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Abstract Velocity and wall temperature measurements,
over flat plate, concave and convex walls, were experi-
mentally investigated in a low-speed wind tunnel with
inlet velocities of 4 and 12 m/s encompassing the tran-
sitional region with streamwise distance Reynolds
numbers from 3.15x10° to 1.04x10°. As the velocity
profiles, recorded by a semi-circular pitot tube and a
digital constant-temperature hot-wire anemometer, were
compared to exact Blasius profile and (1/7)th power law,
experimental local Stanton numbers to analytical flat
plate solution and turbulent correlation formula. Inter-
mittency factors, derived from velocities and local
Stanton numbers, were presented both in streamwise
and pitchwise directions. It was found that the convex
curvature delayed transition up to Re,=1.04x10°, with
a mean intermittency value of 0.61 and a shape factor of
1.81, where the similar intermittency and shape factors
were determined at Re, of 8.33x10° and 4.25x10° for the
flat plate and concave wall, indicating the enhancing role
of concave curvature on the transition mechanism. The
thinner boundary layers of the concave surface resulted
in higher intermittency values, corresponding to higher
skin friction and Stanton numbers; moreover the lowest
gap between the measured and derived Stanton numbers
were also obtained over the concave surface. Destabil-
ising role of the concave wall caused Stanton numbers to
increase up to 22%, whereas the convex wall, due to its
stabilising character, produced lower Stanton numbers
by 12% with respect to those of the flat plate.
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List of symbols

A, a, correlation constants (dimensionless)

b, ¢

Cr skin friction (dimensionless)

C, constant pressure specific heat (J/kg K)

h heat transfer coefficient (W/m? K)

H shape factor (dimensionless)

q heat flux (W/m?)

Pr Prandtl number (dimensionless)

R radius of curvature (cm)

Re, streamwise distance Reynolds number (dimen-
sionless)

Rey momentum  thickness Reynolds number
(dimensionless)

St Stanton number (dimensionless)

Ty wall temperature (°C)

T, free stream temperature (°C)

Tu turbulence level (%)

u streamwise velocity (m/s)

U mean free stream velocity (m/s)

X, y, z streamwise, pitchwise and spanwise directions
(mm)

X unheated starting length (mm)

Greek

0 boundary layer thickness (mm)

@ transition parameter (dimensionless)

Y local intermittency factor (dimensionless)

7y mean intermittency factor (dimensionless)

0 momentum thickness (2mm)

v kinematic viscosity (m</s)

p density (kg/m®)

Tw wall shear stress (Pa)

Subscripts

o flow-off

f flow-on

L laminar



T turbulent
te transition end
ts transition onset

1 Introduction

Flow and heat transfer characteristics with transitional
flows are of great importance for the design process of a
wide range of practical applications, including com-
pressor and turbine blades, cooling vanes and heat
exchangers, since the transition plays a significant role
on the enhancement of the local wall shear stress and
convective heat transfer rates. Straight and curved sur-
faces are of great importance because they provide
environments to investigate an assortment of transi-
tional phenomena and they are highly influential on the
start and end of transition process; in terms of velocity
and heat transfer parameters.

