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a b s t r a c t

In the course of development of controlled impinging jets, a phenomenon was discovered that may seem
to be rather strange at first sight. It is a change of topology – in fact, in the central region, the very reversal of
topological character – of the surface flows occurring when oscillation is superimposed on the supply flow
ccepted 28 June 2008
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into an annular nozzle generating the impinging jet. The change, apart from its interesting hydrodynamic
aspects, is of importance for heat and mass transfer applications as it promises a considerable increase of
total transfer rate as well as an increase of the area covered by the impingement.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Impinging jets are widely used in chemical and process engi-
eering, especially for providing heat and mass transfer between a
uid and a solid surface. Their advantage is the capability to achieve
he highest transfer rates among all flowfield alternatives—see, e.g.
1–3], and [4]. Increasingly often in recent time, questions arise
bout a possibility of controllability of the impinging flow [5].
conomy and effectiveness call for replacing the so far used pas-
ive, invariable impingement flows by a version making possible
odulation or variation of the flowfield in response to some sig-

al derived from sensed changes in the conditions on the heated
or cooled) object. As an example, a feedback control system may
djust the transfer intensities under individual nozzles of a multi-
ozzle system [1,6] so as to remove any excessive local deviations

n the surface conditions. It may be desirable to ensure this way
n evenness of the heating or mass transfer action over the sur-
ace. Conversely, in other cases the control action may be used to
roduce a required local extreme.

The modulation may be ensured by mechanical means—motions
r re-arrangements of nozzle components. This, however, is in

eneral not the desirable solution as the mechanisms and their
rives tend to be expensive and in the long run unreliable. A more
romising solution is currently found in designs that change the

mpingement flowfield by using its response to oscillation or acous-
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ic excitation of the flow supplied into the nozzle. This may even
chieve some heat (or mass) transfer enhancement. Possibilities of
he acoustic control, mainly from the point of view of the enhance-

ent, were investigated, e.g. by Liu and Sullivan [7], Gau et al. [8],
wang and Cho [9], Trávníček and Tesař [10], and O’Donovan and
urray [11]. A particularly attractive solution is generation of the

scillations by no-moving-part self-excited fluidic oscillators, for
xample of the types described in Refs. [12–15]. Apart from their
obust set-up, which makes them immune to external effects such
s, e.g. shocks or temperature changes, their inexpensive manu-
acturing, and no need of maintenance, they have the advantage
f using for generation of the oscillation just a small part of the
ressure energy of the supplied fluid. They do not require exter-
al energy supply (such as, e.g., bringing in electricity by electric
onductors into motors driving a mechanically modulated noz-
le).

Considering the relatively very small applied excitation power,
ome of the impinging jet configurations can respond by very
ubstantial change in the overall character of the jet flowfield. In
articular, in annular impinging jets the relatively weak superim-
osed oscillation can change the very basic topology of fluid flows
n the impingement surface. The basic “centrifugal” surface flow-
eld according to Fig. 1, with fluid moving away from the central
tagnation point, was demonstrated to undergo a metamorphosis

defined in the dictionary as “a striking change in appearance or
haracter”) into the “centripetal” flow, directed towards the central
tagnation point, Fig. 2. The fluid in this case is brought towards
he surface by the motion in the vicinity of the stagnation circle
urrounding the central region.

http://www.sciencedirect.com/science/journal/13858947
mailto:tesar@it.cas.cz
dx.doi.org/10.1016/j.cej.2008.06.036
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Fig. 1. Character of the standard flow on the impingement surface. Fluid moves away
from the central source-type stagnation point.
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ig. 2. Transformed flow on the surface, as caused by the applied pulsation. Fluid
ows towards the central sink-type stagnation point from the surrounding stagna-
ion circle.

. Annular impinging jets
The existence of two different topological characters of the sur-
ace flowfield under the impinging annular jet, Fig. 3, is not a new
eature—but the transition between them has been so far known
nly as being caused by a change in the distance h from the nozzle

Fig. 3. Annular impinging jet and its main parameters.
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ig. 4. Character of the flow of an annular jet impinging on a sufficiently distant flat
all. Computed pathlines of the flowfield show the stationary vortex ring remaining

ttached under the nozzle.

o the wall [16,17,19]. In both flowfield configurations, the domi-
ant factor is the presence of a stationary vortex ring attached to
he nozzle. The “centrifugal” flowfield is found if the impingement
all is positioned so far from the nozzle – Fig. 4 – that the vortex

ing region is closed at the stagnation point S2 on the nozzle axis
bove the surface. The closure is caused by the entrainment into
he jet. This removes fluid from the vortex ring region and gener-
tes there a low pressure that bends the initially straight jet flow
owards the axis.

