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Abstract—In this work we present the results of an experimental investigation of heat transfer with a
counter-current wall jet injection towards a main flow. In the experiments we studied heat transfer from a
place of injection to the wall turn and downstream behind the place of injection. The investigation of an
aerodynamic structure of a flow showed that the interaction of a jet with a counter-current flow resulted
in the formation of a recirculation flow zone, and the heat transfer distribution had the same salient
features, characteristic to separation flows. The formation of a new boundary layer behind the recirculation
zone occurs under conditions of high-intensity external turbulence and the presence of a main flow velocity
gradient. Consideration of these salient features leads to good agreement of the calculated and the
experimental data on heat transfer. It has been shown that a velocity increase of the injected jet results in
heat transfer increase, both in the area from the place of injection to the jet turn and downstream behind
a place of counter injection. It has been established that heat transfer regulation within a broad range of
parameters may be carried out by means of a jet injection.

1. INTRODUCTION

Investigating a heat exchange between liquid and gas
flows and solid surfaces, many of researchers note the
intensification of heat and mass transfer, which is
conditioned by separation and subsequent re-
attachment of a flow to a surface which is associated
with considerable turbulization of the flow, and the
presence of intensive recirculation flow zones etc.
There are a great number of works that study the
influence of different types of shoulders, fins and steps
[1-4], abrupt restriction or expansion of passage
cross-section of working channels [5, 6], the presence
of diaphragms in tubes {7, 8] or of bodies with poor
wind shape [9] on heat transfer. As numerous inves-
tigations showed, in such cases heat transfer is not
uniform throughout a surface, and there are areas
with its considerable increase. The heat transfer inten-
sification degree may be determined by both the geo-
metrical dimensions of the elements, disturbing a fiow,
and by the dynamic characteristics of a gas or liquid
flow.

The elements disturbing a flow may be used to
arrange highly efficient heat transfer. However, in this
case, when a cooling flow rate is constant, it is pretty
hard to regulate heat transfer because of necessity of
change in the geometrical shape of the channels or the
individual elements of a flowing part.

It is possible to increase heat transfer in a channel
between a flow and a surface with the aid of a local
jet injection. With this, it is quite easy to control the
intensity of heat transfer by varying the flow rate of
the injected jet. In refs. [10-13] it was shown that a jet
injection at an angle with a surface may result in the

flow separation from the channel surface. In this case
the local heat transfer coefficients have a similar kind
of distribution, as in the case of different disturbing
elements in a flow or on a surface.

In refs. [14-16] we established that the regulated
separation of a flow from a surface can be efficiently
performed by means of a wall jet injection towards a
main flow. A counter-current wall jet that develops
in a restricted channel may considerably affect the
average and pulsation characteristic of the flow, which
in many respects determines the heat transfer pro-
cesses between the flow and the channel wall.

There are only a limited number of works dedicated
to counter-current wall jets. The review is given in ref.
[19]. In ref. [17] the experimental investigation of some
aerodynamic characteristics, such as the depth of a
wall jet penetration to counter flow and distribution
of pressure on a channel surface, is presented. The
investigation of a counter-current wall jet effect on
heat transfer between a flow and solid surface hasn’t
yet been carried out, as far as we know.

In the given work we are going to present the results
of the experimental study of a counter-current wall jet
influence on heat transfer between a gas flow and a
solid surface in a restricted channel. We are also going
to describe the experimental data of some dynamic
and thermal characteristics in the areas from the place
of injection to the jet turn and downstream behind the
place of counter injection.

