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Abstract

Heat transfer is studied at an extending of a wall jet in a cocurrent stream in wide variation range of injection
parameter "m ³ 0 and m × 0# and turbulence level of the stream "Tu9 � 9[1Ð19)#[ A rise in turbulence at m ³ 0 is
shown to increase heat transfer by 19)\ and both the adiabatic wall temperature and relative heat!transfer function
should be taken into account when calculating heat transfer[ In the m × 0 regime\ turbulence level has no e}ect on heat
transfer\ so that the latter can be estimated according to relationships being valid for low!turbulent jet ~ows[ Þ 0887
Published by Elsevier Science Ltd[ All rights reserved[

Nomenclature

cp speci_c heat capacity
Eu spectrum of longitudinal velocity pulsations
f frequency
Kj dimensionless parameter "x−x0#"sRe9[14

s #
lu longitudinal integral turbulence scale
m injection parameter\ rsUs:r9U9

n exponent in the power velocity pro_le
Pr Prandtl number\ mcp:l
q heat ~ux
Re Reynolds number\ Re9 � r9U9D:m9\ Res � rsUss:ms\
Re�T� � r9U9d�T�:m9

St Stanton number
s slot height
T temperature
Tu turbulence level
U velocity
x longitudinal coordinate
x0 starting heated length of the wall jet
y transverse coordinate[

Greek symbols
a heat!transfer coe.cient
d\d�\d�� boundary layer\ displacement and momentum
thickness

� Corresponding author

d�T� energy thickness
o turbulent energy dissipation rate
h dimensionless coordinate\ rU(y:m
P velocity pro_le parameter
U gas screen cooling e}ectiveness "TwaÐT9#:"TsÐT9#
k wave number
m dynamic velocity
r density
8 dimensionless velocity\ U:U(
c relative heat!transfer function at Re�T��idem\ St:St9[

Subscripts
a adiabatic conditions
s secondary stream
w at wall
9 main stream\ standard conditions[

0[ Introduction

Wall jets are widely used in up!to!date apparatuses and
technologies[ One of the problems of current interest in
using them is estimation of heat exchange between a gas
stream and a channel wall aimed at determination of
highest permissible surface temperatures and heat ~uxes[
The heat transfer in real apparatuses is often realized at
high intensity of pulsational velocity[ For example\ in
combustion chambers of gas!turbine and rocket engines
the turbulence level may run into 29Ð39)[
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Eckert ð0Ł has proposed to calculate the local heat!
transfer coe.cient at gas injection into boundary layer
according to the following expression]

a �
qw

Tw−Twa

"0#

where Twa is the wall temperature under adiabatic con!
ditions[ In ð1Ł\ it has been shown that the integral relation!
ship for energy in a boundary layer with gas blowing
retains the same form as in the case without it provided
that the thermal energy thickness and the Stanton num!
ber are determined as

d�T� � g
�

9

rU
r9U9

T−Ta

Tw−Twa

dy\

St �
qw

r9cp9U9"Tw−Twa#
[ "1#

Here T and Ta are the temperatures at the point of interest
in the boundary layer on the heat exchanging surface and
on the adiabatic one[

When calculating convective heat transfer\ the power
law ð2Ł

St �
B:1

"Re�T�#mPrk
\ "2#

if widely used\ the coe.cients B and m entering it being
dependent upon the power exponent n in the power vel!
ocity pro_le

U
Um

� A"n# 0
y

d��1
0:n

[ "3#

In ð3Ł\ it has been shown experimentally that under con!
ditions of a _lm cooling the temperature pro_les in
boundary layer plotted with due regard to Twa are similar
to velocity pro_les and they can be generalized with the
power dependence "3#[ The heat transfer law has the form
"2# and for the {standard| boundary layer "a gradientless
incompressible isothermal ~ow with a low!intensity tur!
bulence\ 0:n � 0:6#\ in view of "1#\ it can be written as

