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Concave Wall Heat Transfer Characteristics
with Longitudinal Pressure Gradients
and Discrete Wall Jets*

Habib UMUR**

The effects of free stream velocities, longitudinal pressure gradients and discrete
wall jets on concave wall heat transfer characteristics have been examined in wind
tunnel and water channel flows at momentum thickness Goértler numbers from 5 to 30
at the initial station. It was shown that longitudinal vortices became supressed with
increasing free stream velocities. The pressure gradient parameters of up to 0.75X107°
resulted in a regular vortex structure and caused mean heat transfer coefficient to
increase. The pressure gradient parameter of 1.8X107® was sufficent to suppress the
vortex development so that there was no heat transfer augmentation above that of flat
plate values. Measurements with blowing parameters of up to unity showed that the
streamwise vortices and the wall temperature patterns were controlled by the jets so
that maximum Stanton numbers exceeded minimum values by a factor of around
three. With blowing parameters larger than unity, the interaction between the stream-
wise vortices and the wall jets caused irregularities in wall temperature patterns so

that the streamwise variation of Stanton number remained nearly unchanged.
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1. Introduction

Longitudinal concave curvature can cause bound-
ary layer instability which stems from amplification
of small disturbances, and can form a counterrotating
vortex system, the so -called Gortler vortices. It
has long been recognised that streamwise vortices
can account for high heat transfer rates in practice,
so that most studies with concave curvature so far
have been concentrated on th effects of streamwise
vortices on wall heat transfer variations. For instance,
McCormack et al.® demonstrated an increase in
Nusselt number by a factor of around two, with a
Gortler vortex system on a concave wall, compared
with that on a flat wall. Kelleher et al.® reported a
nearly threefold increase in Stanton number with a
secondary-flow structure similar to a Gortler vortex
system, and the more recent measurements of
Kottke® on a curved plate, with a range of grids,
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appear to show that the extent of heat transfer enhan-
cement depends on the intensity of turbulence in the
upstream flow and on its scale relative to the Gortler
vortex wavelength. Crane and Umur® showed that
the enhancement in Stanton number was delayed until
Gortler number reached around 10. On the other hand,
an increase of 209§ in Stanton number due to concave
surface curvature and without any apparent vortex
structure was observed by Thomann®, and a similar
increase by Mayle et al.® and by Simonich and
Moffat™. In contrast, the Stanton mumber on a
surface of the convex curvature decreased by 15, 20
and 209 according to the results of Thomann®,
Mayle et al.®® and Gibson et al.®, respectively. The
flows in these last three experiments were turbulent so
that longitudinal vortices could not be identified.
There have been a small number of investigations of
the effects of discrete wall jets on heat transfer.
Hartnett et al.®® reported that discrete wall jets caused
a slight increase in Stanton number and Ligrani
et al.%” showed that Stanton number increased more
rapidly with downstream distance for a blowing
parameter of 0.47 than of near unity. More recently,
Crane and Umur? reported that the effect of discrete
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hole injection on vortex structure was dependent on
the magnitude of the blowing parameter.

The present experiments have been carried out in
two rigs to investigate the heat transfer characteris-
tics under the influence of the concave curvature with
favourable pressure gradients in air, and with discrete
wall injection into a main stream in water.

2. Flow Configurations

The low-speed wind tunnel of Fig.1 was used,
with an area contraction ratio of nine and with a
working section with entrance-plane dimensions of
127 mm in height and 762 mm in width. The free
stream velocity and turbulence intensity at the exit
from the contraction were 5 m/s and 0.29%, respective-
ly, and the flow was free of swirl and symmetric with
boundary layer thickness on the order of 9 mm.
Experiments were performed with an adjustable test
section of 1250 mm in length and with and without
effective longitudinal pressure gradient [k=
(viu®(duldx)]. The velocity measurements were
previously recorded and published, and then wall-tem-
perature variations were measured with a liquid crys-
tal arrangement described by Umur?.