2. EXPERIMENTAL SETUP AND. TECHNIQUE,
MEASUREMENT EQUIPMENT

A scheme of the investigated flow is shown in Fig.
1. The experiments have been carried out in an aero-
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NOMENCLATURE
a temperature conductivity of air T temperature in the flow core
A coefficient in the heat transfer law, Tw  temperature of a surface
equation (9) T, temperature of air in the injected jet
¢ air heat capacitance T, turbulence intensity (\/;’E/uo) +100%
h height of a channel Uy velocity in the flow core in the channel
K constant in the heat transfer law, inlet
equation (9) U, initial velocity of a counter-current jet
I long range of a jet u* velocity in the flow core after a
m parameter of injection, pgu/poty counter-current jet turn
Nu,, local Nusselt number in the point of a Up maximum velocity in a wall jet profile
flow reattachment to the channel x longitudinal coordinate, measured
wall, o h/4 from a slot cross-section downstream
Pr Prandtl number, v/a x longitudinal coordinate, measured
q density of a heat flow on the wall from a slot cross-section towards the
Re*  Reynolds number, built from a main flow
thickness of energy loss, 1,6F /v, X length of the initial part
Re Reynolds number on the channel inlet, Ax coordinate, measured from a point of
uoh/vg the flow reattachment
Re,  Reynolds number calculated from y transverse coordinate.
initial jet parameters, uh/v,
Re. Reynolds number, calculated from a
length of an over-flowed surface Greek symbols
UoX/[Vg o coefficient of heat transfer
Re,, Reynolds number, determined from a 0 thickness of shear layer
coordinate Ax that is measured from Om thickness of wall dynamic layer
a point of the boundary layer or thickness of heat boundary layer
reattachment o* thickness of displacement,
s height of a slot fa (1 = (ou/pmitm)) dy
St,  Stanton number in a common o thickness of energy loss,
boundary layer, oy/potoc, If,“’ (pu/puuyn) (1—0)dy
St,  Stanton number, determined from the A coefficient of heat conductivity
maximum velocity in a jet, v kinetic viscosity of air
qw/ o, (Tw —To)potin p density of air
St,  Stanton number, determined from a 0 non-dimensional temperature in a
velocity of the injected jet, boundary layer (T— T)/(Tw— To)
gw/cp(Tw— To) psis ¥ function of current, |y u dy/ush
St*  Stanton number in the area behind the W temperature factor, Tw/T,
‘point of the boundary layer W,  heat transfer function, describing the
reattachment, qw/c, (Tw — To)pou™ " influence of the elevated turbulence.
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Fig. 1.

Scheme of a counter-current wall jet flow.

dynamic tube of an open type with a working channel
of rectangular cross-section 145x 150 mm, with a
length 1200 mm through which an air flow, with a
velocity u, and a turbulence degree of Tu, = 5%
flowed. On the lower surface of the working channel
at a distance of 520 mm from the inlet we placed a
slot injection chamber, with a slot height of s = § mm
to form a counter-current wall jet with a velocity .
The experiments have been carried out with fol-
lowing regime parameters. The velocity of the main
flow was u, = 12 m s™!, the Reynolds number was
Rey = ughfv = 1.2 x 10°. With this, when a counter-
current jet at the place of the injection chamber
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location was absent, there was a developed turbulent
boundary layer with a thickness of displacement
0* = 1.6 mm and a form-parameter H = §*/6** =
1.4. The parameter of a secondary flow injection changed
within a broad range of m = pu,/pu; = 0.5-12, and
the Reynolds number of the secondary flow was
Re, = us/v, = 3.3 x10-6.5 x 10*. Temperatures of
the main flow and a counter-current jet were equal
during the experiments, and they were equal to the
environmental temperature T, = T, = 288-293 K.
Density of heat flow on the channel surface was
G = 2400 W m~2,

In the experiments on the investigation of heat
transfer, a heat flow was directed from-the channel
wall to the air flow. To reduce the heat leakages and
increase the accuracy of experimental determination
of local heat transfer coefficients compared with the
traditional methods, we developed a special method
of wall heating [18]. The essence of the method is
as follows. On a working surface of a glass—textolite
channel wall we spread an even layer of ljquid coating
made of graphite and soot with polymer binder. The
uniformity of the coating thickness was-provided by
special gages. Then, the coating was carefully dried.
The end of the drying process was determined by the
stabilization of ohmic resistance of the coating. As a
result, a thin electroconductive film with a thickness
~40 mm was formed on the wall. While the current
passage film was heated, we could determine the den-
sity of heat flow g, from the measured power. Since
the film had an uniform thickness and heat transfer,
the boundary condition g, = const. was valid on its
surface.

