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An experimental study of flow characteristics and heat transfer for jet impingement cooling of obstacles
in the form of single spherical cavities is reported. The distributions of flow velocities between the nozzle
and the obstacle, and also the fields of pressure and heat-transfer coefficients inside the cavity were mea-
sured. It is found that, at a value of depth the cavity generates the large-scale toroidal vortex, essentially
influencing on the heat transfer. The cavity flow becomes unstable, exhibiting low-frequency pulsations
of local heat fluxes. In the examined ranges of Reynolds numbers, Re = (1.2–5.8)104, and cavity depths
(equal to or smaller than 0.5Dc) the local heat-transfer intensity in the cavity is lower than that on a flat
obstacle; yet, this reduction is almost fully compensated by increased area of the heat-exchanging
surface.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Heat-exchanging surface geometry modification is believed to
be an effective means to control heat transfer during jet impinge-
ment cooling of surfaces. Indeed, as it was shown in [1–3], heat
flows from a body streamlined with an impinging jet, especially
those in the vicinity of the stagnant point, are defined by radial gra-
dients of pressure, in turn largely defined by the body shape. Yet,
such relatively a simple situation is not always the case. For in-
stance, as a result of vortex formation processes in local flow
detachment zones at obstacles in the form of cavities/trenches a
complex unstable flow structure can emerge exhibiting large-scale
low-frequency flow pulsations, the Coanda effect, etc. [4]. Under
such conditions, adequate prediction of heat-transfer processes re-
mains problematic.

In the present study, we examined the flow structure and heat
transfer during impingement cooling of an obstacle in the form of
spherical cavity with an axisymmetric jet flow. Such configurations
attract considerable attention since these configurations, stream-
lined by flows, proved to be efficient generators of unusual pulsating
flow regimes and efficient heat-transfer intensifiers [5–8]. Also, sur-
faces modified with cavities proved to be efficient ones in cooling
internal flow paths of gas-turbine blades with a system of impact jets
[9–12].

In recent years, much attention has been paid to the formation
processes and stability of large-scale vortices (coherent structures),
and also to the role of these vortices in heat- and mass-transfer
ll rights reserved.

).
processes proceeding in impact jet flows [13–14]. The organized
structures in the jet, characterized by certain spatial and time
scales bring an outlook for the control of heat transfer from a
streamlined obstacle. According to analysis of available publica-
tions, in particular [15], this control is possible by a external peri-
odic pressure perturbation, corresponding to intrinsic frequencies
(time scales) of the jet, or by means of a change in the jet scale
(e.g., nozzle diameter). The scope of research in the present study
included the examination of flow for various obstacle shapes, when
one more scale factor (cavity diameter) appears in the system.

Reported studies of impact jet flows impinging on curvilinear
obstacles are few in number [16–28].

Koh and Hartnett [16] measured the distributions of pressure and
time-average heat-transfer coefficients in a uniform airflow imping-
ing on a concave hemisphere. The Reynolds number based on the
hemisphere diameter Dc was varied in the range ReD = 6 � 103–
9 � 104. The tests showed that the local heat transfer, minimal at
the stagnation point, increased strongly toward the cavity edges.

Carefully visualization studies of the flow structure and mea-
surements of recovery and heat-transfer coefficients were reported
in [17–19], where an axisymmetric jet flow impinging on convex
or concave a surface was examined. The temperature recovery
coefficient varied in a broad range, from 0.75 to 1.2, depending
on the distance from the surface, and also on the surface shape.
At all other conditions being identical, the mean heat transfer from
the convex surface was found to be 20–50% increased compared
with the concave surface.

A scaling analysis of heat transfer for a system of impact axi-
symmetric jets impinging onto a concave cylindrical surface was
reported in [20].
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Nomenclature

Cp coefficient of the pressure
d0, Dc nozzle and cavity diameters, m
L, S nozzle-to-surface distances, m
Nu0 = a0�d0/k stagnation point Nusselt number
Num = am�d0/k Nusselt number averaged over the cavity surface
Pr Prandtl number
Pa, Pi atmospheric pressure and pressure at the current point

on the obstacle surface, Pa
q heat-flux density, W/m2

r, y coordinates of the point, m
Re = U0�d0/m, ReD = U0�Dc/m Reynolds numbers
t time, s
T0, Tw temperature of the nozzle exit flow and wall, K