St9 �
9[9017

"Re�T�#9[14Pr9[64
[ "4#

The heat transfer at blowing gas into boundary layer
has been extensively studied for the low!turbulent stream
ð2^ 4Ð7Ł when the turbulence level does not exceed 3Ð4)[
In a number of works ð8Ð01Ł\ the e}ect of slot turbulence
on the spreading of wall jets was studied[ It has been
established that turbulence only has a pronounced e}ect
on the jet within the starting length[ A study of heat
transfer in a wall jet at an increased free!stream tur!
bulence "Tu9 � 8[2)# has been reported in ð02Ł[ A con!
siderable e}ect of external turbulence on the starting jet
length has been found[ Upon increasing turbulence level
from 0[6) up to 8[2)\ the heat!transfer coe.cient was
found to change] "a# by 2Ð7) in case of perforated blow!

ing\ "b# by 6Ð02) and 19Ð69) for gas injection through
a slot of height s � 0 mm and 2[7 mm\ respectively[ As
the main stream\ the starting length of a submerged jet
was used\ the heat!transfer coe.cient being determined
for the temperature of injected gas being equal to that of
the main stream[

In ð03Ł\ the e}ect of turbulence on heat transfer under
conditions of slot _lm cooling was determined through
calculations[ At the maximum turbulence of 19) used\
the increase in heat transfer amounted to 69Ð099) for
the velocity ratio Us:U9 � 9[4 and for Ts:T9 � 9[2\ which
is indicative of a considerable in~uence of ~ow turbulence
on heat transfer[ According to ð04Ð07Ł\ the highest e}ect
of the intensity of external turbulence on heat transfer in
the case without injection is up to 49)[

In ð08Ł\ the external turbulence was experimentally
shown to increase the heat!transfer coe.cient in the
screen zone "blowing through a porous section#[ The
external turbulence shifts the point where the boundary
layer gets detached from the wall and intensi_es wall
mass!transfer\ interfering with the formation of a recir!
culation ~ow in the front part of the screen zone[ The
data on heat transfer in the screen zone at high turbulence
"Tu9 � 02Ð06)# can be generalized by the dependence
"2# with the power exponent 0:n � 0:5 and high blowing
parameters[ The authors have pointed to a noticeable
in~uence on heat transfer of dynamic pre!history and
injection parameter[

The data on heat transfer reported in ð02Ł have been
obtained for Ts � T9\ while in ð03Ł Stanton number was
determined from the di}erence between the wall and
stream temperatures[ In ð08Ł\ the heat transfer law was
found to depend upon the value of blowing ratio through
porous wall[ Experimental data on heat transfer in the
slot!screen zone upon varying the approach!stream inten!
sity are lacking[ When calculating _lm cooling\ one
should know if the heat transfer law "4# remains con!
servative under the action of increased turbulence at slot
gas injection\ and additional experimental data are
needed to clear up this question[

1[ Experimental equipment

The scheme of the working section is shown in Fig[
0[ The tests were carried out in a cylindrical channel 5
"diameter D � 79 mm\ length L � 149 mm\ wall thick!
ness 1 mm#[ The wall jet was formed by blowing air from
an injection chamber 3 through a tangential annular slot
of height s � 1 mm[ The separator 2 and the fairing 4 are
made of caprolan and textolite\ respectively[ The tur!
bulence generator 0 was installed inside the prechamber
of the wind tunnel in front of the converging tube 1
with the contraction ratio 5[8[ The distance between the
turbulence generator 0 to the slot was 153 mm[ The
turbulence generator 0 represented a steel 3 mm!thick
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Fig[ 0[ Scheme of the experiment] "0# turbulence generator\ "1#\ converging tube\ "2# separator\ "3# injection chamber\ "4# fairing\ "5#
working channel\ "6# thermal insulator\ "7# thermocouples[

plate with 3\ 6\ 02\ or 14 holes of 03 mm diameter "the
geometry is described in ð19\ 10Ł[ Upon substituting a
_ne!mesh net "S!0# instead of the plate\ the turbulence
level of 9[1) could be realized[ Such a layout of tur!
bulence generators provided at the inlet of the working
section] "a# uniform pro_les of mean and pulsational
velocities "the ~atness of mean velocity*1Ð4)\ that of
pulsational components*5Ð09)\ "b# high "up to 04Ð
19)# intensity of isotropic turbulence[