Due to the low thermal conductivity the walls of
the working channel, and of the thin electroheated
layer, the longitudinal leakages of heat are small,
which is of particular importance in the case of tem-
perature gradients that took place in the direction of
the longitudinal axis of the channel. The calibration
measurements showed that heat leakages along the
heated surface didn’t exceed 0.3%. Heat leaks from
the heat transfer coating were determined exper-
imentally and constituted less than 5% of a total heat
flow during experiments.

The heat transfer coefficients were found from the
relationship

o = gw/(Tw—T,). M

The heat flow ¢, regulation was carried out by
changing the alternative current voltage which was fed
through the copper busbars to the current conductive
coating. The surface overheat with respect to the main
flow did not exceed 50°C, so the maximum value of a
temperature factor was y = Tw/T, = 1.17, and the
flow might be considered to be quasi-isothermal. The
wall temperature 7Ty was measured by chrome-copal
thermocouples with a thickness of 0.2 mm. They were
placed along the central line flush with the surface.
The thermocouples were put on the working wall of
the channel before spreading the heat transfer coating.
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To reduce heat leaks along the thermocouples wires,
the electrodes, radiating from a thermocouple junc-
tion, were placed along the lines of isotherms. The
length of the heat transfer part from the place of
injection towards the main flow (in the direction of
the axis Ox'—Fig. 1) amounted to 400 mm, and a
width—120 mm. There were 40 thermocouples on
this part. The heat transfer part behind the place of
injection (Ox direction) had the same geometrical
dimensions and number of thermocouples.

The utilized method of the heat transfer coefficient
determination was evaluated during experiments on
heat transfer between a heated plate and a non-com-
pressed quasi-isothermal air flow. The heat transfer
coefficients, measured in these standard conditions
with an error of not more than 10%, were described
by famous dependence for a developed turbulent
boundary layer [20] with a constant heat flow on the
wall

Sty = 0.0306Re; *2Pr—2¢. @)

The measurements of temperature fields of the air
flow were conducted by a thermocouple probe, with
a junction diameter of 0.2 mm which was moved in the
vertical direction by a computer-controlled coordinate
device with a minimum shear step of 0.01 mm. As
the preliminary experiments showed, during a wall jet
interaction with counter flow, the considerable pul-
sations were observed. Thus, to obtain the reliable
mean temperature values we should have averaged the
measured signal over quite a long period of time.
During the experiments the signal from the thermo-
probe entered the device for data collection and pro-
cessing, and at each point 500 measurements of tem-
perature were performed for the time interval of 10 s.

The investigation of aerodynamics of a wall jet
interaction with a running flow was performed by
a two-component laser—-Doppler anemometer. As a
source of radiation, we used a LG-79 laser with power
15 mW and a length of wave A = 0.63 mkm. The
optical part of a velocity meter was made according
to the differential three-beam scheme with a frequent
separation of orthogonal components of the velocity
vector. The electronic part involved a tracking system
that allowed the extraction and processing of a Dop-
pler signal. To obtain a Doppler signal, containing
the information about a quantity and direction of
velocity in the considered point, we injected the solid
particles of silicon oxide with a dimension ~5 mm
into a counter-current wall jet. The small dimensions
of the particles provided good tracking behind the air
flow.

The signal from the electronic part of laser—Doppler
velocity meter entered the system of data collection
through an Electronica-60 microcomputer to a SM-4
computer, where -the whole experimental data pro-
cessing was carried out. A more detailed description of
optical and electronic equipment of the laser—Doppler
velocity meter and its measurement error is given in
ref. [21].
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Fig. 2. Visualization picture of a counter-current wall jet flow. Injection parameter m = 0.9. (a) General
picture of a flow ; (b) picture of a flow after extraction the parts with the increased density of image.