The water channel flow configuration Fig.2(a)
was also used to investigate the combined effects of
longitudinal vortices and discrete-hole wall jets with
pitch similar to that associated with the vortices on
heat transfer characteristics. Velocity mesurements
were recorded in advance by laser Doppler
velocimetry and wall temperatures, again by liquid
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Fig. 1 Wind tunnel test section and location of
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crystals. The test section comprised a 90-degree bend
with a radius of concave curvature of 140 mm and a
cross section of 40Xx200 mm. In this case, the free
stream velocity at the entrance to the working section
was 0.12 m/s and the turbulence intensity was again
less than 0.01. The discrete jets of Fig.2(b) were
injected through 2.5-mm- diameter holes with a pitch
of 10 mm and aligned at an angle of 60 degrees to the
curved wall. The average velocity through each hole
was 0.048 to 0.378 m/s and the free stream velocity
was varied from 0.12 to 0.252 m/s to provide velocity
rations (m) from zero to 1.5.

The purpose of the experiments was to define the
effects of longitudinal vortices, in a range of Gortler
number [Ge=(u8/v)V8/R] up to 30, on heat transfer
characteristics under the influence of favourable pres-
sure gradients and discrete wall jets.

3. Results and Discussion

The following results correspond to Stanton num-
ber variations measured with initial free stream veloc-
ities of 5, 10 and 15 m/s on the curved surface and with
the three favourable pressure gradients corresponding
to k£ of 0.2, 0.75 and 1.8 107® in the wind tunnel and
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with initial free stream velocities of 0.120 and 0.252
m/s with injection ratios (m) of 0.0, 0.4, 1.0 and 1.5 in
the water channel.
3.1 Flow with zero pressure gradient

The investigation was carried out with core flow
velocities of 5, 10 and 15m/s in the plane of the
contraction and therefore in the plane of the entrance
of the present curved duct. Wall temperatures have
been measured on the concave wall with the liquid
crystal sheet described by Umur®?. An example of
the wall temperature distribution is shown in Fig. 3
with the corresponding temperature and Stanton num-
ber distributions at the locations Re.~0.38xX10° and
Re:x~043%x10°. The heat transfer coefficient is
defined as #=¢q/(Tw— Tw) where, Tw, Tw and g are the
wall temperature, free stream temperature and heat
flux, respectively. It is presented in the form of a
Stanton number, defined as

St =h/(0u=Cp), (1)
where p, #- and C, are the density of fluid, the free
stream velocity and the constant pressure specific heat
of the fluid. In these measurements, the local tempera-
ture was obtained by varying the heat flux until a
particular colour was observed, so that the boundary
condition corresponded to a constant heat flux and a
constant temperature, but at different times. Thus,
theoretical results are presented for laminar flow with
constant temperature and constant heat flux together
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Fig. 3 Wall temperature and Stanton number
distributions
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Fig. 4 Spanwise variation of Stanton number at
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with a correlation for turbulent flow which is appli-
cable to both boundary conditions.

Stanton numbers of Fig.4 with the free stream
velocity of 5m/s indicate a wavelength of 20 mm at
Re.=0.53xX10°% These results are also shown in Fig. 5,
where the maximum and minimum values may be
compared with correlation formulae

St :BRexf().SPr‘Z/B[l ;(xl/x)0,75]—1/3 ( 2 )

St =BRe;°‘2P7_0'4[1—(.1"1/.1‘)0'9]_”9 (3)
for laminar and turbulent flow on a flat plate, where x
is distance from the virtual origin and x; is the unheat-
ed starting length which is constant during a measure-
ment. Re; is the Reynolds number based on distance
from an effective boundary layer origin determined
from a measured velocity profile at =100 mm. B
has the value of 0.332 for constant wall temperature
T and 0.453 for constant heat flux @, in laminar flow
and 0.03 for turbulent flow with either boundary
condition®®.

The spanwise averaged Stanton number for zero
pressure gradient decreases until the Gortler number
reaches 10 for Rer=0.43Xx10° then increases with
streamwise distance. The values of mean Stanton
numbers are above those for a laminar flat plate over
all the surface and exceed the turbulent values for Re;
=0.63%x10°. The mean value of St is twice that of the
laminar flat plate solution for Re,=0.48 and 0.53 X 10°.
The increase in heat transfer with concave curvature
is consistent with the findings of McCormack et al.V,
who experimentally investigated the effect of stream-
line curvature on heat transfer in laminar flow, and
Kelleher et al.®, who showed an increase of almost
2009 on the outer wall of a curved rectangular chan-
nel with a secondary flow structure similar to a
Gortler vortex system. The maximum (downwash)
St is almost three times greater than the minimum in
the chosen vortex pair. The local increase in St at
downwash locations, where the cold fluid is swept to
the wall, can be attributed to the thinner boundary
layer (see Fig.5) and the effects of cross—flow.

