Int. J. Hear Mass Transfer.
Printed in Great Britain

Vol. 37, No. 2, pp. 269-282, 1994

Effects of interaction between adjacent free
surface planar jets on local heat transfer from
the impingement surface

S. J. SLAYZAK, R. VISKANTA and F. P. INCROPERA

Heat Transfer Laboratory, School of Mechanical Engineering, Purdue University,
West Lafayette, IN 47907, U.S.A.

(Received 3 March 1993 and in final form 14 June 1993)

Abstract—Experiments have been conducted to obtain single-phase, local convection heat transfer
coeflicient distributions along a constant heat flux surface experiencing impingement by two, planar, free-
surface jets of water. Nozzle widths and nozzle-to-heater separation distances were fixed at 5.1 and 89.7
mm, respectively, while two nozzle-to-nozzle pitches (81 and 51 mm) were considered. The ratio of
impingement velocities for the two nozzles, V'*, was varied from 0.47 to 1.0. Interacting wall jets created
by the impinging jets yielded a strong upwelling of spent flow (an interaction fountain), beneath which
convection coefficients were comparable to those associated with the jet impingement regions. With
decreasing V'*, impingement heat transfer coefficients beneath the weaker jet were reduced by the effects
of crossflow imposed by the stronger jet.
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INTRODUCTION

JET IMPINGEMENT heat transfer has long been an area
of active research, and with an ever increasing scope
of applications, the field continues to attract a good
deal of attention. Historically, research has primarily
been concerned with gaseous (submerged) jets, oper-
ating independently or in array, and a review of the
extensive literature published prior to 1979 has been
provided by Martin [1]. Results of particular interest
to this study relate to arrays of jets and the effect of
flow interactions on local heat transfer. Secondary
maxima in transport coefficients have been reported
to characterize the interaction zones, and in some
cases to be comparable to primary maxima associated
with the impingement regions [2-4]. Similar results
were obtained in more recent studies [5-8], which
also showed the secondary peaks to increase with
increasing Reynolds number and decreasing nozzle-
to-nozzle spacing, thereby suggesting that enhance-
ment is related to the amount of momentum retained
by the interacting wall jets.

More recently, interest in high heat flux applications
related to electronic cooling and materials processing
has shifted the focus of attention to submerged and
free-surface liquid jets. However, although much is
being done to study hydrodynamic and thermal con-
ditions associated with a single jet, comparatively little
has been done to study the effects of interactions in
an array of liquid jets. In fact, only one such study could
be identified [9]. Local heat transfer variations pro-
duced by two, interacting free-surface circular jets
were considered, with empbhasis placed on conditions
at the secondary stagnation point associated with the
interaction between opposing wall jets. The authors

report that the interaction zone does not appreciably
affect local heat transfer associated with a single wall
jet, if the interacting flows have already undergone
transition to turbulence. However, substantial heat
transfer enhancement did occur when the interaction
preceded transition within the wall jets.

This study was motivated by the growing import-
ance of free-surface liquid jets in high temperature
materials processing, such as the cooling of hot rolled
steel, and, in particular, by the application of arrays
of such jets. The study focuses on the interaction
between two planar, free-surface jets and on local
convection coefficients in the interaction zone. For an
impingement surface at which a uniform heat flux
was maintained, experiments were performed for slot
nozzles of fixed width (5.1 mm) and heat above the
surface (89.7 mm). Jet impingement velocities were
varied over the range 2.1 < 17, €£45m s, as was
the ratio of velocities associated with the two nozzles
(047 < V* £ 1.0). Two nozzle pitches (51 and 81
mm) were also considered.

EXPERIMENTAL PROCEDURES

The heater module of this study was identical to
that used by Vader er al. [10] and consisted of a
0.66 mm thick Ni-Cr-W-Mo impingement plate,
which was ohmically heated to achieve a uniform
heat flux. To maintain the highest plate temperature
without inducing boiling, the heat flux was fixed at
0.5 MW m~~ for all of the experiments. The plate
was 260 mm long by 35.7 mm wide, and temperature
measurements were made on its bottom surface by
an array of 21 thermocouples. The thermocouples
were spring-loaded against the surface, and a silicone
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A, cross sectional arca of nozzle