The experimental program involved the visual-
ization of a flow picture. The visualization of a flow
was performed by a light knife method. Particles of
cigarette smoke or powder with dimensions less than
1 mkm were injected into a wall jet. The lighting was
conducted by a powerful plane pulse source of light,
and the simultaneous photo recording of the inter-
action process was performed through side trans-
parent channel walls. Such experiments allowed the
determination of a long range of counter-current wall
jet, as well as the height of the jet and flow mixture
zone at different values of the injection parameter.

3. RESULTS OF A FLOW STRUCTURE
DETERMINATION

The visualized picture of the counter-current wall
jet flow is shown in Fig. 2. As is seen, an area of jet
interaction with a running flow represents an extended
cloud (see Fig. 2a). Density of the given image is not
homogeneous, and if we extract more dense parts, we
may obtain the picture of the flow which is shown in
Fig. 2b. As can be seen from the photograph, when a
counter-current wall jet leaves the injection chamber
at a distance from the place of injection, it begins to
diverge from the lower wall of the working channel,
turns back and is removed by the running flow.

Similar visualized pictures were obtained for differ-

ent values of the injection parameter which enabled
us to track the change of geometrical dimensions of
the zone of the jet and a counter flow mixing. These
pictures were used for the quantitative findings of the
jet penetration depth and the height of the mixture
zone. The geometrical characteristics of the mixture
area, which were determined according to the photo-
graphs, were close to the results obtained from
measurements of velocity fields and temperatures.

The transformation of the velocity vector longi-
tudinal component profile along the channel length is
demonstrated in Fig. 3. We may note the complex
character of the longitudinal velocity profile change.
At a long distance from the injection place up-stream,
the longitudinal velocity profile is pretty uniform with
negligible thickness of the boundary layer near the
channel wall (at x'/s = 30). As we approach the coun-
ter injection part, the longitudinal velocity profile
becomes less filled (at x'/s = 12.4).

Then comes an area where the velocity at the wall
changes its sign to the opposite. This area corresponds
to the counter-current wall jet flow, therefore the vel-
ocity value as it approaches the slot cross-section
increases from zero in the point of the jet retard up to
the maximum value at the place it flows out of the slot
(at x'/s = 6.5, 5, 3). The main flow in this area is over
the zone of the counter jet turn, with this it increases
its own velocity.
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Fig. 3. Profiles of longitudinal velocity vector component at m = 3.

Directly behind the part of a counter injection the
area of return flow is formed (at x/s = 0, 11, 18), its
height gradually decreasing along the channel length.
The reattachment of the shear layer of mixing to the
lower channel wall, its further development and the
formation of the new wall boundary layer take place
downstream (at x/s = 35, 54).

The picture of the flow is more evident in Fig. 4
where there are lines of equal values of the current
¥ function of the investigated flow at the injection
parameter m = 3. The current function values were
determined by integrating the longitudinal velocity
profiles W(y) =j(y)udy/u0h. With this, the velocity
sign, coinciding with the main flow direction, was
considered to be positive. The line of current
¥ = —0.16 in Fig. 4 restricts the area of the closed
circulation flow. Behind this area the reattachment of
the flow to the channel wall occurs. All distinctions of
the counter-current jet interaction with the main flow
which are marked in Figs. 2 and 3, may be observed
in Fig. 4.

Further, we are going to consider the change of the
most important dynamic characteristics of the flow
which determine the heat transfer processes.

The change of the maximum velocity in the wall
jet as it approaches the flow with different injection
parameters is shown in Fig. 5. As it follows from the
picture, the wall jet retards quite quickly due to the

intensive process of mixing with the counter flow.
At m < 3 the jet actually has no initial part where
un/u, = 1. At big injection parameters the initial part
begins evidently extracting, its extent depending on
the jet and the main flow velocity ratio. With the
injection parameter m growth, a length of the initial
part of the counter-current wall jet increases and strives
within the limit of the length of the initial part of the
submerged jet.