s | Eq.(3) .
a

0 0.42 055 0.68
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Fig.5 Experimental Stanton numbers and values for Eqs.
(2) and (3); @: downwash, O: upwash, I :
mean Stanton number :
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A simple empirical relationship for enhancement
of laminar heat transfer by Gortler vorticity was
proposed by Kan et al.*%, based on one set of measure-
ments of mass transfer from a naphtalene-coated
blade in a turbine cascade. They correlated the ratio
of measured values to flat plate values

Stcon/Strlat:(1+ Gﬂ)llz ( 4 )

This empirical relationship, as seen in Fig.6,
overestimates the heat transfer enhancement of the
present results for much of the surface and shows a
sudden increase in heat transfer for the nonzero
Gortler number at the start of the curvature, because
it takes no account of precurvature boundary layer
development. Eq. (4) was modified to give unity at
the beginning of the curvature,

Stcon/Stﬂat:(l + Ga,t_ Go,s)”z ( 5 )
with Gs,; being the local Gortler number at any loca-
tion and Gs,s the Gortler number at the beginning of
the curvature. Equation 5 is shown, in Fig. 6, to be in
better agreement with the measurements than the
numodified flat-plate analytical solution and Eq. (4),
but it does not reproduce the rising trends in the
measured St¢(x) distributions, and it is likely that no
single function of Gs can adequately model data from
more than one flow facility, because of the difference
in disturbance strength at the onset of curvature.

Figure 7 shows that the amplification of spanwise
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Fig. 6 Experimental Stanton numbers and values for
Egs. (4) and (5) ; @: downwash, O : upwash,
B : mean Stanton number
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Fig. 7 Spanwise variation of Stanton number at
u=10m/s
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variation of Stanton numbers at =10 m/s is almost
negligible and Fig. 8 shows that the spanwise aver-
aged Stanton number is always larger than the
laminar values and larger than turbulent values at Re,
>1.09x 10% The rise in Stanton number with Re, may
be the result of boundary layer transition, with little
influence from longitudinal vortices. The spanwise
variations of Stanton number and the spanwise aver-
aged Stanton numbers at 15 m/s are the same as at 10
m/s. The spanwise averaged Stanton numbers exceed
the turbulent values by a facotr of 1.4 towards the end
of curvature. In the work of Thomann®, wall heat
transfer in a supersonic flow (Maz=2.5) turbulent
boundary layer was increased by about 20% on a
concave surface, and decreased by about 15% on a
convex surface. Mayle et al.® found that heat trans-
fer in a turbulent wall flow increased 339% on the
concave side and decreased 20% on the convex side.
Gibson et al.® showed that Stanton number fell by
18% from the predicted flat plate value on a mildly
curved convex surface, but the flows were fully devel-
oped and without Gortler vortices, so the heat transfer
enhancement resulted from the curved surface and the
corresponding body force.

Temperature and heat flux measurements were
also made with 2-mm-high and 20-mm-wavelength
vortex generators and led to the spanwise distrubu-
tions of Stanton number, as shown in Fig. 9, and are
consistent with the work of Kamotoni et al.“®, who
reported that the wavelength of the vortices remained
unchanged with heating, although the strength was
enhanced. The amplitude of spanwise Stanton num-
ber was found to grow with stremwise distance until
Rex=0.53%x10° where highly inflected velocity profiles
occurred. The growth rate depended on the stage of
amplification of the particular vortex pair, and Fig. 10
shows a plot of the variation of maximum and mini-
mum measured values of Stanton number with
Reynolds number and the flat plate correlations. The
spanwise averaged Stanton number again decreased

50

49 B °
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St 104

073 Q%3 125 150

Re, 10-6

Fig. 8 Experimental Stanton numbers and flat plate val-
ues at u=10m/s; @ : downwash, O : upwash,
M . mean Stanton number
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Fig. 9 Spanwise variation of Stanton number with vor-
tex genertor ; ~=2mm, A=20 mm and ¥=5m/s

