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Abstract

In a systematic experimental study the heat transfer under three different periodically unsteady jets is compared to that of the corr
steady inline jet. Unsteadiness of the jets is created by vortex shedding (Karman jet nozzle), alternating flow passages (flip–flop nozzle
well as by a precessing motion of the whole jet (precessing jet nozzle).

The unsteadiness of the jets is self-sustained, i.e., there are no external (mechanical) means and no external energy inp
unsteadiness. Heat transfer data in terms of Nusselt numbers are determined on a specially designed heat transfer plate in the plan
jet impingement.

Whilst there is a slight increase in heat transfer performance when vortex shedding occurs within the jet (Karman jet nozzle), in both o
cases there is a considerable decrease in heat transfer.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Convective heat transfer is one of the technically imp
tant modes of exchanging internal energy between a s
body and its ambient, either for cooling or heating purpo
The rate of heat transfer in this process strongly depend
the flow field, its strength as well as its structure, with
propriate nondimensional heat transfer coefficients cove
several orders of magnitude, when the flow field parame
are changed within reasonable ranges.

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

Though the geometry of the jet/plate combination
quite simple there are nevertheless a large numbe
parameters in this convective heat transfer arrangem
like: nozzle to plate distance,Renumber, turbulence leve
nozzle inclination angle (if not vertical), wall roughnes
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just to mention a few. All these parameters affect the h
transfer performance of the arrangement and can be cha
systematically in order to influence the rate of heat trans
The vast body of literature dealing with special aspect
well documented in review articles like [1–3].

Within the special means by which impinging jet hea
transfer can be manipulated unsteadiness of the flow fie
rarely used. However, unsteady flows are distinctly differ
compared to their steady counterparts, so that there sh
be a high potential to affect the heat transfer performanc
of such flows. Studies about the influence of unsteady
fields on convective heat transfer almost always generat
unsteady flow by external means like forced pulsation
periodic interruption of the jet impingement. Typical stud
of this kind are [4–7], with no general trend in the resu
some find enhanced heat transfer, some do not.

Our approach, however, is a self-sustained unstead
without external input of energy and without moving pa
in the system providing the flow field for convective he
transfer. We use “classical” ways to achieve this: (1) th
famous von Karman vortex street behind a circular cylin
in cross flow, (2) the flow through a flip–flop fluidic eleme
(alternating flow in aY -shaped conduct). A less well-know
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Nomenclature

A surface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

D diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
f frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s−1

h nozzle height . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
H nozzle/plate distance . . . . . . . . . . . . . . . . . . . . . . m
k thermal conductivity . . . . . . . . . . . . . . W·m·K−1

Nu Nusselt number, Eq. (1)
p pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . N·m−2

q̇ heat flux density . . . . . . . . . . . . . . . . . . . . W·m−2

R radial distance . . . . . . . . . . . . . . . . . . . . . . . . . . . m
R electric resistance . . . . . . . . . . . . . . . . . . . . . . . .�
Re Reynolds number
Sr Strouhal number
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
U voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . V
w velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

zR reference position . . . . . . . . . . . . . . . . . . . . . . . . m
ν kinematic viscosity . . . . . . . . . . . . . . . . . . m2·s−1

Indices

AMB ambient
AS air supply
c conduction
e electric
FC flow control
FFN flip–flop jet nozzle
HTS heat transfer surface
IJN inline jet nozzle
KJN Karman jet nozzle
N nozzle
PJN precessing jet nozzle
r radiation
R reference
RMS root mean square
SF single field
SF0 single field of temperatureT0
SH shunt
W wall
ial
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configuration is that of a nozzle which due to its spec
shape results in a periodically precessing jet (our case (

The objective of our study is to find out how stro
convective heat transfer is influenced by the unsteady motio
of the impinging jet, what are the crucial parameters of
configuration with respect to heattransfer and whether ther
is a potential for heat transfer augmentation. There are s
aspects in favour of transfer augmentation like the fact
an unsteadily impinging jet results in a permanent bound
layer renewal. But there are also negative aspects lik
increased mixing of the jet with the ambient fluid whi
reduces the jets maximum velocities and hence the g
transfer properties of a narrow, high velocity jet. What is
overall effect is one of the questions that should be answ
by our study.