Behind the initial part there is a flow area where the
longitudinal maximum velocity in the counter-current
flow jet decreases from u, to zero. According to the
experimental data on this main part of the flow, the
maximum velocity change may be taken from the
linear dependence

— €)

where / is dynamic long range of the counter-current
wall jet. The long range characterizes the jet pen-
etration depth to the running flow, and it may be
determined according to the technique that was pro-
posed in the work [14].

The wall jet turn, the foundation of a recirculation
flow region which is flowed over the zone by the main
flow, results in the significant change of velocity in the
flow core. As it follows from Fig. 6, where we pre-
sented the velocity change along the channel in a flow
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Fig. 4. Lines of equal values of the current functions with a counter-current jet injection (m = 3).
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Fig. 5. Change of the maximum velocity in a counter-current
wall jet.
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Fig. 6. Velocity increase in the flow core.

core during the experiments, the sub-compression of
the flow resulted in increase of the value u*/u, by more
than four times. Let us also note the fact that, behind
the point of flow reattachment to the channel wall
(x/s > 20), the tempo of drop u* abruptly decreased
and for 10 <m <3 insignificantly differed from
u*fug = 2.

The wall jet interaction with the counter flow, its
turn and formation of the circulation zone result in
the considerable turbulization of the flow. This fol-
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Fig. 7. Change of the maximum turbulence degree along the
channel wall.

lows from Fig. 7, where we showed the change of the
maximum turbulence degree along a length of the
channel. As is seen, the biggest value of the pulsation
velocity was observed right in the vicinity of the jet
injection place, where the turbulence degree may
exceed 40%. The turbulence intensity remains quite
high for a long way downstream behind the injection
place. The increase of the relative velocity of the jet
injection results in the certain growth of the turbulence
degree only in the area ahead of the slot cross-section,
and behind the injection place it has a weak effect on
the quantity Tu,,.

As the measurements showed [19], the transverse
profiles of the turbulence intensity significantly change
along the channel length. The layer of the jet and the
running flow mixture, the separation of the flow and
the newly forming wall layer behind the flow re-
attachment point significantly influence on the for-
mation of pulsation velocity fields. Correspondingly,
the distinctions of the turbulent structure of the con-
sidered flow affect the processes of the turbulent heat
transfer.

4. EXPERIMENTAL DATA ON HEAT TRANSFER

The distribution of local relative coefficients of a
heat transfer a/a, in the area from the injection place to
the counter-current wall jet turn at different injection
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x'/s

Fig. 8. Distribution of relative heat transfer coefficients in
the area of a counter-current wall jet propagation.

intensities is shown in Fig. 8. The quantity « is the
heat transfer coeflicient at the jet injection, and o is
the heat transfer coefficient at the same point but
without injection.

As it follows from the picture, the wall injection
intensifies heat transfer in the area of the counter-
cutrent jet propagation. With this, the higher injection
parameter m is, the greater increase of o occurs, and
the more extended the zone of elevated heat transfer
becomes. When removed from a slot cross-section
the o/o ratio gradually decreases to 1, and then the
counter wall injection stops affecting the heat transfer,
and it is described by the common dependence for the
turbulent boundary layer. Such a fast decrease of the
heat transfer coefficient as a jet penetrates the flow is
conditioned, first of all, by an intensive retard of the
jet by the running flow. You may see for yourself if
you look at Fig. 5 where there is attenuation of the
maximum velocity in a wall jet.

The experimental data, obtained at different absolute
values of velocities of the jet and the non-disturbed
flow but at the same values of the injection parameter,
m = ugu,, coincide. This confirms the independence
of the relative heat transfer coefficient in that flow
area on the absolute values of velocities of the jet
and the flow at their constant ratio. According to the
experimental data [19] the quantity of the maximum
heat transfer coefficient within the range of injection
intensities 1 < m < 10 is determined by the simple
dependence a,/a, = m.