In heat!transfer studies\ the condition qw � const was
ful_lled\ the heat ~ux "with the maximum value up to
4999 W:m1# being generated by ohmically heating the
channel wall[ The working channel 5 was made of stain!
less steel and covered with a heat!insulating layer 6[ In
order to diminish longitudinal heat over~ows\ circular
grooves of 0 mm depth were made at a few cross!sections
over the length of the cylinder[ Thermal measurements
were carried out with chrome!copel thermocouples 7
made of wire of 9[1 mm!diameter[ Thermo!emf was mea!
sured with an F29 voltmeter with an accuracy of 9[0)[
The inaccuracy in determining temperature over the 04Ð
099>C range was 9[04>C[ The power generated by the
electric heater was measured by a D46 wattmeter with the
accuracy rating 9[0[ The heat losses caused by emitting
radiation and by heat conductivity through the ther!
moinsulator and through the edge surface of the channel
did not exceed 3Ð5)[ When determining St\ the allow!
ance for the e}ect of non!isothermality was made accord!

ing to ð2Ł[ The estimated rms value of the inaccuracy in
the measured heat!transfer coe.cient was 4Ð6)\ while
that in Stanton number 5Ð7)[

Turbulent characteristics were measured using an
automated complex based on a DISA 44M constant!
temperature hot!wire anemometer ð11Ł[ The estimated
rms value of the inaccuracy in the turbulence level "the
estimation was made in ð11Ł# over the range Tu � 9[1Ð
19) was 4Ð01)\ the highest among di}erent com!
ponents being the inaccuracies caused by instability of
the calibration characteristic of the probe\ high level of
turbulence and measuring facilities[

Parameters of the main stream in the experiment were]
velocity U9 � 04 m s−0\ Reynolds number Re9 � 7×093\
temperature T9 ¼ 299 K\ turbulence level Tu9 � 9[1Ð
19)[ Parameters of the wall jet were] velocity Us � 2Ð29
m s−0\ Reynolds number Res � 699Ð5699\ temperature
Ts ¼ 252 K\ turbulence level Tus � 4Ð6)[ The injection
parameter m amounted to 9[1Ð9[4[

1[0[ Physical modellin` of turbulent streams

Modelling of turbulence in laboratory setups faces
some di.culties[ The latter is caused by the fact that
the turbulent stream possesses a number of parameters
characterizing its statistical nature such as turbulent
energy\ turbulence level\ scale characteristics\ spectral
and correlative functions\ rate of dissipation etc[ Nor!
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mally the modelling boils down to ful_lling equality
between turbulence levels under laboratory and full!scale
conditions\ and only in some works comparison between
longitudinal integral turbulence scales was made[ In opi!
nion of the authors of ð05\ 06Ł\ the involvement of a
multitude of parameters is a main reason of the existing
discrepancy between experimental data which is revealed
upon comparing them[ In this connection\ considerable
attention in this work is paid to modelling turbulence
parameters and _xing initial conditions in the problem
on studying the extending wall jet in a cocurrent high!
turbulent stream[

Figure 1 presents experimental data on the turbulence
level at the channel axis in the exit section of slot as
dependent upon the ~ow!core velocity[ The experiments
are presented which were carried out using three tur!
bulence generators PP!6\ PP!02\ PP!14 and an S!0 net[
As seen from the _gure\ using the turbulence generators
and the net has allowed to cover the range of the intensity
of pulsations from 9[1) up to 04)[ The level of tur!
bulent ~uctuations weakly depends upon the stream vel!
ocity and at a _xed distance downstream from the tur!
bulence generator it can be represented in the form ð05Ł]

