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Measurements of streamwise mean and r.m.s, velocity, intermittency factor and energy 
spectra are reported for a laminar boundary layer undergoing transition on a concave wall 
in the presence of a naturally occurring Gbrtler vortex system, concentrating on a particular 
vortex pair. The ratio of boundary layer thickness to wall radius at the start of curvature 
was 0.01. Nonlinear amplification of the vortices, followed by spanwise meandering and 
a secondary instability, preceded transition, which was defined in terms of the intermittency 
factor after filtering out low frequencies associated with this vortex behavior. Transition 
was initiated in the vortex upwash region and apparently completed within a streamwise 
distance of only a few boundary layer thicknesses at both upwash and downwash 
locations, implying rapid lateral spreading of turbulence. With considerable velocity profile 
distortion prior to transition, values of momentum thickness Reynolds number and G6rtler 
number at start of transition, either upwash-localized or upwash-downwash averaged, 
did not correspond well with established correlations for flat surfaces or with earlier 
concave-wall studies. 
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Introduction 

The operational characteristics and the efficiency of turbo- 
machines are strongly influenced by the behavior of the 
boundary layers developing on the blading surfaces. In the case 
of gas turbines, operating at turbine inlet gas temperatures 
substantially above the structural limits of the high-temperature 
alloys used for the components, blade boundary layer flow and 
convective heat transfer predictions are of great importance at 
the design stage, principally in order to minimize the require- 
ments for blade cooling air but also to optimize blade aero- 
dynamic efficiency. A particular area of interest is the blade 
pressure surface, where considerable uncertainty can exist over 
the boundary layer state at a particular streamwise location. 
This uncertainty is expected in a boundary layer containing 
laminar, transitional, and turbulent regions, subjected to the 
destabilizing effects of concave curvature and turbulent energy 
entrainment from the free stream and the stabilizing influence 
of a favorable pressure gradient, with the possibility of a 
three-dimensional (3-D) G6rtler vortex structure. 

Pressure-surface boundary layers that possess 3-D character- 
istics are unlikely to be predicted accurately by the two- 
dimensional (2-D) codes in current use. The deficiencies exist 
mainly in the modeling of laminar-turbulent transition, whicl: 
is done explicitly in the earlier (and still commonly used) codes 
by empirical correlations (see, e.g., Ref. 1), to fix the start and 
length of transition. The more recent and generally more 
successful prediction codes employ low Reynolds number, 
higher order turbulence modeling (see, e.g., Ref. 2) to compute 
automatically through transition. Poor agreement has often 
been found between predictions and experimental data for blade 
pressure surfaces, as demonstrated for instance by Daniels and 
Browne 1 who compared cascade measurements with numerical 
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predictions from five different models. Further work is needed 
to attain a greater understanding of the process and character- 
istics of transition on concave surfaces and hence "tune" the 
prediction models in order to obtain higher reliability and 
accuracy. 

Transition may sometimes be initiated via a separation 
bubble near the leading edge; most prediction methods would 
be unable to compute through laminar separation with turbulent 
reattachment. Furthermore, blade rotation, compressibility, 
vibration, surface roughness variation, etc., make the behavior 
of the boundary layer even harder to predict. However, it is 
widely believed that G6rtler vortices are involved to some extent 
in natural transition on concave surfaces and that their develop- 
ment and breakdown should be the subject of further research. 
Such flow structures have been observed 3 on blade pressure 
surfaces in cascade experiments. Conditions in gas turbine 
engines are appropriate for their occurrence, and they may play 
a major role in the transition process as well as possibly 
increasing laminar heat transfer rates. 

The purpose of the present work is to provide experimental 
information on the fundamental processes involved in the 
breakdown of adiabatic laminar flow on a concave wall and 
to identify the characteristics of transition through successive 
stages of vortex nonlinear development and unsteadiness. It is 
hoped that the results, together with those of similar work 
elsewhere (see, e.g., Ref. 4), will assist in the development of 
improved spanwise-averaged transition criteria, and hence 
provide a short-term means to more reliable blade heat transfer 
predictions via existing codes of the 2-D parabolic finite- 
difference type (with low-order turbulence models). Such pre- 
diction codes, e.g., GENMIX in Ref. 5, still stand as good a 
chance of producing usable predictions, e.g., Ref. 6, as higher 
order and more elaborate codes, e.g., that in Ref. 7, and have 
the advantage of being fast and cheap to run. 