2. Unsteady jets without moving parts; nozzle design

Unsteady jets without moving parts and without ad
tional energy input are attractive with respect to maintena
and running costs once they are implemented in an appa
that operates permanently or at least frequently.

The three different nozzle designs of our study toge
with their main geometric parameters will be introduced
the following sub-sections.

2.1. The Karman jet nozzle (KJN)

The von Karman vortex street behind an object w
circular cross section introduces a periodic or quasi-peri
character into an otherwise steady jet by periodic vo
s
Fig. 1. Karman jet nozzle parameter specification:D1 = 47 mm;
D2 = 6 mm;D3 = 26 mm.

shedding. Since our jet is axisymmetric we created vo
shedding at a ring perpendicular to the main flow directio

Fig. 1 shows the principle design of such a noz
together with some geometrical details. Once the no
geometry is fixed the crucial parameters are:

• Nozzle to plate distance:H/D1;
• Reynolds number:ReKJN = wD1/ν.
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The reference case (steady flow) is that through the s
nozzle but without the vortex generating ring.

2.2. The flip–flop nozzle (FFN)

Within a square cross section a plane jet emerging f
the narrow central slit can either attach to the left or to th
right wall on the way through the nozzle. The jet attachm
to an adjacent wall is known as Coanda effect. If now b
sides of the nozzle are connected by an external tub
lengthL pressure signals can travel between both sides
provided they are properly designed in length, can influe
the attached jet so that is switches between both sides w
certain finite frequency. This arrangement is called flip–fl
nozzle and produces a highly unsteady jet.

Fig. 2 shows the principle design together with so
geometrical details. With a fixed geometry within the noz
the crucial parameters of this arrangement are

• Length of the external tube:L/A; within certain limits
the frequency of the flip–flop motion can be changed
changing the tube length;

• Nozzle to plate distance:H/B;
• Reynolds number:ReFFN = wB/ν.

The reference case (steady flow) is the same nozzle wit
the triggering tube and with the dark grey parts removed
Fig. 2).

Fig. 2. Flip–flop nozzle parameter specification:A = 40 mm;B = 3.5 mm;
h = 66 mm,W = 40 mm (width of the nozzle).
,

t

2.3. The precessing jet nozzle (PJN)

Fig. 3 shows the design of this axisymmetric nozzle. D
to slight perturbations the round jet emerging from the sm
orifice with diameterDP2 moves to the adjacent wall throug
a mechanism similar to the Coanda effect in plane fl
However, since there is no right/left alternative as in
plane flow a stable flow situation only occurs when the
on his way downstream moves along the inner wall of
envelope tube with a certain azimutal velocity compon
thus performing a precessing motion within the tube.

In a coordinate system fixed to the plate of the n
zle/plate configuration the flow from the nozzle impinges
a jet that periodically moves around an impingement cir
At a fixed point of the plane there thus is an unsteady (p
odic) flow that will affect the convective heat transfer by t
unsteadiness.

Parameter of this configuration are:

• Nozzle to plate distance:H/DP2;
• Reynolds number:RePJN= wDP2/ν.

The reference case (steady flow) is the mere inline jet with
the envelope tube removed.

The frequency of precession depends on the abso
size of the nozzle and the Reynolds number of the fl
For the two geometries specified in the caption of Fig
as case (a) and (b) we found frequencies off = 23.3 Hz
and f = 30.2 Hz for almost the same Reynolds numb
Re= 5.8× 104 andRe= 5.6× 104.

Fig. 3. Precessing jet nozzle parameter specification: (a)DP1 = 47 mm;
DP2= 5 mm;h = 94 mm, (b)DP1= 35 mm;DP2= 3.5 mm;h = 70 mm.
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In terms of the nondimensional Strouhal numberSr =
f DP2/w they correspond toSr = 8.3 × 10−4 and Sr =
7.8× 10−4, respectively.