Tu ¼ ð
ffiffiffiffiffiffiffi
V 0

2

y

q
=U0Þ � 100% turbulence intensity,%

U0 flow velocity at the nozzle exit, m/s

Greek symbols
a heat-transfer coefficient, W/m2 K
k heat conductivity, W/mK
D cavity depth, m
m air kinematic viscosity, m2/s
q density of air flow, kg/m3

Subscripts
a ambient
c refer to the cavity
ed refer to the vortex passage
i refer to the current point
m averaged over the cavity surface
max refer to maximum
0 at the nozzle exit
w at the obstacle surface
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Chan et al. [21] examined the turbulent structure of a plane jet
impinging on a convex semi-cylinder that lied on a flat surface.
Measurements showed that the profiles of mean flow velocity in
the wall jet were self-similar with respect to the nozzle-to-cylinder
distance, whereas the intensity of velocity pulsations was shown to
grow with this parameter. Numerical and experimental studies of
plane jets impinging on a cylinder showed the heat-transfer inten-
sity at the stagnation point to be higher than on the flat surface
[22,23].

Heat-transfer studies of turbulent axisymmetric jets impinging
on a hemisphere were reported in [24–26]. In [25,26] the diameter
ratio between the hemisphere and the nozzle was varied in the
range Dc/d0 = 11.2–29.4. A similar geometry was used in [27] in
studying the interaction of an impact jet with a hemispherical cav-
ity. In the range of nozzle-to-obstacle distances 2 < L/d0 < 8 the
heat transfer at the stagnation point proved to be weakly depen-
dent on this parameter, varying in proportion to L/d0

0.09, whereas
at larger distances a stronger dependence was observed (L/
d0
�0.55). The rate of heat transfer both at the stagnation point and

over the whole curved surface was found to be 15–20% greater
than on the flat surface at identical flow conditions. The local dis-
tributions of heat-transfer coefficients measured in [25] at various
Reynolds numbers did not admit generalization with a single
dependence. In the region adjacent to the stagnation point, 0 < r/
d0 < 1.5, the local Nusselt number followed the dependence
Nu�Re0.45–0.53, whereas later, as the jet spread over the surface,
the correlation dependence transformed into Nu�Re0.65–0.67. The
power exponent in these dependences increased with increasing
nozzle-to-obstacle distance.

Experimental works most close to the present study were re-
ported in [27,28]. In paper [28] a hemispherical cavity was ap-
proached by an air flow in the direction along the vertical axis of
the cavity. The jet diameter at the nozzle exit was much smaller
than the cavity diameter, Dc/d0 = 16–50. According to obtained
data, the heat transfer at the stagnation point at fixed Reynolds
number depended on the nozzle-to-obstacle distance. As com-
pared to the case of a flat surface, the rate of heat transfer in a
spherical cavity with Dc/d0 = 16 was reduced. At larger diameter ra-
tios, Dc/d0 = 50, the heat transfer at the stagnation point became
more intense than on the flat obstacle, and the power exponent
in the Nusselt versus Reynolds number dependence increased from
n = 0.5 for the flat obstacle to a value of n = 0.66 for hemisphere.

Lee et al. [27] examined the local heat transfer in a hemispher-
ical cavity upon variation of the cavity-to-nozzle diameter ratio in
the range Dc/d0 = 11–30. In contrast to data obtained in [28], the
rate of heat transfer was found to decrease with increasing nozzle
diameter throughout the whole tested range of Reynolds number
(1 � 104–5 � 104).

Thus, not only few in number are data obtained in reported
studies of jet flows impinging on curvilinear obstacles; these data
are also contradictory.

In the present study, being a continuation of our previous test
cycle reported in [29,30] we examined the interaction between a
jet and a spherical cavity. A specific feature distinguishing the pres-
ent study from the studies reported in [27,28] is relatively small
cavity-to-nozzle diameter ratio (Dc/d0 = 5.2) typical of jet impinge-
ment cooling of dimple modified surfaces. Preliminary tests per-
formed on a flat obstacle have allowed us to obtain well-
documented data concerning the effect of surface geometry on
the flow structure and heat transfer. The experiments included
soot-oil visualization of surface streamlines, examination of pres-
sure distributions over the cavity surface, measurement of flow
velocity fields with the help of a digital particle image velocimetry
(PIV), and also study of local heat transfer from the streamlined
surface. The time-average and pulsating local heat fluxes were
measured with miniaturized gradient-type heat-flux meters [31].
The varied parameters in the experiments were the Reynolds num-
ber, the nozzle-to-obstacle distance, and also the cavity depth.

