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a b s t r a c t

Enhancement of heat transfer to a planar surface by oscillating jets is presented in this work. Two jets
from adjacent slots are made to oscillate with the same frequency but with a phase shift of p/2. The
two nozzles are idealisation of an array of oscillating jets. A two-dimensional model is developed using
finite element methods to investigate the heat transfer performance with respect to the oscillation fre-
quency, geometric parameters and the flows with Reynolds number in the range of 0 < Re 6 1200. The
computational results show that the oscillatory flow jets achieve approximately 100% improvement of
heat transfer efficiency over conventional steady flow jets. It is shown that the periodic disruption of
the boundary layer leads to this improvement. Further, the analysis shows the existence of a range of
frequencies that are effective depending on the separation between the nozzles. The study shows that
frequencies as low as 1 Hz are effective depending on the nozzle separation.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction the boundary layer. Wall jets separate from the impingement sur-
Improvements to the heat transfer performance of jets imping-
ing on a planar surface are of importance and several investigations
has been reported recently [1–3]. These experimental and numer-
ical investigations are focussed on improving heat transfer rates
and minimising the variation of lateral temperature distributions
by oscillating the jets. Periodic oscillations are imposed either by
acoustic excitation [2,4] or mechanical pulsation [3]. Oscillations
perturb the boundary layer thus influencing the local heat transfer
rates. Even though impinging jets usually operate at high Reynolds
numbers, applications such as cooling electronic components and
the drying of thin film coatings on circuit boards could benefit from
operating at low Reynolds number flow regimes. In the latter appli-
cation, it is essential to keep the spatial variations of the tempera-
ture to a minimum as this could lead to non-uniformities in film
thickness due to localized Marangoni stresses. This paper investi-
gates numerically the effect of multiple jets oscillating out of phase
at low Reynolds numbers (0 < Re 6 1250).

An impinging jet has well defined regimes, namely a free jet re-
gion where the flow is developing with disappearing potential
core, a stagnant region where the jet impinges on the plane, and
a wall jet region [5]. A boundary layer starts to grow from the point
of impingement which is also known as the stagnation point. The
strong acceleration in this region keeps the boundary layer laminar
[6]. For a single impinging laminar jet, it is widely known that the
curve showing the local Nusselt number against the position takes
a bell shape having the maximum at the stagnation point. This im-
plies that the local heat transfer rate decreases with the growth of
ll rights reserved.
face some distance downstream. In the case of multiple impinging
jets, the wall jets from adjacent nozzles collide forcing them to sep-
arate from the planar surface. This interaction forms a secondary
stagnation point as shown in Fig. 1. Counter rotating vortices form
in the secondary stagnation region [7,8] hindering the local heat
transfer. As a result, the Nusselt number takes the minimum value
at the secondary stagnation point. The upwash either flows out if
allowed by design or interacts with the cross-flow forming com-
plex structures depending on the geometry and the flow parame-
ters [7].

The effect of oscillating the impinging jets at low Reynolds
number regimes has been the focus of a few investigations. A
numerical study of the heat transfer performance of a confined
pulsed laminar impinging jet by Poh et al. [9] shows that the spa-
tial distribution of the time averaged Nusselt numbers become
Reynolds number invariant in the laminar jet regime
(100 6 Re 6 1000). They demonstrated that the local Nusselt num-
ber at the wall jet separation region remains constant during the
oscillation cycle. They hypothesised that the vortices formed be-
tween the wall jet and the nozzle plate decelerate the wall jets,
leading to a constant Nusselt number. The single jet dynamics
studied in their work suggest that the oscillation frequency has
little bearing on the heat transfer rate. Mechanisms affecting the
heat transfer of an externally perturbed impinging hot jet
(Re = 1000) are numerically examined by Jiang et al. [10]. Forced
oscillations are induced by introducing small perturbations to all
three velocity components. This shows that the wall jet symmetry
is broken, leading to fluctuations in the local heat transfer. Forma-
tion of low intensity vortices along the jet is also reported and
thought to enhance the heat transfer between the jet and the ambi-
ent fluid.
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Fig. 1. Schematic diagram of multiple jet impingement.
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Fig. 2. Schematic diagram of the nozzle arrangement (a) and the computational
domain (b) considered in numerical simulations.