This paper describes adiabatic flow experiments on a constant- 
curvature wall at momentum thickness Reynolds numbers and 
G6rtler numbers not too different from those expected under 
gas turbine working environments. It complements the measure- 
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ments presented in Ref. 8 and includes flow visualization, 
streamwise and spanwise variations of mean and r.m.s, stream- 
wise velocity, measurements of the intermittency factor, and 
energy spectra before and during transition. The tests were 
carried out mainly within a particular G/~rtler vortex pair. 

Empirical prediction of transition 

A great deal of theoretical and experimental work has been done 
on the instability of laminar boundary layers and in determining 
criteria for modeling transition, which is characterized by the 
intermittent appearance of turbulent spots moving downstream 
with the fluid, with laminar flow in their trail. Turbomachinery 
blading predictions have frequently ignored the transition 
region and considered a step change from laminar to turbulent 
flow, an assumption that produced inaccurate assessments of 
boundary layer behavior owing to the relatively large extent of 
the transition region. Empirical transition modeling consists of 
identifying the start and end (or length) of transition and also 
the variation of flow properties within that interval, commonly 
determined by the variation of the intermittency factor y defined 
for any point in the flow as the fraction of total time that the 
flow is turbulent. Several correlations exist for the start of 
transition on a flat surface. Most of them are in terms of the 
momentum thickness Reynolds number Rees at transition start, 
as for instance that by Abu-Ghannam and Shaw9: 

Reos=163+exp(F(Ao)-F(.A~ ) Tu) (1) 

where F(A0) is a function of the pressure gradient parameter 
A0= (O2/v)(due/dx) and Tu is the free-stream turbulence level 
(expressed as a percentage); 0 is the momentum thickness, v the 
kinematic viscosity, ue the boundary layer edge velocity and x 
the streamwise coordinate. Similar formulas for the transition 
onset point are given in Refs. 10-12, etc., and are in broad 
agreement for flat plate transition for zero and adverse pressure 
gradients, whereas for favorable pressure gradients some investi- 
gators, as in Ref. 9, predict a more rapid increase of R%s with 
increasing A 0 and Tu than others. Similar work has also been 
published for estimating the transition length (or end point), 
as for instance in Ref. 9: 

Re0E = 540 + 183.5(ReL x 10- 5 _ 1.5)(1 -- 1.4A0) (2) 
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where ReL is the Reynolds number based on the transition 
length L, or the work by Dhawan and Narasimha, la who 
produced a similar relation linking Re0E to R%s. These authors 
also gave a popular description of the variational form of 
intermittency within the transition region, namely, 

7 = 1 - e x p ( -  A~ 2) (3) 

where A is a constant and ~ a normalized streamwise coordinate 
in the transition zone. Other types of functional distributions 
for 7 (mainly exponential) can be found in Refs. 14, 15, etc. 
Introducing curvature adds the complication of a centrifugal 
force acting on the flow. Comparatively little is known about 
the effects of curvature on transition, although a number of 
investigations have been made on the topic from as early as 
1943 by Liepmann 16 until the present time (see, e.g., Refs. 4 
and 17). The earlier data were combined with other factors 
affecting transition in the model of Forest, 6 which included the 
G6rtler number G o in the modeling equations and took into 
account the effects of curvature, pressure gradient, and free- 
stream turbulence through semi-empirical equations including 
the modification of the turbulent mixing length Ic. He considered 
transition to be the outcome of the combination of two different 
types of instability: the Tollmien-Schlichting type and the 
G/Srtler type. The resulting correlations, used by a number 
of gas turbine manufacturers, appear to produce acceptable 
predictions on blade suction surfaces but not on pressure 
surfaces, seemingly the weak point of all prediction methods. 
Broad agreement exists in the treatment of the mixing length 
under the effects of curvature, as in, e.g., Refs. 18 and 19. 
Work has also been reported of curvature effects on thermal 
diffusivity. 2° Transition suppression or flow relaminarization 
should also be considered for accelerating flows such as on the 
surfaces of prescribed-velocity-distribution blades. The Jones 
and Launder 2~ relaminarization criterion, i.e., K (velocity 
gradient parameter= (v/u 2) du/d) greater than 2.5 × 10 -6, is in 
common use. Brown and Martin 22 suggested that the same 
criterion be applied to design for the prevention of transition. 