The change into the “centripetal” configuration, as shown in
ig. 5, is achieved by moving the impingement wall towards the
ozzle. This existence of the two topologies and the transition
etween them is supported not only by experimental data [19],
ut was confirmed also by extensive computational flowfield solu-
ions, the results of which – in the form of computed pathlines –
s presented in Figs. 4 and 5. The solved equation is the standard
eynolds-averaged Navier–Stokes equations with modelled turbu-

ent gradient transport term. The geometry of the computational
omain agreed exactly with the laboratory model used in exper-

ments described below. The computations were performed with
LUENT finite volume solver using unstructured grids. The model of

urbulence was standard two-equation model as provided by soft-
are provider (using standard set of turbulence model constants).

he low Reynolds number behaviour of turbulence was modelled
sing the RNG approach, again as provided. The number of grid

ig. 5. In steady states, the ring vortex region may reach up to the wall – forming
here the pattern according to Fig. 2 – only if the wall is placed nearer to the nozzle.
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ig. 6. The model annular nozzle with acoustic excitation used in the laboratory
nvestigations.

lements was of the order 104, the actual values varied due to the
radual grid refinements in the regions of high local gradient of
elocity magnitude.

. Laboratory test model

In spite of the intention to generate in the final version the
ulsation by fluidic oscillators [12,15], it was considered more
onvenient for the laboratory tests to use an electromechanical
ctuator. One of the reasons for this choice is the considerable effort
eeded at this stage of their development to design and develop a
igh-performance fluidic oscillator. Another was the inconvenient
roperty of no-moving-part self-excited oscillators to vary their
scillation frequency with the flow rate.
The essential component of the actuator was a low-frequency
lectrodynamic loudspeaker, of nominal membrane diameter
00 mm, Fig. 6. This size, together with the requirement of sufficient
mplitude of the generated pulsation, resulted in the relatively
mall size of the nozzle exit. As shown in Figs. 6 and 7, the exit

ig. 7. View of the nozzle model from below, showing the central body delimiting
he exit slit.
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ig. 8. Internal layout of the model nozzle. The central insert, held by the 5 radial
rms, fills the exit of the 40 mm circular nozzle leaving on its periphery only the
mm wide exit slit.

lot width was only 1 mm and the outer diameter D = 40 mm. This
nnular geometry was made by placing a 38 mm diameter round
entral insert into the 40 mm nozzle. The insert was held in its posi-
ion by five radial arms remaining in the nozzle body after drilling
n it five large holes, Fig. 8.

The response to excitation by the loudspeaker was frequency
ependent due to resonance in the cavity upstream from the exit
lit. Recent tests with analogous configuration, [20], have shown
hat the resonant conditions are negligibly influenced by compress-
bility of the air in the cavity. The decisive factor is the compliance of
he membrane of the loudspeaker. In the present case, the response
as evaluated in a preliminary test, the results of which are shown

n Fig. 9. It is evident that most effective driving was obtained at
ne of the two resonant peak frequencies, either at fres1 = 263 Hz or
he somewhat weaker fres2 = 692 Hz.

. Experiments and evidence

The tests were made with air as the working fluid, using the
ingle ratio of the nozzle diameter to gap width. This ratio was

0. The tests were made at a single Reynolds number ReD = 41,800.
he methods used for the investigations were hot wire anemome-
ry, quantitative naphthalene sublimation measurements (Fig. 10),
nd smoke wire visualisation (Fig. 11). Also used in a supporting

ig. 9. Acoustic resonance properties of the nozzle cavity, evaluated by measuring
he velocity amplitude in the exit while the electric driving power was kept con-
tant. The subsequent mass transfer tests focused on excitation at the two resonant
requencies.
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ig. 10. Results, presented in terms of the radial distribution (along the radius X1,
ig. 3) of the Sherwood number Sw, of naphthalene sublimation method measure-
ents of mass transfer from the surface.

ole, to provide an idea about the overall character of the flowfield,
ere numerical flowfield computations. These were analogous to

he steady flow solutions described in association with Figs. 4 and 5
ut were performed as time dependent, with harmonic inlet fluid
otion superimposed on the steady inlet flow component and con-

erged at 20 time steps over each oscillation period.