Tu1 �
c

Um
[ "5#

The constant c and the power exponent m are given in
Table 0[ Under the conditions of the experiments
"Re9 � 7×093#\ the turbulence at the slot exit section
was] behind the S!0 net*9[1)\ behind the turbulence
generators PP!14\ PP!02\ PP!6 and PP!3*from 6)\ from
01)\ from 04) and 19)\ respectively[ The anisotropy

Fig[ 1[ Turbulence level in the stream behind di}erent turbulence generators[

Table 0
Parameters c and m entering the dependence "5#

Turbulence generator Number of holes c m

S!0 * 9[27 9[10
PP!14 14 00[0 9[04
PP!02 02 05[5 9[01
PP!6 6 19[1 9[00

of the components of pulsational velocity did not exceed]
for the PP!3 turbulence generator*19)^ for the PP!6
one*02)^ in all other cases*4)[

Degeneration of velocity ~uctuations behind the tur!
bulence generators is illustrated by Fig[ 2[ As was shown
in ð06\ 19\ 10Ł\ for the above turbulence generators the
dying down of pulsations corresponds to the following
decey law of uniform turbulence behind grid ð13Ł[

0

Tu1
� c 0

x?
M

¦
x?0
M1

m

\ "6#

provided that the diameter of the turbulence generator|s
hole is taken as the characteristic scale M[ Here c and m
and constants\ x?0 is the coordinate of virtual origin\ the
origin of the x?!axis corresponding to the point where the
turbulence generator is installed[ As was found exper!
imentally\ the power exponent m equalled 0[0Ð0[5\ which
corresponds to the initial turbulence degeneration step
"see tabulated data in ð10Ł#[

One of the most important ~ow characteristics is the



V[P[ Lebedev et al[:Int[ J[ Heat Mass Transfer 31 "0888# 488Ð501 592

Fig[ 2[ Turbulence degeneration along the cylindrical channel[

energy spectrum of velocity ~uctuations[ The values of
power spectrum for the longitudinal component of pul!
sating velocity Eu" f # at the channel axis are shown in
Fig[ 3[ As seen from the _gure\ there are three regions in
the spectrum] the low!frequency one\ the one where {the
Kolmogrov law of −4:2| is valid ð12Ł]

Eu"k# � cuo
1:2k−4:2\ "7#

and the high!frequency region[ The extention of the

Fig[ 3[ Spectrum of longitudinal velocity pulsations at the inlet of the working section[

stationary value Eu" f # in the low!frequency region turned
out to be highest for the stream behind the S!0 net\ and
it amounted to more than two orders of magnitude[ Upon
increasing the initial turbulence\ the low!frequency region
contracted with simultaneously increasing power of pul!
sations over the whole spectral range and\ especially\ in
its low!frequency region[ The interval where the {law of
−4:2| holds at the lowest turbulence Tu9 � 9[1) is less
than one decade\ while at the highest turbulence
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Tu9 � 04) explored it extends over the range of one and
a half order of magnitude[ No discrete outshoots in the
measured spectrum of turbulence energy was found[ The
integral longitudinal turbulence scale lu was determined
from the power spectra using the Taylor hypothesis ð12Ł[
The value of the macro!scale at the inlet of the working
section is determined by characteristic dimensions of tur!
bulence generator used "i[e[\ by diameter of its holes and
by separation between them# as well as by the contraction
ratio of the converging tube[ At Tu9 � 6Ð04)\ U9 � 6Ð
04 m s−0 and lu � 7Ð01 mm\ the macroscale was 5 mm
for the S!0 net[

The velocity pro_les across the boundary layer at the
jet injection section are shown in Fig[ 4[ In the same
_gure\ the theoretical dependence for the velocity pro_le
in the power forms "3# for two values of power exponent
0:n � 0:6 "A"n# � 9[606# and 0:n � 0:01 "A"n# � 9[686#
is presented[ As seen from Fig[ 4\ the measured velocity
pro_les across the boundary layer compare well with the
velocity pro_le in the power form "3#] in the low!turbulent
stream "Tu9 � 9[1)# the power exponent 0:n � 0:6\
while in the high!turbulent stream the exponent increases
"in line with the data reported in ð06\ 07Ł# and at
Tu9 � 04) 0:n � 0:01[

