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ABSTRACT

This experimental study focuses on generation amdral of

annular impinging jets. An annular nozzle was desigwith

an active flow control system using twelve radiaithetic jets
issuing from the central body of the nozzle. Meaments of
the wall pressure and wall mass transfer were pedd with

air as the working fluid. The control action causesdification

of the flowfield resulting in changes of the copesding

heat/mass transfer distributions. The convectiaadier rate on
the stagnation circle can be demonstrably enhaog&®% at a
moderate nozzle-to-wall distance, equal to 0.6 hef hozzle
outer diameter.

INTRODUCTION
Heat and mass transfer between solid surfacesrpihging
fluid jets has been a subject of numerous studies the past
four decades. The most important early resultsimgalith
heat and/or mass transfer of thmpinging jet (IJ) were
summarized, e.g., in the outstanding monograph ylyaD and
Mazur [1], and in the exceptional study by Mart].[Since
then, several comprehensive reviews have appeapetb the
present time, such as [3 - 7].

IJ generating from an annular nozzle, in other \soa

annular 1J was frequently studied in the past. For example,

Kokoshima et al. [8] studied numerically the annulds and
predicted their bistable behavior (called in [8]“ased” and
“opened” flow patterns) including the associatedsthyetic
character of the flowfield.

Maki and Yabe [9] experimentally investigated ammuls
and identified four flow regimes. Three of thesgimes were
characterized as recirculating unsteady flows. Tdtber
experimental study of the same authors Maki andeY@]
was performed at the relatively large diameteror&@j /D, =
0.80 to 0.98 (wherd; and D, are the inner and outer exit
diameters, respectively). They clarified three flield patterns
by means of hot-wire measurements, measurementsalbf
pressure distributions, and measurements of massfér rate
distributions by the naphthalene sublimation teghai An
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existence of these flowfield patterns was unamhiglyo
determined by the nozzle-to-wall distances — iMaki and
Yabe [9 and 10] did not found a hysteresis.

More recently, Tegaand Travnfek [11] investigated by
numerical flowfield solutions an annular 13 witlvef flow
regimes including bistability on the demarcatiooubdary
between two of them. Surprisingly, no hysteresis weferred
in [9, 10, and 11] — the phenomenon is, apparenilyt,
universal but depends on the specific geometry.

NOMENCLATURE

bs; [m] width of the SJ orificebs; = 0.54 mm, see Fig. 1

Dy [m] hydraulic diameter of SJ orific®y = 2bsvsf(bs;+ Ws)

D [m] inner diameter of annular nozz@,= 74 mm, see Fig. 1

Do [m] outer diameter of annular nozz®,= 84 mm, see Fig. 1

Dn [m?/s] mass diffusion coefficient of naphthalene vaipaair

h [W/(m?K)]  local heat transfer coefficient

™ [m/s] local mass transfer coefficient

H [m] nozzle-to-wall spacing, see Fig. 6

1J impinging jet

k [W/(m K)]  thermal conductivity of the working flui¢air)

Nu local Nusselt numbeh Dyk

Pr Prandtl number

r [m] radial coordinate (see Fig. 1)

Re Reynolds number of annular jet based on the outer
diameter at nozzle exitj Do/v

Res; Reynolds number of control synthetic jBg=UsDu/v

Rew Reynolds number of annular slot jet based on thighwi
of the annular nozzle slogf W/v

Sc Schmidt number for naphthalene vapor intéi,

Sh local Sherwood numbeh,Dy/ D,

SJ control synthetic jet

t [s] time

Tw K] wall temperature

u [m/s] area-averaged nozzle exit velocity of the main &amu
jet

Us, [m/s] time-mean orifice velocity of SJ, see Eq. (1)

w [m] slot width of the annular nozzld){D;)/2

Wsj [m] length of the SJ orificeys; = 6.25 mm, see Fig. 1

X [m] axial coordinate, see Fig. 1

v [m?/s] kinematic viscosity of the working fluid (air)

7 [kg/m®] density of the working fluid (air)



On the contrary, the experimental study by Tréekiand Tesa
[12] confirmed the expected bistability and hyssesesffects:
two different flow field patterns were identifiechder the same
geometry and boundary conditions.