Nomenclature

Cp heat capacity
D nozzle width
f frequency
H height to nozzle
h local heat transfer coefficient
k thermal conductivity
n unit normal vector to a surface
p pressure
q heat flux
S nozzle separation
T temperature
t time
t unit tangent vector to a surface
u velocity vector
v y component of the velocity

Greek symbols
a heat diffusivity
l dynamic viscosity
m kinematic viscosity
q density
s period of the oscillation
r differential operator

Subscripts
f fluid phase
i initial value
o quantity defined on a boundary
s surface
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In the above investigations, the effects of a single oscillating jet
on heat transfer are examined. The periodic oscillations of the
boundary layer result in varying local heat transfer coefficients.
However,it is suggested in the present paper that the boundary
layer could be disrupted to a greater extent by the use of multiple
jet arrays oscillating out of phase. In an array of jets, two such noz-
zles form a unit that operates cooperatively. The phase difference
between the jets forces the wall jets to oscillate laterally. This
causes the boundary layer to be disrupted and then to reform at
least once during a single flow cycle. Further, the lateral move-
ments of the wall jets periodically oscillate the jet interaction point
(or line) along the surface between the jets, destroying the symme-
try. It is expected that this motion will reduce the high-tempera-
ture region that forms at the secondary stagnation point in
multi-jet arrays. Considering the continuous shearing of the
boundary layer and the lateral oscillation of the secondary stagna-
tion point, it is hypothesised that heat transfer should be improved
compared with steady jets of the same geometric arrangement. A
numerical analysis of this hypothesis is presented below.

2. Method of analysis

As outlined Section 1, an array of slot-nozzles placed at a dis-
tance H above a constantly heated planar surface as shown in
Fig. 2(a) is considered. The slot-nozzle width and the separation
between the slot centres are defined as D and S, respectively. Lam-
inar air jets (0 < Re 6 1250) impinge on the hot surface and remove
heat by thermal convection. Flow rates through the jets oscillate
with a net positive flow into the domain. The frequency of the
oscillation is taken to be f and the phase angle between adjacent
jets is taken as p/2. The spent air is allowed to leave the domain
assuming there is no nozzle plate. The heat transfer performance
of the oscillatory flow unit is compared with the conventional stea-
dy flow jets for the same geometry. Further, the performance of the
oscillatory flow is analysed to determine:

(1) the influence of the Reynolds number,
(2) the effect of the nozzle separation S,
(3) the impact of the frequency on heat transfer.

2.1. Governing equations

This study focuses on low Reynolds number laminar jets. The jet
is characterised by the Reynolds number based on jet exit velocity
U and the nozzle diameter D

Re ¼ qUD
l

ð1Þ

Under the laminar jet impingement, the boundary layer on the hor-
izontal plate should grow to its maximum thickness within a few
diameter lengths. Flow within the computational domain is deter-
mined by solving the Navier–Stokes equations and the continuity
equation subject to appropriate boundary conditions



Table 1
Physical properties of air and the metal at 300 K

Property Value

Density qf (kg/m3) 1.16
Viscosity lf (Pa s) 1.85 � 10�5

Specific heat capacity Cp (kJ/kg K) 1.01
Thermal conductivity kf (W/m K) 2.63 � 10�2

Thermal diffusivity af (m2/s) 2.25 � 10�5

The values are taken from the tables given in [15].

Table 2
Parameter values used for the simulations

Parameter Value

Initial temperature Ti (K) 300
Inward heat flux q0 (W/m) 400
Inlet temperature T0 (K) 300
Slot nozzle width D (m) 0.01
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ou
ot
þ ðu � rÞu ¼ � 1

qf
rpþ mr2u ð2Þ

r � u ¼ 0 ð3Þ

No-slip boundary condition is assumed at AB

u ¼ 0 ð4Þ

As AH and BC are the boundaries along the centrelines of the two
nozzles, slip-symmetry boundary condition is imposed. This
requires the velocity to be normal to the boundary and the tangen-
tial forces along the boundary to vanish

n � u ¼ 0; t � �pI þ l ruþruT
� �� �

n ¼ 0 ð5Þ

Jet exit velocities are defined normal to CD and GH boundaries. For
the oscillatory flow, the velocity along the y direction is defined as
follows:

