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Abstract

Measurements were performed to characterize the effect that a confining plate had on the heat transfer produced by round tur-
bulent impinging jets exiting a long pipe with Reynolds numbers of 17000-28000. It was found that the presence of the confining
plate did not have a large impact on the heat transfer produced by the impinging jets with H/D > 1, but did for the jets with H/
D < 0.5, reducing the local heat transfer in the region r/D = 1.5 by up to 50%. Measurements of the static and fluctuating wall
pressure in the jets indicated that the turbulent fluctuations near the heat transfer surface were reduced in size and convected more
slowly in this region for the confined jets with H/D < 0.5. The location of the decrease in the heat transfer and the fluctuating wall
pressure in the confined jets shifted laterally outward as the nozzle-to-plate distance increased, and seemed to be associated with the

flow reattaching to the confining plate.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Turbulent, round impinging jets are widely used in
practical cooling and drying applications and thus, have
been the subject of numerous investigations to charac-
terize their heat transfer. Many earlier investigations fo-
cused on characterizing the heat transfer produced by
unconfined submerged impinging jets (e.g., Baughn
and Shimizu, 1989; Goldstein et al., 1990; Yan et al.,
1992; Lytle and Webb, 1994). More recently, there has
been increased interest in characterizing the heat trans-
fer produced by confined impinging jets, where the
impinging jet exits an orifice in a large plate (e.g., Col-
ucci and Viskanta, 1996; Fitzgerald and Garimella,
1997; Brignoni and Garimella, 2000; Lee and Lee,
2000). In both cases, the heat transfer produced by the
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impinging jets depends on a number of parameters
including the distance between the nozzle and heat
transfer surface, the jet Reynolds number, and the
geometry of the nozzle.

The development of the flow produced by confined
impinging jets differs from the flow produced by uncon-
fined impinging jets, in part, because the presence of the
confining plate affects the entrainment into the jet and
creates a recirculating flow region below the confining
plate. Obot et al. (1983) compared the heat transfer pro-
duced by confined and unconfined impinging air jets
exiting an ASME nozzle and found that the heat trans-
fer produced by the confined jets was smaller for jets
with nozzle-to-plate distances of 2—12 diameters. Garim-
ella and Rice (1995) and Fitzgerald and Garimella
(1998) examined the flow formed between the plates
for confined impinging jets with nozzle-to-plate dis-
tances of 2-4 diameters and found there was a recircu-
lating flow region that moved toward the jet centerline
as the nozzle-to-plate distance decreased. More recently,
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Nomenclature

nozzle diameter, m
D spectrum of the fluctuating pressure, Pa’/Hz
frequency, Hz
nozzle-to-plate distance, m
heat transfer coefficient, W/m?> K
thermal conductivity, W/m K
u local Nusselt number, 2D/k,
static pressure, Pa
fluctuating pressure, Pa
volumetric flow rate, m>/s
heat flux, W/m>
radial coordinate on the surface, m
e Reynolds number, UD/v
temperature, K
average velocity of the pipe flow, 40/(nD?),
m/s
X spatial coordinate in a Cartesian system, m
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y spatial coordinate in a Cartesian system, m
Greeks

v kinematic viscosity of air, m?/s

P density of air, kg/m*

0 angular coordinate on the surface, deg.
Subscripts

a air

b bottom (heat transfer) wall

conv  convection

elec local electrical heating

J Jet

rad radiation

t top (confining) wall

w wall

Behnia et al. (1999) compared the heat transfer pro-
duced by confined and unconfined impinging jets exiting
a long pipe with a Reynolds number 23000 using a
RANS approach with a v*—f turbulence closure model.
This model predicted that the heat transfer produced
by the confined and unconfined impinging jets were
the same for jets with nozzle-to-plate distances of 2
diameters. However, the heat transfer produced by the
confined impinging jets with nozzle-to-plate distances
of 0.1 and 0.5 diameters were significantly smaller than
that produced by the unconfined jets in the region
r/D = 2.0.

