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INTRODUCTION

IMPINGING jets are used in a variety of heat and mass transfer
applications including the glass and metal industries for
cooling, in the paper and textile industries for drying, and
thermal control of high heat flux electronics. Inasmuch as
the heat and mass transfer beneath an impinging jet depend
on the nature of the flow field, a full understanding of the flow
is a prerequisite to understanding the associated transport
phenomena of other scalar quantities. The objective of this
research was to rigorously characterize the stagnation region
flow field of a normally impinging free-surface liquid jet
formed from a fully-developed pipe flow.

Several analytical studies have addressed the problem of
jet impingement. The related case of an infinite, laminar
stagnation flow, which has an exact solution for the Navier—
Stokes equations, has been treated [1, 2]. A similarity solu-
tion was determined where the shape of the velocity profiles
depended only on the coordinate normal to the plane. This
solution reveals the boundary layer to be of constant thick-
ness.

There is only limited work on the flow structure of free-
surface liquid jets. Olsson and Turkdogan examined exper-
imentally the radial flow field of an impinging liquid jet [3].
Nozzle-to-plate spacings of 26 and 64 diameters were used,
and experiments included a variety of liquids with varying
viscosities. Azuma and Hoshino reported LDV measure-
ments inside the radial liquid layer formed by placing axisym-
metric nozzles close to a flat plate [4]. Nozzle-to-plate spa-
cings of 0.07, 0.08 and 0.3 diameters were investigated.
However, no measurements were made of the stagnation
zone. Measured free-surface velocity distributions have been
reported in ref. [5]. Experimental characterization of the
turbulent flow structure in the radial layer (outside the stag-
nation zone) of free-surface jets was presented in ref. [6].
More recently, the turbulent flow structure was characterized
experimentally for the stagnation zone of free-surface liquid
jets issuing from a variety of nozzle types by Stevens et al.
[7]. These measurements accompanied local heat transfer
measurements made in the stagnation zone [8].

Itis clear from the preceding discussion that little has been
done in the experimental characterization of the flow field of
free-surface liquid jets. The objective of this study was to
experimentally explore the stagnation zone flow structure of
impinging free-surface liquid jets issuing from fully-
developed nozzles by measuring local instantaneous liquid
velocities throughout the stagnation region as a function of
nozzle size and flow rate.
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EXPERIMENTAL APPARATUS AND METHOD

Liquid velocities were measured with a TSI laser-Doppler
velocimeter with the optics configured for backscatter oper-
ation. A tenth-wave, front surface mirror was used to reflect
the laser beams through a glass plate onto which the free-
surface liquid jet was impinging, such that the diagnostic
volume was positioned inside the jet. The measurement vol-
ume was moved relative to the stationary experimental setup
by moving the entire LDV system on a three-axis traversing
table with 0.1 mm resolution in each direction. Only the
radial component of velocity was measured in this study.
Further details of the experimental apparatus are available
elsewhere [7, 9].

For each flow and nozzle configuration, a square matrix
of local velocity and turbulence measurements was taken in
a plane perpendicular to the impingement surface and inter-
secting the stagnation streamline of the jet. For each hori-
zontal (radial) traverse, the measurement volume was
initially positioned slightly to one side of the stagnation
streamline, then moved radially across that streamline out
to r/d =~ 0.5 (r and d being the radial coordinate and the
nozzle diameter, respectively). The radial extent of the vel-
ocity measurements was limited at vertical locations well
away from the impingement surface due to the intersection of
the laser beams with the liquid jet boundary. The stagnation
streamline was determined for each radial scan by inter-
polating between discrete measurement locations to locate
the point where the measured radial velocity vanished. The
vertical location of the measurement position relative to the
impingement surface was determined by lowering the LDV
probe volume until the Doppler signal matched the shift
frequency used, indicating zero velocity. This study revealed
that three thousand data points were adequate in char-
acterizing the flow statistics. For most of the data reported
here a single nozzle-to-plate spacing of z,/d = 1 was used.
Here, z, is the dimensional nozzle-to-plate spacing. This was
adopted to avoid problems with jet destabilization at higher
nozzle-to-plate spacings. However, the effect of increased
zo/d on the flow structure was also investigated for a single
Reynolds number (Re = Vd/v, V, being the jet exit velocity)
for zo/d = 2 and 4.