3. The test facility

Fig. 4 is a schematic figure of our experimental des
with the four main parts being the air supply, flow contr
the nozzle and last but not least the heat transfer sur
Also shown are the various data that are collected during
experiments and processed in our data acquisition sys
Details are:

3.1. Air supply

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

In a flow meter the pressure difference�pAS across
an orifice is measured and based on the calibration of th
system the actual mass flux is determined. Electrical heatin
of the flow is installed in this section and controlled
temperature readings from the flow control part that
described next.

3.2. Flow control

Fig. 5 shows a quieting chamber which is the flow con
part of our test facility. It provides a flow to the attach
nozzle with

– a nearly uniform velocity profile;
– a very low turbulence level;
– a temperatureTFC equal to the ambient temperatu

TAMB .

Fig. 4. Our test facility/main parts and data collected.
.

.

Based on the temperature reading in the flow con
chamber the electrical heating in the upstream air supply
is controlled in order to guarantee thatTFC is always equa
to TAMB . Thus we avoid that heat transfer is affected
temperature effects in conjunction with the jet entrainment.

3.3. Heat transfer surface

From the rate by which an impinging jet cools a u
formly heated surface Nusselt numbers can easily be d
mined. Here the local Nusselt numberNu is defined as

Nu= q̇WDi

(TW − TAMB )k
(1)

with the local heat flux density at the wall(q̇W), the local
wall temperature(TW) and the characteristic diameterDi

specified for each nozzle.
Heat transfer coefficients with respect to finite partsÂ of

the surface are

Nu= ¯̇qWDi

(�TW − TAMB )k
(2)

with ¯̇qW = 1
Â

∫
q̇W dA and �TW = 1

Â

∫
TW dA as surface

averaged heat flux density and temperature, respectively.
Fig. 6 sketches the design of our heat transfer plate

measuring wall heat flux densities and wall temperatu
simultaneously. The main part of the heat transfer sur
which has the double function of heating and measurin
an electrical circuit board witha special circuit design o
both surfaces. The top surface which faces the imping
jet is covered with a densely meandering strip condu
betweenA and B. If there is uniform dissipation due t
the electrical resistance of the conductor we thus get a l
heat flux density at the wall which is almost constant (on
scale larger than the distance between two conductors)
central part of the plate is subdivided into 64 single fie

Fig. 5. Flow control in the quieting chamber.
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of size (46.8 mm)2 so that the whole heat transfer surfa
covers an area of (374.4 mm)2. The grey shaded part aroun
this surface in Fig. 6, is for additional heating in order
reduce the heat losses towards the edges of our heat tra
plate.

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

If now the board is heated with a constant electri
current (typical value: 4A) we measure the electrical cu
rent by determining the voltageUSH across a resistor wit
RSH ≈ 4 � and the single field voltageUSF. When the
whole arrangement is calibrated with respect to its tem
ature/electrical resistance behaviour (i.e.,RSF(T ) is known
for each of the 64 single fields;RSF: single field resistance
T : temperature) we find the electrical power density of a
gle field as

¯̇qSF,e = USF(USH/RSH)

ÂSF
(3)

From this we get the wall heat flux density¯̇qW in Eq. (2) for
a single field by taking intoaccount the additional radiatio
flux density

¯̇qSF,r = εσ
(�T 4

W − T 4
AMB

)
(4)

and losses by heat conduction to the rear of our heat tra
plate. With isolation foam material of thicknessSi and
conductivityki they can be kept small and are

¯̇qSF,c = ki
(�T )i

Si

(5)

where(�T )i is the temperature difference across the iso
tion material.

Thus we get for̄̇qW, the heat flux density of a single fie
in Eq. (2):

¯̇qW = ¯̇qSF,e − ¯̇qSF,r − ¯̇qSF,c (6)

The single field temperature�TW can be determined a
soon as theRSF(T ) relation is known through a calibratio

Fig. 6. Details of the heat transfer plate.
r

d

r

process. For small temperature differences (like in
case) the linear ansatzRSF(T ) = RSF0[1 + αSF(T − T0)] is
sufficient, so that�TW in Eq. (2) is found as

�TW = T0 + RSF− RSF0

αSFRSF0
with RSF = RSH

USF

USH

By calibrating the heat transfer plate the single field co
ficientsαSF and resistorsRSF0 are determined. The coeffi
cientsαSF differ by less than 0.2% between the 64 sin
fields.