Heretofore, there have not been any experimental
investigations comparing the heat transfer produced by
confined and unconfined jets exiting the same nozzle
for these small nozzle-to-plate distances. Lytle and
Webb (1994) examined the heat transfer produced by
unconfined impinging jets exiting a long pipe with noz-
zle-to-plate distances of 0.1-1 diameters. They found
that there was an increase in the heat transfer in the
stagnation region for these jets with a local maximum
at r/D ~ 0.5 that seemed to be caused by the accelera-
tion of the flow through the gap between the nozzle out-
let and the plate. There was also a significant increase in
the secondary off-axis maximum in the heat transfer that
appeared to be caused by an increase in the turbulence
generated in the jet as it developed. For these small dis-
tances, the addition of a confining plate would have an
significant effect on the development of the flow and
the heat transfer. Moller (1963) and Nakabayashi
et al. (2002) characterized the development of flows exit-
ing a long pipe into a channel between two disks, similar
to the geometry of confined impinging jets. They ob-
served that the flow exiting the pipe reattached to the

confining wall close to the pipe exit in cases where the
nozzle-to-plate distance was small. The reattachment
location moved toward the jet centerline as the nozzle-
to-plate distance decreased and was essentially indepen-
dent of the jet Reynolds number for Reynolds number
greater than 10000.

The objective of the current investigation was to
characterize the effect that the presence of a confining
plate has on the heat transfer produced by impinging
jets exiting a long pipe. Measurements of the heat trans-
fer were performed for jets with nozzle-to-plate dis-
tances of 0.25-6 diameters. The effect of the confining
plate on the flow field was also examined using measure-
ments of the static and fluctuating wall pressure in these
jets. The experimental facilities used in this investigation
are presented in the next section. The results of the
experiments are then presented and discussed. Finally,
the conclusions of the investigations are presented.

2. Experimental methodology

The heat transfer produced by the impinging jets was
measured using the facility shown in Fig. 1, similar to
that used in Gao et al. (2003). The jet in this facility exits
a round pipe with an inner diameter of 12.7 mm and a
length of 96 diameters. The air flow to the pipe from a
compressed air line was filtered and then passed through
a pressure regulator. The air flow rate was measured
using a rotameter and then entered the pipe through a
flow straightening device. The mean velocity profiles
measured at the pipe exit using hot-wire anemometry
for the case of a free jet were in good agreement with
the profiles for a fully developed pipe flow.



N. Gao, D. Ewing | Int. J. Heat and Fluid Flow 27 (2006) 33-41 35

Flow Filter
Straightener O—3

QL D Pressure Compressed
- Regulator Air
Flow
Meter
| Traverse
Aluminum
Bar Nozzle
f I Plexiglas
H } Plate
in s Brass
o / Pivot—"] | b | Bars
0.0254mm Stainless Screw

[ =]

Infrared
Camera PC

Fig. 1. Schematic of the experimental setup.

Steel Foil Heater

The flow exiting the pipe impinged onto a 45.7 cm by
45.7 cm surface mounted perpendicular to the nozzle.
The surface contained two plexi-glass plates mounted
on an aluminum frame with a 50.8 mm gap between
the plates. A 50.8 mm wide, 0.025 mm thick stainless
steel foil, that acted as the heat transfer surface was
mounted in this gap. The length of the stainless steel foil
was shortened for this investigation by mounting two
5mm diameter aluminum rods across this gap at dis-
tances of 90 mm from the jet centerline. The foil was
then attached to adjustable aluminum mounts posi-
tioned below the surface that were used to tension the
foil over the rods. The adjusted mounts were attached
to two 50 mm high plexi-glass plates mounted on either
side of the gap that also acted to contain the air beneath
the heat foil. The remainder of the slot in the top surface
was covered using clear tape. The deflection of the stain-
less steel foil during the experiments was measured using
a dial gauge mounted below the foil and it was less than
0.2 mm (0.016D) in all cases.

The confined impinging jet was formed by mounting
a 40.6 cm by 40.6 cm plexi-glass plate flush with the pipe
exit. The long pipe and the confining plate were
mounted on a traversing mechanism that was used to
change the distance between the nozzle exit and the heat
transfer surface. The distance between the nozzle and
the foil was measured using a digital caliper attached
to this traversing mechanism. The separation distance
between the plates for the confined jet measurements
was also maintained using machined spacers positioned
between the corners of the plates.