Flat wall is the most common flow surface and the
regarding transitional flow characteristics have been
extensively investigated. Narasimha [1] derived an
analytical solution for the intermittency distribution by
assuming that all the turbulent spots originate from
one streamwise position in the laminar boundary layer.
The natural transition of flat plate boundary layers
were investigated by Abu-Ghannam and Shaw [2] and
they proposed empirical correlations for the prediction
of start and end of transition region. Cheng et al. [3]
experimented the convective heat transfer in transi-
tional flow and their Stanton numbers deviated from
the turbulent correlation by 19-59%. Intermittency
effects on convective heat transfer were experimentally
investigated by Zumbrunnen and Aziz [4], who re-
ported that intermittent flows yielded enhancements in
convective heat transfer rates by a factor of 2. Ciofalo
et al. [5] studied flow and heat transfer characteristics
of plate heat exchangers under transitional and weakly
turbulent flows and determined the Nusselt number to
correlate positively with Reynolds number and the
friction factor to be less influenced by Reynolds num-
ber towards downstream. Earlier transition and re-
duced transition length due to high free stream
turbulence were indicated by Zhou and Wang [6].
Hydrodynamic and thermal development of transi-
tional boundary layers were investigated by Wang et al.
[7], where the transitional momentum thickness-based
Reynolds number (Rey) was in the range of 490-1,300
and the shape factor (H) was 1.4 at the end of transi-
tion. Johnson and Ercan [8] investigated the transi-
tional flow and evaluated the shape factor data for the
intermittency rates (y) of 0.50, 0.75 and 0.99 as 1.9-2.0,
1.65-1.75 and 1.4-1.45, respectively. Fluid mechanics
measurements of Vasudevan and Dey [9] pointed out
thicker boundary layers, due to the decrease of span-
wise measure of the test section in the flow direction,
where their turbulent H was around 1.5 for y=0.97.

Schook et al. [10] reported that for the flow cases with
high intermittency values, the end of transition can be
located at a relatively low Reynolds number of
Re, <2.0x10°, however, at the end of transition their
heat transfer data coincided with the turbulent corre-
lation regardless of the intermittency level.

Due to the destablising character and being the
pressure side of the turbine blades concave surface
boundary layers have been under consideration par-
ticularly from the point of instabilities, which occur
especially during transition from laminar to turbulent
flow. Zhang et al. [11] experimented a 2 m curvature
for laminar and transitional flows and reported inter-
mittency to grow rapidly in the early stages of transi-
tion and to decrease in the pitchwise direction sharply
for y>0.46. However, the flat plate records of Zhang
et al. [12] pointed out the location of maximum inter-
mittency at y/0=0.55 and the intermittency values
could only attain the minimum zero outside the
boundary layer at y/o~1.25. Volino and Simon [13]
carried out fluid mechanics measurements over a 97 cm
curvature and determined that intermittency exhibited
peaks near the locations of the minima in the velocity
profiles. The pitchwise intermittency reports of Kesto-
ras and Simon [14] indicated a nearly constant value
of 1 up to y/0~0.65 and vanishing towards 0 around
y/0=1.50. Toe et al. [15] experimented the transitional
region with free stream velocities of 2-9 m/s, and
determined that the onset of transition shifts down-
stream with lower velocities. Conditional data sampling
of Volino et al. [16] put forward the dissimilarity of the
turbulent and non-turbulent zone velocity profiles,
moreover, skin friction coefficients were 70% higher in
the turbulent zone.

Suction side of the turbine blades and inner surface of
heat exchanger channels are of convex curvature type
and devoted to its stabilizing character as much as 50—
80% of the surface can be covered with flow undergoing
transition. Turbulent flow over a 2,410 mm radius was
experimentally investigated by Muck et al. [17], who
determined that at y/§ =0.6 the intermittency factor was
around 0.9 which was followed by a sudden drop for
y/6>0.6. Wang and Simon [18] worked on two distinct
convex curvatures and determined that the transitional
heat transfer rates of the convex surfaces were lower
than the flat wall measurements by around 60 and 40%
for the curvatures of 180 and 90 cm, respectively. Abu-
Qudais et al. [19] reported, for the convex section of a
parabolic cylinder, augmented skin friction distributions
with higher Reynolds number and monotonic decrease
of heat transfer rates in streamwise direction. Turbulent
flow characteristics over the convex side (R=492 mm)
of a swept bump were experimentally considered by
Webster et al. [20], who reported Rey and H to increase
in the flow direction with ranges of 3,100-6,100 and
1.21-1.62, respectively. Ligrani and Hedlund [21] per-
formed flat and convex surface experiments, where the
flat plate heat transfer values were above those of the
convex wall by 25%. Unsteadiness effects on convex and



concave surface flows were handled by Wright and
Schobeiri [22]; who determined the concave wall to be
more influenced than the convex wall, with higher heat
transfer rates and earlier transition. Turner et al. [23]
experimented the 1,200 mm curvature with two inlet
velocities and recorded 45% augmented heat transfer
rates for the higher inlet velocity case.

