the vortices will cease to grow, 
and begin to attenuate with x. 

The streamwise development of u&/U0 profiles at the 
upwash and downwash regions show a strong link with that 
of mean velocity. In the laminar boundary layer, the maximum 
value of u’ rmajUO across the boundary layer increases with I 
both at the upwash and downwash. In the early transitional 
region, two peaks can be found in the upwash profiles, and the 
second peak may be a representation of existence of some 
secondary instabilities. As the flow becomes more turbulent, 
the second peak disappears gradually, and the maximum value 
of ii rms,/UO at both spanwise positions decreases and eventually 
reach the fully turbulent value. The comparisons between the 
u&/U, profiles at the two regions indicate that their 
streamwise development processes are different, The variation 
of u~,,/Uo at the upwash region is more distinct. 

The rapid neutralization of Goertler vortices in the transition 
region suggests the possible existence of secondary instability 
in the form of horseshoe-type structures or some other 
viscosity-induced spanwise vorticities generated by Helmholtz 
instability, which interact with the streamwise Goertler 
vortices caused by centrifugal effect during transitional flow. 

The measured values of G, at the start of transition region 
are much higher in the upwash region (where G, = 10.04) and 
much lower in the downwash region (where G, = 2.61) than 
that based on Blasius value (G, = 6.93). This suggests that when 
a transition Goertler number is used to determine the start of 
transition, the difference between the upwash and downwash 
regions should be taken into consideration. However, this may 
not be practical for design calculations. 

Both at the upwash and downwash, the maximum value of 
intermittency factor 7 across the boundary layer occurs at a 
certain distance from the wall in the early stages of transition. 
At the downwash, the profiles have a peak value around 1 = 1, 
when y < 0.9, while at the upwash, a fairly constant maximum 
value of the profiles exists midway of the boundary layer. The 
distribution of y(y), monotonically decreasing in the outer 
boundary layer and maintaining a nearly constant value in the 
near wall. is the characteristic of the late transition region. 

The comparisons of the y profiles at the upwash and 
downwash regions again confirm that transition first starts at 
the upwash. 
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