Using properly treated data by di}erent authors\ in
ð19\ 10Ł an empirical linear dependence of the exponent
n in the power velocity pro_le "3# upon Tu9 has been
proposed]

n � n9¦cTu9 "8#

with the coe.cients n9 � 4[4 and c � 9[32 "the dimen!
sionality of Tu9 here is )#[

Fig[ 4[ Velocity pro_le across the boundary layer of stream[

The measured velocity pro_les are represented in
generalized coordinates as 8 � f "h# in Fig[ 5[ In the same
_gure\ the linear law

8 � h "09#

and the law of wall

8 �
l
k

ln h¦C "00#

are shown by lines\ where the turbulence constants are]
k � 9[30 and C � 4[9[ As seen from the _gure\ the mea!
sured velocity pro_les agree well with the two!layer sch!
eme of near!wall turbulence] below h ¼ 00[4*viscous
sublayer\ at h × 00[4*turbulent core*the region where
{the logarithmic law of wall| "00# holds[ In the outer
region of the boundary layer\ the track {law of wake| is
normally used ð06\ 12Ł]

8 �
0
k

ln h¦C¦
P
k

f 0
y
d1 \ "01#

where f"y:d# is the wake function[ In this work\ the wake
function is the ColesÐHinzeform

f 0
y
d1� 0− cos 0p

y
d1 "02#

was adopted[ The measured velocity pro_les agreed well
with the linear dependence "09# in the viscous!sublayer
region\ with the law of wall "01# in the turbulent!core one
and with the track law "01# with the wake function "02#
in the outer region of boundary layer[ The parameter P
entering equation "01# varied from the value P � 9[44
"the displacement thickness d� � 9[26 mm# for the low!
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Fig[ 5[ Velocity pro_le across the boundary layer of stream in universal coordinates[

turbulent ~ow "Tu9 � 9[1)# down to the negative value
P � −9[14 at the turbulence level Tu9 � 04) "d� � 1[35
mm#\ which is in accord with experimental data ð06\ 07Ł[

The distribution of the longitudal component of pul!
sational velocity across the boundary layer is presented
in ð10Ł[ The pro_le of pulsations at di}erent turbulence
levels corresponds to a typical distribution characteristic
of the developed near!wall turbulent ~ow] a weak
increase of pulsations in the outer region of the boundary
layer and a near!wall maximum which is situated in the
bu}er region at the boundary between the viscous sub!
layer and the turbulent core[ At increasing turbulence
level\ the level of pulsations raises both in the outer region
and in the near!wall one[ For example\ in the low!tur!
bulent stream "Tu9 � 9[1)# the maximum value is
01[4)\ while in the high!turbulent one "Tu9 � 04)#
06[5)[ As experiments with the PP!3 turbulence gen!
erator "3 holes# have shown\ the standard distribution
with the maximum of pulsations situated near wall breaks
down at Tu9 � 19)\ when a monotonic growth of ~uc!
tuations upon passing from wall to outer border of
boundary layer is observed[

To organize the _lm cooling\ the coolant was fed
through a tangential annular slot[ The measurements
have shown that the velocity pro_le inside slot at the
injection parameter m × 9[1 is close to the parabolic one[
The thickness of boundary layer in the slot roughly equals
a half of the slot height\ while the turbulence level in the
jet core amounts to 3Ð4) at small injection parameters
"m ³ 0# and to 4Ð5) at higher injection parameters
"m × 0# when Res � 1999Ð3499[

The behaviour of the turbulence degeneration along

the channel axis at blowing the coolant is presented in
ð19\ 10Ł[ A considerable decreasing of the pulsational
velocity behind turbulence generators takes place in front
of the slot exit[ Downstream along the channel\ the value
of Tu decreases more weakly] for example\ for the PP!6
turbulence generator\ the turbulence level decreases from
04) down to 8)\ while for the S!0 net from 9[1) down
to 9[08)[ The gas injection exerts practically no e}ect
on the turbulence degeneration at the channel axis[