The stainless steel foil was heated using a regulated
DC power supply that could produce up to 4500 W/
m? of local electrical heating in the foil. The ends of

the foil were clamped to the adjustable aluminum
mounts using machined square brass bars that were con-
nected to the power supply using heavy gauge wires. The
current through the foil was measured using a meter on
the power supply, while the voltage drop across the foil
was measured using a multi-meter. The uncertainty in
the calculation of the power generated was approxi-
mately 1%. The heat transfer losses from the foil during
the impinging jet experiments were estimated and it was
found that the radiation losses from the foil were the
most prominent, reaching up to 5% of the local heating.
The losses through the air below the foil was estimated
to be less than 1% of the local electrical heating, while
the lateral heat conduction in the foil, estimated from
the temperature gradients on the foil, was less than
0.4% of the local electrical heating in all cases. The latter
two losses were neglected introducing a bias error in
the measurements. This was considered in the error
analysis.

The local temperature distributions on the bottom of
the heated foil were measured using a FLIR THERMA-
CAM SC3000 infrared camera located below the foil.
The thermal camera has a resolution of the 0.02 °C
and a reported accuracy of 1 °C. The bottom of the foil
was coated with candle-soot black paint to increase the
emissivity of the surface. An experiment was performed
to determine the emissivity of the foil’s bottom surface
(and effectively calibrate the thermal camera) by mount-
ing the foil on an isothermal surface (Gao et al., 2003). It
was found that the bottom of the foil had an emissivity
of 0.96 +0.01 over the temperature range of interest
here. This uncertainty in the emissivity resulted in an
uncertainty in the measured temperature of approxi-
mately +0.2 °C. Each temperature distribution reported
here was determined by averaging 100 samples of the
instantaneous temperature distribution measured at
1 Hz. The standard deviations of the local temperatures
computed from these images were less than +0.2 °C, so
the uncertainty in the estimator of the mean should be
less than approximately +0.02 °C.

The local heat transfer coefficient for the impinging
jet was determined by subtracting the estimate of the
local radiation losses from the electrical heating and
using the adiabatic jet temperature as a measure of the
jet temperature; i.c.,

h: qCOHV
TW(?',H) - Tj(rvg)

Gelec — 9rad
= 1
Tyw(r,0) — T;(r,0)’ (1)

where Ty(r, 0) was the local foil temperature and Tj(r, 0)
was the local adiabatic jet temperature determined when
the jet impinged on the unheated surface. Thus, the tem-
perature difference was determined by subtracting mea-
surements performed with the thermal camera reducing
the effect of any bias error associated with the individual
thermal camera measurements. The local adiabatic jet
temperature was uniform to within 0.2 °C and agreed
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with the jet air temperature measured with a thermocou-
ple to within experimental uncertainty.

The uniformity of the heating in the foil was initially
checked by measuring the temperature distribution on
the foil for modest heating when the foil was not cooled
by the jet. The temperature of the foil was found to be
uniform to within experimental uncertainty. The local
Nusselt number distributions on the surface were also
found to be reasonable axisymmetric in all cases. For
example, the distributions of the local Nusselt number
for the unconfined and confined impinging jets with
H/D = 0.25 and Reynolds number of 23000 (the worst
case considered here) are shown in Fig. 2. The profiles
of the local Nusselt number were determined from the
centerline of these local Nusselt number distributions.

The uncertainty in the local Nusselt number and the
Reynolds number reported were characterized using
the approach outlined in Coleman and Steele (1998).
The 95% confidence interval for the Nusselt number
and the exit Reynolds number were approximately 9%
and 7%, respectively. The heat transfer experiments re-
ported here were also repeated four times to characterize
the repeatability of the measurements. The profiles of
the local Nusselt number from these experiments were
within +3% for jets with H/D = 0.25 and +2% for jets
with H/D > 0.38.

The pressure distributions on the surfaces in the con-
fined and unconfined impinging jets were determined by
replacing the top and bottom plates with aluminum
plates that were at least 30.5cm by 30.5cm in size.
The static pressure distributions on both plates were
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Fig. 2. Distributions of the local Nusselt number for (a) the
unconfined jet and (b) the confined jet exiting a long pipe with H/
D =0.25 and Re = 23000.
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Fig. 3. Schematic of the microphone setup used in the pressure
measurements.