2. Experimental setup and procedure

The experiments were carried out on a setup schematically de-
picted in Fig. 1. The jet flow issued from a subsonic nozzle with
d0 = 8.9 mm. The nozzle-flow contraction ratio was about 8, and
the nozzle geometry was smooth, making the flow velocity at the
exit plane of the nozzle quite uniform, with the turbulence inten-
sity Tu ffi 0.3%. The flow velocity at the nozzle exit U0 was varied
from 15 to 100 m/s, the corresponding Reynolds number being
Re = U0�d0/m = 104–6 � 104. The jet impinged onto the obstacle per-
pendicularly. The nozzle-to-obstacle distance S was varied from 0
to 10d0 with a step of 2d0. At S/d0 = 0 the nozzle is located up to
the level of a flat part of the obstacle surface. The temperature of
the air flow in all experiments was close to room temperature.

The experimental conditions described in the Table 1.
At the first stage of the study, fields of pressure and flow veloc-

ity were visualized and measured. In the experiments, the obstacle
was a 70 mm diameter plexiglass disc with a spherical cavity pre-
pared at the center. The cavity diameter was Dc = 46 mm, whereas
the cavity depth was a variable parameter, equal to D = 6, 12 and
23 mm (D/Dc = 0.12, 0.26 and 0.5). Holes 0.5 mm in diameter were



Fig. 1. Experimental setup (schematically). 1 – obstacle; 2 – air line; 3 – regulating
valve; 4 – nozzle; 5 – heat-flow meters.

Table 1
Experimental conditions

No. D, mm D/Dc S/d0 Re Measured parameters

1 0; 6; 23. 0–0.5 0–10 104–3 � 104 Distributions of pressure;
soot-oil visualization

2 0; 6; 12; 23. 0–0.5 0–2 104–3 � 104 PIV-experiments
3 0 0 0–10 1.2 � 104–5.9 � 104 Heat transfer on a flat

obstacle
4 12 0.26 2; 6 1.2 � 104–5.9 � 104 Heat transfer in a cavity
5 23 0.5 0–10 1.2 � 104–5.9 � 104 Heat transfer in a

semispherical cavity
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radially drilled in the obstacle normally to its curved surface to
serve pressure taps.

The pressure was measured by the inclined micromanometers
with an error of 2–3 Pa. The pressure coefficient was calculated
by formula

Cp ¼ 2ðPi � PaÞ=q0U2
0;

where (Pi � Pa) is difference of pressures at a given point of the
obstacle surface and in the atmosphere.

In soot-oil visualization tests, a smooth self-adhesive film was
glued onto the obstacle surface. A mixture of lamp oil with offset
ink was applied onto the film. Each experiment lasted for 1–
1.5 min. During this time, under the action of the jet flow the work-
ing mixture poured onto the obstacle spread over its surface form-
ing a stable picture of streamlines.

The PIV method was used to measure the fields of flow velocity
in the region between the nozzle and the obstacle. The PIV system
included two 50-mJ solid-state YAGNd3+ lasers operating in a
pulsed mode at the wavelength 532.05 nm, the pulse width being
5 ns. The digital cameras had 1000 � 1200 pixel matrices with high
photosensitivity. The measuring facility comprised a pulse syn-
chronizer and an analog-to-digital converter, and was equipped
with a computerized data acquisition and processing system. The
flow was seeded with tracers with the help of an aerosol generator.
The tracers were 50% water-glycerin microparticles loaded with
milk powder.
Heat transfer was studied at a flat obstacle and obstacles with
cavities of depths 0.26Dc and 0.5Dc, and the main object was an
obstacle with a semispherical cavity with maximal changes in
the dynamic pattern of the flow. For these experiments the obsta-
cle of 0.19 m diameter and 50 mm thickness was made of copper.
The required temperature drop between the jet and obstacle,
which in most experiments equals 313 K, was reached by means
of an electric heater under the obstacle. The choice of highly
heat-conductive copper as a material provided satisfaction of
Tw ffi const boundary condition on the obstacle. The temperatures
of the streamlined wall and the flow were measured differentially
by the chromel–coppel thermocouples. The local heat fluxes were
measured by up to 8 gradient heat flux sensors, glued on the obsta-
cle [31]. The characteristics of these sensors were as follow sensi-
tivity of 10–20 mV/W, plane size of not higher than 2.5 � 2.5 mm
(what is significantly lower than the typical sizes of the studied
flow), thickness of �0.2 mm. The signals from thermocouples and
sensors through a specially developed multichannel module were
amplified and sent to a PC for the following calculations. Arrays
of local instantaneous values of the heat flux densities were ob-
tained in experimental, and these arrays were used for calculations
of time-average local heat fluxes qi und their pulsations. The num-
ber of values in the array was �104 at the measurement time of
10–90 s. Local heat transfer coefficients ai were determined by lo-
cal heat flux densities qi, reduced by a value of the heat flux via free
convection and radiant heat transfer Dqi, and temperature differ-
ence between the obstacle and air in the jet mouth