St 104
ne

2 42 ‘ass 068
Rey 10-6

Fig. 10 Experimental Stanton numbers and flat plate
values at #=5m/s with vortex generator, h=2
mm and A=20 mm ; @ : downwash, O : upwash,
M : mean Stanton number

up to a Gortler number of 10, where Rer=0.43 X108,
then increased with streamwise distance. The heat
transfer appears to have been enhanced by the vortex
system, rising to levels comparable with turbulent
correlations at Re,>048x10°. The amplitude of
spanwise variation of Stanton number is around 50%
of the spanwise mean value, which is twice that of the
laminar flat plate correlation at Re;=0.43 and 0.58 X
105, where Gs=>10 and inflected velocity profiles were
present. These results are consistent with those of
McCormack et al.™, but larger than those of Kottke®,
who reported that the extent of heat transfer enhance-
ment (up to 80%) depended on the intensity of turbu-
lence in the upstream flow and on its scale relative to
the Gortler vortex wavelength. The maximum
Stanton number in a vortex pair is seen to exceed the
turbulent flat-plate level, and the minimum, S¢, to
exceed that of the laminar flat-plate values at Re,=>
0.48%x10%. The maximum value of Stanton number is
more than twice the minimum value. Crane and
Sabzvari‘'® showed that the reduced boundary layer
thickness alone could account for some 609 of the
difference between the measured value of the
spanwise averaged Stanton number and that for
laminar flow, so that the local increase in heat
transfer can be attributed to the three-dimensional
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behaviour of the vortex system, rather than to the
result of reduced boundary layer thickness in down-
wash zones.

3.2 Flow with favourable pressure gradients

Heat transfer measurements were also made
using favourable pressure gradients of 0.2, 0.75 and
1.8X107% so as to determine the influence of accelera-
tion on heat transfer and, in this case, Egs. (4) and
(5) are not appropriate, so Young’s method and
Reynols analogy, corrected for the unheated starting
length, were preferred for the comparison. The
Stanton number for laminar boundary layer flows
with pressure gradient may be written as

St=(Cs/2) Pr~23[1—(x1/x)*7] 7, (6)
where

=(2v/9u8)(2+ A1 /6)
and

A=(8%/2)duldx.

At %£=0.2x10"%, the spanwise distribution of
Stanton number in Fig. 11 shows a greater amplitude,
up to 459 of the spanwise mean value, than those of
the near-zero pressure gradient flow. The small
acceleration factor of 0.2X107% which stabilised the
boundary layer development and gave rise to more
regular vortex structure, resulted in higher spanwise
averaged Stanton numbers than with near-zero pres-
sure gradient, as shown in Fig. 12, which also com-
pares the maximum, minimum and mean Stanton
numbers with Eqgs. (2), (3) and (6). While the
minimum Stanton number remains close to the
laminar correlations the maximum Stanton mumber
starts from a laminar value and exceeds a turbulent
one for Re,>0.48x10°. The results at Re;=>0.63x10°
(z=1050 mm) should be treated cautiously, because
of the possible influence of the open downstream edge
of the test section. The maximum Stanton numbers in
the chosen vortex pair (z=80 mm to 100 mm) exceed-
ed those at upwash values by a factor of 1.5 at Re,=
0.33%x10°% and 3.5 at Re,=0.48 X 10%, where the vortices
were very strong. The streamwise variation of
spanwise averaged Stanton number started from
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values at #=5m/s and £=0.2x10"%; @ : down-
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27x107* at Re.=0.33%x10° decreased only slightly at
Re,=043%10° until a Gortler number of 10 was
reached, and then increased. At Re,=0.48x10° where
the vortex system became strongest, the Stanton
number reached a peak value of 33x10™* which may
be attributed to the positive effects of longitudinal
Gortler vortices and accelerating core flows.

The spanwise distributions of Stanton number for
£E=0.75x107% are similar to £=0.2X107% having the
broad, flattened crests of downwash regions and nar-
row troughs of upwash regions. The amplitude of the
spanwise variation of Stanton number is around 45%
of the spanwise mean value. The spanwise averaged
Stanton numbers decreased until Re;=0.43%10° and
then increased, with values similar to those with
streamwise curvature corresponding to £=0.2x107,
The increase in heat transfer with the acceleration
factor is consistent with the work of Junkhan and
Serovy"”, who showed that acceleration caused heat
transfer to increase in laminar boundary layers but
not in turbulent boundary layers.