An actively controlled annular IJ was studied byavricek
et al. [13]. The nozzle was designed to allow dwitg the jet
by on/off fluidic control. The bistability and hgsetic effects
were identified. It was demonstrated that steadyubam 1Js
achieve very high heat/mass transfer rate on thpngement
walls [11, 13]. It may be expected that an adddlon
augmentation of transport processes is possibladans of an
applied oscillation. Therefore, acoustically egditannular 1Js
were investigated by Trawek and Tesa[14]. Two different
regimes of the time-mean flow were adjusted by wppl
different excitation frequencies. An effective sliahtion of
the large recirculation bubble and a remarkablereumgation
of average heat/mass transfer (by as much as 2a%) been
achieved at the Strouhal number 0.94. However, ystehesis
was identified by Traviek and Tesa[14].

An active oscillatory flow control can be realizegd means
of a control synthetic jet (SJ). The SJ
(,synthesized”) from a train of fluid puffs by puegy and
pulling fluid through an actuator orifice [15-17The time-
mean mass flux of the oscillatory flow in the Sfuator orifice
is zero, hence the other common description o6 &Jzero-net-
mass-flux jet [18, 19]. SJs can be utilized asaadtalone SJ,
investigated typically for cooling applications [2ZB]. Another
large field of SJ application is a heat transfegraentation by
means of an active flow control of primary stealiwffields —
e.g. as described in the recent papers dealing laittinar
channel flows (Timchenko et al. [24], Travek et al. [25]) or
round 1Js [26].

Annular 1Js, actively controlled by means of SJerev
studied by Traviek and Tesa[27, 28]. The active flow
control system was designed with six radial roudd, $ssuing
from the central body of the nozzle. Either non-oated [27]
or modulated [28] actuation signal was used. Thsailte have
shown that heat/mass transfer rate distributiom theexposed
wall can be controlled. The present paper focusesrmther
variant of that case — an annular IJ controlledni®ans of a
system of twelve slot SJs. Results of some prelnyin
experiments with this annular jet, without the ingement
effects, were presented recently in [29, 30].

EXPERIMENTAL SETUP AND METHODS

Figure 1 shows the schematic view of the annulaelectested
in the present study. Experiments are conducteld aittas the
working fluid. The nozzle is oriented horizontallfhe air is
supplied by blowers (driven by electric motor witipeed
control) and passes through an orifice plate usedidw rate
measurement. Upstream from the nozzle, the maifhowair
passes through a horizontal tube, which has inieeneter and
length 46 mm and 0.8 m, respectively. The nozzémiwular, its
outside and inside exit diameters abg =84.0 mm and
D; = 74.0 mm, respectively (so that the annular slittvidias

W= (D,~D))/2 =5.0 mm). The main nozzle contraction is 1.30

relative to the supply inlet area.
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is generated

A similar annular nozzle was investigated recertly
Travnicek et al. [13], when the main annular jet was a&tyiv
controlled by a steady radial jet, which was geteeraby
pressurised air inflow. In contrast to that cake,fresent study
uses a system of twelve radial SJs. For this redBemozzle is
equipped with an electrodynamically driven SJ aitiy which
is built into the central nozzle body. The actuatonsists of a
sealed cavity with an actuating diaphragm (origidarom the
loudspeaker Monacor SP-6/4, with the nominal elediput
impedance 42, nominal input driving electric power 3 W rms,
and the diaphragm diamet&®py = 46.0 mm). In the present
study, the input electrical power of the sinusoidatrent fed
into the actuator was kept constant at 1.0 W agatedifferent
frequencies. The actuator cavity is opened viaugvehdial slot
orifices, located equidistantly around the centeshybperimeter
(see Fig. 1). The width and length of the orifiGa® bs; =
0.54 mm andwns; = 6.25 mm. Each of the orifices generates a
radial SJ. More details of the performed measur¢snand
investigations are available in the research reppBrowkova
et al. [29].

(@)

MAIN FLOW SUPPLY SJ ACTUATOR

975

DLe
-
20

Do

Figure 1 Annular nozzle with SJ actuator; (a) assembled
nozzle, (b) front view of the twelve radial SJs rtthers 1-3
show the traversing lines of the Pitot Probes gsFR and 3),
(c) detail of the center body of the nozzle. Dinens:
Do, =84.0 mmpD; = 74.0 mmbs;= 0.54 mmws;= 6.25 mm



The smoke-wire technique is used for flow =igation,
similarly as in [13 and 14]. The time-mean flowfigbattern
(phase-locked streaklines) are observed and prayibgd by a
digital camera.

The local mass transfer was measured using thehedphe
sublimation method. The local mass-transfer coeffic is
evaluated from the sublimation depth following tfescriptions
in [1, 13-14, 25-27, 31] d%,= o, R, T AY/(psat At), Whereg,
is the density of solid naphthaleng, € 1175 kg/m at 20C),
R, is the gas constant for naphthaleRg< 64,87 J/(kg K)).T,y
is the surface temperatugy is the net local sublimation depth,
Psat IS the saturated vapor pressure of naphthalerig, §1],
andAt is the run duration. The maximum sublimation defyh
was 0.1 mm at the typical run duration &tf from 90 min to
105 min.