The above-defined past research has contributed
much to the understanding of transitional flows, how-
ever, issues requiring further study include the combined
handling of flat and curved surfaces in transitional flows,
with more than one inlet velocity to provide a deeper
understanding on the mechanisms of transition from
laminar to turbulent flow. Ozalp and Umur [24] exper-
imentally investigated the flat, concave and convex wall
boundary layers both in laminar and turbulent flows and
experimented boundary layer development in conjunc-
tion with surface heat transfer rates. The current work
has been carried out over the identical surfaces of the
former study of the authors, to bridge the gap between
laminar and turbulent flows by considering both the
flow and heat transfer characteristics of the transition
mechanism.

2 Experimental details

The general arrangement of the low-speed wind tunnel
used for the present experimental program is in Fig. 1.
Air was drawn by an axial blower through a filter, a
honey comb, a screen pack, a nozzle and a straight
section, where the maximum air velocity at the inlet of
the rectangular test section was 30 m/s with a turbulent
intensity of less than 1%. The nozzle has a 3:1 con-
traction ratio providing a 300200 mm exit area identi-
cal to the inlet of the test section. Honeycomb and
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screen packs in the upstream of the contraction ensured
parallel streamlines with absence of swirl. Velocity
measurements in the working section were made using a
standard semi-circular pitot probe in conjunction with
static pressure tappings on the flow wall, static pressures
were recorded by a micro-manometer, where the overall
estimated uncertainty of velocity measurements were less
than +3%. While the turbulence level of around 1% at
the inlet of the test section remained almost constant in
the downstream direction for the flat plate case, that
increased up to 1.2% for the concave and decreased to
0.8% for the convex curvatures at the end of the test
section.

The rectangular test section of flat plate, concave and
convex walls were manufactured at Uludag University,
where the streamwise distance of the flat plate and
curved walls were 750 and 1,000 mm, respectively. The
radius of both curvatures was 1,500 mm providing a
sufficiently high /R ratio to impose the influences of
concave and convex cases on boundary layer develop-
ment. As velocity profiles were attained at six different
streamwise x-locations of 60, 180, 300, 420, 540 and
660 mm, surface temperature measurements were per-
formed both at these profile stations and additionally at
the midways, resulting in a total of 11 points to provide
detailed and sufficient knowledge on the heat transfer
mechanism. The copper plate, mounted on the bottom
side of the test wall (Fig. 1) had a spanwise width of
240 mm and was heated by an electrical resistance (a
high-current, low-voltage transformer) to obtain con-
stant heat flux condition throughout the measurements.
The wall and free stream temperatures were recorded by
copper—constantan thermocouples and the heat loss
through the backside of walls was minimised by fibre-
glass insulation. Heat transfer coefficient was defined as
h=q/(Tyw—T,) and the corresponding experimental
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Stanton number by St=#/(p U C,,) where ¢=qr—q,, gr
and ¢, refer to flow-on and flow-off powers, p and C,
are the density and specific heat of fluid. In this partic-
ular case, the cumulative uncertainty of the experimental
Stanton number is directly estimated by the equation of

QUN® | (9g\" (OTY, (98\", (9G]
U q T P Cp
and hence the maximum uncertainty in heat transfer

measurements is found to be +4%.