D, hydraulic diameter, 44,/S

h local convection heat transfer coefficient

h,  stagnation line heat transfer coefficient

fi average convection heat transfer
cocflicient

k thermal conductivity of the fluid

L distance along the heater surface

P x-displacement between nozzle exits
(nozzle pitch)

Pr Prandtl number of fluid

q local surface heat flux

Reynolds number, V,D,/v

Re; Reynolds number of the jet,
7 LTAY

S wetled perimeter of a nozzle

7T, fluid temperature

NOMENCLATURE

Greck symbols

T, temperature of the heated impingement

surface

', average jet velocity at the nozzle discharge

7, average jet impingement velocity

Vi average impingement velocity for jet on the
fetl {

V, averageimpingement velocity for jeton the |

right
I*  ratio of impingement velocities, /1
width of the jet at impingement i
v displacement from left nozzle midline
along the impingement surface
N, cquilibrium position of the interaction
zone.

¥ kinematic viscosity.

paste (Omegatherm 201: thermal conductivity of
23 W m~! C ', electrical resistivity of 10'* Q m)
was applied to cach thermocouple bead to provide
electrical isolation with good thermal contact. The
thermocouples were positioned at 5.08 mm inter-
vals along the midline of the platc, and for a particu-
lar operating condition, each of the 21 reported tem-
peratures corresponded to the arithmetic mean of
100 readings taken over approximately a 12 min
interval. The 100 readings of a run were taken in
bursts of seven (with the first two ignored). Each
burst took less than one second (i.e. the frequency
within a burst was approximately 7 Hz). The time
between bursts (~ 36 s) was randomly varied to
reduce the effect of frequency related noise. Hence,
there is no single frequency to describe the data
acquisition rate.

Temperatures measured at the bottom surface of
the heated impingement plate were used with a solu-
tion of the two-dimensional heatl equation to obtain
the temperature field within the plate and the dis-
tribution of the convection heat transfer coefficient
along the impingement surface. The solution domain
included 150 nodal points in the flow direction. requir-
ing use of a cubic spline, least square procedurc (o
interpolate associated back surface temperature from
the 21 thermocouple measurcments. Details of the
data reduction procedure are provided by Vader ez al.
[10].

With local temperature and heat fluxes known for
the impingement surface, local convection coefficients
may be computed

"

q

and, in turn, may be used to determine an average

heat transfer coefficient for the surface

7.
- (1,’L)J Vi) [T (x) =T} dx
L/ 0

/I = AT = ; . (r))
(/Ly | [TAx)—TJdx

Although it is not computationally convenient for
design calculations, /i provides a figure of merit for
determining the relative heat transfer effectiveness of
single and dual jet configurations. To facilitate a com-
parison between single and dual jet configurations, L
is cquated Lo the nozzle pitch, and / for a single jet is
calculated over the same region as that for the dual
jet system to which it is being compared. Note that
the product of the local heat transfer coefficient and
temperature difference in the numerator (the local
heat flux) of equation (2) is constant for the heater. An
experimental uncertainty analysis based on accepted
procedures [11] yielded convection coefficient uncer-
tainties of + 18%.

An existing plenum design [12] was modified to
allow two jets to be positioned within 25 mm of each
other (Fig. 1). The jet temperaturcs were measured
just upstream of honeycomb flow straighteners and
were maintained at 30 +0.1°C throughout the exper-
iments. Jet flow rates were measured upstream of the
plena using either of two turbine flowmeters which
were accurate to within 0.5% of full scale (0.08 or 0.02
1s Y. The flow rates were used to determine mean
nozzle discharge velocities, from which impingement
velocities were calculated by correcting for accel-
cration due to gravity while descending to the plate.
The cross-section of the planar nozzles measured 5.1
mm by 127.0 mm on a side. With Reynolds numbers in
the range 24000 < Re;, < 51000 and a development
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FiG. 1. Sectional view of the plena and planar nozzles pos-
itioned over the heater module.

length exceeding fifty hydraulic diameters, nozzle dis-
charge conditions were characterized by a turbulent,
fully developed velocity profile.

