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Abstract Flow and heat transfer characteristics over flat,
concave and convex surfaces have been investigated in a
low speed wind tunnel in the presence of adverse and fa-
vourable pressure gradients (k), for a range of –3.6 · 10–6

£ k £ +3.6 · 10–6. The laminar near zero pressure gra-
dient flow, with an initial momentum thickness Reynolds
number of 200, showed that concave wall boundary layer
was thinner and heat transfer coefficients were almost 2
fold of flat plate values. Whereas for the same flow con-
dition, thicker boundary layer and 35% less heat transfer
coefficients of the convex wall were recorded with an
earlier transition. Accelerating laminar flows caused also
thinner boundary layers and an augmentation in heat
transfer values by 28%, 35% and 16% for the flat, concave
and convex walls at k = 3.6 · 10–6. On the other hand
decelerating laminar flows increased the boundary layer
thickness and reduced Stanton numbers by 31%, 26% and
22% on the flat surface, concave and convex walls
respectively. Turbulent flow measurements at k = 0, with
an initial momentum thickness Reynolds number of 1100,
resulted in 30% higher and 25% lower Stanton numbers on
concave and convex walls, comparing to flat plate values.
Moreover the accelerating turbulent flow of k = 0.6 · 10–6

brought about 29%, 30% and 24% higher Stanton numbers
for the flat, concave and convex walls and the decelerating
turbulent flow of k = –0.6 · 10–6 caused St to decrease up
to 27%, 25% and 29% for the same surfaces respectively
comparing to zero pressure gradient values. An empirical
equation was also developed and successfully applied, for
the estimation of Stanton number under the influence of
pressure gradients, with an accuracy of better than 4%.

List of Symbols
Cp constant pressure specific heat, J/kgK
Cf skin friction factor, dimensionless
h convective heat transfer coefficient, W/m2K
H shape factor
k pressure gradient parameter [(m/U2)(dU/dx)],

dimensionless

kx streamwise pressure gradient [(xp/U)(dU/dxp)],
dimensionless

qF, qo flow-on and flow-off powers, W/m2

Rex streamwise distance Reynolds number,
dimensionless

Re momentum thickness Reynolds number,
dimensionless

St Stanton number, dimensionless
Sto Stanton number without longitudinal pressure

gradient, dimensionless
Stp Stanton number with longitudinal pressure gradi-

ent, dimensionless
Tw wall temperature, �C
To free stream temperature, �C
U mean velocity, free stream velocity, m/s
x,y,z streamwise, pitch wise and spanwise directions,

mm
xl unheated starting length, mm
xp pressure imposed streamwise length, mm

Greek Symbols
d boundary layer thickness, mm
m kinematic viscosity, m2/s
q density, kg/m3

h momentum thickness, mm

1
Introduction
Concave and convex surfaces are of great importance for
engineering applications such as turbine blades, aircraft
wings and power plants, which are bound to adverse and
favourable pressure gradients. There have been several
previous investigations particularly on flat plate boundary
layers and a few in curved walls such as Abu-Ghannam
and Shaw [1] who worked on the effects of turbulence
intensities and pressure gradients, Crane and Sabzvari [2]
who showed that Görtler vortex system due to concave
curvature caused St to increase above flat plate values by a
comparable amount. Umur [3] showed that pressure gra-
dient parameters up to 0.75 · 10–6 over concave curvature
resulted in regular vortex structure and caused mean heat
transfer coefficient to increase, and also determined that a
value of k of 1.8 · 10–6 was sufficient to suppress the
vortex development so that there was no heat transfer
augmentation above the flat plate values. Gostelaw et al.
[4] determined that transition occurs rapidly under strong
adverse pressure gradients, Zhang et al. [5] indicated the
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late transition character in laminar and turbulent flows
over a concave curvature and Zhou and Wang [6] reported
the effects of free-stream turbulence intensity and
streamwise acceleration on flow and heat transfer. Volino
and Simon [7] found out that high free stream turbulence
(8%) shortens the transition length but accelerating flow
(k = 9 · 10–6) overcomes the effects of turbulence inten-
sity. Umur and Karagoz [8] showed that Stanton numbers
increased with favourable pressure gradients and
decreased with the adverse in flat plate walls. Sturgis and
Mudawar [9] reported that higher Reynolds number
caused higher heat transfer rates in the downstream region
but lower in the upstream region at the concave wall.
Wright and Schobeiri [10] reported that increasing the
unsteadiness results in earlier transition and higher heat
transfer rates. Umur [11] presented over a concave surface
that the effect of Reynolds number on heat transfer
enhancement is more dominant than surface curvature
and pressure gradients.