In order to determine the flow regime under consideration,
an approximation was made for the boundary layer thickness
under the finite liquid jet using the relationship between the
hydrodynamic and thermal boundary layer thicknesses, &
and Jr, respectively, 8/6; ~ Pr®*’ where Pr is the fluid
Prandtl number [2]. The thermal boundary layer thickness
may be approximated as d; = k(Ts— T, )/q", where k is the
fluid thermal conductivity, 75 and T, are the local heated
surface and impinging jet temperatures, respectively, and g”
is the imposed plate heat flux. An empirical correlation for
the Nusselt number from Stevens and Webb [10] then results
in estimated maximum hydrodynamic boundary layer thick-

4283



4284

nesses for each nozzle between 0.04 and 0.24 mm. Since the
effective length of the measurement volume was approxi-
mately 0.3 mm on the major axis, no more than a single
measurement in the vertical direction could possibly come
from within the viscous boundary layer. Although this esti-
mate may be very crude, even if it were in error by an order
of magnitude, less than 6% of the data would still originate
from inside the boundary layer. Thus, the velocity measure-
ments reported here are almost exclusively taken from out-
side the hydrodynamic boundary layer. Therefore, these
measurements pertain to the inviscid, free-surface liquid jet
flow regime, and do not directly illustrate the boundary layer
flow under the jet.

Maximum uncertainty in the average jet velocity (mea-
sured with the flowmeters) is estimated to be 7%. Uncer-
tainty in the local velocity measurements (measured with the
LDV) is estimated to be less than 5%. The uncertainty in
location of each measurement is estimated to be +0.3 mm
in the axial direction normal to the plate (z) and +0.1 mm
in the radial direction (r).

RESULTS AND DISCUSSION

A sample of the velocity measurements for two nozzle
sizes and different flow rates is shown in Fig. 1, where the
normalized radial velocity, u/V,, is plotted as a function of
the dimensionless radial coordinate, r/d. The measured mean
velocity exhibits a near-linear variation with radial coor-
dinate, with the exception of a slight downward concavity
observed for z/d > 0.3. At larger z/d, the mean radial vel-
ocities vanish as expected ; the flow is essentially a purely
axial flow at vertical locations far from the impingement
plate. These data are representative of experimental measure-
ments at all Reynolds numbers and nozzle diameters studied.
No boundary layer effects are expected nor observed in Fig.
1, since, as was discussed previously, all measurements pre-
sented here were taken from locations outside the hydro-
dynamic boundary layer.

Since the radial velocities vary nearly linearly with the
radial coordinate, and vanish at the jet centerline, each radial
scan can be characterized by the slope of the profile. This
suggests that the near-plate flow field may be represented by
an equation of the form

u=flzyr (1)

where f(z) is an unknown function of the axial coordinate.
=. Some insight into the form of the unknown function, f(z)
may be gained by considering the continuity equation. and
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FIG. 1. Sample distributions of the measured mean radial
velocity for two nozzle diameters and two Reynolds num-
bers.
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the two momentum equations in their inviscid form. When
combined with equation (1) and appropriate boundary con-
ditions, these equations require that /” =0, so that the
governing equations for inviscid flow may be satistied by a
polynomial, /(z) of order one or zero [9]. Thus

u = (mz+h)r (2

where m and b are constants to be determined. In dimen-
sionless terms

LG

This conclusion is supported by the experimental results
shown in Fig. 2. The dimensionless velocity gradient,
d(u/V,)/d(r/d), is plotted as a function of z/d and nozzle size
for a wide range of Reynolds number. This parameter has
relevance to the stagnation point heat transfer coefficient, as
suggested by previous analytical and experimental work on
free-surface liquid jet impingement heat transfer {7, &, 11].
The gradient appears to fall in a single relatively tight band
without any consistent effect of either nozzle size or Reynolds
number. The data follow a straight line for 0 < z/d < 0.5.
The scatter in the ¢ = 2.1 mm data are believed to be due to
higher uncertainty in the calculation of the dimensionless
gradient and determination of the vertical location. Near
zjd = 0.5, the band of gradient data bends sharply and
approaches zero for larger z/d. This deviation from linear
behavior in the mean velocity gradient near z/d = 0.5 can be
explained by noting that in Fig. 1 the profiles exhibit increas-
ing curvature for z/d > 0.3. Any curvature renders the pre-
ceding analysis inapplicable. Other nozzle types have also
been observed to exhibit a linear radial relationship [7]. A
least-squares fit of the data in Fig. 2 for 0 < z/d < 0.5 results
in md*V, = —3.66 and bd/V; = 183. Interestingly, the
value of the velocity gradient at the wall observed in these
data, bd/V; = 1.83, agrees exactly with that from an ana-
lytical study of flow under laminar free-surface liquid jets [11].

Most of the measurements in this study were made at a
nozzle-to-plate spacing of z,/d = 1. Figure 2 also shows data
collected for zo/d = 2 and 4 for a jet with diameter 4 = 14
mm in the Reynolds number range 25800 < Re < 46400.
Clearly, the influence of nozzle-to-plate spacing on measured
velocity gradients is minimal for the range of z,/d and Re
studied. Significantly larger Reynolds numbers and/or noz-
zle-to-plate spacings would be expected to result in differ-
ences from the reported data due to gravitational effects
and/or jet instabilities.