The spanwise distribution of Stanton numbers for
k=1.8x10° (Fig.13) shows smaller amplitudes of
spanwise distribution of Stanton number, 209 of the
spanwise mean value. The maximum and minimum
Stanton numbers are close to each other near the
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Fig. 14 Experimental Stanton numbers and flat plate
values at #=5m/s and £=1.8x10"%; @ : down-
wash, O : upwash, Il : mean Stanton number

downstream edge and throughout the concave surface.
The spanwise averaged Stanton numbers of Fig. 14
decreased until Re,=0.38x10°, then increased slightly
at the subsequent stations, remaining below the values
determined by Eq. (6). The experimental results
show that heat transfer increased with acceleration
for £=0.2x107% and £=0.75X107° but decreased at %
=1.8%10"%, which was sufficient to suppress and
weaken the vortices.
3.3 Flow with discrete wall jets

The volocity measurements were first recorded at
initial stations to characterise the flow at bulk flow
velocities of 0.120 and 0.252 m/s, which give rise to the
momentum thickness Reynolds numbers of 125 and
300, and the Gortler numbers of 10 and 30, respective-
ly.

Spanwise variations of Stanton numbers at the
Reynolds number based on the channel width of 4 600
(#=0.12m/s) are illustrated in Fig. 15 for four values
of the blowing parameter and at three measurement
stations. With no blowing, m=0, there is a vortex
wavelength of around 16 mm which remains contant
in the streamwise direction and with an amplitude of
509% of the spanwise averaged Stanton number. With
a blowing parameter of 0.4, minimum Stanton num-
bers appear at 10 mm intervals, equal to the hole
spacing but offset in the z direction by 2 mm from the
injections hole positions, probably due to the longitudi-
nal offset of the two rows. Towards the end of the
curvature section, the effect of the injected flow tends
to disappear and the 16 mm wavelength reappears.
Again, the amplitude of the spanwise variation of
Stanton number is nearly 509% of the spanwise aver-
aged Stanton number. With a blowing parameter of
unity, the minimum Stanton numbers are at the same
positions as in the previous case with an amplitude of
around 409, probably due to the higher blowing
parameter having less influence in the immediate
proximity of the wall. With a blowing parameter of
1.5, the 16 mm wavelength occurred with an amplitude
of around 30% of the spanwise averaged Stanton
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number.

The experimental Stanton numbers may be
compared with Egs. (2) and (3) in Fig. 16, which
shows that the spanwise averaged Stanton number
increases continuously without injection in the
streamwise direction, from just below the constant
temperature laminar value at Re.=2.47 % 10* to above
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Rey 10-4=3.68

St 104

50-0

sl 2 M

0-50 1

409

the turbulent value at Re:=3.2X10%. This result may
be compared with that of Crane and Sabzvari‘®, who
showed that the Stanton number exceeded the analyti-
cal flat plate values only after the appearance of
inflected velocity profiles and the onset of spanwise
meandering of the vortices. While the minimum
Stanton numbers remain below Eq. ( 2 ), the maximum
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Fig. 15 Spanwise variation of Stanton number at #=0.120 m/s
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Fig. 16 Experimental Stanton numbers and flat plate correlations at #=0.120 m/s ;
@ : downwash, O : upwash, B : mean Stanton number
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value exceeds Eq. (3) at Re;=3.2x10* With m=04,
the spanwise-averaged Stanton number decreases
with streamwise distance, the minimum Stanton num-
bers remain close to laminar values, and the maxi-
mum Stanton number exceeds turbulent values. With
m=1, the spanwise-averaged Stanton number
remains above the laminar values, and local values
are slightly above the turbulent values at downwash
and slightly below the laminar values at upwash ; the
maximum Stanton numbers are three times larger
than those at minimum at all locations. With m=1.5,
the streamwise distribution of spanwise averaged
Stanton number closely follows the laminar values,
and the maximum Stanton numbers exceed the mini-
mum Stanton number by a factor close to three. Then
the heat transfer coefficient increases in the
streamwise direction in the absence of jets and
decreases with discrete hole injection. These results
are in partial agreement with those of Ligrani et al.*?,
who showed that local Stanton numbers were altered
by the vortices and increased more rapidly with down-
stream distance for m=0.47 than m=0.98.

