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Abstract

In a systematic experimental study the behaviour of a periodically precessing jet is compared to that of the corre-
sponding steady inline jet. The precessing motion is that of self-sustained unsteadiness which is a consequence of an
axisymmetric “Coanda-like” effect. The flow field is characterised by mean flow, turbulence and frequency data from
hot wire measurements. Heat transfer data in terms of Nusselt numbers are determined on a specially designed heat

transfer plate in the plane of jet impingement.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Convective heat transfer is one of the technically
important modes of exchanging internal energy between
a solid body and its ambient, either for cooling or
heating the body. The rate of heat transfer in this pro-
cess strongly depends on the flow field, its strength as
well as its structure, with appropriate nondimensional
heat transfer coefficients covering several orders of
magnitude, when the flow field parameters are changed
within reasonable ranges.

A standard situation in convective heat transfer is an
impinging jet on a plane surface in an otherwise quies-
cent ambient. This arrangement is often used for body
cooling. Due to the analogy of convective heat and mass
transfer it is also important in drying processes.

Though the geometry of the jet/plate combination is
quite simple there are nevertheless a large number of
parameters in this convective heat transfer arrangement,
like: nozzle to plate distance, Re number, turbulence
level, nozzle inclination angle (if not vertical), wall
roughness just to mention a few. All these parameters
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affect the heat transfer performance of the arrangement
and can be changed systematically in order to influence
the rate of heat transfer. The vast body of literature
dealing with special aspects is well documented in review
articles like [1-3].

Within the special means by which impinging jet heat
transfer can be manipulated unsteadiness of the flow
field is rarely used. However, unsteady flows are dis-
tinctly different compared to their steady counterparts,
so that there should be a high potential to affect the heat
transfer performance of such flows. Studies about the
influence of unsteady flow fields on convective heat
transfer almost always generate the unsteady flow by
external means like forced pulsation or periodic inter-
ruption of the jet impingement. Typical studies of this
kind are [4-7], with no general trend in the results: some
find enhanced heat transfer, some don’t.

Our approach, however, is a self-sustained unsteadi-
ness without external input of energy and without
moving parts in the system providing the flow field for
convective heat transfer. There are “classical” ways to
achieve this, like the famous von Karman vortex street
behind a circular cylinder in cross flow or the flip-flop
fluidic element (alternating flow in a Y-shaped conduct).
A less well known configuration is that of a nozzle which
due to its special design results in a periodically pre-
cessing jet. It is introduced with respect to its general
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Nomenclature

A surface

A single field surface

D diameter

f frequency

h nozzle height

H nozzle/plate distance

k thermal conductivity
Nu Nusselt number, Eq. (1)
q heat flux density

R electric resistence

Re Reynolds number

Sr Strouhal number

S isolation material thickness
T temperature

U voltage

w velocity

ZR reference position

o coefficient, Eq. (7)

€ emissivity (total, hemispherical)
v kinematic viscosity

conduction
electric
FC flow control
HTS heat transfer surface
i isolation
IIN inline jet nozzle
N nozzle
PJN precessing jet nozzle
r radiation
rms root mean square
R reference
R resistor

o Stefan—-Boltzmann constant

Indices
AMB  ambient
AS air supply

SF single field
SFO0 single field of temperature T,
w wall

performance at the beginning of Section 2 and in more
detail later since it is the central part of our experimental
set-up.

The objective of our study is to find out how strong
convective heat transfer is influenced by the unsteady
motion of the impinging jet, what are the crucial
parameters of this configuration with respect to heat
transfer and whether there is a potential for heat transfer
augmentation. There are some aspects in favour of
transfer augmentation like the fact that an unsteadily
impinging jet results in a permanent boundary layer
renewal. But there are also negative aspects like an in-
creased mixing of the jet with the ambient fluid which
reduces the jets maximum velocities and hence the good
transfer properties of a narrow, high velocity jet. What is
the overall effect is one of the questions that should be
answered by our study.