So far only single field averaged quantities can
determined and the Nusselt number will beNuSF according
to Eq. (2), i.e., an averaged Nusselt number for each o
64 single fields. In order to get local values of the Nus
number we prepared the heat transfer surface for infr
temperature measurements bycoating them with black ma
paint. Assumingq̇W to be sufficiently constant across t
heat transfer surface local temperature measurements by
technique thus can give local Nusselt numbers accor
to Eq. (1). They compare very well with the single fie
averaged results, see [8].

3.4. Error analysis

In a detailed error analysis we identified and evalua
all elements of the “measuring chain” that influence
accuracy of our Nusselt number results. Based on
detailed analysis we end up with the uncertainty

�Nu

Nu
=

∣∣
∣
∣
�q̇W

q̇W

∣∣
∣
∣ +

∣∣
∣
∣

�TW

TW − TAMB

∣∣
∣
∣ +

∣∣
∣
∣

�TAMB

TW − TAMB

∣∣
∣
∣ (7)

assuming thatDi andk do not contribute to�Nu/Nu.
In Fig. 7 the relative as well as the absolute uncertain

are shown for our measurements of the Nusselt numb
Curve 1 for the relative uncertainty neglects all system
errors and is the relevant curve when certain parameter
changed in an otherwise unchanged setting. Curve 2 incl
all systematic errors and is an upper bound when it co
to a comparison with results from other studies that

Fig. 7. Nusselt number uncertainties: curve 1: relative uncertainty
systematic errors); curve 2: absolute uncertainty.
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Similar considerations with respect to the Reyno
number reveal a 3% uncertainty for that quantity. From th
results we conclude that our experimental set up prov
data of sufficient accuracy toinvestigate the influence o
unsteadiness on heat transfer under impinging jets.

4. Results

A crucial point in testing new nozzles is the choice
an adequate reference case. After a careful considerati
 f

all important aspects we decided to choose a steady in

jet emerging from an orifice of diameterDIJN, which was

specified for three different nozzles in Section 2 alrea

Here IJN stands forinline jet nozzle. The Reynolds numbe

of the reference case isRe= wDIJN/ν, with w being the

average velocity in the orifice.

ThusDIJN for the three cases under consideration is:

• KJN: DIJN = D1, s. Fig. 1;

• FFN: DIJN = B, s. Fig. 2;

• PJN:DIJN = DP2, s. Fig. 3.
Fig. 8. Heat transfer for the Karman jet nozzle: (a)Re= 8300;H/D1 variabel; (b)H/D1 = 4; Revariable.

Fig. 9. Heat transfer for the flip–flop nozzleH/B = 25, Reynolds number as indicated.
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4.1. Karman jet nozzle results

In Fig. 8 Nusselt number distributions for several pa
meter combinations for the Karman jet nozzle are shown
Section 2.1).

The open symbols refer to the IJN-reference case
ReKJN = ReIJN = Re.

As a general trend we find a slight increase in the qu
local Nusselt numbers for the Karman jet nozzle compa
to the steady inline jet. This increase is 10–15% with
higher margins close to the stagnation point and for
values ofH/D1 as well as high values of the Reynol
number.

This increase is of the order that can be achieved
additional turbulence generation in jets so that the incre
in heat transfer can be attributed to the unsteadyness o
flow field including an enhanced turbulence level.

4.2. Flip–flop nozzle results

Fig. 9 shows Nusselt number distributions for thr
different Reynolds numbers and a fixed nozzle to p
distanceH/B = 25 for the flip–flop nozzle. For the unstea
flows the flip–flop frequency is given in the diagram inse
They are influenced by the Reynolds number as well a
the length of the external tube (cf. Section 2.2) with tu
lengths between 200 mm and 1500 mm for the cases sh
in Fig. 9.