After impingement and bifurcation in a multi-jet
system, opposing wall jets collide, forming interaction
fountains which vigorously eject water from the plate.
For the nozzle pitches considered in this study, water
from the fountains impacted the free-surface jets
prior to impingement. Related disturbances were of
sufficient magnitude to affect momentum exchange in
the wall jet interaction zone, causing the fountain to
careen back and forth and to impact either jet with
such force as to cause a momentary loss of coherence.
To stabilize the flow field, jet guards were constructed
of 3.2 mm thick acrylic and securely positioned as
shown in Fig. 2. With the guards in place, the free-
surface jets descended unimpeded to the plate, and
oscillations of the interaction fountain were reduced
to several millimeters. Moreover, the wall jets were less

JET GUARDS

Fi1G. 2. Positioning of the jet guards.
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susceptible to disruption by spent flow reimpinging in
the form of droplets.

To facilitate flow visualization, the heater module
was replaced by an acrylic plate, which permitted visu-
alization from below, and a flow window was installed
(Fig. 3) to circumvent the deleterious effects of splash-
ing and to facilitate visualization from the side. The
flow window assembly included razor-edged splitters
which allowed that part of each jet on the far side of
the acrylic window to impinge normally, while divert-
ing flow on the other side away from the line of sight.
Splashing between the flow and observer was thereby
avoided, and with water wetting the far side of the
window, a clear view of the impingement and inter-
action zones was provided. The flow window was not
used when viewing from below. The acrylic impinge-
ment surface was graduated in 10 mm intervals to aid
in matching flow conditions with heat transfer data.
The flow field was diffusely illuminated from the sige
and slightly above the plate and was recorded using
Kodak TMAX 400 film with an aperture of f/4 at a
shutter speed of 1/500 s. The impingement region was
clearly defined when viewing from below, and the
degree of crossflow could be determined. That is, for
dissimilar jet velocities, the weaker jet may not have
enough momentum to penetrate the wall jet created
by its partner and is deflected before impingement.

A guide to interpreting results obtained by visu-
alizing the flow from below is provided in Fig. 4. The
photographs are representative of jet impingement
and interaction. Wall jet regions to the far left and right
of the impinging jets (1) appear black with bright
streaks (striations) indicating that the free surface is
predominantly smooth with intermittent irregu-
larities. For the smaller impingement velocity, the wall
jets appear glass-like to the eye, revealing fewer stri-
ations and indicating a smoother air-water interface.
In the impingement regions (2) for ¥, =21 ms™ ',
narrow bright lines can be seen to extend across the
width of the plate, delineating the curved free surfaces
of the jets as they impinge. For V, =45 m s™', the
lines are broadened to bands in which conditions
appear mottled. Part of what is seen in the photograph
is the free surface of the jet descending to the plate
(3), as visualized from inside the jet. The mottled
texture is due to ripples in the jet’s free surface, which
are typical of higher velocity flows issuing from a
planar nozzie {13, 14]. Conversely, for the lower vel-
ocity, the falling jet’s free surface (3) is smooth (glass-
like) and appears black in contrast to the curve free
surface at impingement (2). For the higher velocity,
a distinction between regions (2) and (3) is not readily
made because both regions bend light toward the cam-
era. The darker region (4), seen distinctly for the
higher velocity, is a view into the nozzle exit. For the
lower velocity, neither region (3) nor (4) reflects light,
precluding their delineation. In some of the photo-
graphs, bright, clearly defined regions appeared
immediately next to the jets (5) and resulted from light
transmitted by the jet guards.
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F16G. 3. Flow stage/window assembly used for visualization from the side.

Region (6) appears bright becausc the interaction
fountain reflects a good deal of light through the wali
jets. The striations, which represent reflected light
toward the camera in region (1), now appear as dark
lines against the bright background. Likewise, in region
(7), the curved surfaces of the upwelling fountain
shade the camera from light which is reflected from
above. Region (8) which appears lighter than (7), is
a direct view of the maelstrom resulting from the
interaction.

RESULTS AND DISCUSSION

Single jets

Figure 5 provides heat transter cocfficient dis-
tributions for a single impinging jet. Reported stag-
nation heat transfer cocfficients match a correlation
proposed by Wolf ¢ al. [14] to within 5%. That
correlation is

Iy = 0.116(k/w) Re) 7' Pro*. (3)

Downstream local coefficients typically agree with
the correlations of Wolf er «l. to within 12%. The
correspondence is well within the experimental uncer-
tainty and is to be expected since nearly identical
nozzles were used. Due to development of a laminar
boundary layer, there is a sharp reduction in the local
convection coefficient after impingement. Transition
to turbulence subsequently increases the coefficient,
providing a local maximum as the turbulent thermal
boundary layer thickens. Average heat transfer
coefficients werc determined over a region which
extended 81 mm from the stagnation line and cor-
responded to the larger pitch used in the dual jet
cxperiments.