1
2

o5t _
St

3 Results and discussion

Velocity and wall temperature measurements were car-
ried out over flat plate, concave and convex walls at
constant heat flux condition with core flow velocities of
4 and 12 m/s corresponding to the complete transitional
region. Velocity measurements were presented in non-
dimensional form of u/U, compared to exact Blasius
profile for laminar and to Prandtl approximation of (1/
7)th power law for turbulent flow. Moreover H (=4"/0),
where 8" and 0 refer to displacement and momentum
thickness values respectively, y and y are also plotted
with respect to y/d and ¢, where J is experimentally
determined at each profile location. Temperature mea-
surements were presented as Stanton numbers derived
from both C; and measured wall and free stream tem-
peratures together with flat-plate laminar analytical
solution and turbulent correlation. Lastly Rey(= U0/v)
and Re, (= Ux/v) were given in tabulated form, where
the unheated starting length (x;) was also taken into
consideration in Reynolds number calculations by
applying the Blasius profile of Eq. (1) to the initial
measurement station with the boundary layer thickness
value of 0,— 6o mm-

3.1 Velocity measurements

Dimensionless velocity profiles are recorded at stream-
wise distance of 60, 180, 300, 420, 540 and 660 mm of
concave, flat and convex surfaces and presented in Fig. 2
at three stations of 60, 420 and 660 mm. While velocity
profiles at 4 m/s remained close to Blasius profile where
H ranged from 1.8 to 2.7, those of 12 m/s approached
(1/7)th turbulent approximation with A values of 1.3—
2.07. Where dimensionless Blasius profile is defined as

U 0 5
1= and xR W
and Prandtl (1/7)th power law approximation by
u N7 o 037
U (5) x Reg‘2 ' (2)

As the flat plate velocity profiles are similar to those of
Cheng et al. [3] and Vasudevan and Dey [9], Wright and
Schobeiri’s [22] concave surface measurements are in
harmony with the current reports. The deviation of
convex velocity profiles from the Blasius profile partic-
ularly y/0>0.8 showed that surface curvature is of
importance for the boundary layer development even at
the first measuring station of 60 mm which gave rise to
higher H values of around 2.7 than those of the concave
and flat surfaces. The convex curvature effect became
more pronounced at the lower velocity of 4 m/s than the
higher one of 12 m/s.

In the downstream direction, the measured velocities
approached (1/7)th power law, particularly on concave
wall where H reduced to 1.8 and 1.3 in the flows with
inlet velocities of 4 and 12 m/s, respectively. However,
even at the last measuring station the H value of the
convex wall was around 1.81, having a considerable
distance from the turbulent flat plate value of 1.3,
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Fig. 2 Dimensionless velocity profiles
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Fig. 3 Pitchwise variation of local intermittency factors

moreover, the downstream convex velocity profile for
the 12 m/s case is significantly different from the tur-
bulent records of Webster et al. [20] verifying the tran-
sitional character of the present measurements. These
results were strongly supported by the intermittency
profiles (y) as plotted in Fig. 3. For instance, the inter-
mittency profiles remained below 0.25 and 0.65 for the
convex wall, 0.45-0.75 for flat plate and reached higher
values of 0.65-0.97 for concave wall at 4 and 12 m/s,
respectively. Muck et al.’s [17] turbulent intermittency
measurements over a convex surface showed nearly a
constant value of y=1 for y < 0.40 and y=0 could only
be reached outside the boundary layer at ya1.25. The
current reports of lower intermittency data for the
convex wall is an evidence of the transitional character
and transition delaying role, where similar findings were
also reported by Wang and Simon [18] by considering
two distinct convex curvatures. The intermittency factor
characterizes the transition region and is described by

(3)

U — ug

Ut — U

where y=0 refers to laminar flow, y=1 to turbulent
flow, u is the local velocity, ug and ut present Blasius
and turbulent velocities. The lower y values coincide
with higher H values for each case and the lower con-
cave and larger convex wall values of H (the opposite is
true for y) than those of flat plate became more apparent

towards the downstream so that H decreased up to 2.2—
1.8 for the convex and to 1.8-1.3 for the concave sur-
faces at the last measuring station, for 4 and 12 m/s,
respectively. As given in Fig. 3, the variation of inter-
mittency with y/d illustrates that y started to rise from
0.2 and 0.4 and reached the highest values of 0.65 and
0.97 around y/d=0.65 for the concave surface for 4 and
12 m/s, respectively. Similar to these findings, Zhang
et al. [12] reported a maximum intermittency of 0.75 at
»/6=0.55, moreover, Kestoras and Simon [14] and Vo-
lino and Simon [13] determined a sharp decrease in
intermittency for y/6>0.60 and y/6>0.50, respectively.
The present measurements and the information from the
literature show parallelism and can be attributed to the
fact that the most effective turbulent activity occurs after
midway across the boundary layer at 0.55 < y/6 < 0.65
and the concave wall intermittency profiles are fuller
than flat plate and convex surface, as expected.