vo ¼ �A0 þ Aw sinð2pftÞ ð6Þ

The amplitudes A0 and Aw in above equation are selected such that
jA0 � AwjP 0; a condition that guarantees a net positive flow into
the domain. The root mean square (RMS) of the oscillatory flow
velocity is used as the inlet velocity for the steady jets: i.e. the char-
acteristic velocity U = vn

vn ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
s

Z s

0
v2

o dt

s
ð7Þ

where s = 1/f is the period of the oscillation. Reynolds numbers up
to a maximum of 1200 are evaluated using the RMS value of the
velocity for both oscillating and steady jets. The upper boundary
EF is open to the atmosphere. Hence the following pressure bound-
ary condition is used

�pI þ l ruþruT
� �� �

� n ¼ �p0n ð8Þ

The heat transfer within the flow domain is described by

oT
ot
þ u � rT ¼ afr2T ð9Þ

where af ¼ kf
qCp

is the thermal diffusivity.
A constant heat flux is assumed across the bottom boundary AB

�n � ð�afrTÞ ¼ q0

qCp
ð10Þ

where q0 > 0 is the inward heat flux. The temperature of the air
streams at the inlets CD and GH remains constant at room temper-
ature T0

T ¼ T0 ð11Þ

Since the heat is convected out of the domain at EF, the convective
heat flux boundary condition is imposed

½afrT� � n ¼ 0 ð12Þ

There is no heat flow across BC and AH due to the geometric sym-
metry, therefore, the thermal insulation boundary condition is used

½afrT þ uT� � n ¼ 0 ð13Þ

Eqs. (2)–(13) describe the fluid flow and heat transfer inside the
domain. The physical properties considered in this study are given
in Table 1. It is assumed that these properties remain constant over
the temperature range considered. The values used to define the
problem are given in Table 2.

2.2. Derived measures for comparison

The jet impingement convects heat away from the bottom sur-
face. The heat transfer between the wall jet and the surface de-
pends on the local heat transfer coefficient hl. Therefore, a local
Nusselt number based on hl and slot width D is defined as

Nuðx; tÞ ¼ �hlD
kf
¼ � oT

oy
D
DT

ð14Þ

in order to describe the convective heat transfer characteristics
at the impingement plate. The Nusselt number is evaluated by
computing the local surface normal temperature gradient, oT

oy, at
the impingement surface and nondimensionalising using
DT = (Ts � T0) where Ts is the local temperature and T0 is the
temperature of the jet at the nozzle. A similar definition of
the local Nusselt number has been employed in many other
computational studies because the surface normal temperature
gradient is readily available in a computational approach [10–
12].

The Nusselt number varies with time and position. Therefore, to
compare the oscillatory and non-oscillatory jets, a length averaged
Nusselt number is defined

NuðtÞ ¼
Z L

0

1
L

Nuðx; tÞdx ð15Þ

To compare the overall effect of the oscillation over the fixed jet
velocity, the average Nusselt number is computed by integrating
over length and time

Nut ¼
Z tf

0

1
tf

NuðtÞdt ¼
Z tf

0

1
tf

Z L

0

1
L

Nuðx; tÞdxdt ð16Þ

The total time of cooling is given by tf. Nut is used to compare the
overall heat transfer rates between the steady and oscillating jets
for a wide range of parameter values.

2.3. Solution methodology

In the arrangement shown in Fig. 2, two adjacent nozzles form a
recurring unit (marked by the dashed lines). This repeating cell
geometry is selected as the computational domain (shown in
Fig. 2(b)).

A commercially available general finite element software
package, COMSOL Multiphysics version 3.3b, is used to solve Eqs.
(2)–(13). Lagrange quadratic rectangular elements are used to dis-
cretise the domains. Considering the need to resolve the boundary
layer and the importance of computing the local surface-normal
temperature gradient, a structured mesh with elements closely
packed near the bottom boundary is used. Fig. 3 shows the mesh
used to resolve the physical domain.



Fig. 3. Computational mesh of the physical domain. The elements grow exponen-
tially packing a large number of nodes closer to the bottom boundary in order to
capture the boundary layer development.