Twin planar jets

For a guarded system, twin planar jets (}* = 1)
generate highly repeatable and nearly symmetric con-
ditions about an interaction zone which is midway
between the jets (Fig. 6). The fountain rises approxi-

mately 100 mm from the plate for ;=21 m s
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Fi1G. 5. Local heat transfer coefficient distributions for single
planar jet impingement.

(Fig. 7), and nearly 800 mm for ¥, = 4.5m s~ ". With
increasing fountain height, more of the spent flow
falls clear of the plate. For the larger velocity, the
interaction zone oscillates by less than 5 mm in either
direction, and the amplitude of the oscillation
increases with decreasing V; to a maximum of approxi-
mately 10 mm at 2.1 m s~ ', This behavior is attri-
buted to the increasing effect which reimpinging spent
flow from the fountain has on the wall jets with
decreasing impingement velocity.

For the unguarded systems (Fig, 6), the impinge-
ment zones become progressively more obscure with
decreasing ¥, as the interaction fountain careens back
and forth, alternately impacting the unprotected jets.
Moreover, as manifested by more intense and random
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Fii. 6. Twin planar jets viewed from below (P = 81 mm).
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Fic. 7. Photograph of twin planar jets and the interaction fountain for V= ¥, = 2.1ms™ ",

striations in the wall jets on either side of the impinge-
ment zones, the free surfaces of the wall jets are
affected by droplets which originate from the inter-
action fountain and strike both the impinging and
wall jets.

Local convection heat transfer coefficient dis-
tributions beneath the twin planar jets are shown in
Fig. 8. The origin is prescribed at the midline of one
jet (arbitrarily defined as the left jer), placing the
midline of the right jet at x = P = 81 mm. A promi-
nent feature of the guarded data is the existence of a
maximum at x = 40 mm, which is comparable to
values in the stagnation regions. Visualization from
below (Fig. 6) identified x = 40 mm as the center of
the interaction zone, where the wall jets experienced
deceleration parallel to and marked separation from
the plate.

Removal of the guards has the expected effect
of providing a more uniform distribution, even in
the impingement regions, where the impingement
momentum is reduced as the interaction fountain
alternately strikes the jets. The time-averaged im-
pingement heat transfer coefficients are thereby
reduced and shifted outward. Due to large oscillations
of the interaction zone, heat transfer in the wall jet
regions is enhanced, just as heat transfer at x = 40
mm is reduced. This time-averaged effect creates a
nearly uniform distribution between the impinging
jets, with a slight maximum remaining at x = 40 mm.
The spatially averaged heat transfer coefficient is only
slightly influenced by the guards, with the chaos

induced by their absence providing weak enhance-
ment. However, differences are within the exper-
imental uncertainty.

Two of the foregoing distributions are compared to
results for a single jet in Fig. 9. With the guards, the
distributions agree well in the common impingement
region (x = 0) and in the corresponding wall jet region
up to x =25 mm. However, the dual jets provide
enhancement in the interaction zone (30 < x <50
mm) and in the second (right) wall jet and impinge-
ment regions (70 < x < 90 mm). However, the effect
on /1 is not pronounced, particularly for ¥, =4.5 m
s~ !, Although the relative amount of spent flow from
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FiG. 8. Local heat transfer coefficient distributions for twin
planar jets (P = 81 mm).
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Fii. 9. Comparison of local heat transfer coefficient dis-
tributions for twin planar jets and a single planar jet
(P =81 mm).

the fountain which impacts the wall jets increases with
decreasing impingement velocity, this reimpingement
does not enhance heat transfer in much of the wall
jet region. Droplets associated with the spent flow
apparently lack the momentum to fully penetrate the
wall jots. or otherwise significantly affect heat transfer.

With a reduction in the nozzle pitch from 81 to 51
mm, flow observations made from below did not ditfer
significantly {rom thosc depicted in Fig. 6, except that
the equilibrium position of the wall jet interaction
zone was located at x, > 25 mm. instead of at 40 mm.