Let us get down to the analysis of experiments on
the investigation of heat transfer in the area behind
the place of a jet injection downstream. In Fig. 9
you can see the change of the relative heat transfer
coefficient along the channel length at different par-
ameters of the jet injection. As is seen, the counter-
current wall jet results in the intensification of heat
transfer in this flow area. With this, as for the above
considered zone ahead of the slot cross-section, the
greater the injection parameter is, the greater the
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Fig. 9. Change of a relative coefficient of heat transfer behind
the part of a counter injection.

increase of heat transfer occurring between the chan-
nel wall and the gas flow.

The entire area of the heat transfer coefficient
change behind the injection place may be con-
ventionally divided into two. The first area is located
immediately behind the injection chamber slot cross-
section 0 < x/s < 15. Here, the fast increase of the
heat transfer coefficient up to the maximum value
takes place, and then we may observe its relatively
quick decrease down to the certain quantity that
slightly changes along the channel length. The value
of the maximum relative coefficient of a heat transfer
grows along with the injection parameter. Thus, for
m = 3wehave a/o, = 2.3 and for m = 10—a/oy = 5.2.
We may also note that along with the growth of the
injection parameter the position of the maximum
coefficient of heat transfer moves upstream.

The second area corresponds to x/s > 15. In this
flow area the heat transfer coefficient at a counter
injection along the whole extent of the investigated
part (15 < x/s < 52) significantly exceeds the heat
transfer coefficient without injection and slightly
decreases along the channel length.

Such a non-uniform distribution of local
coefficients of heat transfer is associated with salient
features of gas dynamics of the flow (Figs. 3,4, 6). In
the area of the recirculation flow which is limited by
the line of current ¥ = —0.16 in Fig. 4 we can observe
the heat transfer coefficient growth. Behind the area of
separation the reattachment of the flow to the channel
wall takes place and, correspondingly, in this area
there is the maximum heat transfer with the wall.

Such an increase of local coefficients of heat transfer
was observed during the investigation of the broad
range of flows, associated with the separation and
the subsequent reattachment of the flow. Thus, for
example, a comparison of local Nusselt numbers
changes during the diaphragm provision in the round
tube [7] and behind the place of a counter injection
shows [19] that in these cases the distribution has a
similar character.

The flow that is released behind the counter injec-
tion place looks like that described in the literature
flow, following the jet normal to the flow. A com-
parison of results of the present investigation with
data of ref. [10] shows that both in the case of normal
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Fig. 10. Influence of the injection intensity on Nu, behind
the place of a counter and normal injection.

and the counter injections we may observe the peak-
like distribution of heat transfer coefficients in restricted
channels behind the injection place. With the increase
of the injection gas flow rate in both cases we may see
the growth of the maximum heat transfer coefficient
and the maximum Nusselt number Nu,, = a,,A/A. The
comparison of the experimental results of deter-
mination Nu, for a counter injection with the gen-
eralizing dependence

Nug, = 0.108 Re® 7% m" 218 @

that was proposed in ref. [10] to generalize the exper-
imental results on the normal slot injection shows
(Fig. 10) that counter injection gives a maximum
increase of heat transfer than does a normal injection
at the same relative injection intensity, as well as the
more significant growth of heat transfer with the
increase of m.

The intensification of heat transfer processes behind
the place of counter injection is confirmed by the
experimental data on the investigation of transverse
fields of mean temperatures. A comparison of non-
dimensional temperature profiles in this area with and
without the counter injection is given in Fig. 11. It is
seen that the temperature profiles in the wall area
where the basic processes take place which determine
heat transfer between the channel wall and the gas
flow are more filled at the jet injection compared to its
absence. It confirms the intensification of heat transfer
processes with the counter injection. At the same time
the thickness of the heat layer for the case of the jet
injection considerably exceeds the thickness of the
layer without injection, and the temperature profile
behind the recirculation zone is not actually changed
at the counter injection along the channel wall on the
entire investigated zone of the flow (to x/s =~ 50).