2. Experimental apparatus and procedure
2.1. The precessing jet nozzle (PJN)

It is well known that a two-dimensional jet moves
and finally sticks to an adjacent parallel wall due to
pressure forces that are induced by the secondary
entrainment flow at the edges of the jet. Once a wall is
brought close to the jet the entrainment flow is re-
strained and a pressure lower than that on the other
(unrestrained) side forces the jet to move towards the

wall. This is known as Coanda effect. Even in a totally
symmetrical situation like in Fig. 1a this happens after a
slight perturbation has broken the symmetry. Since the
symmetric flow field is unstable this slight unsymmetry is
enhanced and finally moves the jet to one wall. Whether
it is the left or the right wall depends on the initial
perturbation.

Fig. 1b shows the same situation but now it is axi-
symmetric. Again the symmetrical flow case is unstable
and a slight perturbation moves the jet toward the wall.
However, now there is no left/right alternative. In
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Fig. 1. 2D and axisymmetric jets under the influence of adja-
cent walls.
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addition the perturbation will have an azimutal com-
ponent forcing the jet (which moves towards the wall
due to the radial perturbation) also to move azimutally,
either in a left or a right turn, again depending on the
initial perturbation. The final, stable flow field is that of
a precessing jet, i.e. a jet that periodically moves along
the inner wall with a fixed frequency. The jet axis is no
longer in line with the symmetry line of the nozzle.

In a coordinate system fixed to the plate of the noz-
zle/plate configuration the flow from the nozzle impinges
as a jet that periodically moves around an impingement
circle. Thus, at a fixed point on the plate there is an
unsteady (periodic) flow that will affect the convective
heat transfer by this unsteadiness.

Due to the symmetry of this configuration the flow
could alternatively be described as a steady flow if the
coordinate system would move around with the jet.
Then, however, the boundary condition at the heat
transfer plate would be that of a moving wall. Since we
want to address the question of how heat transfer at a
(usually not moving) body can be controlled we defi-
nitely prefer a stationary coordinate system fixed to the
wall in which the flow is clearly unsteady.

A similar nozzle has been incorporated in burners,
see for example [9,10] with the aim of improving the
mixing performance of these devices. As a first step we
adopted the nozzle geometry of [8-10] with parameter
values that are claimed to produce a stable periodic flow.
This configuration is shown in Fig. 2a. However, in our
experiments we only could achieve intermittent period-
icity, i.e. periodical flows were interrupted stochastically
by periods of steady axisymmetric flow. With certain

core elements in the exit plane of the nozzle periodicity
could be improved but still was not absolutely stable.

Fig. 2b shows our alternative which is not only easier
to build but also has the property of a stable, uninter-
rupted precessing and thus unsteady flow. It simply
consists of an additional envelope tube added to the
nozzle opening of diameter D;. However, it only works
in a limited range of parameters D,/D;, h/D, and
best with the parameter values given in the caption of
Fig. 2.

2.2. The test facility

Fig. 3 is a schematic figure of our experimental design
with the four main parts being the air supply, flow
control, the nozzle and last but not least the heat
transfer surface. All four will be described in detail
hereafter. Also shown are the various data that are
collected during the experiments and processed in our
data acquisition system.

2.2.1. Air supply

The air was taken from the high pressure net in our
lab. A pressure reduction valve including a filter together
with a precision pressure control facility provided a
constant air flow of adjustable rate.

In a flow meter the pressure difference 4pas across an
orifice is measured and based on the calibration of the
system the actual mass flux is determined. Electrical
heating of the flow is installed in this section and con-
trolled by temperature readings from the flow control
part that is described next.
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Fig. 2. Precessing jet nozzles (PJN). (a) PJN according to [8] recommended geometrical parameters: %f =3.8-8; £ =27-3.5,(b) PIN

of our study: 32 = 10; - = 2.
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(see Figure 9)
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Fig. 3. Our test facility/main parts and data collected.