The smoke wire technique used a thin wire exposed into the

ow, coated at the beginning of each test with paraffin oil and
eated by the Joule effect of a direct electric current—as described,
.g., by Trávníček and Tesař [10].

ig. 11. The outer ring vortex generated in the excited jet visualised by the smoke
ire method.
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Fig. 12. En example of computed time-mean pathlines in the excited jet reveals t
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The local mass transfer was measured using the naphthalene
ublimation method, an exhaustive description of which is pro-
ided by Goldstein and Cho [18]. The local mass transfer coefficient
s calculated from the measured sublimation depth �y as

m = �nRnTw

Psat

�y

�t
(1)

here �n is the density of solid naphthalene, Rn is the naphthalene
as constant, Tw is the surface temperature, Psat is the saturated
apor pressure of naphthalene at Tw, and �t is the run duration.
he non-dimensional expression of the mass transfer coefficient is
he Sherwood number,

wD = hmD

�n
(2)

here �n is the mass diffusion coefficient of naphthalene vapor
n air, calculated for the measured temperature and pressure [18].

more detailed description of this experimental method and its
ncertainties was described by Trávníček and Tesař [10].

All these methods have shown that the original steady-state
entrifugal pattern of Figs. 1 and 4, obtained when the nozzle was
laced at the distance h = D = 40 mm, is transformed by the action
f pulsation into the centripetal pattern of Fig. 2.

The unequivocal evidence is presented in Fig. 10, displaying (in
on-dimensionalised presentation) the measured distribution of

ocal intensities of the naphthalene removal from the surface. The
ource-type stagnation objects on the surface are characterised
y the local maxima of the transport intensity while the sink-
ype stagnation point is characterised by a minimum. Obviously, as
xpected, the distribution curve shape for steady flow correspond-
ng to Fig. 1 has just the local maximum on the centreline (at left in
ig. 10), the intensity decreasing monotonously along the radius X1
Fig. 3). The application of the excitation changes this pattern into
he one from Fig. 2. There is a sink point minimum on the axis and
local source maximum away from the axis—the latter, due to the
xial symmetry, has to form the stagnation circle.

It is less easy to deduce the mechanism of this change. Initially,
he present authors were inclined to believe that the region occu-

ied by the stationary vortex ring is extended by the excitation
owards the surface so that the flowfield would be topologically
quivalent to the one shown in Fig. 5. However, more recent
ime-dependent computation results, of which Fig. 12 presents an
xample computed at a particular instant of time in the settled

he presence of a small standing vortex in the central impingement region.
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ig. 13. Integrated total mass transport from the wall under the annular jet evalu-
ted for the two curves (one for steady state, the other for excitation at the resonant
requency fres1, Fig. 9) presented in Fig.10.

onditions (i.e. after several periods) suggest a different picture.
nstead of the expected elongation of the top vortex ring towards
he wall the computational results suggest a formation of another,
mall vortex ring surrounding the wall stagnation point. Smoke
isualisation attempts, while revealing quite well the conditions
ear the nozzle, Fig. 11, unfortunately failed to provide an unequiv-
cal answer as to what happens near the wall, since the smoke there
s too much mixed with the surrounding fluid.

Even though the present investigations were aimed primar-
ly at understanding the hydrodynamics of the excited annular
mpinging jets and the remarkable change of the topology of the
urface flow, an integration of the experimentally obtained local
ass transfer intensities – as shown in Fig. 13 – shows a signifi-

ant increase in the total transport. The increase is by as much as
2%. While this result of a single experiment cannot form a basis
or any definite conclusions, the unequivocal demonstration of the
ncrease makes this of considerable importance for designers of
eat and/or mass transfer equipment. It would be useful as a way
owards a further increase of the effectiveness of the impinging jet
ows, known to offer the highest transfer effectiveness and used

n situations where extreme values are required. Recently, another
upport for the improvement obtained by flow oscillation in annu-
ar impinging flows was found in different experiments described
n [13].

. Conclusions

Application of pulsation to the fluid flow supplied to an annular
ozzle and impinging upon an opposing flat wall was demonstrated
o change completely the surface flow patterns. The tests were so
ar made with a single geometry, having nozzle diameter to gap

idth ratio 40 and the nozzle placed at h = D from the wall, at a sin-

le Reynolds number ReD = 41 800. The pulsation was applied to the
ettling chamber upstream from the nozzle exit. The chamber res-
nance determined the excitation frequencies to be in the acoustic
ange. Initially, the change was believed to be a transition from the

[

ring Journal 144 (2008) 312–316

attern A in Fig. 4 to the pattern B in Fig. 5, i.e. an elongation of
he stationary vortex ring region towards the impingement wall.
owever, more recent experience suggests the change may involve
evelopment of a more complex topology. The transition was stud-

ed as an interesting hydrodynamic problem, but the demonstrated
ssociated increase of transfer rate – in a flow that is the one already
eaching the maximum of what can be done in heat and mass trans-
er – suggests that the phenomenon might be of direct practical
mportance in chemical and process engineering.
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