ai ¼ ðqi � DqiÞ=ðTw � T0Þ:

Error Dqi was determined experimentally by measurements of heat
transfer on the model without a jet flow; in experimental this value
did not exceed 5–7% of the heat flux density at the frontal point.
According to the analysis and data [31], the error of measurements
of the heat flux density was within 0.3–10%, for the intensity of
mean square pulsations the heat fluxes changed from 4% to 50%.

3. Experimental results and discussion

3.1. Soot-oil visualization data

Experiments have shown, that the picture of lines of a current at
a surface of a barrier depends on all varied parameters – Reynolds’s
numbers, distances between nozzle and a barrier, depths cavity.
This conclusion is shown with the data of Fig. 2 where the picture
is shown soot – to the oil visualization, received in dimples with
different depth at Reynolds’s numbers Re = 2.8 � 104 for conditions
when the barrier settled down on an initial region of a jet.

At a flat obstacle (Fig. 2a) the flow is seen to exhibit three char-
acteristic regions, namely a central region (2r/Dc 6 0.12) in which
the jet flow impinged onto the wall and the jet made a sharp turn
with the formation of Taylor–G}ortler vortices; an annular region
(0.12 6 2r/Dc 6 0.46) in which, according to [1,3], a laminar (accel-
erated) boundary layer developed; and the remaining surface (2r/
Dc > 0.46) with the flow over it becoming turbulent. A similar pic-
ture for a flat surface was reported in [1].

The flow pattern in cavities, although roughly resembling the
flow pattern observed in the case of flat surfaces, had distinct spe-
cific features. The differences were manifested most brightly in the
deepest, hemispherical cavity. According to Fig. 2c, in the deep cav-
ity considerable expansion of the central flow region, from 0.12Dc

to 0.27Dc, was observed, with the remaining flow being more
structured. The flow divided into individual vortices in the region
where the flow made the 90� turn owing to the formation of Tay-
lor–G}ortler vortices in the vicinity of the stagnation point. At the
exit from the cavity, in the region 2r/Dc = 0.9–1.0 (the dark narrow
ring in the photograph) there developed a stagnant zone.



Fig. 2. Soot-oil visualization pictures. Re = 2.8 � 104, S/d0 = 2.

Fig. 3. The time-average flow pattern between the nozzle and the obstacle.
Re = 1.2 � 104, S/d0 = 2.
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With obstacles installed outside the initial length of the jet flow
(5–6 nozzle diameters), as well as at an increase in the flow veloc-
ity (Re P 2.8 � 104) the soot-oil spreading picture on the obstacle
surface was indefinite, exhibiting no clearly manifested flow
regions.

It should be noted that Taylor–G}ortler vortices (most authors
connect these vortices with the features of jet heat transfer at a
curvilinear obstacle) were observed only in a limited range of
parameters.

3.2. PIV data

The primary goal of the given cycle of visualization and mea-
surements has consisted in studying all field of current which is
formed between nozzle and the obstacle. The obstacle settled
down on an initial region of a jet where effects of interaction of a
jet with a wall can be shown especially strongly. Reynolds’s num-
ber made 1.2 � 104 and 2.8 � 104. The basic varied parameter was
depth of a cavity (see the table).

The PIV measurements and visualization tests have revealed a
fundamental difference between the flow patterns observed for
the flat surface and the cavity. With a flat obstacle, the flow was
found to make a 90� turn in the vicinity of the stagnation point,
and then spread uniformly over the surface. The measurements
of the velocities revealed the presence of small-size flow separa-
tion regions in the vicinity of the stagnation point.