The non-dimensionalised quantity characterizingrniaess-
transfer coefficient is the Sherwood numbé&h h,,D,/D,),
whereD,, is the mass diffusion coefficient of naphthaleapar
in air, calculated for the measured temperature puegsure
[31]. Similarly as the Sherwood number, the Nussethber is
defined asNu=h D,/k, where his the local heat transfer
coefficient and k is the thermal conductivity. The
experimentally evaluated mass transfer data carabsformed
to predict the heat transfer at the isothermal Hamncondition
using the heat/mass transfer analogy [1, $ShfS¢= Nu/Pr",
where Pr and Sc are the Prandtl and Schmidt numbers,
respectively. TheScis calculated forT, according to the
empirical equation [31] (a typical value is 2.28626°C), and
the exponenn is taken to be 0.40 in this study, similarly as in
[13].

Uncertainty analysis was performed according toé&knd
McClintock's method for single sample experimer][3rhe
uncertainty of the mass transfer coefficient arel $tnerwood
number are within 6% and 9% (based on a 95 % cendie
level, i.e. +2 standard deviation). A more detailiedcription of
the naphthalene sublimation method and evaluatibritso
uncertainties were described in [13].

The time-mean flow velocity was measured by thetPit
tube (blunt-nosed impact tube with the outer diamedf
0.8 mm), connected to the above mentioned -electroni
manometer. Considering the static pressure to heletp
barometric, the measured time-mean total presgureas
converted into the time mean velocity= (2p/0)°°.

Instantaneous velocity of SJ was measured recedmntly
Browkova et al. [29], by means of the hot-wire anemeamét
the constant temperature anemometry (CTA) mode i(MiA
54T30 Dantec, with the single wire probe 55P16).

Two thermocouples of type K were used to measure ai
temperature. They were located in the main supgding (or in
the nozzle exit before each test run) and in théiam. All
experiments were made after thorough temperature
equalisation.

RESULTS AND DISCUSSIONS

Figure 2 shows the velocity profiles, which wereas@ed in
the annular nozzle outlet without an applied cdnby SJs.
Two measurements were made, repeated at two pusitiothe
nozzle perimeter (see Fig. 1(b)). Fig. 2 shows #igoaverage
profile. This is quite flat at the short streamwiistance where
there is the jet core. The slopes at its boundarieseen to be
larger at the outer part of the profile than atitireer part.

Frequency characteristics of the SJ actuator, andhe flow

control parameters

Figure 3 shows the frequency characteristics oSheactuator.
The velocity measurements were made downstreamdfdhe

actuator orifices, without the main annular jetfjanoderately
far downstream from the exits — at the distarte 7.2 mm

where the longitudinal velocity component of SJ denex-
pected to be always positive — cf. [29]. Figureh®ws three
data sets. Two measurements were made by thepPitot at
two different points of the nozzle perimeter, nameit

positions 1 and 2 — see Fig. 1(b). For comparisorpgses,
CTA data [29] are also presented (CTA probe waghat

a digital manometer with 0.1 Pa resolution (Grger GMH
3156, with pressure sensor GMSD 2.5MR). The dianadtthe
pressure tap hole drilled through the wall wasnr8.

ulu’
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21 55 0 © o O
10 f ©)
0.8
00 Pi be (1 N
tot
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02 O Pitot probe (3)
0.0
0.0 0.2 0.4 0.6 0.8 1.0
(r-Di/2)/b

Figure 2 Velocity profile measured at the annular nozzle
outlet & = 0.3 mm);U = 3.9 m/s Re, = 21 300, Rey = 1 270);
numbers 2 and 3 indicate different traversing liffgg. 1(b))
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distribution of SJs around the perimeter is sudfitly uniform.

u (mis)
10 &
8 == Pitot probe (1)
g & Kiminat = X Pitot probe (2)
operating point -+ CTA (2)

B

400 600 1000
f (Hz)

Figure 3 Frequency characteristic of the used synthetic jet

actuator; numbers 1 and 2 indicate the traversimgs|— see

Fig. 1(b)



An agreement between the Pitot probe and the CTA

measurements indicates that the oscillation compuorod
velocity at the measurement positions was not dantirFigure
3 shows that the maximum time-mean velocity=( 6.0 m/s)
was achieved approximately fit= 600 Hz. This maximum
corresponds to the first resonance of the actullitie that this
value agrees rather well with the theoretical radtérequency
541 Hz, which is indicated by the arrow named “Tig&adn
Fig. 3. More details of the derivation and evaloatiof the
natural frequency of SJ actuator are written in epapy
Travniek et al. [25].