Assessment of the flow properties of a transition region by 
methods such as those in Refs. 6 and 23 requires knowledge of 
the state and characteristics of the laminar and turbulent 
counterparts that comprise it. Once they are known they can 
be linked by weighting them by means of an equation of the form 

D e f  f = D~ + 7D t (4) 

Notation 

A Amplitude of fi(z) distribution 
a Test section width (in radial direction) 
D Diffusivity 
G O G6rtler number, R%(O/R) 1/2 
K Velocity gradient parameter, (v/u 2) due/dx 
R Outer wall radius of curvature 
Re Reynolds number 
Tu Turbulence intensity ~/fi 
u Streamwise velocity component 
x Streamwise coordinate 
y Coordinate normal to concave wall 
z Spanwise coordinate 

Greek letters 
Wavenumber 2n/2 
Intermittency factor 
Boundary layer physical thickness 

0 Boundary layer momentum thickness 
A 0 Velocity gradient parameter (02Iv)due/dx 
2 G/Srtler vortex wavelength 
v Kinematic viscosity 
¢p Angular coordinate x/R 

Subscripts 
a Based on test section width a 
E At end of transition 
e At boundary layer edge (flat wall) 
L Based on length of transition zone 
l In laminar flow 
pw Wall value in potential flow 
S At start of transition 
t In turbulent flow 
x Based on streamwise distance 

Superscripts 
- Time-mean value 

R.m.s. value of fluctuating quantity 
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Figure 1 Diagram of flow circuit 

where 7 varies from 0 to 1, gradually switching on the turbulent 
diffusivity D, and adding it to the laminar diffusivity Dr. 

To improve confidence in finite-difference codes incorporating 
such transition region predictions (pending the further develop- 
ment and acceptance of higher order models that compute 
automatically the transition region development), more experi- 
mental evidence is needed to support the models and establish 
reliable values for important thresholds that are necessary in 
order for the codes to run. This is especially true in the 
case of curved surfaces. 

Exper imenta l  a r r a n g e m e n t  

F low  rig 

The flow rig used was of the closed circuit type, shown 
schematically in Figure 1. Water was chosen as the working 
fluid to simplify flow visualization and laser-Doppler velocity 
measurement. The flow was gravity driven, with a constant- 
speed radial pump serving to transfer water from the reservoir 
tank to the header tank. Some 13 m of piping (indicated by the 
dashed line in Figure 1) were inserted upstream of the header 
tank to damp out any vibrations or pressure waves coming 
from the pump that could affect the hot-film anemometer 
readings by introducing unwanted frequencies. A 5 kW heater 
was incorporated in the system to help maintain a constant 
water temperature. The flow was monitored using a cone-and- 
float flowmeter. The settling chamber, fed from the header tank, 
contained a bank of glass balls (24 mm diameter), perforated 
plates and four brass woven screens of 1 mm mesh size. Figure 2 
illustrates the 90 ° constant-cross-section bend, with outer wall 
radius R=500mm;  it was preceded by a 9:1 area ratio, 
concave-convex wall contraction and followed by a length of 
straight duct. The aspect ratio was 6:1. This arrangement 
provided a suitable Grrt ler  vortex configuration, repeatable 
from run to run. 

Inst rumentat ion 

A laser-Doppler anemometer (LDA) was used for mean and 
r.m.s, velocity measurements and a constant temperature hot- 
film anemometer (CTA) for detection of the start and end of 
transition and evaluation of the intermittency factor 7. The 
CTA was preferred to the LDA for the intermittency factor 
because of the large signal dropout from the LDA, compared to 
the CTA's continuous signal. Only the streamwise component 