measured using arrays of 1.6 mm diameter pressure taps
mounted through the walls and a multi-tube bank of oil
manometers. The fluctuating wall pressure on the bot-
tom wall was measured using a Sennheiser KE4-211-2
microphone that was mounted into 4.7 mm diameter
blind holes machined into the wall to within 1.5 mm of
the surface. A 1 mm diameter hole was machined
through the remainder of the wall at each location as
shown in Fig. 3. The microphone used here had a flat re-
sponse for frequencies between 20 Hz and 10000 Hz and
the experimentally determined resonance frequency of
the sampling system was 8000-9000 Hz, above the fre-
quencies shown here. The microphone was calibrated
using a B&K piston phone type 4220 calibrator before
the measurements. The voltage signals from the micro-
phone were sampled in 100 blocks of 8192 data points
at a frequency of 32768 Hz using a 14-bit A/D board.
The 95% confidence intervals for the static pressure
and the variance of the fluctuating pressure were +5%
and +3-8%, respectively, while the 95% confidence
interval for the magnitude of the fluctuating pressure
spectra was +£20%.

3. Results and discussion

The profiles of the Nusselt number in the region r/
D <4 for confined and unconfined jets with H/
D =0.25-6 and Reynolds number of 23000 are shown
in Fig. 4. The results for the unconfined jet with H/
D=2 and 6 agreed with those reported by Baughn
and Shimizu (1989) for an unconfined impinging jet exit-
ing a long pipe with the same Reynolds number. The
largest discrepancy was less than 5%. The Nusselt num-
bers for the unconfined jets with H/D = 0.25-1 reported
here are approximately 15-20% smaller than those re-
ported by Lytle and Webb (1994) for unconfined jets
exiting a long pipe with a Reynolds number of 23000.
The Nusselt number for the unconfined jet with H/
D =6 reported here and by Baughn and Shimizu
(1989) were approximately 15% smaller than those re-
ported by Lytle and Webb (1994). The cause of this dif-
ference is not known, but this difference in the previous
results was noted by Behnia et al. (1999).
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Fig. 4. Profiles of the Nusselt number for (—) the unconfined jets and
(- - -) the confined jets with Re = 23000. Profiles for the unconfined jets
with (O) H/D =2 and 6 and Re =23000 from Baughn and Shimizu
(1989) and with () H/D =10.25, 0.5, and 6 and Re =23000 from
Lytle and Webb (1994).

The presence of the confining plate did not have a
large impact on the heat transfer produced by the
impinging jets with H/D > 1 in the region r/D <4
examined here. The presence of the confining plate re-
duced the heat transfer in the region r/D > 1.5 in these
cases, but by less than 10% for the jet with H/D =1
and 5% for the jet with H/D =4. The difference de-
creased with H/D until there was no notable difference
for the jet with H/D = 6. The presence of the confining
plate did have a significant impact on the heat transfer
for the impinging jets with H/D < 0.5, particularly in
the region r/D > 1.5 where the heat transfer was reduced
by up to 50%. The increase in the bulk temperature of
the air passing through the channel in the confined jets
was only on the order of 4% of the difference between
the heated wall temperature and the adiabatic jet tem-
perature (or jet temperature). Thus, it was thought that
the increase in the bulk temperature of the air was not
the cause of the decrease in the heat transfer in the con-
fined jets with H/D < 0.5. The Nusselt number in the
confined jets with H/D < 0.5 also decreased relative to

that in the unconfined jets over a short distance, suggest-
ing that there was a change in the flow near the wall. The
location of this decrease in the heat transfer moved to-
ward the jet centerline as the nozzle-to-plate distance
of the jet decreased. Thus, it was thought that it may
be associated with the flow reattaching to the confining
plate.

The development of the flow fields in the confined
and unconfined jets were examined by measuring the
distribution of the static and fluctuating pressure on
the walls. The distributions of the static pressure on
the wall for the confined and unconfined jets with H/
D < 1 are shown in Fig. 5. The static pressures presented
here are gauge pressures and have been normalized by
the dynamic head of the jet, 0.5pU?, where U = Q/4 is
the average velocity of the pipe flow. In all cases, there
was a maximum in the static pressure at the stagnation
point, as expected. The static pressure decreased across
the stagnation region in the unconfined impinging jets
and approached atmospheric pressure at r/D ~ 1. The
normalized pressure at the stagnation point in these jets
was larger than | in part because the centerline velocity
of the jet was larger than the average velocity of the pipe
flow. The static pressure at the stagnation point also in-
creased when the nozzle-to-plate distance decreased
from H/D =1 to 0.25. There was a corresponding in-
crease in the static pressure measured at the pipe en-
trance. There was little change in either pressure for
the jets with H/D > 1. Thus, it was thought that the
pressure increase at the stagnation point was due to an
increase in the pressure difference required to accelerate
the flow through the gap between the nozzle exit and the
plate.

