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Abstract

Steady periodic surface pressure distributions have been obtained for a mechanically pulsed radial jet reattachment
"PRJR# nozzle[ Local time!averaged and average Nusselt numbers have been obtained for air ~ow exiting a PRJR
nozzle and impinging on a ~at plate[ The Nusselt numbers were obtained as a function of the following nondimensional
nozzle parameters] Reynolds number\ nozzle to plate spacing\ exit angle\ Strouhal number "pulsation frequency#\ exit
gap spacing\ and pulsation amplitude[ The nozzle exit gap is cyclically varied for a PRJR nozzle\ causing pulsations in
the ~ow _eld that alter the convective coe.cients and surface pressure distribution when compared to ~ow exiting an
RJR nozzle under similar conditions[ It was shown that the Nusselt number is a strong function of the Reynolds number\
exit angle\ and the combined e}ects of nozzle height\ pulsation amplitude\ and pulsation frequency[ Þ 0888 Elsevier
Science Ltd[ All rights reserved[

Nomenclature

A Fourier coe.cients
B Fourier coe.cients
b nozzle gap
ba gap variation\ bmax−bmin

C constant
Cp pressure coe.cient\

P�−Ps

0
1
r = U1

H height\ surface to top of gap
h convective heat transfer coe.cient
k thermal conductivity

Nu Nusselt number\
h = Rb

k

Ps surface pressure on impingement plate
Pr Prandtl number
Q volumetric supply rate
qo heat ~ux into the plate bottom
qs heat ~ux from the plate surface
r radial distance from the nozzle centerline
Rb nozzle radius
Rs shaft radius
Re Reynolds number\

r = U = b
m
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St Strouhal number\
0
1
p = v = ba"R1

b−R1
s #

QT temperature
Ti sub!surface "internal# temperature
Ts surface temperature
T� supply air temperature

U principle exit velocity\
Q

1p = Rb = bV voltage
UART Universal Asynchronous Receiver Transmitter
x sub!surface depth[

Greek symbols
a thermal di}usivity
U nozzle exit angle\ declination beneath parallel to
plate
m dynamic viscosity
r density
f crank "pulsation# phase angle
v rate of pulsation[

0[ Introduction

Many industries require the removal of heat and moist!
ure in their daily operation[ Examples include the pulp
and paper industry\ the agricultural industry\ the food
processing industry\ as well as the electronics industry[
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Many of these operations involve pliable and semi!solid
media\ which are sensitive to deformation by the high
surface forces that are typically coincident with high con!
vective heat and mass transport[ For certain con!
_gurations\ the radial jet reattachment "RJR# nozzle has
been shown to increase the convective heat and mass
transfer coe.cients while simultaneously reducing sur!
face forces when compared to traditional in!line "cir!
cular# impinging jet nozzles ð0Ł[

Unlike in!line impinging jets\ the ~ow from radial jets
exits at some nearly!radial exit angle[ Quiescent ~uid is
entrained into the jet|s ~ow[ As shown in Fig[ 0\ a ~at
surface beneath the radial jet forms a boundary that
restricts the entrainment ~ow[ For a certain range of
conditions\ this generates a low pressure region between
the jet and the boundary which causes the jet|s path to
curve and eventually impinge onto the ~at plate at some
reattachment radius from the centerline[ A theoretical
analysis of laminar and turbulent radial jets ð1Ł indicated
the degree to which the radial jet would curve towards
the plate[ This analysis evaluated the dependence of RJR
~ow _eld parameters on nozzle parameters including exit
angle\ nozzle radius and height per exit gap\ gap Reynolds
number\ and a turbulent spread parameter[

Outside the reattachment zone the ~ow forms into a
radial wall jet with a developing momentum boundary
layer[ Inside the region bounded by the jet and the ~at
plate\ the ~ow forms into a recirculating torroidal vortex[
The existence of the torroidal vortex was numerically
predicted by Lashefski et al[ ð2Ł and experimentally dem!
onstrated by Agnew et al[ ð3Ł[