2.2.2. Flow control

Fig. 4 shows a quieting chamber which is the flow
control part of our test facility. It provides a flow to the
attached nozzle with

e a nearly uniform velocity profile

e a very low turbulence level

e a temperature Trc equal to the ambient temperature
TamB

The velocity and turbulence profiles in two perpen-
dicular directions », and r, shown in Fig. 4b are very

air supply

plate — |

I
______ A
______ [
screens i

converging
chamber
exit

plane of
measurement T,

uniform what we think is a necessary condition in order
to test the performance of different nozzles. The influ-
ence of non-uniform influx conditions could differ from
nozzle to nozzle spoiling the results.

Based on the temperature reading in the flow control
chamber the electrical heating in the upstream air supply
part is controlled in order to guarantee that Tyc is
always equal to Tamp. Thus, we avoid that heat transfer
is affected by jet entrainment temperature effects.

2.2.3. Nozzle(s)

In Section 2.1 the design of the precessing jet nozzle
(PJN) was described already. A crucial point in testing a
new nozzle is the choice of an adequate reference case.
After a careful consideration of all important aspects we
decided to choose the inline jet nozzle (IJN) shown in
Fig. 5 as our reference case. Thus, the only difference
between the test and the reference nozzle is the addi-
tional envelope tube.

Comparison can and should be made at common
numbers of the parameters which are the Reynolds
number Re and the nozzle to plate distance H/D;.

2.2.4. Heat transfer surface

From the rate by which an impinging jet cools a
uniformly heated surface Nusselt numbers can easily be
determined. Here the local Nusselt number Nu is defined
as

gwD1

Nu=—T¥7
(Tw — Tams)k

(1)

»

>
velocity profiles  ry2

A Tu

\—

>
turbulence profiles r12
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Fig. 4. Flow control in the quieting chamber. (000) profiles in r-direction, (xxx) profiles in r,-direction.
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Fig. 5. The precessing jet nozzle (PJN) and its reference nozzle
(IJN) arrangement. Common parameters are the Reynolds
number Re and the nozzle to plate distance H/D;.

with the local heat flux density at the wall (¢§w) and the
local wall temperature (Ty).

__ Heat transfer coeflicients with respect to finite parts
A of the surface are

Vi dwDr )
(Tw — Tamp)k

with Gy :%fquA and Ty :%fdeA as surface

averaged heat transfer density and temperature, respec-
tively.

Fig. 6 sketches the design of our heat transfer plate
for measuring wall heat flux densities and wall temper-
atures simultaneously. The main part of the heat
transfer surface which has the double function of heat-
ing and measuring is an electrical circuit board with a
special circuit design on both surfaces. The top surface
which faces the impinging jet is covered with a densely
meandering strip conductor between A and B. If there is

uniform dissipation due to the electrical resistance of the
conductor we thus get a local heat flux density at the
wall which is almost constant (on a scale larger than
the distance between two conductors). The central part
of the plate is subdivided into 64 single fields of size (46.8
mm)’ so that the whole heat transfer surface covers an
area of (374.4 mm)>. The grey shaded part around this
surface in Fig. 6 is for additional heating in order to
reduce the heat losses towards the edges of our heat
transfer plate.

For each of the 64 single fields the voltage can be
measured between contacts that are led through the
plate and continued to the edge of it on the rear part
(bottom surface) of the board by appropriate strip
conductors.