However, as shown in Fig. 10, a reduction in length of

the wall jet region increases the average heat transfer
coefficient. Because the size of the impingement region
1s unaffected by pitch, the impingement zone now
occupies what werc wall jet transitional regions for
the larger pitch. For P = 81 mm, wall jet interactions
do not begin to enhance heat transfer until x x 28
mm : for P = 51 mm this distance is reduced to v = 15
mm, thus circumventing boundary layer growth.
There are two other noteworthy features of twin
planar jets, both of which pertain to unguarded con-
ditions. The first is that heat transfer enhancement
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F16. 10. Local heat transfer coefficient distributions for twin
planar jets (P = 51 mm).
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exists outside of the unguarded jets (x < 0and x > P).
Although this condition exists for both values of P. it
is most evident in Fig. 10, simply because more dalu
are available for x < 0. Enhancement is due to
impingement of the unprotected free-surface jets by
the interaction fountain. While convection coefficients
are slightly reduced by the disturbance in the impinge-
ment zone, the ensuing laminar boundary layer is
turbulated and heat transfer is enhanced. Enhance-
ment is limited to the wall jet laminar/transition region
associated with use of the guards and disappears with
development of a turbulent boundary layer. Note.
howcver, that such conditions would be altered if
there were more than two nozzles in the array, with
placement at x = ~ P and x = 2P. The other featurc
pertains to local convection coefficients in the inter-
action zone. Although such coefficients are unaffected
by pitch when the jets are guarded, it is evident from
Figs. 8 and 10 that more pronounced interaction
peaks exist at the higher velocities for £ = 51 mm.
implying the existence of a more stable interaction
zone. Based on flow visualization from the side, this
increased stability is attributed to the height of the
fountain. When the nozzles were close. droplets
descending [rom the fountain, which would have
otherwise impacted the unprotected {rec-surface jets,
instead struck the nozzles, reducing their disruptive
influence and permitting the establishment of a more
stable interaction zone. For I, = 2.1 ms . the inter-
action zone is not stabilized in this manner because
the apex of the fountain only extends approximately
10 mm above the nozzle discharge. Hence. the nozzles
do not shield the free surface jets and. in fact, the
smaller pitch destabilizes the flow by bringing the free-
surface jets closer to droplets ejected from the weaker
fountain. The heat transfer cocfficient distribution in
the region between the jets is accordingly flattencd.

Unequal planar jets

As the jet impingement velocily ratio was decreased
from unity, guarded jet impingement systems retained
well behaved, clearly defined flow fields (Fig. 11}
Although the interaction zonc shifted towards the
weaker jet with decreasing F*, stable oscillatory con-
ditions were maintained about a new equilibrium pos-
ition. Flow fields were therefore similar to those {or
the twin systems, so long as the interaction zone
remained sufficiently far from the weaker jet
However, when the velocity ratio was reduced 10
V* = 0.67 (¥, = 3.0 m s~ ). this was no longer the
case. The interaction zone moved so close to the right
jet that its oscillations placed it within the impinge-
ment zone. Al this point the jet guard could not pre-
vent the weaker jet from being overwhelmed. and it
served only to intrude upwelling of fluid at the inner
face of the weaker jet. Because the interaction zonc
could no longer be stabilized by guarding the frec-
surface jets, the guarded jet condition was not studied
for 1* < 0.67 and P = 81 mm.
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Stable Interaction Zone

V, =33 m/s

FiG. 11. Unequal planar jets with guards viewed from below (P = §1 mm): (a) V'* = 0.87, (b) ¥* = 0.73.

When jet guards were not used, flow conditions
were characterized by a unique oscillation. When the
interaction zone attempted to assume an equilibrium
position, the fountain preferentially disrupted the
weaker jet due to its close proximity, momentarily
overwhelming the jet and subsequently receding from
the jet. The process repeated itself, and instead of
careening back and forth between well defined free-
surface jets, as in a twin jet system, the interaction
zone repeatedly struck the weaker jet. The effect of
removing the guard may be seen by contrasting Figs.
11{a) and 12(a). Although an interaction zone existed
for I* = 0.73, its location was not fixed. The dynamic
behavior of the interaction zone is shown in the
sequential photographs of Fig. 12(b). With decreasing
velocity ratio, the weaker jet was able to impinge
from time to time, forming a partial interaction
zone, but was typically overcome by the stronger jet
(Fig. 12(c)). For V* = 0.47, an interaction zone was
never observed.