2[ Experimental results and discussion

The problem on the thermal mixing of a wall jet with
a cocurrent stream is usually considered for two types of
wall boundary conditions] an adiabatic surface "qw � 9#
and a surface with a thermal ~ux "qw � 9#[ In order to
experimentally determine the local heat!transfer
coe.cient at injection of gas into boundary layer using
expression "0#\ one should know the wall temperature
under adiabatic conditions[

In ð19\ 10\ 13Ł\ it has been established that the intensity
of external!~ow turbulence exerts a substantial in~uence
on the adiabatic surface temperature during the devel!
opment of wall jets in channels[ The action of external
turbulence on the mixing process of a wall jet with a
main stream can be quantitatively characterized by the
injection parameter m ð10Ł[ Experimental data on the _lm
cooling e}ectiveness U\ the parameter commonly used
for solving thermophysical problems on the adiabatic
surface\ are presented in Fig[ 6[ The _lm cooling e}ec!
tiveness in the low!turbulent ~ow is seen to attain its
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Fig[ 6[ E}ect of injection parameter on screen e}ectiveness[

highest at m ¼ 0[ The line at the same _gure shows the
calculated dependence for the low!turbulent stream at
K0 � 03 ð5Ł[ The experimental results at Tu9 � 9[1) are
seen to satisfactorily agree with the calculation results
ð5Ł[ The increased external turbulence worsens the heat!
shielding properties of the _lm cooling over a wide range
of m0 "as compared to data for Tu9 � 9[1)#[ The behav!
iour of the screen in the high!turbulent ~ow is quali!
tatively di}erent] the _lm cooling e}ectiveness grows
monotonically with increasing m[ As contrasted to the
low!turbulent ~ow\ the e}ectiveness of the high!turbulent
screen keeps on growing as well at m × 0\ approaching
asymptotically the U value for Tu9 � 9[1)[ From m �
1Ð1[4\ the _lm cooling e}ectiveness for the turbulized
external ~ow becomes practically independent of the vel!
ocity of the injected gas[ Therefore\ further increase in
the mass!~ow rate of the coolant does not change sub!
stantially the protective properties of screen\ and\ conse!
quently\ such regimes are not economical of energy[

Such a substantial in~uence of the injection parameter
m and of the turbulence level of stream Tu9 on the e}ec!
tiveness of _lm cooling on the adiabatic wall "qw � 9#
suggests that\ when a wall heat ~ux is present "qw � 9#\
approximately the same e}ect of the parameters m and
Tu9 on the heat!transfer coe.cient would be observable[
However\ in the problem with heat transfer\ the e}ect
due to stream turbulence upon a can be allowed for
through assuming the adiabatic wall temperature Twa in
equation "0# to be dependent upon Tu9[ In this case both
in the low!turbulent stream and in the high!turbulent
one\ heat transfer can be calculated according to equation
"4# provided that the Stanton and Reynolds numbers St

and Re�T� are determined with due regard for the adia!
batic wall temperature Twa[

At the _rst stage of the study of the e}ect of free!
stream turbulence intensity on the wall jet heat transfer\
the data were treated with no regard for Twa[ The cor!
responding results are shown in Fig[ 7[ In the exper!
iments\ the heat!transfer coe.cient

a �
qw

Tw−T9

"03#

and\ correspondingly\ the Stanton number were deter!
mined from the di}erence between the wall temperature
and the stream one\ while the Reynolds number Re�T�
was determined from the integral energy conservation
law]

Re�T� �
ax

m9cp9

[ "04#

As is seen from the _gure\ in this treatment of data the
increase in turbulence from 9[1) up to 19) results in a
growth of the heat!transfer coe.cient by a factor of 0[4Ð
1[ Under low!turbulent conditions\ the correlation
St � f "Re�T�# disagrees with the power heat!transfer law[
This is connected with that the Stanton number in the
experiments is determined with no regard for the adia!
batic wall temperature Twa[