If now the board is heated with a constant electrical
current (typical value: 4 A) we measure the electrical
current by determining the voltage Ur across a resistor
of Rr ~ 4 Q and the single field voltage Usr. When the
whole arrangement is calibrated with respect to its
temperature/electrical resistance behaviour (i.e. Rgr(7) is
known for each of the 64 single fields; Rsr: single field
resistance, 7: temperature) we find the electrical power
density of a single field as

Usg(Ur /R
isp, — Z5EUR/RR) 3)
Asr
From this we get the wall heat flux density ¢y, in Eq. (2)
for a single field by taking into account the additional
radiation flux density

- =4
qsrr = eo(Ty — T:MB) “4)

and losses by heat conduction to the rear of our heat
transfer plate. With isolation foam material of thickness
S; and conductivity k; they can be kept small and are

heat transfer surface
— (374,4mm)’

[ single field
(46,8mm)°

contacts for single field
voltage measurement
| — additional edge heating

—_ nozzle axis (stagnation point)
see section 3.2 for details

Fig. 6. Details of the heat transfer plate.
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(4),
5 5)

fT] SFc — k;

where (A4T), is the temperature difference across the
isolation material.

Thus we get for ¢y, the heat flux density of a single
field in Eq. (2):

‘?w = QSF.e - "ISFA,r - i]SF.c (6)
The single field temperature Ty can be determined as
soon as the Rsg(7) relation is known through a cali-
bration process. For small temperature differences (like
in our case) the linear function Rsr(7T) = Rspo[l+
ase(T — Tp)] is sufficient, so that Tw in Eq. (2) is found
as

Rsg — R . ¥
] with Rs]: = RRﬁ (7)

Tw=T+
W 0 aseRsro Ur

By calibrating the heat transfer plate the single field
coefficients agr and Rgpy are determined. The coefficients
ogp differ by less than 0.2% between the 64 single fields.

So far only single field averaged quantities can be
determined and the Nusselt number will be Nugg
according to Eq. (2), i.e. an averaged Nusselt number for
each of the 64 single fields. In order to get local values of
the Nusselt number we prepared the heat transfer sur-
face for infrared temperature measurements by coating
them with black mat paint. Assuming gw to be suffi-
ciently constant across the heat transfer surface local
temperature measurements by IR technique thus can
give local Nusselt numbers according to Eq. (1).

3. Experimental results

Since in forced convective heat transfer there is a
strong influence of the flow field on the temperature field
(and thus on the heat transfer rate at the wall) but no or
only a minor influence the other way round, we first
analysed the flow field of the PJN above a heat transfer
surface and then its impact on the heat transfer perfor-
mance of a PJN/plate arrangement.

The crucial parameters of our nozzle/plate configu-
ration are

e Reynolds number Re = wD, /v; see Fig. 5

e nozzle to plate distance H/D;; see Fig. 5

e Strouhal number Sr = fD;/w of the precessing flow
field

When the Reynolds number and the nozzle to plate
distance are fixed there is no longer a free choice with
respect to the Strouhal number, since the precession
frequency f is an inherent feature of the unsteady flow
field. Only when D; is changed, different Sr numbers
exist for the same values of Re and H/D,. This is why we

performed our experiments with two different nozzles,
one with D; = 3.5 mm and one with D; = 5 mm.

3.1. Flow field characteristics

Prior to looking at details of the flow field the overall
performance of the PJN was tested in terms of power
that is needed for the flow to exist and which is dissi-
pated completely in the flow field. Therefore it is called
Pioss- This power has to overcome the pressure differ-
ence (pamp — prc) and provide the kinetic energy in the
quieting chamber where the mean velocity is wrc. With a
volume flow rate Vgc which can be determined from our
mass flux measurements in the air supply part, we get
Pioss = Vec | (prc — pams) _._p%wéc (8)
There is almost no difference between IJN and PJN
which means that only a very small upstream influence
exists that might feed back the totally different flow field
behaviour once the flow has passed through the D; cross
section.

For incompressible flow there would be a P oss ~ Re’
dependence. Since, however, nozzle exit velocities are
very high (s. Table 2 in Section 3.2) this can only be
found for the low Reynolds numbers.