Heat transfer coefficient distributions associated
with unequal jets are shown in Fig. 13. When guards
are used, there is significant enhancement within the
interaction zone, which shifts progressively further to
the right with decreasing ¥'* (Figs. 13(a), (b)). Con-
ditions to the left of this zone are uninfluenced by
the weaker jet, while coefficients in the impingement
region of the weaker jet are reduced slightly, as the
interaction zone draws closer. This reduction is attri-
buted to crossflow effects generated as the oscillating
interaction zone interrupts impingement more fre-
quently.

Convection coefficient distributions for the un-

guarded condition reveal the effect of interactions
between the weaker jet and the fountain. For
V* = (.87 (Fig. 13(a)), the weaker jet is able to sustain
animpingement zone and a distinct wall jet interaction
region. The result is a weak maximum at x & 65 mm,
which is a quasi-equilibrium position about which the
interaction zone oscillates. The effects of the oscil-
lation are also seen in the impingement zone, where
coefficients are reduced by the crossflow. However,
beyond the weaker jet (x = 85 mm), crossflow acts to
enhance heat transfer. For ¥* = 0.74 (Fig. 13(b)),
there is no longer a local maximum associated with
the interaction zone and its oscillation acts to degrade
heat transfer in the impingement zone, while enhanc-
ing heat transfer beyond this zone. For V* < 0.60,
the weaker jet is overwhelmed by the crossflow
imposed by the stronger jet, and heat transfer is only
marginally enhanced in proximity to the weaker jet
(Fig. 13(c)).

Once again, average heat transfer coefficients are
relatively unaffected by the presence or absence of
guards. Although the time-averaging effect of a less
stable interaction zone produces a more uniform dis-
tribution of local coefficients, the total heat transfer
remains approximately the same. Moreover, the
weaker jet has a negligible effect on the average
coefficient for V* < 0.87, irrespective of whether
guards are deployed.

Convection coefficient distributions for a nozzle
spacing of 51 mm are shown in Fig. 14. For V'* = (.87
(Fig. 14(a)), the interaction zone is centered about
X, 2~ 33 mm and is characterized by a prominent
maximum for both the guarded and unguarded con-
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Unstable Interaction Zone

(3) le =45 m!s er =39 m/s

Unstable Interaction Zone
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No Interaction Zone
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© Vi=45 m/s Vi, =27 m/s

Fia. 12. Unequal planar jets without guards viewed from below (P = 81 mm): (a) ¥'* = 0.87, (b F* == (1,73,

(c) V* = 0.60.



Interactions between adjacent free surface planar jets 279

A 45 - 250 -~
10 O 45 39 259 o
1 ® 45 39 256 yes
@ - 39216 -
(a) 0 ! T 1 1 T i H { 1 H
20 0 20 40 60 80 100

hx 1073 (Wim*K]

x [mm}

Fi1G. 13. Local heat transfer coefficient distributions for unequal planar jets (P = 81 mm): (a) V* = 0.87,
(b) V* =0.73, (c) V* = 0.47.
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ditions, Relative to values for a single jet, convection
coefficients in the impingement region of the weaker
jet are reduced, particularly for the unguarded
condition. Beyond this region (x 2 55 mm), there is
some enhancement relative to heat transfer for a single
jet, even with the guard. This behavior reflects the
increasing influence of the interaction fountain on the
weaker jet with decreasing P. For x < 20 mm, heat
transfer coefficients match those of the single
(stronger) jet. The usefulness of the jet guards again
diminished with decreasing V*, and for P = 51 mm
became nonexistent at ¥* x~ 0.83 (in contrast to
I* % 0.67 for P =81 mm). For V*=0.74 (Fig.
14(b)), the oscillating interaction zone encroached on
the impingement zone of the weaker jet, providing
some enhancement relative to a single (stronger) jet,
but yielding coefficients which are lower than those
associated with an independent weaker jet. For
V'* = 0.47 (Fig. 14(c)), the weaker jet had a negligible
effect on the distribution associated with the stronger
jet. In this case the crossflow imposed by the stronger
jet was sufficient to deflect the weaker jet and to nearly
eliminate the effects of impingement on surface con-
ditions.

For ¥V* = 0.87 (Fig. 14(a)), the average coefficient
is enhanced by the weaker jet, and because the
impingement and interaction zones occupy a larger
fraction of the surface area between the jets, average
coefficients exceed those for P = 81 mm (Fig. 13(a)).
At lower velocity ratios, however, average coefficients
are determined principally by the strong jet and the
effect of the pitch becomes negligible.