of velocity was measured, mean and r.m.s, values being denoted 
by ~ and fi respectively. The LDA system was operated in the 
forward-scatter fringe mode using a 5 mW He-Ne laser. Signals 
were processed by using a Cambridge Consultants CC08 
frequency-tracking demodulator. The maximum uncertainties 
in ~ and ~ were estimated as + 3 %  and +4%,  respectively. 
The CTA probe was a Dantec 55R15 boundary layer fibre-film 
probe, powered by a Dantec 56C CTA system. Its active length 
was 1.25 mm, the operating temperature 120°C, and the overheat 
ratio 1.3. The quartz-coated waterproof probe was mounted on 
a traversing mechanism providing one translational movement 
in the spanwise (vertical) direction z and rotation about a z-axis 
offset in the streamwise (x) direction from the probe head, 
allowing measurements to be taken along an arc approximating 
the y-direction (normal to the curved walls). The probe was 
inserted into the test section through one of a set of holes on 
the top end wall of the channel (shown in Figure 2), depending 
on the streamwise location where measurements were to be 
taken. The correct positioning of the probe was occasionally 
checked by focusing the laser beam intersection, whose precise 
location was known, on the sensor element of the film probe. 
A more detailed description of the LDA and CTA systems is 
given in Refs. 8 and 14. 

The data acquisition system for both the LDA and CTA 
consisted of a Tecmar AD211 12-bit analogue-to-digital con- 
verter and Apple IIe microcomputers (one for each system). 
The stored data, sampled at 4kHz, was processed using 
purpose-written assembly language programs. For  the CTA 
system the input to the A/D converter was conditioned through 
a dual (high and low pass) filter and a precision gain-and-offset 
amplifier. The software processed eight batches of 17,000 
samples each, giving the mean and r.m.s, velocities and inter- 
mittency factor values in less than one minute. Filter settings, 
critical to the results, were selected after an extensive investi- 
gation of the flow frequencies using a spectrum analyser. This 
involved consideration of: (a) the value of U/6 (U =core flow 
velocity, 6 = boundary layer thickness) indicating the frequency 
of the largest eddies; (b) the values of preferred frequencies in 
the flow during the later, unsteady stages of Grrt ler  vortex 
development; (c) values of unwanted frequencies that had to 
be excluded, such as the pump impeller blade passing frequency; 
(d) electronic noise of the order of kHz. High-pass filter settings 
varied from 36Hz to 8Hz as the probe location moved 
downstream and 6 increased. Low-pass filtering was set at 60 Hz 
for locations prior to the middle of the bend (~p = 45 °; angle ~p 
is defined in Figure 2) and then increased (through 100Hz at 
~o=60 °) until the bend exit. Extensive testing of the software 
for intermittency evaluation (using electronically simulated 
turbulence signals and a flat-plate boundary layer flow) indicated 
that any measured value of 7 exceeding 90% should be taken 

6 probe hoLes, a = 50 

R= 5 0 0 ~ ~ ,  ~ [ x-sEe' i - j  

I I  195 ALL DIMENSIONS 
~]~---~ IN MILLIMETRES 

Figure 2 Detail of test section (all dimensions in mm) 
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to represent fully turbulent flow. Online plotting was provided 
by an Acorn BBC-B microcomputer coupled serially to the 
Apple (because of its superior graphics facilities), building 
up mean and r.m.s, velocity profiles as the experiments were 
being carried out. Energy spectra of the flow fluctuations 
were obtained through the CTA system by feeding the un- 
processed hot-film probe output to a spectrum analyser (Spectra 
Dynamics). More details of the instrumentation have been given 
in Refs. 8 and 14. Flow visualization was carried out using the 
hydrogen-bubble technique, proving invaluable in identifying 
the location and shape of vortex pairs and indicating the most 
appropriate streamwise and spanwise positions for LDA and 
film-probe traversing. By switching the current through the 
cathode wire (25 ktm diameter) successive rows of bubbles (time 
lines) were generated to give an indication of the spanwise 
distributions of mean velocity. Continuous sheets of bubbles 
were more useful in revealing vortex growth and breakdown. 

Experimental procedure and f low condit ions 

The flow rate was set at 190//min, corresponding to Re a (based 
on a channel width of a =  50mm) of 10,500; this rate gave an 
initially laminar boundary layer which became fully turbulent 
(in the sense of near-unity intermittency factor at all spanwise 
locations within the chosen vortex pair) and also ceased to 
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exhibit spanwise variation of mean velocity before the bend 
exit. Measurements were obtained at two spanwise (z) positions, 
approximately 185 and 192mm from the channel bottom, 
corresponding to the regions of upwash, where low momentum 
fluid is swept away from the wall, and downwash, where 
core-flow fluid moves toward the wall. The spanwise positions 
of these two regions varied slightly (1-2 mm) between stream- 
wise stations. This particular vortex pair was chosen because 
it appeared to exhibit secondary instability at an earlier 
streamwise position than any other pair. Transition at other 
spanwise positions was expected to be influenced by lateral 
spread of turbulence from adjacent regions where vortices had 
undergone earlier breakdown. The chosen position was also 
close enough to the upper end wall to avoid serious flow- 
induced vibration of the hot-film probe stem, while not being 
significantly affected by end-wall secondary flow. 