Though Py oss for the IJN and PJN arrangements are
virtually the same the flow field downstream of the D,
cross section is completely different. Fig. 7 shows time
averaged velocity profiles for both cases from hot wire
measurements. For the steady IJN case this is the stan-
dard representation of a turbulent velocity profile. The
unsteady PJN case, however, is best represented by
conditional sampling with a phase locked trigger
mechanism which could separate the unsteady (low
frequency) part from the turbulent (high frequency)
behaviour. In our case, however, the periodicity of the
precessing motion was not stable enough for such a kind
of data processing. Therefore, we also time-averaged the
unsteady turbulent motion in the conventional way and
at this stage thus cannot tell periodic from turbulent
contributions to the final velocity profiles.

In most cases the velocity profiles turned out to be
sufficiently symmetrical so that they can be displayed by
showing just one half of each profile with corresponding
IJN and PJN cases facing each other like in Fig. 7. Since
zr /Dy = 20 for the PJN-case is the end of the envelope
tube, the velocity profile is very special there. Further
downstream IJN and PJN profiles are not fundamen-
tally different but PIN profiles are far wider spread than
in-line profiles.

In Fig. 8 the same z-dependent velocity ug, i.e. u at
x=0, z=12z, is used to nondimensionalize the
values of u. Thus, ratio u,s/ur directly shows how
velocity fluctuations vary with radial distance. This ratio
from our point of view is a better representation of
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—»— zp/Dy =40
—&— zp/D1=80

15 X -10 -5 0
Dy
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Fig. 7. Comparing dimensionless velocity profiles #/ug. Here ug: velocity  at x =0, z = zg; D; = 5 mm.
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Fig. 8. Comparing turbulence intensity profiles ums/ur. Here ug: velocity # at x =0, z =zg; D; = 5 mm.

turbulence intensity than an intensity defined with the
local (i.e. z and x dependent) reference velocity that is
often used. Again the PJN profiles are spread much
wider.

In Table 1 the numbers of ug are given for the pro-
files shown in Figs. 7 and 8 so that absolute values for u
and u;,s can be determined in the figures through the
products (#/ug )ur and (ums/ur)ur, respectively.

To summarise the flow field results given so far:
Though P, ogs is almost the same in both cases the flow
fields differ substantially in terms of much wider spread
profiles.

Table 1
Reference velocities at three different downstream positions

ZR/DI UuR (IJN) (l’Il/S) 2523 (PJN) (m/S)
20 65.4 17.9
40 30.9 11.8
80 16.4 4.6

Since unsteadiness and turbulence are not accounted
for separately in the averaging process used so far, we
next determined the Strouhal number of the PJN
arrangement which may be regarded as the crucial



2802 S. Goppert et al. | International Journal of Heat and Mass Transfer 47 (2004) 2795-2806

parameter that characterises our periodically unsteady
flow field.

Fig. 9 shows the typical time periodic behaviour of
the flow field, here in terms of the u-velocity component
measured by hot wire anemometry at a position in the
flow field marked in Fig. 3. From a spectral analysis of
this signal the precession frequency can be easily iden-
tified. This frequency increases with the flow rate (Re
number). For the example shown, the frequency range is
about 10-30 Hz which is a typical range for PJN
arrangements of our study.

The range of Strouhal numbers
Sr= 9)

in Fig. 10 is 7.7 < 10*Sr < 9.9 with Reynolds numbers
Re = wD; /v between 26 000 and 145 700.

w

3.2. Heat transfer results

Nusselt numbers and Nusselt number distributions
were determined on the heat transfer surface described

50,

[
4
3
z

HD; | |
Nu, 25

N 50

4or \ 100

ikiki
ubik;

20*%1\\&\\ KX% |

0 10 20 30 40 50 60 70

/D,

Fig. 10. Heat transfer PJN (D; =5 mm) versus IJN Nusselt
numbers Ny; for the single fields as quasi-radial Nusselt number
distribution on the heat transfer surface Re = 5.8 x 10*.

in Section 2.2. After we made sure that the heat transfer
distribution is sufficiently rotationally symmetrical with
the nozzle axis in the midpoint of the square surface we

40
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Fig. 9. Velocity signal, power spectrum and precession frequency for a typical PJN arrangement; D; = 5 mm.