As can be seen from Tables 1 and 2, mean intermit-
tency factors for all cases, calculated as

0
1
v—g//w
0

and increased with decreasing shape factor in the
downstream direction together with increasing Re, at
both case. The higher the H the lower the y, and H

(4)

Table 1 Boundary layer parameters at profile locations for U=4 m/s

Flat surface

Concave wall

Convex wall

x (mm) 7 H Rey Re(x10%) 7 H Rey Re(x10%) 7 H Rey Re(x10%)
60 0.14 2.65 280 3.75 0.37 2.55 230 3.15 0.06 2.7 360 4.40
180 0.19 2.59 310 4.05 0.40 2.43 260 3.46 0.08 2.63 390 4.71
300 0.23 2.45 350 436 0.45 23 295 3.76 0.11 2.55 430 5.01
420 0.26 2.32 390 4.67 0.46 2.16 330 4.07 0.16 2.46 480 5.32
540 0.29 22 430 4.97 0.47 2.01 370 4.38 0.18 2.33 530 5.63
660 0.32 2.1 480 5.28 0.52 1.8 420 4.68 0.22 22 590 5.93
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Table 2 Boundary layer parameters at profile locations for U= 12 m/s

Flat surface Concave wall Convex wall
x (mm) 7 H Rey Re,(x10%) 7 H Rey Re(x10°) 7 H Rey Re(x10°)
60 0.36 2.02 720 5.20 0.65 1.63 672 4.25 0.35 2.07 750 6.74
180 0.45 1.91 792 5.98 0.79 1.56 699 5.17 0.44 1.95 834 7.48
300 0.52 1.84 882 6.77 0.81 1.49 726 6.09 0.49 1.9 948 8.24
420 0.58 1.81 990 7.55 0.88 1.43 756 7.01 0.51 1.88 1080 8.96
540 0.59 1.76 1086 8.33 0.92 1.38 792 7.92 0.57 ) 1218 9.68
660 0.66 1.71 1200 9.10 0.97 1.3 840 8.84 0.61 1.81 1350 10.40

exceeded the laminar flat plate value of 2.6 on convex (
7 =0.06, H=2.7 and Rey=360) and H reached the
turbulent value of 1.3 on concave wall ( 7 = 0.97 and
Rey=840), respectively. The convex curvature, where
thicker boundary layers, corresponding to higher H, Rey
and lower 7, showed that convex surface itself retarded
transition, while concave surface which led to fuller
velocity profiles, smaller H and bigger y values enhanced
it, similar to those of Abu-Ghannam and Shaw [2]. The
Rey range of 280-1,200 for the flat plate is in harmony
with the findings of Wang et al. [7], pointing 492—1,302,
however, above the upper limit ((Reg), =900) of John-
son and Ercan [8]. Table 2 indicates that even Re,
reached a value of 9.1x10° at the downstream section of
the flat plate with the inlet velocity of 12 m/s, 3 and H,
values of 0.66 and 1.71 keep the flow still in the transi-
tion region. Wang et al. [7] determined the end of
transition with H of 1.4 at Re,=11.2x10°> and Schook
et al. [10] at Re, = 6x10° which are also above the critical
Re, of 5x10°. Volino and Simon [13] indicated the end of
transition with Rey =500 for the concave surface with
R=97 cm, on the other hand, the current corresponding
data for R=150 cm curvature is Rey =840 and put forth
the influence of concave curvature on the transition
mechanism from the point of boundary layer develop-
ment. The H range of the convex wall is given as 2.7—
1.81 (Tables 1, 2) and is above the turbulent establish-
ments of Webster et al. [20] with 1.21-1.62, clarifying
both the transitional character of the flow and stabilising
role of the convex surface. Tables 1 and 2, moreover,
demonstrates that the upstream  and Rey values of the
12 m/s case are higher than those of the 4 m/s flow,
which indicates that high inlet velocities enhance tran-
sition on both straight and curved surfaces and these
findings are also in harmony with Toe et al.’s [15] re-
ports for the concave wall.