The LDA and CTA measurements were made at 11 stream- 
wise stations, at distance intervals selected to ensure an adequate 
number of measurements within the transition region. The 
streamwise pressure gradient was small and slightly favorable 
( K < 0 . 1 2 x  10-6); the streamwise variation of potential wall 
velocity upw is plotted in Figure 3. The turbulence intensity in 
the pseudo-potential core flow was in the range of 2-3%. 
Traverses in the y-direction were made in 2-mm steps within 
the boundary layer and in 4-mm steps outside. Although the 
LDA and CTA traverses were carried out separately, frequency 
analysis and intermittency measurements were taken simultane- 
ously, recording spectral plots at every location where ), was 
evaluated. 

R e s u l t s  

From the mean velocity profiles in Figure 4(a), differences 
between the regions of upwash and downwash become apparent 
at ~0= 17 °, the vortices developing further with increasing 
streamwise distance and growing into the core flow. Vortex 
wavelength 2 and spanwise position remained virtually un- 
altered through the bend. Boundary layer thickness & varied 
from 5mm (t~/R=0.01) at ~o=7 ° to 25mm (6/R=0.05) at 
~o = 83 °. Except in these early and late stages of vortex develop- 
ment, large spanwise variation was observed in boundary layer 
parameters (~, displacement thickness 6", 0) between upwash 
and downwash. 
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Figure 5 (a) Streamwise and (b) normal variation of intermittency 
factor 7, at Re, = 10,500 

The variation of intermittency factor with streamwise distance 
[Figure 5(a)] indicates transition starting near tp=32 ° and 
finishing by ~o = 39 °, implying a very short transition length 
(typically 46 at upwash). The profiles of intermittency [Figure 
5(b)] show 0 or very low ? values over the whole of the boundary 
layer (in the y - z  plane), abruptly increasing to fully turbulent 
values (~>90%), again for the whole of the boundary layer, 
within the short transition interval. The intermediate stage at 
tp = 35 °, where ? (spanwise averaged) is approximately 0.5, is 
the only location where two local maxima are observed in the 

versus y curves, one near the wall and another in the high-shear 
region away from the wall. Fluctuating velocity (~) profiles 

[Figure 4(b)] also show a second local maximum attaining its 
highest value at ¢p = 39 °. The two local maxima, which may 
both mark sites for breakdown of the flow and generation of 
turbulence, are slowly smoothed out because of diffusion on 
moving downstream. 

Streamwise variation of integral boundary layer parameters 
is shown in Figure 6. The momentum thickness Reynolds 
number Re 0 is approximately equal to 120, and the G6rtler 
number G o is equal to 3 at ~o = 7 °, with little difference between 
upwash and downwash. Before and during transition, Re 0 and 
Go at upwash increased monotonically with streamwise distance, 
reaching 500 and 30, respectively, at the measured transition 
start position, then approaching 650 and 45, respectively, at 
transition end with a reduced rate of increase. Values at 
downwash remained below R%= 100 and G0=4. Following 
the end of transition, the upwash and upwash-downwash 
averaged values of R% and G o decreased, approaching their 
bend-entry values near the bend exit, where the intermittency 
was everywhere near unity and the spanwise variation in 
velocity almost vanished. For ~p > 80 °, Re 0 appears to be very 
low for sustaining a turbulent boundary layer, but it may be 
influenced by the favorable pressure gradient as the end of 
curvature is approached. Upwash-downwash averaged Re 0 at 
transition start was approximately 260 (O/R ~ 0.0025) compared 
with Re0,~ 190 calculated for the same streamwise station on a 
flat plate (effective boundary layer origin based on the measured 
boundary layer thickness at ~p = 7°). Flat-plate transition would 
be expected (see Ref. 9) to start at Re0~200 for the present 3% 
core-flow turbulence intensity. Based on the single vortex pair 
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measured, it appears that the effect of the vortex system (and 
other influences of curvature) was to increase the boundary 
layer growth rate such as to delay transition in terms of Re 0 
but not in terms of Rex. This effect contrasts with earlier 
measurements (see Ref. 8) on a higher curvature surface, where 
upwash-localized Re 0 at transition start was reasonably close 
to the flat-plate transition-onset value. However, neither the 
present data nor those in Ref. 8 are directly comparable with 
the more comprehensive data presented in Ref. 17, for which 
O/R values were much smaller than ours and where velocity 
profiles did not suffer the same degree of distortion. In the 
present flow, the upwash~lownwash averaged Re 0 is not 
representative of a spanwise average because downwash regions 
occupy a greater fraction of the span than do upwash regions 
following distortion of the vortices. 