S. Goppert et al. | International Journal of Heat and Mass Transfer 47 (2004) 2795-2806 2803

placed the jet axis off midpoint in a position shown in
Fig. 6. We thus get results for larger radii.

For each of the single fields we get one Nusselt
number averaged over the single field area ((46.8 mm)?).
With corresponding fields (located symmetrically with
respect to the diagonal) combined to an (arithmetic)
mean value we thus get 20 Nusselt numbers for fields
located at different distances from the stagnation point.
Plotted as Nu; over »/D; (with 0 <r/D; <66 for D; =5
mm and 0<r/D; <95 for D; =3.5 mm) we get the
quasi-radial distribution of the Nusselt number under
the impinging jets. The term ‘““quasi-radial” refers to the
fact that our Nusselt numbers (so far) are not measured
locally, but averaged over small single fields of the whole
heat transfer surface.

Table 2
Precessing jet results for two different nozzles

In Table 2 the whole measuring program is listed for
both nozzles (D; = 5 mm, D; = 3.5 mm). Those results
that are shown and discussed in the subsequent Figs. 10—
12 are marked. For all PIN flows in Table 2 corre-
sponding IJN flows have been measured (with a mass
flux s, velocity w and Reynolds number Re being the
same within measuring uncertainties, see Section 3.4).

Figs. 10 and 11 show Nusselt number distributions
for three nozzle to plate distances for the precessing jets
(PJN) and the corresponding inline jets (IJN). It turns
out that in all cases shown as well as in all cases in Table
2 which are not shown explicitly Nusselt numbers for the
PJN arrangement are below those for the corresponding
inline jets. Obviously the increased mixing of the jet with
the ambient fluid dominates the heat transfer behaviour

H/D] m/kg/s wim/s PLOSS/W

fIHz Sr Re

25
50 1.9%1073 76.7 11.9
100

25
50 2.8x1073 107 34.4
100

25
50 42x1073 141 93.1
100

25
50 6.3x1073 169 234
100

25
50 1.1x1072 204 577
100

25
50 1.2x1073 106 11.6
100

25
50 1.8x1073 146 31.8
100

25
50 2.7x1073 194 80.9
100

25
50 42x1073 241 189
100

25
50 6.8x1073 259 407
100

11.8 7.7x107*

15.8 7.4x107*

233 8.3x 10

35.1 10.4x 1074

38.7 9.5x10™*

17.7 5.8%x107*

22.5 5.4x107*

30.2 54%x1074

44.9 6.5x10*

73.0 9.9x10*

2.6%10*
3.9x10*
5.8x10* « [Fig 10

8.9x 10*

16x10*

2.4x10*
3.7x10*
5.6x10¢ .|

8.9x10*

14.6x10*

> Jire
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Fig. 11. Heat transfer PJN (D; = 3.5 mm) versus IJN Nusselt
numbers Nu; for the single fields as quasi-radial Nusselt number
distribution on the heat transfer surface Re = 5.6 x 104,
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Fig. 12. Heat transfer PIN (D; =3.5 mm) versus IJN
Re =14.6 x 10%; f =73 Hz.

by overriding the potential heat transfer enhancement
through unsteady boundary layer renewal.

This is true even for higher precession frequencies as
can be seen from Fig. 12. Here for H/D; = 25 PJN and
IJN results are shown in a situation where the precession
frequency is increased to /' = 73 Hz compared to f = 23
and f =30 in Figs. 10 and 11 respectively. Why there
is a very low Nusselt number at the stagnation point
for the inline jet will be explained in the next section
(Fig. 14).