In Fig. 10 the Nusselt number in the vicinity of th
stagnation point (i.e., at the single field around the stagna
point) is shown for various nozzle to plate distancesH/B

and a fixed Reynolds numberRe= 19 800. Again, differen
flip–flop frequencies occur due to different tube leng
(1500 mm forf = 14.6 Hz, 200 mm forf = 54.3 Hz).

As a general trend we find a reduction in heat tran
efficiency (i.e., in the Nusselt number) by about 20% w
almost no influence of the frequency once the flip–fl

Fig. 10. Heat transfer in the stagnation region for the flip–flop nozzle versu
nozzle to plate distance;Re= 19800.
Fig. 11. Heat transfer for the precessing jet nozzle: (a)DP2= 5 mm;Re= 58000;H/DP2 variable;f = 23.3 Hz; (b)DP2= 3.5 mm;Re= 56000;H/DP2
variable;f = 30.2 Hz.
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motion sets in. If any, there is atrend to lower heat transfe
rates for higher frequencies.

4.3. Precessing jet nozzle results

Fig. 11 shows results for the precessing jet arrangem
As a general trend it turns out that the heat transfer is reduce
considerably by the precessing motion. Heat transfe
reduced by almost a factor of two with no clear trend w
respect to variations in the nozzle to plate distance and
precessing frequency.

Obviously the negative effect of mixing the jet with th
ambient air overwhelms the positive effect of a perman
boundary layer renewal at the heat transfer surface.

In order to further reveal the physics of this flow in Fig.
we show the velocity and turbulence intensity distributio
of the PJN case compared to the IJN reference case.

Since zR/D1 = 20 for the PJN-case is the end
the envelope tube, the velocity profile is very spec
there. Further downstream IJN and PJN profiles are
fundamentally different but PJN profiles are far wider spr
than in-line profiles.

In Fig. 12(b) thez-dependent velocityuR, i.e., ū at x =
0, z = zR, is also used to nondimensionalize theuRMS val-
ues ofu. Thus the ratiouRMS/uR directly shows how ve
locity fluctuations vary with radial distance. This ratio fro
our point of view is a better representation of turbulence
tensity than an intensity defined with the local (i.e.,z andx

dependent) reference velocity that is often used.
The numbers ofuR are given in Fig. 12 for the profile

shown so that absolute values forū and uRMS can be
determined in the figure through the products(ū/uR)uR and
(uRMS/uR)uR, respectively.

Again the PJN profiles are spread much wider w
absolute values decreasing faster than in the reference

5. Discussion, future research

As a result of our study the following conclusions c
be drawn that might be important for all those who plan
incorporate unsteady jet impingement in heat and/or m
transfer processes.

• A stable self-sustained periodic flow can be achieved
very simple means with no need for external energy
moving parts.

• Heat transfer augmentation could only be found
the Karman jet nozzle in which additional unsteadin
and turbulence is introduced without fundamenta
changing the flow structure of the jet.

• The flow field with and without unsteady motio
however, can be substantially different. Velocity profi
in the unsteady case often show strong mixing of
jet with ambient fluid and thus a rapid decrease in
maximum jet velocity.
.

.

Fig. 12. Velocity and turbulence intensity profiles for the inline jet (IJ
and the precessing jet (PJN);D1 = 5 mm: (a) velocity distributionu/uR;
(b) turbulence intensity distributionuRMS/uR, uR: velocity ū at x = 0,
z = zR.

• If there is rapid mixing with ambient fluid convectio
velocities at the heat transfer surface are relatively sm
and thus lead to a reduction in heat transfer. This ca
stated as a general trend though the margins of redu
depend on various parameters.

Since it turned out that a prescribed self-sustained
steadiness in general did not lead to a substantial impr
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ment in heat transfer, future research should address
question which kind of unsteadiness in the flow field
creases the heat transfer performance. Then, in a secon
step, nozzle designs should be found that perform with
necessary kind of unsteadiness.
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