The spanwise distributions of Stanton number at
a Reynolds number based on channel width of 9 700 (%
=(.252 m/s) with blowing parameters of 0,0, 0.4, 1.0
and 1.5, are shown in Fig. 17. A more regular vortex
system with 16 mm wavelength and an amplitude of
around 409 of the spanwise averaged Stanton number
occurred along the curvature without injection. Thus,
as the flow velocity increased, the vortices became
weaker or were unsteady. With a blowing parameter
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of 0.4, the amplitude of spanwise variation of Stanton
number is around 35% of the spanwise averaged
Stanton number and the injected flow has less effect
on the vortices than that with #=0.120m/s. This
means that as the flow velocity increases, a higher
blowing parameter may be needed for the same
spanwise variation. With the blowing parameter of
unity, the vortex upwash positions appear at every 10
mm, apparently controlled by the jets with an ampli-
tude of nearly 509 of the spanwise averaged Stanton
number, similar to the results with «=0.120 m/s.
With the blowing parameter of 1.5, the amplitude of
spanwise variation of Stanton number is around 309
of the spanwise averaged Stanton numbers (the same
as at #=0.120 m/s for m=1.5).

The maximum, minimum and spanwise averaged
Staton numbers with laminar and turbulent values are
shown in Fig. 18. All experimental Stanton numbers
decrease in the streamwise direction, unlike the previ-
ous case of 0.120 m/s without jets. At m=04, the
maximum Stanton numbers exceed the minimum
values by a factor of more than three, and minimum
and spanwise averaged Stanton numbers decrease in
the streamwise direction. At m=1.0, the spanwise-
averaged and maximum Stanton numbers exceed the
minimum values by a factor of more than two and
decrease along the downstream of the curvature. At
m=1.5, the maximum Stanton numbers exceed those
at upwash values by a factor of more than two. The
heat transfer coefficient increases as the blowing
parameter increases from 0 to 0.4, then decreases
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Fig. 17 Spanwise variation of Stanton number at #=0.252 m/s
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Fig. 18 Experimental Stanton numbers at »=0.252 m/s and values for Egs. (2)
and (3); @: downwash, O: upwash, l: mean Stanton number

with increasing m, and the increase in the blowing
parameter from 0.4 to 1.5 causes the rate of reduction
of spanwise averaged Stanton number to decrease
with streamwise distance. The decrease in the heat
transfer coefficient for blowing parameters greater
than 0.4 is not in agreement with the results of
Hartnett et al.®®, who reportd a slight increase with
injection flow for the heat transfer coefficient.

4. Conclusions

Measurements of velocity and wall temperature
in laminar regions showed that longitudinal vortices
were not very strong, and hence vortex generators
were used to amplify them. The generators caused
stronger and more regular vortex systems to develop
and brought about enhancement of the heat transfer
coefficient so that the mean Stanton number exceeded
the analytical laminar flat plate values by a factor of
approximately three. The influence of free stream
velocity on longitudinal vortices and heat transfer
coefficients with zero pressure gradient was also
investigated in transitional/turbulent flows, and it was
shown that higher free stream velocities tended to
suppress the vortex development so that the heat
transfer coefficient increased to 40% above that of flat
plates for turbulent boundary layers.

The stabilising effect of favourable pressure gra-
dients together with the destabilising effect of concave
curvature was investigated in a range of pressure
gradients corresponding to values of up to 1.8xX107°,

JSME International Journal

It was found that mild pressure gradients which corre-
spond to values of £ between 0.2X107% and 0.75 X 107°
were conductive to a regular vortex structure and
gave rise to an increase in Stanton number, three
times larger than that of flat-plate laminar boundary
layers while a value of 1.8 X107¢ which is smaller than
the relaminarisation factor of Launder®® of 3.2x1075,
suppressed the vortex development so that no aug-
mentation in Stanton number took place above those
of the zero pressure gradient.

The influence of discrete wall jets on streamwise
vortices and heat transfer coefficients has been deter-
mined for a range of blowing parameters up to 1.5 on
concave surfaces. For blowing parameters of up to
unity, the jets dominated the longitudinal vortices in
the near field so that the wavelength remined essen-
tially that of the hole spacing and Stanton numbers
initially exceeded those in the absence of wall jets by
a factor of more than three. In the far field,
streamwise vortices seemed to have reestablished
themselves and Stanton numbers decreased. For
blowing parameters larger than unity, the jets caused
irregularities in the near wall region and after some
distance downstream, they interacted with the longitu-
dinal vortices so that the mean Stanton number in the
streamwise direction remained almost unchanged.
The Stanton number initially increased with a blow-
ing parameter smaller than unity and decreased with
unity and higher values.
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