3.3. Special aspects

Since we coated our heat transfer surface with black
mat paint infrared (IR) measurements are possible to
achieve real local Nusselt number distributions. Fig. 13
shows such a measurement along the diagonal of our
heat transfer surface. The single field structure can
clearly be identified in the Nusselt number distribution,
since obviously the assumed §¢w = const. heating is not

35 T T

T
JN | PJN

Nu, - HD, | |
N . 25
Y sl % 1
\ . 100
\ —v—
L] S N e . . e -«es-cOFTEsponding -
\’ IR measurements
20 1
15 1
10Fe ]
50 1
0 i i -
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Fig. 13. Infrared measurements compared to the single field
electrical measurements used in all previous figures. D; = 3.5
mm; Re = 5.6 x 10%; PIN (see Fig. 11).
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Fig. 14. Heat transfer IJN (D; = 3.5) Re = 14.6x10* (see
Fig. 12).

perfectly realised at the edges of the single fields. Nev-
ertheless there is a good coincidence of single field (Nu;)
and IR (Nu) data.

At least for those cases with high Reynolds numbers
there will be considerable viscous heating on the surface
which should be taken into account. An appropriate
way is to use the adiabatic wall temperature Ty ,q in-
stead of the wall temperature Ty in the definition of Nu,
see Eq. (1). Fig. 14 shows that Nu compared to Nu,q is
substantially different in the vicinity of the stagnation
point for inline jets at very high Reynolds numbers.
However, for moderate Reynolds numbers and away
from the stagnation region the difference is only mar-
ginal.

3.4. Error analysis

In a detailed error analysis we identified and evalu-
ated all elements of the “measuring chain’ that influence
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Fig. 15. Nusselt number uncertainties. Curve 1: relative
uncertainty (no systematic errors), curve 2: absolute uncer-
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the accuracy of our Nusselt number results. Based on
this detailed analysis we end up with the uncertainty
ANu
Nu

Agw
qw

(10)

TW — TAMB TW - TAMB

‘ ATw

’ ATamp

assuming that D; and k do not contribute to ANu/Nu.
In Fig. 15 the relative as well as the absolute uncer-
tainties are shown for our measurements of the Nusselt
numbers. Curve 1 for the relative uncertainty neglects all
systematic errors and is the relevant curve when certain
parameters are changed in an otherwise unchanged set-
ting as was the case in our Figs. 10-14 for example.
Curve 2 includes all systematic errors and is an upper
bound when it comes to a comparison with results from
other studies that use different measuring techniques
(but with systematic errors that do not exceed our ones).
Similar considerations with respect to the Reynolds
number reveal a 3% uncertainty for that quantity.
From these results we conclude that our experimental
set-up provided data of sufficient accuracy to come to
the conclusions we summarise in the following section.

4. Discussion

As a result of our study three main conclusions can
be drawn that might be important for all those who plan
to incorporate unsteady jet impingement in heat and/or
mass transfer processes

e A stable self-sustained periodic flow can be achieved
by very simple means with no need for external en-
ergy or moving parts. It is characterised by an almost
constant Strouhal number even for a wide range of
geometry and flow parameters.

e The flow field with and without unsteady motion is
substantially different; the pressure drop across the
corresponding nozzles, however, is not. Velocity pro-
files in the unsteady case show strong mixing of the
jet with ambient fluid and thus a rapid decrease in
the maximum jet velocity.

e Due to the rapid mixing with ambient fluid convec-
tion velocities at the heat transfer surface are rela-
tively small and thus lead to a reduction in heat
transfer. This can be stated as a general trend though
the margins of reduction depend on various para-
meters.

Since there are arguments “pro and con’ positive
effects of unsteadiness with respect to a heat transfer
augmentation it was not clear in the beginning, if the
precessing jet might be used for that purpose. However,
it turned out that the negative effect of mixing obviously
overwhelms the positive effect of a permanent boundary
layer renewal at the heat transfer surface.

From other studies about unsteady heat transfer it is
known that there often is a threshold-frequency above
which augmentation occurs. In our study, however,
there was no clear trend towards an augmentation with
increasing precessing frequency.

If at all, it might occur at frequencies which are at
least an order of magnitude higher. This, however, was
beyond the range of parameters that we could realise in
our experimental set-up.
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