The static pressure distributions for the confined
impinging jets differed from those for the unconfined jets
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Fig. 5. Profiles of the static wall pressure for the unconfined jets (solid
symbols) and the confined jets (open symbols) with H/D: (O) 0.25,
() 0.38, (A) 0.5, and (V) 1.0 and Re = 23000.
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in a number of ways. Most notably, the static pressure
on the walls fell below atmospheric pressure in the re-
gion r/D = 0.6. The negative gauge pressures were sim-
ilar on the top and the bottom walls indicating that the
low pressure region was not associated with the turning
of the flow. There was also a decrease in the static pres-
sure at the stagnation point similar in magnitude to the
minimum in the static pressure, indicating that the pres-
ence of the confining plate did not have a large impact
on the pressure difference required to accelerate the flow
through the gap between the nozzle exit and the bottom
plate. The negative gauge pressure in the channel of the
confined jet was due to the pressure recovery down-
stream of the pressure minimum that is normally associ-
ated with a deceleration or redistribution of the flow.
The location of the minimum in the static pressure
shifted outward as the nozzle-to-plate distance in-
creased, and the pressure recovered to atmospheric pres-
sure at r/D~2.5 and r/D =~ 3.5 for the jets with H/
D =0.25 and 0.5, respectively. These locations were in
reasonable agreement with the reattachment location
determined from the correlation in Nakabayashi et al.
(2002) given by'

%‘ = 6.45(H /D), 2)

where rg was the radius where Nakabayashi et al. (2002)
observed that the flow reattached to the confining plate.
Thus, these results suggest that the increase in the pres-
sure may be associated with the flow attaching to the
upper wall.

It is not clear, though, if the pressure recovery and
the deceleration of the bulk flow is directly related to
the decrease in the heat transfer observed in the wall
jet region of the confined impinging jets. In particular,
the size of the pressure recovery increased significantly
as the nozzle-to-plate distance decreased from H/
D = 0.5-0.25, whereas the reduction in the heat transfer
did not change as much. Lytle and Webb (1994) noted
that the increase in the heat transfer observed in the wall
region of unconfined jets with small nozzle-to-plate dis-
tances seemed to be associated with an increase in turbu-
lent fluctuations in this region. The size of the turbulent
fluctuations near the bottom wall in the jets examined
here were characterized by measuring the fluctuating
pressure on this wall. The standard deviation of the fluc-
tuating wall pressure for the confined and unconfined
jets with H/D =0.25 and 0.5, and the corresponding
profiles of the Nusselt number are shown in Fig. 6.
The fluctuating wall pressure was largest upstream of
the secondary peak in the heat transfer and then de-
creased in the wall jet region. The fluctuating pressure

! It should be noted that the exponent was reported as 0.0668 in
Nakabayashi et al. (2002) but this seems to be a typographical error as
the resulting curve did not fit the reported data, whereas 0.668 did.
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Fig. 6. Comparison of the fluctuating wall pressure and Nusselt
number for (A) or (—) the unconfined jets and (O) or (---) the
confined jets with (a) H/D = 0.25 and (b) H/D = 0.5 and Re = 23000.

in the wall jet region was smaller in the confined imping-
ing jet indicating there was a reduction in the turbulent
fluctuations near the wall.

The frequency spectra of the wall pressure fluctua-
tions for the jets with H/D = 0.25 are shown in Fig. 7.
The pressure spectra in the two jets are similar in the re-
gion r/D < 1.0. There are peaks in the spectra for both
jets that correspond to the passage of quasi-periodic
large-scale motions in these flows. At r/D > 1.5, the
characteristic frequency of the fluctuations in the con-
fined jet are significantly smaller than those in the
unconfined jet, likely due to a deceleration of the flow
near the wall, consistent with the static pressure mea-
surements. The difference between the pressure spectra
in the two jets becomes more significant in the region
¥/D = 2.0 where the spectra measured for the confined
jet are lower in magnitude, particularly at r/D =2.5.
This corresponded to the region where the heat transfer
produced by the confined jet decreased relative to that
for the unconfined jet.