B.N. Hewakandamby / International Journal of Heat and Mass Transfer 52 (2009) 396–406 399
Grid sensitivity studies have been carried out to determine the
optimum grid resolution that gives a mesh independent solution.
A few structured meshes with increasing number of elements with
finer packing at the hot surface are tested. Table 3 shows the details
of the structured grids tested. The overall Nusselt number, as defined
in Eq. (16), is computed for each mesh considered. Table 4 shows the
dependence of the overall Nusselt number (Nut) on the discretisation
for steady jets with Reynolds number 500. The nozzle separation in
the test case is 4 nozzle diameters. Table 4 shows that the variation of
the computed Nut is less than 0.03% between the meshes 2, 3 and 4.
The number of degrees of freedom varies for each S/D considered.
Similar tests were carried out for all the grids in deciding the discret-
isation. The coarsest grid that produces the error smaller than the
rounding off error is selected to run the simulations.

Simulations were carried out on a dual processor workstation
with 3 GHz AMD Opteron 64 bit processors with the Scientific Li-
Table 3
Number of elements and the corresponding number of degrees of freedom (DoF) of
different meshes used to discretise the computational domain

ID Number of elements DoF

Mesh 1 7000 92,264
Mesh 2 9400 123,674
Mesh 3 12,600 165,554
Mesh 4 15,800 207,434

The geometry considered for the test case has a nozzle separation S = 4D and nozzle
to surface distance H = 2.5D.

Table 4
Grid dependency of the Nusselt number for steady jets with Re = 500

Mesh ID Nut

Mesh 1 5.1582
Mesh 2 5.1129
Mesh 3 5.1110
Mesh 4 5.1113
nux operating system. Simulation time varied from 4 to 48 h on
a single processor depending on the parameter values and the
number of the degrees of freedom.

The initial conditions imposed have an effect on the solution of
any spatio-temporal simulation. In the simulations presented here,
jets of air (oscillating or steady) are introduced to a quiescent envi-
ronment. It takes a considerable period to dissipate the impact of
the initial conditions and to develop recurring flow patterns. This
phenomenon sets a lower threshold of time above which the flow
becomes well established. It is observed that the time taken to de-
velop the flow is not more than three times the retention time
based on the jet exit velocity (domain area/vnD) for low oscillation
frequencies. For high oscillation frequencies, it takes a longer per-
iod to dissipate the initial effects. Therefore, each simulation was
run well above this period to capture the true nature of the heat
transfer due to the oscillations.
3. Results

3.1. Non-oscillatory flow

The performance of oscillatory jets is compared with that of
steady jets. A description of the steady jets and heat transfer is in-
cluded as a benchmark for the oscillatory flow. To explain the flow
and heat transfer mechanisms, the nozzle configuration S/D = 3
and H/D = 2.5 with jet Reynolds number Re = 250 is considered.
Fig. 4 shows the fully developed flow and the temperature distri-
bution. In Fig. 4(a), the greyscale map shows the magnitude of
the velocity field while the streamlines show the flow path. The
jets develop with diminishing potential cores, impinge on the
heated plate and form the wall jets. The wall jets from the nozzles
collide and turn upward, forming a symmetric flow pattern. This
flow pattern forms a secondary stagnation point, as shown in
Fig. 1, entrapping a small air mass that forms weak counter rotat-
ing vortices at low Re. The secondary stagnation area accumulates
heat as vortices entrain hot air from the wall jet streams into this
area simultaneously with the direct heat transfer from the hot sur-
face. Consequently, the relatively high temperature in this region
leads to poor local heat transfer. This effect becomes apparent in
Fig. 4(b) which shows the temperature distribution. It can be seen
that a hot region has formed where the wall jets are interacting.

Fig. 5(a) shows the temperature variation along the bottom
boundary (or the hot surface) for t = 2, 4, 6, 8 and 10 s. As explained
in Section 2.3, these time-steps map the evolution of the tempera-
ture after the time taken to dissipate the effects of the initial condi-
tions. The overlapping temperature profiles at different times
suggest that the initial effects have diminished substantially within
the first few time-steps and the solution has converged to a steady
state. It can be seen that the temperature is minimum at the
impingement points and increases to a higher value at the flow inter-
action stagnation point.