Assuming the slug flow model of SJ, the time-metifice
velocity is defined (as usual, [15]):

Usjszfuo(t)dt , 1)

where T is the extrusion time andy(t) is the velocity at the
orifice exit. The Reynolds number and the strokegike are
defined aRRe;;=UsPy/v andLs=UsjT, respectively, where is
the kinematic viscosityT is the time period’=1/, andDy is
the hydraulic diameter of the SJ orifid,= 2bsjvsf(bss+ Ws)).

Based on the result shown in Fig. 3, the frequency

f= 600 Hz was chosen as the nominal operating (fihiatinput
electrical power was kept constant 1.0 W, as writdove).
The parameters of SJ at this nominal operating tpoiere
evaluated by means of CTA [29] &k,= 5.8 m/s,Re;= 372
andszDH: 9.7.

Figure 4 Flow visualization; (a) annular jet without coritro

by SJ, (b) annular jet with control by SJ
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The strength of the control SJs can be quantifiecelating
to the main annular jet in terms of the ratios eloeities, flow
rates, and momentum rates as

:ﬁ 2
Cy 0. (2
Co = nAU s3I (3)

&JUAJ

and
) s GI1R) )

respectively, whera is the number of control SJds € 12 for in
the present geometry), ard; andAs; are the cross sectional
area of the SJ orificeA§; = bs;wsy) and the main annular jet
(Ass= 7{Dy>-D))/4), respectively.

In the present study, these ratios were evaluatdoket
cu= 149, cg = 4.9%, andc,=17.8%. For example,
Tamburello and Amitay [33] successfully vectorecband air
jet at even much smallec,,= 0.0062 (note that they used
slightly different constant in the definition EQ.6)(
C,= 8/t = 0,8k,). More recently, Traviek et al. [26]
measured heat/mass transfer of round IJ, which exagated
by SJs into the helical mode @ = 0.053-0.17¢o = 0.018-
0.057, and, = 0.0024-0.024.

Flow field idea and annular 1J
Figure 4 shows two typical flow visualization resubf the
studied annular jet, where the cases (a) and (sggmond to
the control SJs being turned off or on, respectivalhe
visualization demonstrates that the actuation cuse
distinguishable widening of the main annular jesee Fig. 4(b).
Figure 5 shows the velocity profiles measuredk at
40 mm, i.ex/Dy = 0.476. Similarly as the visualization result in
Fig. 4, the velocity profiles in Fig. 5 demonstr#tat SJ control
causes a distinguishable widening of the main arjat. This
annular jet spreading is intended to be used ircése of IJ for
spreading of the area with enhanced heat trandfexever, a
penalty of this effect is the rather large reduttiof the
maximum velocity at the jet axis (by 18% in Fig. 5)

u/a
1.0

o SFoff

0.8

0.6

0.4

0.2

-20 -15 -10 -05 00 05 10 15 20
r/(Do/2)

Figure 5 Velocity profiles measured at = 40 mm &/Dg =
0.476) — comparison of the main jet with/withoutc®atrol
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Figure 6 Flowfield patterns of the annular impinging jets:
(a) A-pattern, small recirculation region (bubbi@) B-pattern,
large recirculation region. 1: annular jet, 2: rlezeenterbody,
3: impingement wall, 4: central stagnation pointstagnation
circle, 6: reverse stagnation poihi, nozzle-to-wall spacing

According to the previous experience, two differibotv
field patterns of an annular 1J can be expectethatgiven
conditions — [13, 14]. The patterns A and B diffethe size of
the recirculation region of the separated flow, &s
schematically presented in Fig. 6:

« Pattern A, see Figs. 6(a): with themall recirculation
region (bubble) of separated flow, located immediately
downstream from the nozzle center body. On the
impingement wall there is only the central stagmatoint
positioned on the nozzle axis and no other stagmati
objects.