A number of investigations have also been carried out
in turbulent flows. For example Muck et al. [12] con-
cluded that the response of turbulence to convex curva-
ture is rather rapid and the decrease in turbulence
intensity is implied by the increase of turbulent-energy
dissipation rate. Wang and Simon [13] reported 5% to
10% decrease in heat transfer due to convex curvature
and free-stream turbulence effects became dominant on
convex curvature transition and Taylor et al. [14] inves-
tigated the flat plate turbulent heat transfer process for
two different boundary conditions. Plesniak et al. [15]
worked on the effect of angular momentum instability on
the mixing layer as the low speed stream is close to or
away from the curved wall and Rivir et al. [16] reported
that heat transfer rates dropped below the zero pressure
gradients by 60% near the separation point but the values
rapidly increased when approaching the reattachment
point. Inagaki and Aihara [17] determined that the me-
andering motion of the Görtler vortices, appeared from
transition to turbulent regions, was dominant near the
wall, contributing to the energy exchange with the tur-
bulence. The friction factor appeared to be most influ-
enced by the decelerating turbulent flows over convex
curvatures in the study of Webster et al. [18]. Kestoras
and Simon [19] determined that turbulence quantities
immediately dropped at the bend exit, while Ligrani and
Hedlung [20] showed that concave wall heat transfer
rates were above the convex values by 30% to 40% in the
transition and turbulent regions respectively.

In this study; flat, concave and convex wall boundary
layers have been investigated in conjunction with pressure
gradients both in laminar and turbulent flows, so as to
determine the combined effects of pressure gradient and
wall curvature on the boundary layer development and
heat transfer rates. Velocity and temperature measure-
ments were recorded with initial free stream momentum
thickness Reynolds numbers (Reh = Uh/m) from 200 to
2000 and the pressure gradient parameter of k [(m/U2)(dU/
dx)] from –3.6 · 10–6 to +3.6 · 10–6 for laminar and from –
0.6 · 10–6 to +0.6 · 10–6 for turbulent flows, corresponding
to kx [(xp/U)(dU/dxp)] values of ±0.47.

2
Flow conditions and instrumentation
All measurements were conducted in three rectangular
test sections of straight, concave and convex surfaces
mounted on a low-speed wind tunnel manufactured at
Uludag University as shown in Fig. 1. Air was drawn by
a 5 kW centrifugal blower through honeycomb and
screen packs with an area constriction of 3 to provide a
maximum exit velocity of 30 m/s. A straight plate in 400
mm length was also installed in the upstream of the test
section to allow the boundary layer growth at the
leading edge. The streamwise distance is 750 mm in
straight wall and 1000 mm in curved walls with a radius
of 1500 mm either in concave or convex curvatures.
Upper walls of three test section were adjustable to
impose the desired favourable or adverse constant
pressure gradients (k) from –3.6 · 10–6 to +3.6 · 10–6.
The highest value of k was close to that required to
relaminarise the turbulent boundary layers. The pressure
gradient parameter was chosen to characterise accelera-
tion (k=+) and deceleration (k=–) on the basis of ease
of measurement and k values were tried to be kept
constant from the leading edge to the trailing edge with
an accuracy of ±5%. kx values were also used as
a streamwise imposed pressure gradient to simplify the
analysis and to compare the measurements of laminar
and turbulent flows.