The favourable effect of concave curvature on tran-
sition can also be seen in Fig. 4, where the mean 7 values
of 0.40 (¢ =0.4) and of 0.97 ( (¢ =0.90) occurred in
concave wall much higher than those of convex wall and
flat plate. The dimensionless parameter of ¢ is calculated
as

X — Xts

» = ,
Xte — Xts

(5)

where x; and x, refer to start and end of transition,
which indicate the streamwise locations with the

intermittency values of 7 = 0.00 and 0.99, respectively,
similar to the application of Gostelaw et al. [25]. In the
convex and flat surface cases, where transition end
locations (7 = 0.99) were not reached experimentally,
the x. values are evaluated by extrapolating the avail-
able streamwise 7 data, which was also applied by
Gostelow et al. [25]. The distribution of the flat plate
values show similarity with the reports of Schook et al.
[10] and the 7 values remained between the analytical
solutions of Abu-Ghannam and Shaw [2], Schubauer
and Klebanoff [26] and Narasimha [1]. The best fit led to
the expression of

7=1-exp(~4¢), (6)

which can be used for the definition of } as a function of
transition parameter ¢, with an error of less than +2%.

3.2 Heat transfer measurements

Temperature measurements at constant heat flux con-
dition were taken at 11 locations in the downstream
direction from 60 to 660 mm, while velocity measure-
ments were obtained at six stations. Temperature mea-
surements have been presented in Stanton number form,
as seen in Figs. 5 and 6 and the experimental Stanton
numbers were compared to St derived from skin friction
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Fig. 4 Variation of mean intermittency factors with transition

parameter
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(C¢/2), and to laminar analytical solution and turbulent
correlation formula. Skin friction Cy is derived from
velocity profiles as Cy=1 ,/0.5p U? and hence St is cal-
culated by St=(C¢/2)4, where A=Pr“[ 1 — (x/x1)"], x
is the unheated starting length based on Blasius equa-
tion, x is the relative streamwise distance, C¢/2=0.453
Rey *°, a=-2/3, b=0.75 and ¢=—1/3 for laminar
analytical solution and C;/2=0.03Re} 02 4=-04,
b=0.9 and ¢=—0.11 for turbulent correlation formula.

As given in Figs. 5 and 6, the Stanton numbers de-
rived from C; are comparatively smaller than experi-
mental St for all cases, but the difference becomes more
apparent at the lower velocity of 4 m/s (Fig. 5), partic-
ularly on the convex wall, where the flow is more vul-
nerable in lower velocities. The gap between
experimental and derived St was smallest in the concave
and biggest on the convex wall at both flow cases. The
fuller velocity profiles resulting in the thinner boundary
layers, smaller H and higher 7 on the concave wall cor-
responded to higher Cy and St than flat plate, particu-
larly at the higher velocity of 12 m/s (Fig. 6). Concave
wall data show, particularly for the inlet velocity of

Flat
0.004 —

Concave

12 m/s, that although the experimental St coincides with
the turbulent correlation at the downstream section
(7 = 0.97), the C-based St value is below the correlation
by 12%. Concave wall data of Volino and Simon [13]
also indicated a gap of up to 25% among the turbulent
analogy and measured Cy at the end of transition. Fig-
ure 5 additionally implies that the thickening of
boundary layer at 4 m/s with bigger H and lower J on
the convex wall gave rise to lower Cy and St than those
of the flat plate. The difference in the experimental and
derived St was associated with convex curvature rather
than concave and this became more pronounced at the
lower velocity of 4 m/s. The experimental St for the
concave wall are close to the records of Wright and
Schobeiri [22], moreover, the relative relation of the
derived and experimental St is in harmony with the re-
ports of Zhou and Wang [6] and Wang and Simon [18§],
for the flat and convex surfaces, respectively. Figures 5
and 6 together put forward that different inlet velocities,
although either in the transitional region, result in al-
tered St data by 10, 8 and 6% for the convex, flat and
concave walls, respectively; similar findings were also
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Fig. 6 Streamwise variation of Stanton numbers for U= 12 m/s
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Fig. 7 Streamwise variation of mean intermittency factors