The variations of the Nusselt number along the hot surface are
shown in Fig. 5(b). The sinusoidal variation of the Nusselt number
along the surface shows that the heat transfer is at its highest where
the jets impinge. Further, it shows that the Nusselt number is at its
minimum where the surface temperature is at its highest. The rela-
tively high temperature around the secondary stagnation area, as ex-
plained above, results in smaller temperature gradients lowering the
local Nusselt number around the secondary stagnation point.

3.2. Oscillatory flow

The nozzle arrangement presented in Section 3.1 (S/D = 3 and H/
D = 2.5) is used to show the impact of dynamical behaviour of the
system. Fig. 6 shows the velocity fields and the corresponding tem-



Fig. 4. Velocity field (a) and the temperature distribution (b) for non-oscillatory flow at t = 9 s. The Reynolds number is 250. S/D = 3 and H/D = 2.5.

Fig. 5. Temperature (a) and the Nusselt number (b) variation along the impingement plate for non-oscillatory jets at t = 2, 4, 6, 8 and 10 s for the case shown in Fig. 4.
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perature maps for jets oscillating at 1 Hz with Re = 250 between
t = 8 and 9 s; after the cyclic flow oscillations have been estab-
lished. Fig. 6(a) shows the velocity field and the streamlines at
every 0.25 s interval during one oscillation. It can be seen that
the oscillatory flow periodically alters the flow patterns, in contrast
to steady jets, eliminating the formation of a static stagnation
point. The line of interaction of the wall jets shows a dynamic
behaviour moving between two adjacent nozzles with the same
periodicity as of the jets.

The jet oscillations with a phase angle of p/2 between them give
rise to a periodic vortex (direction of rotation is marked by the ar-
rows in Fig. 6(a)) which switches direction with the periodicity of
the jets. It can be seen that the hot air streams get mixed within the
domain under the influence of these vortices.

The temperature maps corresponding to the velocity maps are
given in Fig. 6(b). A relatively high-temperature region develops
in the area where the wall jets interact and turn upward. This
is due to the adverse effect of the small hot air mass trapped be-
tween the opposing upward turning wall jets. Unlike the case of
steady jets, this air mass entrains into the bulk as the wall jet
velocities are of different magnitudes. This leads to a lower tem-
perature in the region around the wall jet interaction point. This
effect could be clearly seen in Fig. 7(a) which shows the temper-
ature distribution along the bottom surface during the same
interval (between t = 8 and 9 s). It shows that the temperature
distribution oscillates between the two nozzles with a lower tem-
perature than that of the steady jets. Furthermore, it can be seen
that a higher percentage of the surface area is at a lower temper-
ature. Fig. 7(b) shows the corresponding local Nusselt number
distribution. The wider distribution of the high Nu(x, t) values
shows that the heat transfer is effective at most of the surface
area with higher heat transfer rates. The lowest Nu(x,y) values



Fig. 6. Velocity (a) and temperature (b) distribution during a single cycle of oscillatory flow. The variation shown is between t = 8 and 9 s at Reynolds number 250. S/D = 3 and
H/D = 2.5.

Fig. 7. Temperature (a) and the Nusselt number variation along the impingement plate during a single cycle. The Reynolds number is 250. The period is between t = 8 and 9 s.
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correspond to the region where the heat transfer is poor due to
wall jet interaction.

To compare the heat transfer between the steady and oscillating
jets, as described in Section 2.2, the length averaged Nusselt num-
ber Nu(t) is computed for each time-step. Fig. 8 shows the time
evolution of Nu(t) in both cases. The effects of the initial conditions
are strong during the first few time-steps. Nu(t) for steady jets
reaches a constant value of 2.3, whereas the value for oscillatory
jets varies as a periodic sine curve around a mean value of
Nu(t) = 4.4. Despite its time periodic nature, Nu(t) for oscillatory
jets remains well above the values for steady jets showing better
heat transfer efficiency.