Two additional observations may be made regarding Figs.
1 and 2. First. the measured flow field for an impinging {ree-
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F1G. 2. Dependence of the mean radial velocity gradient on
z/d for all nozzle diameters and Reynolds numbers inves-
tigated.
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surface liquid jet, which can be successfully modeled near
the plate by equation (2), is not described by the infinite
stagnation flow stream function, ¥ = cr 2z, where ¢ is con-
stant [2]. This is significant since many heat and mass trans-
port analyses use the infinite stagnation flow field as an
approximation to the finite jet flow field near the stagnation
point. A different stream function, ¥ = r*(mz*/2+bz), can
be generated from equation (2) which is suggested by the
finite jet data.

Second, the information presented in Fig. 2 permits esti-
mation of the vertical distance from the impingement plate
where the deceleration of the approaching jet is initiated. Let
this distance be denoted z,,(<z,), and consider the limiting
case of a radially uniform axial velocity (v) profile and neg-
ligible acceleration due to gravity. At the point where the jet
begins to decelerate, z = z,, the following conditions hold :

and % =0. (©))]

U, = —Vj
dZ z=2,,

©

These conditions may be applied to the flow field described
by equation (2), and with the experimentally determined
parameters md?/V; = —3.66 and bd/V; = 1.83 (from Fig.
2), an estimate of the deceleration distance z./d =~ 0.5 is
determined. The impingement plate thus influences the
approaching jet only in a vertical region extending approxi-
mately half the jet diameter from the plate. This value of
z,./d also holds for nozzle-to-plate spacings in the range
1 < z,/d < 4, as demonstrated in Fig. 2. It should be emphas-
ized that this analysis applies only to jets for which the
gravitational acceleration and jet contraction are negligible.

For the majority of the measurements of this study Reyn-
olds numbers were chosen so that the acceleration in the jet
due to gravity would be negligible (less than 1% of the
average jet exit velocity). However, a set of measurements
was conducted at deliberately low Reynolds numbers to
study the effect of gravity-induced jet contraction. Figure 3
iltustrates the variation of the normalized radial velocity
component with radial position for Re = 2600 and 5200,
d = 14 mm, z,/d = 1. The velocity distributions are quali-
tatively similar to such plots at higher Re, with the exception
that the lowest flow rate (Re = 2600) exhibits negative radial
velocities at larger z/d, as would be expected for a contracting
jet. The maximum negative radial velocity occurs approxi-
mately 0.4 diameters above the impingement plate. The vel-
ocity gradient distribution for the low Re data are illustrated
in Fig. 4, where the open symbols indicate data normalized
by the jet exit conditions, ¥; and 4. Since the low-Re jet
accelerated and contracted before reaching the plate, ¥; and
d would not be expected to be appropriate for use in the
dimensionless parameters (z/d, r/d, u/V;, and Re). The
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FiG. 3. Low Reynolds-number profiles of the mean radial
velocity, d = 14.0 mm.
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F1G. 4. Mean radial velocity gradient dependence on z/d for
low Reynolds number jets.

dashed line represents a least-squares fit of the band of data
of Fig. 2. As expected, the low Re data fall far outside the
band of higher Re data if the effect of gravity is neglected.
Since the nozzle-to-plate spacing was one diameter, an
adjusted arrival velocity, V3, was determined from the
Bernoulli equation for a distance of one nozzle diameter
from the jet exit. A corresponding constricted jet diameter,
d’, was calculated from continuity considerations. These data
are also shown in Fig. 4 in dimensionless terms normalized
by ¥ and d’ (Re’ = V;d'[v). The use of these contraction
adjustments over-corrects the data. The assumption that the
jet accelerates all the way to the plate introduces significant
error in the dimensionless gradient calculation. Indeed, a
normalization procedure which provides for the low Reyn-
olds number data to lie in the same band as the high Re data
suggests that the jet accelerates to within approximately half
the jet diameter from the impingement plate [9]. This is
consistent with the data of Fig. 2 and accompanying analysis.

CONCLUSIONS

Radial mean velocities in the stagnation region of pipe-
type nozzles (0 < z/d < 1.0 and 0 < r/d < 0.5) were found
to vary linearly with the radial coordinate for a given axial
location. The dimensionless velocity gradient, d(u/V;)/
d(r/d), was found to be linear in z/d. A stream function was
presented which describes the measured velocity field. An
estimate was made for the point where jet deceleration begins
due to the presence of the plate. Limited data from lower
Reynolds number jet flows were considered and found to
support the estimate of the point of initial jet deceleration.
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