reported by Schook et al. [10] for the flat surface up to
50% and by Turner et al. [23] for the convex wall up to
45%.

Similar to the method of Schook et al. [10], the mean
intermittency factor y for each location was also found
from the experimental St as

St — St
Stt — Stp

Y= (7)
where Sty and St are the laminar and turbulent Stanton
numbers, evaluated from the analytical solution and
turbulent correlation, as shown in Figs. 5 and 6. It is
suffice to say that the y derived from St was up to 15%
higher than those of velocity measurements, particularly
at the last measuring station. The bigger y values derived
from St than that from velocity might be attributed to
the influence of hot fluid that moved from wall to core
flow, provoking the mechanism of transition. So, the
heated wall for the temperature measurements seems
likely to be responsible for much of the bigger inter-
mittency and the enhanced transition. It appears that the
influence of the heated wall was more effective on the
higher velocity than the lower one and led to the ex-
pected higher 7, Cyand St. The velocity and temperature
measurements showed that the difference between the 7y
values derived from velocity and Stanton number of
Fig. 7 was also associated with the difference between
the derived and the experimental Stanton numbers of
Figs. 5 and 6, with a maximum deviation of 8%.

It was concluded that there was no remarkable dif-
ference in St at the leading edge among all surfaces, but
the difference towards the last measuring station (con-
cave—flat plate and convex—flat plate) become so signif-
icant that concave curvature has been linked with
increases in St around 22 and 20% and the convex
curvature has coincided with a reduction of St up to 12
and 10%, with respect to those of flat plate at 4 and
12 m/s, respectively. These proportions are close to
those of Turner et al. [23], who determined a shift of
17% among the flat plate and convex wall St data. The

ratio of the concave to convex heat transfer rates is the
range of 38-34% and is similar to the establishments of
Ligrani and Hedlund [21], who pointed an augmentation
of 30%.

4 Conclusion

The laminar to turbulent transition process was
experimentally investigated in flat plate, concave and
convex wall boundary layers subject to constant heat
flux on the flow surface. The experimental observations
were compared to those from other relevant investiga-
tions so as to discuss the combined effects of surface
curvature, inlet velocity and surface heat flux on tran-
sition mechanism in conjunction with the boundary
layer parameters. It was found that the higher inter-
mittency and the lower shape factor values, recorded
on the concave wall, resulted in earlier transition than
the flat plate and convex walls. On the other hand, the
lower intermittency, the higher momentum thickness
Reynolds numbers and the higher shape factor values
of the convex wall delayed the transition process so
that the convex and the flat surface mean intermitten-
cies remained below 0.25-0.65 and 0.45-0.75 and
reached higher values of 0.65-0.97 for the concave wall
at 4 and 12 m/s, respectively. The new equation for the
estimation of 7 was also developed to calculate the
mean intermittency, and compared to the experimental
values with an inaccuracy of less than +2%. Heat
transfer measurements showed that mean Stanton
numbers of the higher velocity remained above those of
the smaller one by 10, 8 and 6% for the convex, flat
and concave walls, respectively. Moreover, concave
curvature caused Stanton numbers to increase up to 22
and 20% and the convex curvature to decrease by 12
and 10%, with respect to those of flat plate at 4 and
12 m/s. Mean intermittency values, derived from
Stanton numbers, were found to be higher than those
from velocity. As a result, the transition process due to



heated wall took place earlier in all cases and moved
the transition onset towards the upstream.
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