3.3. Effect of Reynolds number

Heat transfer rates are generally dependent on the jet strength
defined by the inlet velocity. Since the physical properties of the
fluid and the characteristic length are kept constant, the Reynolds
number characterises the effect of the jet velocity. Therefore,
numerical experiments have been carried out to examine the effect
of the Reynolds number on Nu(t). Fig. 9 shows the effect of increas-
ing Re for H/D and S/D held constant at 2.5 and 3, respectively.
Fig. 9(a) shows the impact of Re on Nu(t) for non-oscillatory jets.
The transient behaviour of Nu(t) for oscillatory jets is shown in
Fig. 9(b). Reynolds numbers considered in both cases are 100,
250 and 500. Nu(t) increases with increasing Re. It can be seen that
oscillatory jets perform better than stationary air jets. The oscilla-
tion amplitude of Nu(t) increases with the Reynolds number.

The overall performance could be captured by evaluating an
overall Nusselt number Nut as given in Eq. (16). Nut values are com-
puted by eliminating the initial effects from the simulations. Fig. 10
shows the behaviour of the overall Nusselt number Nut, against the
Reynolds number Re for different nozzle separations. It can be seen
from Fig. 10 that the heat transfer efficiency of the oscillating jets is
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greatly improved over steady jets by increasing Re for smaller noz-
zle separations. For larger nozzle separations oscillatory jets are
operating at the same efficiency as steady jets for the Reynolds
numbers examined in this work.

3.4. Effect of nozzle separation

Nozzle separation affects the overall heat transfer rates. The
overall Nusselt number as a function of the distance between the
nozzles at constant Reynolds numbers is shown in Fig. 11. It can
be seen that Nut decreases with increasing S/D for oscillatory flow
with a constant Re. For steady jets, Nut reaches a maximum value
around S/D = 5. However, it can also be seen that Nut for steady jets
remains above the values for oscillatory flow for larger separations.
Heat transfer rates for larger nozzle separations could be improved
by oscillating the jets at higher Re.

3.5. Effect of frequency

The influence of the oscillation frequency on heat transfer is
shown in Fig. 12. The jet oscillation frequency varied for the config-
uration S/D = 3 and H/D = 2.5 while keeping the Reynolds number
constant at 250. Frequencies around 10 Hz are ineffective com-
pared to the performance of the frequencies of the order 1 and
100 Hz. At f = 10 Hz, the Nusselt number achieves the lowest value,
indicating poor heat transfer. However, the Nu(t) achieved by oscil-
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Fig. 9. Time variation of Nu(t) for different Reynolds numbers. Pane
lating the jets at 10 Hz has the same magnitude as that of the stea-
dy jet at Re = 250 for the same geometry. The reason for this is that
the oscillation amplitude of the wall jets depends on the separation
and the frequency of the jets. For S/D = 3, the wall jet oscillation
amplitude becomes minimum around f = 10 Hz. As a result, a stag-
nation point similar to that of steady jets forms where the wall jets
interact. The stagnation point vibrates around a fixed position due
to the flow field fluctuations above the wall jets. Therefore, the val-
ues of Nu(t) oscillate around the values closer to that of the non-
oscillatory jets. This also eliminates the periodic fluctuations of
Nu(t). At higher frequencies of the order 100 Hz and above, the wall
jets oscillate laterally with a finite amplitude. As a result, the Nus-
selt number regains higher values.

Another noticeable feature is the time taken before reaching
quasi-steady Nu(t) values when jets are oscillated at high frequen-
cies. This is a residual effect due to the initial condition. Since the
jets are oscillating rapidly, the flow alteration takes time to adapt.
Once the periodic flow patterns are established, heat transfer re-
turns to the normal behaviour.

4. Discussion

In this work, oscillating jet arrays operating cooperatively out of
phase are suggested as a method of improving heat transfer. The
hypothesis tested is that in such flow cells, unlike the steady jets,
the boundary layer will not be fully formed. The wall jet oscillation
is expected to reduce the boundary layer thickness, effectively
improving the heat transfer rates. Further, it was expected that
the dynamic line of interaction as opposed to a fixed position
would enhance heat transfer. Our observations in the numerical
experiments show the hypothesis is well supported.