Mean velocities were measured by a semicircular
pitot tube, at 6 different streamwise locations of x = 60,
180, 300, 420, 540 and 660 mm, mounted on the lower
side of the test section in conjunction with the static
pressure tappings. Static pressures were recorded by a
micro manometer with a precision of ±1%. The total
uncertainty in mean velocity was estimated to be within
±4%. The copper plate test wall was heated by an
electrical resistance (a high-current low-voltage trans-
former) to provide surface temperature measurements
under the constant heat flux condition. Wall tempera-
tures were recorded by copper-constantan thermocou-
ples on the heated copper plate mounted either on
concave, convex or straight walls. Care was taken to
minimise heat loss through the backside of wall by
fibreglass insulation. The temperature distribution
above all heated walls was found to be uniform in
streamwise direction within ±0.5 �C throughout the
measurements. Convection heat loss was estimated
from the difference between the flow-off (qo) and flo-
w-on (qF) powers required to maintain locally constant
wall temperature with and without flow. The heat
transfer coefficient is defined as h = q/(Tw – To) and
corresponding experimental Stanton number by St =
h/(qUCp) where q = qF – qo, Tw and To are the wall and
free stream temperatures, q, U and Cp refer to density
of fluid, free stream velocity and specific heat.

The boundary layer thickness d(0.95U) at the first mea-
suring station (60 mm) of the flat surface was 13 and 10
mm with free stream velocities of 3 m/s (laminar flow) and
15 m/s (turbulent flow) respectively. The corresponding
initial values of d were 11 and 8 mm for concave and 14
and 12 mm for convex surfaces.
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3
Results and discussions
Two different inlet velocities of 3 m/s in laminar and 15 m/s
in turbulent flows were implied to form a complete
overview on flow and heat transfer characteristics on
flat, concave and convex surfaces and to set laminar and
turbulent flow regimes, with streamwise pressure gradients
from –3.6 · 10–6 to +3.6 · 10–6 in laminar flows and from –
0.6 · 10–6 to +0.6 · 10–6 in turbulent flows. Velocity and
temperature measurements were obtained at 6 locations
of the test surfaces and presented as laminar and turbulent
flows in cross stream and streamwise variations based on
the boundary layer parameters of d, Rex, Reh, H, Cf and St.

3.1
Laminar accelerating and decelerating flows
Laminar flow experiments are carried out with an inlet
velocity of 3 m/s for all surfaces with near zero, favourable
and adverse pressure gradients. Although the velocity
and heat transfer measurements were carried out at 6
stations in streamwise direction, the non-dimensional
velocity profiles of the three surfaces were shown at three
locations of 60, 300 and 660 mm, for the sake of brevity
only, and for pressure gradients of k = 0 and ±3.6 · 10–6,
as in Fig. 2. The initial boundary layer thicknesses of the
concave, flat and convex surfaces (dx = 60mm) are 11, 13 and
14 mm which lead to streamwise distance Reynolds
numbers (Rex = Ux/m) of 175000, 245000 and 285000, Reh

of 230, 280 and 360 and H of 2.55, 2.75 and 2.95 respec-
tively for all pressure gradients. On the other hand
downstream (x = 660 mm) values of Reh are evaluated as