The e}ect of the turbulence level of stream on the heat!
transfer coe.cient determined according to "0# using the
adiabatic wall temperature for three values of the injec!
tion parameter is shown in Fig[ 8[ The experiments were
carried out in two steps[ First\ the wall jet of temperature
Ts was injected into the stream of temperature T9 at a
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Fig[ 7[ Heat transfer in the screen region "DT � Tw−T9#[

_xed m\ and the temperature Twa of the adiabatic wall of
the cylindrical channel was measured[ Then the channel
was heated up in the regime qw � const and the wall
temperature Tw was determined[ The cooling e}ectiveness
U evaluated from Twa was found to agree with the exper!
imental data obtained for a cylindrical channel with ther!
mally isolated walls ð10Ł[

It follows from Fig[ 8 that ~ow turbulization increases
the heat!transfer coe.cient by 19Ð29) only at m ³ 0\
the e}ect at m � 9 exceeding that at m � 9[6[ In the case
when the velocity of jet exceeds that of stream "m � 1#\
the heat!transfer coe.cient is practically independent of
stream turbulence intensity[ The latter provides an evi!
dence that the wall jet acts like a bu}er impeding the
penetration of turbulent vortices generated by the main
stream[

In Fig[ 09\ the experimental data shown in Fig[ 8 for
m ³ 0 are represented as St � f "Re�T�# dependences[ In
the experiments\ the Stanton and Reynolds number were

determined with taking into account the adiabatic wall
temperature according to "1# and "04#[ The line shows the
power heat!transfer law "4# for the {standard| boundary
layer[ As is seen from Fig[ 09"a#\ the heat transfer data
for conditions with no gas injection "m � 9\ Twa � T9#
for di}erent Tu9 do not coincide[ For the low!turbulent
stream\ the experimental dots agree well with the cal!
culated straight line "4#[ Deviation of the experimental
data from "4# at Re�T� ³ 149 is due to the e}ect of ~ow
pre!history[ At increasing turbulence level\ the Stanton
numbers fall above the theoretical dependence[

The similar e}ect is also exerted on heat transfer by
the turbulization of ~ow during the injection of coolant
"m � 9[6# "Fig[ 09"b## in the case when the Stanton and
Reynolds numbers are determined using the adiabatic
wall temperature according to "1#[ The experimental data
for the low!turbulent stream "Tu9 � 9[1)# treated in this
manner _t the power dependence "4# for heat transfer[
As is seen from Fig[ 09"b#\ for the high!turbulent stream\
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Fig[ 8[ Heat!transfer coe.cient in the screen region "DT � Tw−Twa#[

the account of the wall temperature turns out to be
insu.cient to generalize data\ and the relative heat!trans!
fer function c should be used like in the case when it
is introduced to take account of the e}ect of external
turbulence at the plate without injection ð2Ł[

The in~uence of the external turbulence on the relative
heat!transfer function c �"St:St9# at Re�T� � idem for
two regimes is illustrated by Fig[ 00[ In the experiments\
St9 is the Stanton number at the turbulence level 9[1)[
As seen from the _gure\ the growth of the turbulence
intensity up to 19) results in the c value increased by
15) and 19) at m � 9 and 9[6\ respectively[ In the zone
where the initial conditions exert no e}ect\ the relative
heat!transfer function is independent of Re�T�[ Hence\ the
relative heat!transfer law at the action of external tur!

bulence can be approximated by the following linear
dependence ð19\ 10Ł]

cTu � 0
St
St91ReT��

� 0¦cTu9 "05#

with the coe.cient c � 9[902 at m � 9 and c � 9[90 at
9 ³ m ³ 0[

The jet laws ð2\ 5Ł are known to govern the _lm cooling
in low!turbulent streams at high injection parameters
"m × 0#[ The e}ect of increased turbulence on heat trans!
fer in this case is illustrated by Fig[ 01\ where the Stanton
number of the secondary stream is determined according
to "1#]