As opposed to the reported work on a single oscillating jet [9],
where no significant impact due to the oscillation is seen, the pro-
posed mechanism shows a considerable improvement of heat
transfer. Fig. 10 shows that the overall Nusselt number Nut in-
creases with the Reynolds number at a higher rate than for the
steady jets. Increments of Nut for the oscillatory jets over steady
jets, for various nozzle separations at different Reynolds numbers
are shown in Table 5. From this table, it can be seen that the jet
oscillations, as suggested here, are more efficient than conven-
tional steady jets for S/D < 5. However, it can be seen that the in-
crease of Re improves heat transfer. Fig. 10(c) shows that the Nut

value for the oscillating jet has noticeably improved when the Rey-
nolds number increases to 1000 with a gradient predicting rapid
improvement over steady jets. Table 5 shows that the heat transfer
performance improves with higher Reynolds numbers.
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ls (a) and (b) show the steady and oscillatory jets, respectively.



100 200 300 400 500 600 700 800 900 1000
1

2

3

4

5

6

7

8

9

Re

N
u t

100 200 300 400 500 600 700 800 900 1000
2

3

4

5

6

7

8

9

10

Re

N
u t

100 200 300 400 500 600 700 800 900 1000
2

3

4

5

6

7

8

9

10

Re

N
u t

50 100 150 200 250 300 350 400 450 500 550
2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

Re

N
u t

Fig. 10. Variation of Nut with Reynolds number for nozzle separations S/D = 3, 4, 5 and 8. The distance between the nozzle and the hot surface is kept constant at 2.5D. The
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As shown in Section 3.4, the nozzle separation S/D affects the
Nut. The higher separation between the nozzles favours the steady
jets at low Reynolds numbers. This is due to the diminishing mu-
tual influence of the jets. At large nozzle separations, the sweeping
motion of the wall jets only covers a fraction of the surface area
during a single oscillation. This leads to poor heat transfer charac-
teristics. Conversely, steady jets produce wall jets with relatively
constant intensity throughout the whole period giving better heat
transfer efficiencies at large separations. However, the oscillating
jets would operate with better heat transfer efficiencies for larger
separations above a threshold Reynolds number where the wall
jet interactions become dominant.

Using the above argument, one can deduce that the oscillating
jets at low frequencies have no advantage over steady jets if sepa-
rated beyond the distance of mutual influence. At this limit, each
oscillating jet is comparable with the single jet experiments where
the same conclusion is made. This argument is consistent with the
numerical computations of Poh et al. [9]. The Nusselt numbers re-
ported in [9] for a single jet with an oscillation frequency of 1 Hz at



Table 5
Comparison of overall Nusselt numbers for oscillatory ðNuOsc

t Þ and stationary ðNuSta
t Þ jets

Re NuSta
t NuOsc

t
NuOsc

t �NuSta
t

NuSta
t

S/D = 3 S/D = 4 S/D = 5 S/D = 8 S/D = 3 S/D = 4 S/D = 5 S/D = 8 S/D = 3 S/D = 4 S/D = 5 S/D = 8

100 1.60 2.53 3.06 2.60 2.28 2.52 2.52 2.58 0.44 �0.0039 �0.18 �0.01
250 2.34 3.74 4.75 4.49 4.84 4.75 4.43 3.97 1.07 0.27 �0.07 �0.12
500 3.20 5.18 6.74 6.09 6.47 6.17 6.49 5.84 1.02 0.28 �0.04 �0.04

1000 4.39 7.21 9.01 – 8.76 9.27 9.10 – 0.99 0.29 0.01 –

The negative sign states that the oscillatory flow is less effective than the steady flow.
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Re = 500 approximately matches the Nut for S/D = 8 computation
reported in this paper.

Fig. 10(c) shows the existence of a threshold value of Re for S/
D = 5 at which the oscillation becomes more effective than conven-
tional steady jets. Beyond this threshold value of the Reynolds
number,the oscillatory jets become more effective than the steady
jets. Consequently, as Fig. 12 suggests, increasing the frequency in-
creases the heat transfer rates. Therefore, higher heat transfer rates
could be achieved by optimizing the separation and the frequency.
However, the results suggest that effectiveness of frequency de-
pends on the nozzle separation. This, in turn, becomes an opera-
tional and design concern. Therefore, the appropriate frequency
for the selected nozzle separation has to be determined by careful
investigation.