420, 480 and 590 and H values appeared to be 1.80, 2.1 and
2.20 for the concave, flat and convex surfaces respectively
for near zero pressure gradient. Flat surface boundary
layer values match with laminar notifications of Cebeci
and Bradshaw [21] and flat plate velocity profiles are
similar to that of Cheng et al. [22]. Velocity profiles at the
last two stations of the concave surface resemble those of
Volino and Simon [7] and Inagaki and Aihara [17] from
the point of transition. Whereas, the convex surface flow
show laminar flow characteristics all over the surface,
similar to those of Plesniak et al. [15]. The velocity profiles
of Fig. 2 show that concave curvature enhances the onset
of transition, contrary to the convex curvature. Imple-
mentation of the favourable pressure gradient of k = 2.0 ·
10–6 showed no significant effect on the initial station
boundary layer parameters, but thinner boundary layers
appeared in the streamwise direction so that boundary
layer thicknesses for all three surfaces reduced by 8% at
the last station, together with Reh values of 350, 440 and
550 and H values of 1.87, 2.15 and 2.25 for concave, flat
and convex surfaces respectively. The stabilising effect of
acceleration can also be seen for all surfaces, being
consistent with the work of Zhang et al. [5]. The similar
boundary layer development was also recorded with the
highest pressure gradient parameter of k = 3.6 · 10–6,
which shows that the highest pressure gradient was not
sufficient for the laminar boundary layer development
particularly at the initial station. But, the effect of
favourable pressure gradient became more remarkable
towards the end of test section so that Reh and H values for
all surfaces became smaller than those of near zero and

Fig. 1. Test section
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mild pressure gradient (k = 2.0 · 10–6), which are in
conjunction with the flat surface results of Gostelaw et al.
[4]. The deviation from core velocity between the first and
the last stations is recorded as 20% of the initial free
stream velocity for the mild adverse pressure gradient.
Deceleration in the streamwise direction brought about
thicker boundary layers and earlier transition with higher
Reh (420, 500 and 595) and H values (1.76, 2.04 and 2.11)
than those of accelerating values for concave, flat and
convex surfaces respectively. The concave wall boundary
layer characteristics are consistent with the values of
Volino and Simon [7], who recorded that the onset of
transition took place towards the end of concave curva-
ture. Decelerating flows caused thicker boundary layer
thickness and corresponding lower Cf values as expected
for all cases, contrary to the accelerating flows. The
strongest adverse pressure gradient of k = –3.6 · 10–6 was
not sufficient to cause inflected velocity profiles at
upstream locations, but the laminar velocity profiles
appear to be more vulnerable towards the downstream,
with a small sign of separation particularly on the convex
wall. The measured boundary layer parameters of d, Reh

and H are inconsistent with the values of Rivir et al.
[16] for the flat surface but consistent with Muck et al.
[12] for convex surface and Plesniak et al. [15], who
reported the onset of transition at Rex = 3.8 · 105.

Heat transfer measurements have also been simulta-
neously carried out at the same stations and the measured
Stanton numbers of the three surfaces are compared
within each other and also with the laminar analytical
solution for constant heat flux of Eq. (1)

St ¼ 0:453Re�0:5
x Pr2=3 1� ðxl=xÞ0:75� ��1=3 ð1Þ

where Rex is the streamwise distance Reynolds number, Pr
is the Prandtl number, xl is the unheated starting length
and x is the streamwise distance. As shown in Fig. 3, St
decreases in the streamwise direction for all surfaces in the
presence of near zero (k = 0) and favourable pressure
gradients (k = 2.0, 3.6 · 10–6). The higher St on the
concave wall and the lower on the convex wall result
partly from thinner and thicker boundary layers as

expected and the measured values and analytical solu-
tions (Eq. (1)) of flat surface are very close to each other.
The fuller velocity profiles and the higher skin friction
coefficient (Cf) on the concave wall gave rise to an aug-
mentation of St by up to 90% towards the end of curvature
comparing to those of flat plate values, which are higher
than that of Umur [11] and lower than those of Wright
and Schobeiri [10]. The thicker boundary layer thickness
and lower skin friction on the convex wall, at k = 0
flow, caused St to decrease by 35%, which is smaller than
those of Turner et al. [23] and is consistent with Wang
and Simon [13] who reported higher heat transfer rates
on strong convex curvature.