Sts �
qw

rscpsUs "Tw−Twa#
[ "06#
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Fig[ 09[ Heat transfer in the screen region "m ³ 0#[

The line shows the heat!transfer law for the wall jet ð2Ł[

Sts �
9[01

Re9[1
S "x:s = Pr#9[5

"07#

As is seen from the _gure\ in this treatment of data\ the
turbulence intensity exerts no e}ect on the heat!transfer
law in the wall jet[ Thus\ at the injection parameters
m × 9\ the heat!transfer calculations for high!turbulent
streams can be carried out using dependence "07# being
characteristic of low!turbulent jet ~ows[

The e}ect of external turbulence on heat transfer in a
near!wall cocurrent jet is determined by m[ The exper!
imental data illustrating this fact are presented in Fig[ 02[
Here Sth and Stl are the Stanton numbers at high and
low "Tu9 � 9[1)# turbulence level of stream[ As is seen
from the _gure\ the e}ect due to turbulence level on the
relative heat!transfer function is noticeable at m ³ 0 and
insigni_cant at m × 0[ The obtained result is consistent
with those on the e}ectiveness "see Fig[ 6#\ where the
e}ect of high turbulence also becomes less pronounced
at m × 0[ In this case\ the energy of turbulent vortices of
the external stream is essentially smaller than the kinetic
energy of the wall jet[ The wall boundary layer exhibits

considerable stability to external stream disturbances\
and heat transfer is determined by jet laws[

3[ Conclusions

The action of the cocurrent!stream turbulence on the
thermal mixing with a wall jet depends upon the injection
parameter m\ i[e[\ on the proportion between the speci_c
momenta of jet and stream[ At m ³ 0\ the maximum
e}ect due to turbulence is observable\ while at m × 0 the
e}ect due to turbulence is insigni_cant[

In the case when the momentum of jet is smaller than
that of stream "m ³ 0#\ the e}ect due to turbulence
depends on the wall boundary conditions[ In the problem
on the adiabatic wall\ Tu9 exerts a considerable in~uence
on the mixing layer\ and\ as a result\ the dimensionless
wall temperature may change more than two!fold[ When
calculating the cooling e}ectiveness\ the e}ect due to Tu9

can be taken into account by varying the starting heated
length of wall jet and deforming both the velocity pro_le
and the relative heat!transfer function "05# ð10Ð11Ł[ For
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Fig[ 00[ E}ect of ~ow turbulence on relative heat!transfer function "m ³ 0#[

Fig[ 01[ E}ect of turbulence on heat transfer in the wall jet "m × 0#[
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Fig[ 02[ E}ect of injection parameter on relative heat!transfer function[

the wall with a heat ~ux\ the wall heat transfer is more
stable with respect to Tu9\ and its variation does not
exceed 19Ð29)[ In this case\ the e}ect due to turbulence
can be allowed for through the adiabatic wall tem!
perature in the heat!transfer law for near!wall processes
"4# and through the relative heat!transfer function in the
form "05#[

At high injection parameters "m × 0#\ the e}ect of tur!
bulence on the thermal mixing is insigni_cant for both
the thermally insulated and the heat!conducting walls[
Therefore\ both the cooling e}ectiveness and the heat!
transfer coe.cient should be calculated according to
dependences characteristic of near!wall jet ~ows[

Application of heat!transfer law in the power form "2#
and of the relative heat!transfer function for the near!
wall turbulence allows to take account of the joint action
of several factors\ e[g[\ a longitudinal pressure gradient\
non!isothermility or compressibility ð2Ł[ At m ³ 0\ when
the near!wall turbulence generalities prevail\ the use of
the relative function "05# permits an estimation of heat
transfer to be made for a wider range of turbulent ~ows
"e[g[\ for the supersonic high!turbulent stream#[

Turbulence is known to be characterized by several
parameters\ the main of which are turbulence intensity
and integral scale[ From this standpoint\ additional stud!
ies of the e}ect of the initial integral turbulence scale on
the heat transfer in wall jet is required[
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