E. P. VOLCHKOVY et al.

5. GENERALIZATION OF EXPERIMENTAL DATA
ON HEAT TRANSFER

The development of the method for calculation of
the flow and the turbulent heat transfer in the restricted
channel with the counter wall injection represents a
large problem. So the utilization of integral methods
based on the experimentally grounded simplified
assumptions is quite reasonable for these purposes.

The integral method for calculation of basic gaso-
dynamic parameters of the considered flow was
developed earlier in ref. [16]. Despite the utilization
of certain assumptions the calculation results have
good agreement with the results of the experimental
investigations on the jet long range, a thickness of
shear layer 4, a velocity value #* in the flow core after
a jet turn. The obtained calculated equations may also
be used to determine heat transfer.

The analysis of heat transfer will be carried out as
it was earlier made during experiments, i.e. indi-
vidually for the area of the counter-current wall jet
propagation along the channel wall up to its turn
point and for the area from the injection place down-
stream of the main flow.

Let us make a calculation of heat transfer between
the injected jet and the surface and, with this, we
consider that the maximum velocity in the counter-
current jet changes according to equation (3). For this
reason we write down an integral equation of the
boundary layer jet energy and assume that the thick-
ness of wall dynamic and heat layers are equal :

d
dx [tmpoCp(Tw—T,)0%] = gw. &)

Let us integrate this equation at gy = const. from
Xp to X',

(ReFAT) - — (REFAT),, = —— Re,(x' — %,
Psls Ps
©)
where % = x/s.
Let us assume that on the initial part

(0 < ' < %) the heat transfer is described by the
dependence for the boundary layer with the constant
velocity on the exterior boundary. Consequently,

qw

s%stp,

(Re#AT),, = Re,%) 0

after the substitution of equation (7) into equation (6)
we obtain

Un
Rer! = SinRe,~" . ®)

s

Let us take a heat transfer law in a power form [20]
St,, = ARe}~*pPr—1, ©)

The joint solution of equations (8) and (9) gives an
expression for calculation of the heat transfer
coefficient
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Fig. 11. Temperature profiles behind the recirculation zone.

u \ /1)
St = Al/(k+I)Res—k/(k-i-I)X-./——k/(k-i-l)(_m)
uS

x PAA-UEED - (10)

For a developed turbulent boundary layer with an
index 1/7 in a power profile of velocity and tem-
perature the constants in equation (10) are equal:
A = 0.0128, k = 0.25. Having these values of 4 and k
the equation (10) will be written down as follows:

0.8
Sts=0.0306Re;°’2fc"°'2<2—m> Pros. (11

When we substitute equation (4) for equation (11)
we obtain a relationship for calculation of heat trans-
fer on the main part of a counter-current wall jet

/ 0.8
X — Xy _
) Proos,

’

St, = 0.0306Re;°'2x"°'2<1 -
I—x,

(12)

The experimental data on heat transfer of the coun-
ter-current wall jet with the surface are presented in
Fig. 12 for different injection intensities. Here, we
show the calculation curves, obtained from the
relationship (12) for corresponding parameters of
injection. The long range of the jet / is determined
from calculated dependencies of ref. [16]. As is seen
from Fig. 12 there is good agreement between the
calculated data and the experimental results. In the
picture we may also see the calculated dependencies
from relationship (10) for the heat transfer in the
turbulent boundary layer with a constant velocity on
its exterior boundary (u,, = u,) and in a submerged
wall jet where the velocity drop tempo was described
by the relationship, proposed by Seban and Back [22].

U Jtts = 3.6(x"[5) ™45, (13)

As is seen the decrease, tempo of heat transfer along
the channel length in the boundary layer with a con-

stant velocity on its exterior boundary and in the
submerged wall jet is significantly slower than in coun-
ter-current jets.