Heat transfer coefficients at k = 2.0 · 10–6 were close to
those of near zero pressure gradient at the initial station
but increased a considerable amount towards the last
station for all surfaces. The effect of favourable pressure
gradient on St enhancement was more pronounced on
concave surface (16%) than flat surface (13%) and convex
surface (5%) comparing to those of zero pressure gradient,
which are in accord with the results of Umur and Karagöz
[8] and Zhou and Wang [6]. Fig. 3 shows that flat surface
St is 78% below that of the concave and 34% above the

Fig. 3. Streamwise variation of Stanton numbers in laminar
flow with favourable pressure gradients

Fig. 2. Streamwise variation of
laminar velocity profiles with
k = 0 and ±3.6 · 10–6
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convex wall at the last station, similar to those of near zero
pressure gradient. The convex curvature St results are
inconsistent with Turner et al. [23], who reported 18%
increase at k = 0.15 · 10–6.

Moreover the strongest favourable pressure gradient of
k = 3.6 · 10–6 caused thinner d and smaller boundary layer
parameters of H and Reh, which resulted in higher St in the
streamwise direction. Fig. 3 also shows that the heat
transfer coefficient in the case of k = 3.6 · 10–6 reached
higher values than those of with mild pressure gradient.
Furthermore, the augmentation of St in flat surface became
apparent with the comparison of the analytical values of
Eq. (1). On the other hand concave, flat and convex sur-
face heat transfer rates increased by 35%, 28% and 16%
respectively, comparing to those of zero pressure gradient
values, which indicates that curvature effects are more
dominant than acceleration on Stanton number variation.

Adverse pressure gradient St measurements are shown
in Fig. 4 for the three surfaces. Stanton number, in the case
of k = –2.0 · 10–6, decreased by 11% on concave and 17%
both on flat and convex surfaces, comparing to those of
near zero pressure gradient. Flat surface St values remained
again above convex and below concave surface values;
particularly at the last station with the highest value of 85%
and the lowest value of 30% respectively. These measure-
ments prove that convex surface is more vulnerable to
adverse pressure gradient and the concave surface over-
whelms the opposite effects of adverse pressure gradient.

The strongest adverse pressure gradient of –3.6 · 10–6

resulted in 26%, 31% and 22% lower St values than those
of near zero pressure gradient on the concave, flat and
convex surfaces respectively, Fig. 4 also displays 88%
higher St on concave and 20% lower St on convex surfaces
comparing to flat plate values for the k = –3.6 · 10–6 case.

A new equation for the estimation of St as a function of
the new pressure gradient parameter of kx was developed
and compared with all measured St for both accelerating
and decelerating flows. The new equation is defined as

Stp ¼ Sto expð0:6kxÞ ð2Þ
where kx is the streamwise pressure gradient, Stp and Sto

stand for the St values with and without longitudinal

pressure gradients. Variation of the experimental Stanton
numbers with respect to kx and Eq. (2) are plotted in
Fig. 5, showing that the measured St are very close to the
analytical values and lie on the empirical curve.

In the presence of the strongest adverse streamwise
pressure gradient of kx = –0.47 (k = –3.6 · 10–6) flat
surface St values are above that of the convex by 20% and
below concave surface measurements by 88%; whereas
these proportions become 35% (flat-convex) and 85%
(flat-concave) for the highest favourable streamwise
pressure gradient of kx = 0.47 (k = 3.6 · 10–6). Eq. (2) can
successfully be used for all surfaces in the pressure gra-
dient range of –1.0 £ kx £ 1.0 with a precision of ±3%.