Enhanced heat transfer in the interaction zone

Heat transfer enhancement observed in the inter-
action zone of colliding wall jets is an important result
of this study and merits further discussion. In particu-
lar, enhancement is believed to be strongly influenced
by the oscillatory nature of the interaction zone.

Consider one of the interacting wall jets to be sep-
arated from the opposing jet by a hypothetical moving
vertical plane which is assumed to be impenetrable
but along which a zero-shear flow may occur (Fig.
15). Oscillation of such an inviscid wall suggests a
mechanism by which cool free-stream fluid could be
routed from the wall jet to the heated surface. If the
barrier moves to the left at the free-stream velocity,
the slower boundary layer flow will not keep pace;
and the faster free-stream fluid will descend to the
surface in its place (Fig. 15(a)). As the inviscid wall
moves back to the right (Fig. 15(b)), high-momentum,
free-stream fluid may experience flow reversal, briefly
driving a small recirculation cell at approximately the
free-stream velocity. Repetition of the foregoing
events would create conditions for which there is
strong mixing and intermittent disruption of the ther-
mal boundary layers in the interaction zone between
opposing wall jets.

Intermittency in impinging liquid jets has recently
been considered by Zumbrunnen and Aziz [15] and
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FiG. 15. Possible contribution of oscillation about an equi-
librium position to thermal boundary layer thinning and
enhanced mixing within a wall jet interaction zone: (a) line
of collision shifts to the left at the free-stream velocity and
cooler free-stream fluid tumbles to the plate in place of slower
boundary layer flow; (b) line of collision shifts to the right
and flow reversal routes high-momentum, free-stream fluid
to the plate.

has been shown to provide heat transfer enhancement
in the impingement and wall jet regions due to a
boundary layer renewal process. The method involves
a high frequency interruption of the flow, which
repeatedly initiates transient heat transfer to a newly
developing boundary layer. Relative to steady state
conditions, heat transfer rates are enhanced during
this transient, but are reduced in the brief period of
time when the flow is stopped. When the frequency is
sufficiently high (~ 100 Hz), benefits outweigh the
penalties of a disrupted flow and there is a net increase
in heat relative to steady impingement. Although the
interaction zones of this study oscillate at a much
lower frequency (~ 1 Hz), boundary layer renewal
and intermittent exposure to cooler, free-stream fluid
may still make an important contribution to heat
transfer enhancement.

CONCILUSIONS

Experiments have been performed to determine
flow conditions and convection heat transfer distribu-
tions associated with two planar, free-surface jets.
Although the jet width and nozzle-to-plate distance
were fixed, impingement velocities and the nozzle
pitch were varied. For twin planar jets (equivalent
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impingement velocities) with guards, the quasi-equi-
librium position of a well-defined, oscillating
interaction zone is midway between the impingement
points. The zone is characterized by a fountain which
results from the interacting wall jets. Qutsidc the inter-
action zone, local heat transfer coefficients associated
with one jet are largely unaffected by the other jet.
Within the stable interaction zone, there is a local
maximum in the heat transfer coefficient which is
comparable to values associated with impingement.
Removal of the guards produces a more unstable flow
ficld which extends the influence of the interaction
zone to all locations between the jets. The local
maximum in the convection coefficient is reduced.
while coefficients for adjoining regions are enhanced.

Hydrodynamically,
impinging jet velocities from unity shifts the quasi-
equilibrium position of the interaction zone toward
the weaker jet. In terms of heat transfer, stable foun-
tains resulting from guarded, unequal jets still pro-
duce their characteristically high peaks. However, as
the interaction zone approaches the weaker jet. the
jet guard loses its efficacy and a stable fountain is
not possible. The peak coeflicient in the interaction
zone is reduced, and eventually eliminated, while con-
vection coefficients in adjoining regions are enhanced.

The ability of stable interaction zones to support
levels of heat transfer comparable to those for jet
impingement was demonstrated for both of the nozzle
pitches studied. When guards are not used and the
velocities are such as to produce an interaction foun-
tain rising higher than the nozzle exits, decreased
nozzle pitch is observed to have a stabilizing influcnce
on the flow fields of unguarded planar jets. The
nozzles act to guard the free jets from droplets
falling from the fountain, the larger peaks are conse-
quently achieved at the equilibrium position.
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