» Pattern B, see Figs. 6(b): thege recirculation regiorof
separated flow, which reaches up to the impingemetit
where there is a stagnation circle. The centrajnsttion
point is now at the location where the fluid in the
separated-flow bubble leaves the surface — theabeec
reverse stagnation point [9, 10]. The entire spzeteveen
the nozzle exit inner circle and the stagnatioaleiis filled
with the standing vortex ring of recirculating fiui

Figure 7 presents two typical results of the stlgna
pressure measured at the central point on the-watersection
of the nozzle axis with the wal,= 0: p, is the wall pressure
difference relative to the barometric pressure het tentral
point andq, is the dynamic pressure calculated from the time-
mean velocity measured (by the Pitot probe) innbezle exit.
The two data sets correspond to the flowfield vaitid without
flow control by SJs. The flowfield patterns A ancc@&trespond
to the higher and lower stagnation pressures, ctsply, as is
labeled in Fig. 7. However, Fig. 7 indicates thaflavfield
behavior is non-monotonic and rather complicatéhi range
of H/D, = 0.3-0.9. Based on Fig. 7, three nozzle-to-wall
spacings were chosen for the following experimeassiis in
Fig. 7 indicated by the vertical dashed lines.

Figure 8 shows three wall pressure distributionssuesd
without the SJ flow control. While the flowfield parn A with
the central stagnation point occurs at largmzzle-to-wall
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Figure 7Wall pressure measured at the central point on the
wall (r=0) — comparison of the annular impinging jet wéthd
without flow control by SJ

Pw/do

H/D,

——0.952
L ——0.595

2 -1 0 1 2
(D ,/2)
Figure 8 Wall pressure distributions measured without caintr
SJs

spacings ofH/D, = 0.952 and 0.595, the pattern B with the
stagnation circle and the central reverse stagmgkiint occurs
at smalleH/D, = 0.357.

Local mass transfer on the impingement wall

Figure 9 presents the typical results of the lonaks transfer

measurement at the nozzle-to-wall spacingHéd, = 0.952,

0.595, and 0.357 (the sanmi¥D, as for the above discussed

wall pressure experiments). As discussed abovefldidield

depends on thE/D,, and is influenced by SJs:
According to the expectation, largdfD, = 0.952 is linked
with the flowfield pattern A. The heat/mass tramnsfe
distribution is approximately bell-shaped with the
maximum in the central stagnation point, as is shamw
Fig. 9(a). The SJ actuation reduces the maximutheajet
axis, which agrees with the velocity reduction ¢éher cf.
Fig. 5. Unfortunately, the desirable spreading & area



with enhanced heat transfer was not found in this
experiment forH/D, = 0.952.

Basically different is the result at the moderatezbe-to-
wall spacing ofH/D, = 0.595, as shown in Fig. 9(b). The
flowfield pattern B exhibits the stagnation cir@ée which
there is the local maximum of the heat/mass transfe
intensity. The SJ actuation enhances this maximym b
approximately 20%, as is shown in Fig. 9(b). Howeve
significant spreading of the area with enhancedt hea
transfer has been so far achieved.

The heat/mass transfer distribution for small nezalwall
spacing ofH/D, = 0.357 demonstrates well the flowfield
pattern B, with the stagnation circle. Surprisinghe flow
control for this nozzle-to-wall spacing causes ati@ction

of the area with enhanced heat transfer, thustégnation
circle is reduced by the flow control. Although tbentral
area exhibits unambiguously an enhancement eftbet,
unwanted contraction of this area degrades thistiyp®s
effect. As a result, the flow control BfD, = 0.357 in not
contributing to a desirable heat/mass transfer aungation.

Nu/Pr®4=Sh/Sc%*

350
I (a)
300 +
r HID, = 0.952
250 +
L o SJ off
200 -
L o SJ on
150 -
100 -
50
0 [ " 1 L L L L L " 1 " L L 1
350
L Local (b)
300 F enhancement effect
250 t+ i"\ HID, = 0.595
200 | o SJoff
150 L ©SJ on
100 +
50 +
0 1 1 1 1 1 1
350
r C
300 + ©
250 % b % HID, = 0357
200 1 : o SJ off
150 o SJ on
100 -
50 [ 2
0
-4 -3 -2 -1 0 1 2 3 4

rl(D4/2)

Figure 9 Local heat/mass transfer distribution of the pnése
annular impinging jet with and without SJ control
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CONCLUSIONS

An annular nozzle was equipped with an electrodycaliy
driven actuator generating twelve radial (zeromass-flux)
slot synthetic jets from the center body of the zt@z The
possibility of an active flow control by these Sias been
demonstrated. A desirable heat/mass transfer augtiwen by
means of the active flow control was found only five
moderate nozzle-to-wall spacing. The SJ actuatien tcan
enhance the local heat/mass transfer maximum
approximately 20%. However, no significant spregdaf the
area with enhanced heat transfer has been achievetthis
particular geometry in the experiments performethso

by
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