Photographs of hydrogen bubbles showing streak lines, time 
lines, and cross-sectional patterns of the flow are presented in 
Figure 7. The streak lines show that vortex pairs at different 
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stages of development coexist at the same streamwise location; 
time lines and cross-sectional views also indicate that neigh- 
boring vortex pairs can possess widely differing strength and 
size. 

After the initial formation of the vortices in the early part of 
the bend, their development until they reach a turbulent state 
may be divided into four stages. During the first stage, here 
called linear because of the correspondence with the idealized 
vortex structure described by mathematically linear equations, 
the vortices approximate pairs of longitudinal rotating cylinders 
with circular cross sections. These become elliptical and some- 
times skewed in the second, nonlinear stage. Vortex strength 
is continuously intensified by the energy supply from the mean 
velocity and centrifugal force fields. The third stage, the 
transitional region, follows next, appearing to occupy the region 
from q)= 32 ° to ~0 = 39 °. When different filtering is used on the 
anemometer signal so as to alter the effective definition of 
intermittency and count only the "conventional" turbulent 
spots, excluding the low-end preferred frequencies, the apparent 
transition region shifts downstream to between ~0=40 ° and 
~o = 47 °, the transition length remaining approximately constant. 
Transition manifests itself first by a meandering motion of the 
vortices, here oscillating at approximately 16 Hz. Bippes and 
Grrt ler  25 and others have also reported meandering motion 
in the early stages of transition. With meandering still present, 
another form of secondary instability occurs 30-5 ° (approximately 
26) farther downstream in the form of a pulsating 3-D vortex, 
consistent with a horseshoe-type vortex detected by Aihara and 
Koyama. 26 Although this secondary instability has been associ- 
ated with the high-shear zone in the upwash fi versus y profile, 
inflections in the fi versus z distribution have recently 27 been 
suspected to play a more important role. As this vortex breaks 
up, "pulsing" at around 28 Hz produces turbulent spots, which 
from then onward populate very rapidly and eventually combine 
into turbulent flow, while retaining the counterrotating vortex 
character of the primary instability. This is the fourth and final 
stage. Eventually, turbulent diffusion evens out any spanwise 
velocity differences, resulting in near-homogeneous turbulence 
near the bend exit. The two preferred frequencies, 16 and 28 Hz, 
whose values are likely to be related to the specific character- 
istics of the present flow (disturbance source, curvature, flow 
rate, etc.) were attributed to the meandering motion and the 
horseshoe vortex movement, respectively. The normal distance 
y where the spectra indicated maximum energy in the preferred 
frequencies was consistent with the upwash high-shear zone, 
where the fluctuating velocities also peaked during transition 
[Figure 4(b)]. Figure 8 shows frequency spectra at upwash: (a) at 
(# = 23 °, before transition, where only low frequencies appeared; 
(b) at (p=35 °, during transition, where the two preferred 
frequencies are seen together with higher frequency turbulence; 
and (c) at ~0 = 54 °, after transition, where the preferred frequencies 
slowly fade out but the meandering motion still persists into 
the seemingly turbulent boundary layer. Spectra at downwash 
were similar, exhibiting a small lag, which suggests a rapid 
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Figure 9 Streamwise variation of maximum (in y-direction) values 
of r.m.s, fluctuating velocity D, intermittency factor 7, and amplitude 
A of mean velocity distribution D(z) across span 

lateral spread of turbulence, expected with the counterrotating 
motion redistributing momentum within the boundary layer. 