The results are similar for the spectra measured in the
jets with H/D = 0.5 shown in Fig. 8. The spectra again
differed in the region /D > 1.5. In this case, there is a
significant difference in the magnitude of the pressure
spectra in the region /D > 3.0 that corresponds to the
region where heat transfer in the confined jet decreased
relative to the unconfined jet. The change in the spectra
did not occur as rapidly as in the jet with H/D =0.25
and may explain the slower decrease in the heat transfer
for the confined jet with H/D =0.5. There was also
much less difference between the fluctuating wall pres-
sure spectra for the confined and unconfined impinging
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jets with H/D = 1 shown in Fig. 9. Thus, the results indi-
cate that decrease in the heat transfer observed in the
confined jet with H/D < 0.5 was likely due to a decrease
(or at least a change) in the turbulent fluctuations near
the heat transfer surface that seemed to be associated
with the flow reattaching or interacting with the confin-

ing plate. This was much less prominent for the jets with
H/D > 1 in the region examined here.

The measurements were repeated for impinging jets
with Reynolds numbers of 17000 and 28000. The pres-
ence of the confining plate had a similar effect on the
heat transfer in the wall jet region for all three Reynolds
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numbers. For example, a comparison of the Nusselt
number profiles for the jets with H/D =0.25 and 0.5
are shown in Fig. 10. The heat transfer in the wall jet re-
gion is reduced by a similar amount for the three Rey-
nolds numbers. In the unconfined jets, the location of
the secondary peak in the heat transfer shifted radially
outward as the Reynolds number increased, a result that
was similar to the measurements of Lytle and Webb
(1994). This was less the case in the confined impinging
jets. The Reynolds number dependence of the Nusselt
number profiles for confined and unconfined jets were
similar for the jets with the larger nozzle-to-plate dis-
tances but differed for the jets with H/D = 0.25. The
cause of this difference was not clear from the measure-
ments of the static and fluctuating pressure. Further
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Fig. 10. Profiles of the Nusselt number for (—) the unconfined jets and
(- - -) the confined jets with different Reynolds number for (a) H/
D =10.25 and (b) H/D =0.5.

investigation is required to determine the cause of the
change in the Reynolds number dependence of the Nus-
selt number observed for the confined impinging jets
with small nozzle-to-plate distances.

4. Summary and concluding remarks

Measurements were performed to examine how the
presence of a confining plate affected the heat transfer
produced by round, turbulent, impinging jets exiting a
long pipe. The presence of the confining plate did not
have a significant effect on the heat transfer produced
by the impinging jets with H/D > 1, reducing the heat
transfer by only up to 10% for the jet with H/D = 1.
The size of this difference decreased as H/D increased
until there was no notable difference in the heat transfer
produced by the jets with H/D = 6. The presence of the
confining plate did have a significant effect on the heat
transfer produced by impinging jets with H/D < 0.5,
reducing the heat transfer in the region r/D > 1.5 by
up to 50%. In these cases, the heat transfer produced
by the confined impinging jet decreased relative to that
produced by the unconfined jet over a short distance,
indicating that there was a change in the turbulent flow
near the wall.

The development of the flows in the impinging jets
were examined using measurements of the static and
fluctuating wall pressure. It was found that there was
a region of negative static gauge pressure on the walls
of the confined jets with H/D < 1 that appeared to be
caused by a pressure recovery as the flow reattached to
the confining surface. There was also a significant reduc-
tion in the magnitude of the wall pressure fluctuations
in this region for the confined jets with H/D < 0.5 that
was not observed in the jets with H/D > 1. The decrease
in the wall pressure fluctuations in the confined jets
corresponded to the regions where the heat transfer to
the confined impinging jets decreased relative to the
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unconfined jets suggesting that the decrease in the heat
transfer observed to the confined impinging jets with
H/D < 0.5 was caused by a decrease (or at least a
change) in the turbulent fluctuations near the heat trans-
fer surface. The location of the decrease in the heat
transfer and the fluctuating wall pressure in the confined
jets shifted laterally outward as the nozzle-to-plate dis-
tance increased, and seemed associated with the flow
reattaching to the confining plate.
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