3.2
Turbulent accelerating and decelerating flows
Turbulent flow measurements were carried out at 6
streamwise locations of x = 60, 180, 300, 420, 540 and 660
mm as in the laminar case, with an inlet velocity of 15 m/s
and with pressure gradients of ±0.4 · 10–6 and ±0.6 · 10–6.
The non-dimensional velocity profiles for all surfaces
under the influence of pressure gradients were presented
at 3 stations of 60, 300 and 660 mm, as in the laminar flow
discussions, as in Fig. 6. The initial boundary layer
parameters of d (<10 mm), Rex (>2.2 · 106), Reh (>1100)
and H (<1.5) show that the flow for all cases have
turbulent characteristics, which are similar to those of
Cheng et al. [22] for the flat surface and Kestoras and
Simon [19] for the concave surface. These boundary layer
parameters, towards the downstream (x = 660 mm),
became 1400, 2000 and 2250 for Reh and 1.3, 1.5 and 1.6 for
H in case of concave, flat and convex surfaces respectively,
which are in agreement with those of Volino and Simon
[7]. The thinner turbulent boundary layers, at the
strongest favourable pressure gradient of 0.6 · 10–6, is
similar to that of Cheng et al. [22] and are more apparent
towards the end of the test section (Fig. 6), with Reh and H
values of 1300, 1400 and 1750 and of 1.60, 1.70 and 1.90 on
concave, flat and convex surfaces respectively. Even the
highest favourable pressure gradient of k = 0.6 · 10–6 was
not sufficient to relaminarize the flow so that velocity

Fig. 4. Streamwise variation of Stanton numbers in laminar flow
with adverse pressure gradients

Fig. 5. Laminar flow Stanton numbers versus kx

873



profiles showed turbulent flow characteristics in all mea-
surement stations. The boundary layer thickness at the
adverse pressure gradient of k = –0.4 · 10–6 increased
particularly at the last measuring stations. The turbulent
boundary layer on the convex surface was seen to be more
resistant to adverse pressure gradient than laminar flow
and no separation took place. Higher Reh and H values
account for all surfaces than near zero pressure gradient.
The lowest adverse pressure gradient of –0.6 · 10–6, with
25% reduction in core flow velocity caused further in-
creases in d for all surfaces, which is similar to that of Rivir
et al. [16] for flat surface and of So and Mellor [25] for
concave surface and of Webster et al. [18] for convex
surface. These encounter higher boundary layer parame-
ters of Reh and H and more resistant turbulent flow than
that of k = –0.4 · 10–6 case over all surfaces.

The streamwise variation of turbulent Stanton numbers
of Fig. 7, in the presence of favourable pressure gradients,
exhibit that concave surface has the highest and convex
surface has the lowest values, as in the previous case of
laminar flow. The experimental results are also compared
with the turbulent correlation of Eq. (3).

St ¼ 0:03Re�0:2
x Pr0:4 1� ðxl=xÞ0:9

� �1=9 ð3Þ
For near zero pressure gradient case, the measured

turbulent St values rose by a factor of 1.3 for concave, 1.6
for flat and 1.7 for convex surfaces, towards the down-
stream, with respect to laminar flow values. The turbulent
St augmentation is in good agreement with Rivir et al. [16],
Turner et al. [23] and Taylor et al. [14], but comparable to
Mayle et al. [24] and Ligrani and Hedlung [20]. On the
other hand concave and convex wall Stanton numbers
were 8% higher and 4% lower at initial stations and 30%
higher and 25% smaller at last stations, than flat plate
values.

Since the favourable pressure gradient of k = 0.4 · 10–6

has no distinct effect on the initial station velocity profiles
and on the corresponding boundary layer parameters
of Reh and H, initial Stanton numbers remained almost
unchanged (close to those of near zero pressure gradient).
As shown in Fig. 7, a small amount of augmentation in St,

such as 15% for concave, 14% for flat and 12% for convex,
have been recorded towards downstream above zero
pressure gradient values. These results are consistent with
the convex surface results for mild acceleration of Turner
et al. [23], who reported 7.5% increase in turbulent flow.
The flat plate Stanton numbers are 28% below concave
wall and 21% above convex wall, as predicted in the earlier
case.

The pressure gradient of 0.6 · 10–6 caused a further
increase in St values on the three surfaces, such as flat
surface values are 27% below the concave and 24% above
the convex values. As in the mild pressure gradient case,
the strongest pressure caused St to increase by 30%, 29%
and 24% for concave, flat and convex walls, above near
zero pressure gradient values. Measurements showed that
heat transfer coefficients increased with acceleration both
in laminar and turbulent flows, which is not in good
agreement with Umur and Karagöz [8], who showed
turbulent St to decrease with acceleration, unlike laminar
flows.