In the case of a shallow cavity with D/Dc = 0.12 the flow pattern
was found to qualitatively resemble the flow pattern on the flat
obstacle.

In the case of cavities with D/Dc = 0.26 and 0.5 the flow made a
180� turn in the cavity and left the cavity in the direction opposite
to the impact jet flow. This annular counter-flow, leaving the cavity
in the peripheral regions of the cavity, was strongly unstable, dis-
playing large-scale flow pulsations and interacting with the initial
jet flow. In the region outside the cavity the flow never reattaches
to the obstacle surface.

The field of mean flow velocities obtained by statistical treat-
ment of the arrays of instantaneous flow fields revealed for dim-
ples with depth D/Dc = 0.26 and 0.5 a flow structure in the form
of a large toroidal vortex bound up with the cavity (see Fig. 3).
The position and the size of the flow region with the vortical mo-
tion is defined by cavity parameters. The outer boundary of the
vortex in the radial direction is practically coincident with the
obstacle boundary. In the direction normal to the obstacle the size
and the position of the region with the vortical motion largely de-
pends on the depth parameter D/Dc. In the case of D/Dc = 0.5 the
center of the vortex lies inside the cavity, whereas in the case of
D/Dc = 0.26 this center is situated roughly halfway between the
nozzle and the obstacle.

Fig. 4 shows the distribution of longitudinal velocity in various
sections between the nozzle and the obstacle (Fig. 4a) and at var-
ious depth of a cavity (Fig. 4b). In the peripheral region of cavity
there forms a reverse flow, whose boundary in the case of hemi-
spherical cavity practically coincides with the cavity border. In
the case of a shallower cavity, D/Dc = 0.26 (see Fig. 4b), the re-
verse-flow region expands to periphery of a cavity due to increased
mating angle at the junction between the cavity contour and the
flat surface.

The maximal and minimal values of the radial flow-velocity
component, whose distributions are shown in Fig. 5, fall into the
region 2r/Dc � 0.5–0.8, where, according to Fig. 3, the axis of the
toroidal vortex is situated. In this zone, the streamwise flow veloc-
ity is close in value to the radial flow velocity, thus confirming the
three-dimensional structure of the vortical motion of the medium
in this region.

Thus, under certain conditions, in investigated range of param-
eters at Re = 1.2 � 104 and 2.8 � 104, S/d0 = 2–4, D/Dc P 0.26,
above the dimple the large-scale, toroidal vortex is formed. Besides
this vortex has unstable and pulsatory character. The found out
qualitative changes of flow represents the larger importance as
can affect essentially on heat transfer.

3.3. Surface pressure distributions

The radial distributions of pressure coefficients are shown in
Fig. 6. It is visible, that they have complex nonmonotonic character,
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depend on depth of a cavity (D/Dc) and from distance between
nozzle and an obstacle (S/d0). The analysis data on Fig. 6 shows,
that in comparison with a flat plate at a flow of a cavity depth D/
Dc = 0.12 (Fig. 6b) the region of accelerated flow extends, reaches
the cavity border, 2r/Dc = 1.

In the hemispherical cavity (D/Dc = 0.5, Fig. 6c) the area of
acceleration also extends, but up to smaller values in a radial direc-
tion, 2r/Dc ffi 0.75. The distributions of pressure coefficients in the
vicinity of the stagnation point shaped as domes; these distribu-
tions are, however, more filled compared to the case of flat obsta-
cle. On periphery of a cavity there is an area of negative values of
pressure coefficient, area of rarefaction. It occupies approximately
in a quarter of radius of a cavity. The pressure recovers to the
atmospheric value, making the flow detach from the surface. The
described character of distribution of pressure takes place at all
distances between nozzle and obstacle, but is more strongly pro-
nounced in conditions when the obstacle is located on an initial re-
gion of a jet. The pressure data measurements show the good
correlation with results PIV-measurements, which have shown for-
mation in dimples by depth of D/Dc = 0.26 and 0.5 ring, toroidal
vortex.

In the investigated range of Reynolds numbers distributions of
pressure have a self-similarity character. It follows from Fig. 6d,
where profiles of pressure at a variation of Reynolds number prac-
tically coincide among themselves.