Besides, we should note that it is reasonable to
perform the calculation of the counter-current wall jet
heat transfer on the main part of the jet development
in the area from x, to (0.7-0.8)/. At longer distances
from the injection place the maximum velocity sig-
nificantly decreases, and the jet long range pulsations,
observed in the experiment, begin influencing the heat
transfer intensity. With this, the given calculation
technique ignores these features of the flow.

Let us generalize the experimental data on heat
transfer behind the recirculation flow zone at the
counter wall injection.

The basic factors, resulting in the heat inten-
sification behind the point of a shear layer re-
attachment to the channel surface, are the increase of
velocity in the flow core u* (Fig. 6) and the intensity of
turbulent flow pulsations (Fig. 7). In this connection,
during generalization of the experimental data on heat
transfer we took into account the increase of the flow
velocity and the turbulent level. With this, the Stanton
numbers and the Reynolds numbers were determined
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/
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Fig. 12. Heat transfer of a counter-current wall jet on the
basic part of its development.
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Fig. 13. Generalization of experimental data on heat transfer
behind the recirculation zone.

as St* = a/pou*c, and Rey, = pou*Ax/u, where the
distance Ax was measured from the start of the heat
boundary layer formation (from the point of the shear
layer reattachment to the channel wall). The influence
of the elevated turbulence was considered with the aid
of the relative heat transfer function [23].

¥r = St*/St, = (1+0.0085)"* (14)

where St,—Stanton number in the low-turbulent flow
and T, = (\/F/u*)IOO%-degree of turbulence on
the exterior boundary of the boundary layer.

The results of the performed generalization are
shown in Fig. 13 in the form of dependence
St*/¥r, = f(Re,,). It is seen that in such processing
the experimental data, obtained for different injection
parameters, generalize with each other. To compare,
we presented the calculation of heat transfer in the
standard turbulent boundary layer according to equa-
tion (2) on the same scheme.

The experimental data are in quite good agreement
with the calculations according to this equation. The
fluctuation of experimental points from the curve may
be conditioned by discarding the dynamic prehistory
of the flow, as well as by formation of the large-scale
turbulent structure of the flow which appears as a
result of the interaction of the counter-current jet with
the flow. Even in the first approximation of the jet in
the restricted channel behind the point of re-
attachment of a shear layer of mixing, it may be
described by the dependence of the common turbulent
boundary layer, if we consider the velocity increase in
the flow core and the turbulent level growth.

6. CONCLUSIONS

The experimental study of the counter-current wall
jet influence on heat transfer between an air flow and
the solid surface in a restricted channel showed :

(1) A counter-current wall jet leads to local heat
transfer intensification in the area from the place of
injection to the jet turn zone. With this, the length of
the elevated heat transfer area and a quantity of the

E.P. VOLCHKOV et al.

heat transfer growth may be regulated by the intensity
of the counter-current injection.

(2) In the restricted channel the counter-current
wall jet may increase heat transfer between the channel
wall and the gas flow by 2-3 times along the whole
investigated extended part behind place of injection
(in the experiments it was up to x/s = 50).

(3) A complex character of distribution of local
heat transfer coefficients along the channel length
behind the place of counter-current injection is deter-
mined by the flow aerodynamics, i.e. by phenomena
of separation and reattachment of the flow to the
surface, by the presence of the recirculation flow zone
and by the considerable turbulization of the flow by
the counter-current jet.

(4) Heat transfer of the counter-current wall jet to
the channel wall on the basic part of its development
from the place of injection to the turn zone is described
by the dependence (12) that was obtained from the
solution of the integral equation of energy for the wall
boundary layer of the counter-current jet.

(5) Heat transfer behind the recirculation flow zone
with the counter-current wall injection may be
described in the first approximation by the depen-
dence for the common turbulent layer (2) if we take
into account the increase of velocity and the tur-
bulence degree in the flow core.
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