It has been observed that the surface temperature profiles
shown in Fig. 9 for oscillatory jets have lower temperatures than
the equivalent steady flow. Time averaged temperature profiles
for a period of oscillation in both cases are shown in Fig. 13. The
temperature profile for fixed jets has a maximum at the centre of
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the domain where the upward turn of the flow takes place. For
oscillating jets, the temperature profile contains two peaks. Unlike
the case of steady jets, these local maxima occur between the cen-
tre and the nozzles. The difference between the maximum and the
minimum temperatures (Tmax � Tmin) is smaller in the oscillating
jets compared to steady impinging jets. For the steady jets with
S/D = 3 and H/D = 2.5 at Re = 250, the temperature difference
Tmax � Tmin = 47 K whereas for same geometric parameters,
Tmax � Tmin = 10 K for the oscillating jets. This shows that the oscil-
lating flow keeps the cooling surface at a relatively low tempera-
ture with minimum local variations. This feature is beneficial to
many industrial applications where the material subjected to cool-
ing is sensitive to residual stresses.

The mechanism leading to higher heat transfer rates and low sur-
face temperatures is considered to be the periodic disruption of the
boundary layer. Fig. 14 shows the velocity magnitudes in the y direc-
tion (normal to the hot surface) up to one diameter length, for the
steady jets at regular distances along the surface for S/D = 3, H/
D = 2.5 and Re = 250. Each figure contains the velocity profiles for
five time-steps between t = 8 and 9 s. The velocity profiles overlap
for different time-steps, showing that the velocity profile closer to
the bottom remains constant during that period. This indicates that
the boundary layer is formed and maintains a constant thickness at
each spatial point. As a result, the thermal boundary layer remains
undisturbed, imposing a constraint on the heat transfer rate. It is this
regular, time-independent nature of the boundary layer that is tar-
geted by the mechanism suggested in this paper.

Fig. 15 shows the velocity profiles up to one nozzle diameter
length D along the lines normal to the bottom boundary at the
same locations shown on Fig. 14. It shows that during a period of
oscillation, the velocity profiles closer to the boundary vary with
time, indicating that the boundary layer thicknesses also varies
with time. This shows that by oscillating the adjacent jets with a
phase shift of p/2, both thermal and flow boundary layers are con-
stantly disturbed to achieve a better heat transfer performance.

The oscillations of preferred frequency could be achieved in
many ways. Pneumatic and electrically controlled (solenoid) valves
can be used to generate the pulsating flow. The use of a spinning
circular chamber with openings that generate smooth sinusoidal
oscillations are also reported [3]. There is a class of valves called
fluidic oscillators operating on the principle of Coanda effect
[13,14]. Such valves have no moving parts and could be integrated
into existing systems to generate oscillatory flows.
5. Conclusions

The numerical studies presented here on two cooperatively
oscillating slot jets with phase angle p/2 between them, show that
the heat transfer could be improved greatly compared to the use of
conventional steady jets. A hypothesis for the mechanisms for heat
transfer enhancement is proposed with three central features: (i)
the flow boundary layer thickness is minimized on average, (ii)
the thermal boundary layer is disrupted and reformed periodically,
and (iii) the stagnation points are no longer fixed but oscillate. This
mechanistic hypothesis is well supported by the detailed study.
The analysis shows that the overall Nusselt number approximately
doubles for certain nozzle separations (see Table 5) when the jets
are oscillated, indicating that the local heat transfer coefficient
doubles with all other conditions held constant.
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The heat transfer is affected by the frequency f, the separation S/
D and the flow rate. Increasing the separation leads to poor heat
transfer which could be improved by increasing the Reynolds num-
ber (i.e. the flow rate). It has been deduced that for any separation
there will be a threshold Re value beyond which the oscillatory
flow becomes more effective than the conventional approach. For
a given separation, there is a range of frequencies where the heat
transfer would not be improved. Oscillations outside this window
of frequencies improve the heat transfer dramatically.

The time averaged temperature profile shows that the cooling
surface would be at a lower temperature than that of the conven-
tional non-oscillatory jets. Furthermore, the spatial variation of the
temperature is smaller leading to homogeneous cooling; an impor-
tant requirement in some applications, such as cracking due to
residual stresses.
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