According to modern concepts [14,15], an important role in the
development of subsonic turbulent jet flows is played by regular
periodic structures formed in the mixing layer of these flows and
leading to periodic variations of local pressure and flow-velocity
values near approached obstacles. In our experiments pressure
pulsations were registered both at the flat surface and in cavities.
These pulsations were low-frequency (�1 Hz) ones, emerging at
certain values of Re and S/d0 (these values were different for on
the flat obstacle and in cavities) in a close vicinity of the stagnation
point, �(1–2)d0. The pulsation intensity was not high (some frac-
tion of percent of the pressure measured); nonetheless, as com-
pared to the flat wall, this intensity in a cavity was 1.5 to 3 times
higher.

3.4. Heat transfer

Investigations of heat transfer are carried out at a variation of
parameters of depth of a cavity (D/Dc), distances between a nozzle
and a barrier (S/d0), Reynolds’s numbers.

A comparison between the radial distributions of the local heat-
transfer coefficients on the flat obstacle and in cavities with depths
D/Dc = 0.26 and 0.5 at fixed values S/d0 and Re, is given in Fig. 7a. It
is seen that the intensity of local heat transfer from the curvilinear
obstacles is roughly twice lower than that from the flat obstacle.
Outside the cavity the rate of heat transfer is almost zero under
all examined flow conditions (Fig. 7a–d). The distance between
nozzle and an obstacle as it is visible from Fig. 7b, poorly affects
intensity of heat transfer.

Data obtained correspond to the above-described results of dy-
namic experiments, demonstrating that a global vortex is formed
in the cavity, and this vortex brings back the liquid, heated in the
cavity, and reduces heat transfer. At the periphery of this cavity
the flow detaches from the wall, and there is no heat transfer.

The obtained arrays of instantaneous heat fluxes were used to
study the heat-flow pulsations.
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A comparison between the time sweeps of sensor signals for the
flat obstacle, and also the time sweeps of signals from sensors in-
stalled inside and outside a cavity is shown in Fig. 8. The measured
data are normalized to the stagnation point heat flux q0.

It is seen from Fig. 8 that in the vicinity of the stagnation point
(r = 2.5 mm) almost no heat-flow pulsations are observed on the
flat surface, showing the flow to be laminar in this region.

The signal from the sensor installed outside the cavity
(r = 33 mm) has a fundamentally different waveform. The signal
seems to be modulated with low-frequency oscillations. The emer-
gence of new large-scale heat-flow pulsations well correlates with
PIV data showing that in the annular air flow leaving the cavity
around the peripheral regions there develops a secondary flow
instability. A lower general level of the signal in this region points
to reduced heat transfer outside the cavity.

Inside the cavity the heat-flow pulsations are increased that is
caused by presence in dimple Taylor–Görtler vortices and a toroi-
dal vortex in a peripheral zone of a cavity.

As could be expected, the heat-transfer intensity in the cavity
decreases with increasing nozzle-to-obstacle distance, (Fig. 7b).

The heat-transfer intensity at the stagnation point as dependent
on the obstacle geometry and flow Reynolds number is illustrated
by Fig. 9.

The test data for the flat surface fairly well coincident with the
similar data of [32,33], obey the empirical formula

Nu0 ¼ 1:24 � Pr0:33 � Re0:5 � ðS=d0Þ�0:11
:

Data obtained for studied cavities lie well below the values on the
flat wall, although in the hemispherical cavity up to Re = 3 � 104

the correlation dependence Nu0 � Re (generalized straight line (1))
slopes at the same angle (n = 0.5), pointing to similarity of heat-
transfer mechanisms at the critical point on the flat surface and in
the cavity. At Re numbers above Re = 3 � 104, dependence Nu0 � Ren

changes significantly.
Our experimental data on heat transfer at the stagnation point

of the hemispherical cavity are compared on Fig. 9 to results of
similar experiments of [27,28]. Submitted on Fig. 9 results are re-
ceived at significantly differing ratios of diameters of a cavity and
nozzle (parameter Dc/d0), therefore their comparison allows to re-
veal influence of this factor.

The data of [28] are shown in Fig. 9 with lines 2 and 3 respec-
tively, for two extreme values of the diameter ratio, Dc/d0 = 44
and 16. With a small-diameter nozzle, Dc/d0 = 44, the rate of heat
transfer at the stagnation point exceeds the value on the flat sur-
face, and the power exponent at the Reynolds number in the law
of heat transfer also assumed an increased value

Nu0 ¼ 0:798 � Re0:604 � Pr0:4 � ðS=d0Þ�0:22
:

On the decrease of the value of Dc/d0 to 16 the experimental depen-
dence of Nu versus Re decreases to approach the present experi-
mental data for Dc/d0 = 5.4, the heat-transfer intensity reaching
values lower than on the flat obstacle.