The amplitude A of the spanwise distribution of ~ provided 
an indication of the state of the boundary layer. We define A 
as ½(i~-ff),,,,Jupw, where l~ and ff are the mean velocity at 
downwash and upwash positions, respectively, and max denotes 
the maximum value as y is varied at a given x. As shown in 
Figure 9, A increased from 0 near bend entry to about 0.3 at 
transition start, and fell to 0.2 at transition end. The decrease 
in A following transition start was the result first of vortex 
unsteadiness and then of turbulent diffusion, which increasingly 
smeared out the time-mean spanwise variation in velocity. This 
variation in A, peaking at around 0.3, matches that found 
previously in another flow rig (see Ref. 24). 

Consistency of the results with concave wall boundary layer 
stability theories 2s is demonstrated in Figure 10 by plotting 
the experimental results on a stability chart calculated by Finnis 
and Brown. 29 The values of G o plotted against ~0 (where ~ is 
the wave number 2n/2) lie on a straight line corresponding to 
constant wavelength 2 = 16 mm (as measured). 

A limited attempt was made to establish a criterion for 
transition start by varying the bulk flow velocity and detecting 
the location of transition start (defined by 7= 10%). Over a 
range of Re, from 6300 to 12,900, upwash Re o at transition 
start was between 460 and 500, which can be translated (using 
the model of Ref. 9) into approximately 400 for 7 =0-1%.  This 
value is twice as high as predicted using published criteria as 
in Refs. 9 or 10 for the same free-stream turbulence level and 
zero pressure gradient on a fiat surface. Furthermore, upwash 
G6rtler numbers at transition start were in the region of 20-25; 
these are four to five times higher than predicted using Forest's 6 
correlation, which uses a maximum limiting value of G o of 9. 
More extensive measurements, covering other vortex pairs of 
varying strength, would be necessary before attempts could be 
made to formulate any relationships for the concave wall 
equivalent to Equations 1-3. 

Conclusions 

After initial formation of the vortex structure in the early part 
of the bend, its development followed the well-documented 
linear and nonlinear stages before the onset of a meandering 
motion and a secondary horseshoe-type dynamic instability 
leading to transition. Transition appeared to start at the upwash 
region of a vortex pa i r - -a t  a distance from the wall where the 
r.m.s, fluctuating velocity peaked in the high-shear layer. 
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Figure 10 Grrtler vortex stability diagram (from Ref. 29), showing 
present measurements (6, upwash-downwash averaged) at Re,= 
10,500 (~ =wavenumber 2n/2, t~ =vortex amplification factor defined 
in Ref, 29) 

Lateral spreading of turbulence to the downwash region was 
rapid. The transition region, as defined by a change in inter- 
mittency factor from 10% to about 90%, was short compared 
to those often inferred from heat transfer measurements on 
concave walls or blade cascade pressure surfaces; this result 
suggests that gradual rises in heat transfer above laminar levels 
may be caused in part by pretransitional vortex unsteadiness, 
a possibility highlighted by recent heat transfer measure- 
ments. 3° (In nominally 2-D blade boundary layers, a more 
straightforward explanation could be a fine balance between the 
opposing effects of high turbulence levels and strongly favorable 
pressure gradients.) The energy spectrum during flow breakdown 
on the concave wall showed two preferred frequencies, unlike 
those for flat plates. 

Velocity profile distortion caused widely differing variations 
of R% and G o between the upwash and downwash regions. 
Established correlations for start and length of transition on 
flat walls were found not to apply to the present flow. Upwash- 
localized and upwash-downwash averaged Re 0 at transition 
start were found to exceed those expected on a flat surface; this 
result is apparently at variance with the results of other 
investigations, but the present values are not representative of 
a spanwise average Re 0 as a result of vortex distortion after the 
linear phase of development. This result, together with previous 
work, suggests that Re 0 and G o are not necessarily appropriate 
parameters for formulating a transition criterion for concave 
walls. Other factors pointing toward this conclusion are the 
observations that vortex pairs at different stages of development 
coexist at the same streamwise location and also that integral 
boundary layer parameters (e.g., 0) are based on a dynamic 
layer development resulting not only from fluid viscosity but 
from effects related to the Gfrt ler  vortex presence as well. 
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