The adverse pressure gradient of –0.4 · 10–6 resulted in
thicker boundary layers, reduced skin friction and the

Fig. 6. Streamwise variation of
turbulent velocity profiles
with k = 0 and ±0.6 · 10–6

Fig. 7. Streamwise variation of Stanton numbers in turbulent
flow with favourable pressure gradients
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corresponding St as seen in Fig. 8. St decreased by 14% for
concave, 15.5% for flat and 12.5% for convex surface with
respect to near zero pressure gradient. Flat surface St are
29% below the concave and 18% above the convex values.

The streamwise heat transfer variations with k of –0.6 ·
10–6 show similar characteristics to those of k = –0.4 ·
10–6. St decreased up to 25% for concave, 27% for flat and
29% for convex with respect to no pressure gradient. Flat
surface heat transfer values are 25% higher than the con-
vex surface and 30% lower the concave surface values. The
variation in Stanton number with k = –0.6 · 10–6 is more
pronounced than that of k = –0.4 · 10–6, that might be
contributed to the more influence of higher adverse
pressure gradient in turbulent flows.

As for the laminar case the new equation of 4, appli-
cable for three surfaces and for the complete set of fa-
vourable and adverse pressure gradients, was developed by
modifying Eq. (2).

Stp ¼ Sto expð0:7kxÞ ð4Þ
St values are also plotted with respect to kx for the three
surfaces in Fig. 9, together with Eq. (4). The results
showed that accelerating flows caused St to increase and
decelerating flows to decrease, which is in good agreement
with Eq. (4). Flat surface St are above that of the convex by
25% and below concave values by 30% for the streamwise
pressure gradient of kx = –0.47 (k = –0.6 · 10–6). On the
other hand the strongest favourable streamwise pressure
gradient of kx = 0.47 (k = 0.6 · 10–6) showed similar trends
like 24% increase (flat-convex) and 27% decrease (flat-
concave). Eq. (4) is consistent with all measured values
with a precision of ±4% and can be used in the range of
–1.0 £ kx £ 1.0.

4
Conclusion
Flow and heat transfer measurements, under the influ-
ence of favourable and adverse pressure gradients, were
carried out on flat, concave and convex surfaces. It was
found that the favourable pressure gradients and concave
curvature caused thinner boundary layers, which

corresponds to an augmentation of heat transfer coeffi-
cients both in laminar and turbulent flows. The concave
surface destabilised the flow and enhanced heat transfer,
while the convex surface stabilised the flow and de-
creased heat transfer rates. Convex curvature and adverse
gradients produced thicker boundary layers and corre-
sponding lower skin friction coefficients and Stanton
numbers. The laminar flow with the lowest pressure
gradient of kx = –0.47 was found to be more vulnerable
than the same turbulent flow condition.

While concave surface increased St up to 90% in lam-
inar and 30% in turbulent flows, convex surface decreased
St by 35% in laminar and by 25% in turbulent flows with
respect to the flat plate values. Acceleration caused Stanton
number to rise up to 35% on concave, 28% on flat and 16%
on convex surfaces in laminar flows, and 30% on concave,
29% on flat and 24% on convex surfaces in turbulent flows.
Deceleration reduced St up to 26% on concave, 31% on flat
and 22% on convex surfaces in laminar flows, and 25% on
concave, 27% on flat and 29% on convex surfaces in tur-
bulent flows. The results showed that the effect of surface
curvature on heat transfer became more pronounced than
pressure gradients both in laminar and turbulent flows.
The new equations of 2 in laminar and of 4 in turbulent
flows were successfully used to estimate the Stanton
numbers, as functions of kx, within an accuracy of less
than «4%.
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