The measurement data of [27] are shown in Fig. 9 with lines 4
and 5, respectively, to Dc/d0 = 11.2 and 29.4. According to the data
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obtained in [27], the rate of heat transfer at the stagnation point
decreases with increasing parameter Dc/d0. This result contradict-
ing to the data [28] and being in rather poor agreement with the
present data.

Data of primary significance for industrial applications are data
concerning the mean heat transfer from the entire cavity surface
streamlined with the impinging jet flow. The mean heat-transfer
coefficient in the hemispherical cavity (D/Dr = 0.5) was found by
integrating the radial distributions over the entire cavity surface
on the assumption that the distributions were axisymmetric. The
experimental mean Nusselt versus Reynolds number are shown
in Fig. 10. In the interval of nozzle-to-obstacle distances S/d0 = 0–
4 the experimental data are coincident. As we move farther from
the obstacle, the mean rate of heat transfer from the cavity starts
decreasing. Line 1, approximating the experimental data for S/
d0 = 0–4 within the range of Re numbers of 104–6 � 104, takes
the form

Num ¼ am � d0=k ¼ 0:37Re0:5: ð1Þ

As we can see, despite intensive turbulent pulsations of the heat
flux, registered by the probes – Fig. 8 – correlation dependence (1)
refers to a laminar law of heat transfer with power exponent
n = 0.5. This contradiction again points the fact that the heat-trans-
fer mechanism under the considered conditions is essentially con-
nected with formation of a global vortex, which returns the heated
flow back and, hence, reduces heat transfer.

For comparison, line 2 in Fig. 10 shows the empirical depen-
dence borrowed from [34], which describes the mean heat transfer
on the flat surface approached by a circular jet with S/d0 = 4. The
diameter of the surface over which the averaging was performed
equaled the cavity diameter in our experiments, Dc = 46 mm. The
rate of heat transfer on the flat surface is 1.6 to 2 times greater than
that in the cavity. Yet, considering the twice greater total surface
area of the hemispherical cavity, for the integral heat flux at high
Reynolds numbers we obtain the same value as on the flat surface.
The integral heat flux from the hemispherical cavity in the interval
flow Reynolds numbers Re < 3 � 104 being more intense, as on the
flat surface.
4. Conclusions

1. An experimental study of flow characteristics and heat transfer
characteristics for the round jet flowing around the obstacle in
the form of single spherical cavity Re = (1.2–5.8) � 104,
Dc/d0 = 5.2, S/d0 = 0–10, D/Dc = 0–0.5 has been presented.

2. At D/Dc 6 0.13 flow of a dimple qualitatively coincides with a
flow of a flat plate. Cavities with depth D/Dc P 0.26 generate
a large-scale pulsing toroidal vortex. This vortex results in for-
mation of returnable flow of the gas heated up in a cavity and
decrease in heat exchange. The local heat-transfer intensity in
the hemispherical cavity is lower than that on a flat obstacle;
yet, this reduction is almost fully compensated by increased
area of the heat-exchanging surface. Outside the cavity
with the depth D/Dc P 0.26 the air flow does not join the obsta-
cle surface and the heat transfer is practically absent in this
zone.

3. The heat transfer in a hemispherical cavity largely depends on
the ratio between the cavity and nozzle diameters (gapavenpa
Dc/d0) and in comparison with a flat obstacle can both to grow,
and to decrease. The problem of influence of the specified geo-
metrical factor by present time remains open and demands the
further investigations.

4. It should be noted that in the majority of studies the specific fea-
tures of heat-transfer processes proceeding during jet impinge-
ment cooling of curvilinear obstacles were believed to result
from Taylor–G}ortler vortices formed near the obstacle surface.
Our experiments showed that under certain conditions in the
flow impinging on a hemispherical cavity, along with the forma-
tion of near-surface Taylor–G}ortler vortices there occurs large-
scale restructuring of the whole flow field. According to our
research, the whole flow field and heat-transfer mechanism
change significantly in addition to formation of the near-surface
Taylor–G}ortler vortices at the flow around a semispherical cavity.
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