Carbone|s ð4Ł experimental work investigated the e}ect
of ~ow rates and nozzle geometries on the pressure
coe.cients on the impingement surface and the radial

Fig[ 0[ RJR nozzle and typical ~ow pattern[

reattachment locations[ The experimental results agreed
with the theoretical result that for turbulent RJR\ the
reattachment radius and pressure coe.cients are inde!
pendent of the gap Reynolds number[ A numerical inves!
tigation of laminar RJR by Lashefski et al[ ð5Ł agreed
with the theoretical laminar RJR analysis that the ~ow
_eld was dependent on the gap Reynolds number[

The radial jet impingement forms a reattachment zone\
a circular ring around the centerline\ characterized as a
stagnation region[ The local heat transfer rates on the
surface of the plate are characterized by the three surface
~ow regions[ The heat transfer rates are highest near the
reattachment radius where the ~ow attaches to the ~at
plate[ The heat transfer rates decrease outside the reat!
tachment radius where the ~ow forms a radial wall jet
with a thickening thermal boundary layer[ Inside the
reattachment radius the heat transfer rates are relatively
low\ owing to the recirculation of ~uid in this region[

The heat transfer rates of in!line free jets were shown
to be improved by intermittent ~ow pulsation frequencies
in excess of a critical Strouhal number by Zumbrunnen
and Aziz ð6Ł[ Conversely\ in instances of sub!critical pulse
rates\ the pulsation of impinging in!line free jets can lead
to reduced convective heat transfer[ For sinusoidally
pulsed in!line free jets\ the heat transfer rates have been
shown to be reduced by as much as 06) while square
wave pulsations have been shown to increase the stag!
nation heat transfer coe.cients by as much as 22) for
Strouhal numbers greater than 9[15 ð7Ł[ It has been shown
by Nevins and Ball ð8Ł that for pulsed submerged in!line
jets\ the Nusselt number was independent of pulsation
frequency "between 9 and 07 Hz# for sinusoidal\ square\
and triangular pulsed pro_les[ Castleberry and James ð09Ł
have presented results for a mechanically pulsed radial jet
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reattachment "PRJR# nozzle that show Nusselt number
dependence on pulsation frequency "between 9 and 10
Hz#\ for _xed Reynolds numbers and pulsation ampli!
tudes\ for a submerged air jet[

Brittingham et al[ ð00Ł investigated the e}ects of single
ramp!up or ramp!down variations in the incident ~ow
velocity on the Nusselt number for impinging jets[ Plots
of the instantaneous Nusselt number were reported
for various ~ow velocity disturbance duration ratios[
Equivalent _rst order time constants were calculated for
the instantaneous Nusselt number as a function of the
nondimensional disturbance time[

In a numerical investigation of supply pulsed RJR\ a
limiting frequency was found to exist\ above which the
radial jet fails to reattach to the impingement surface[
However experimental and kÐo numerical results did not
agree due to periodic\ non!axisymmetric blowouts that
dominate the ~ow within the reattachment radius ð3Ł[

This paper presents an experimental investigation of a
PRJR nozzle[ In a PRJR nozzle\ the nozzle exit gap is
cyclically varied\ causing pulsations in the ~ow _eld[ The
e}ect of amplitude and frequency of the mechanical pul!
sations on the heat transfer from a ~at plate will be
presented[ Speci_c mechanisms that would cause an
increase in heat transfer rates include "i# surging of the
reattachment radius causing the location of the maximum
heat transfer to sweep in and out\ "ii# periodic desta!
bilization of the ~ow _eld\ leading to refreshing the ~uid
in the recirculating region\ "iii# ejection of some portion
of the recirculating ~uid displaced by the nozzle diverter\
"iv# increased mixing in the wall jet region and "v# per!
iodic scouring of the boundary layer ð8Ł[

1[ Experimental apparatus

A schematic overview of the PRJR nozzle apparatus
components is shown in Fig[ 1[ At the center of the PRJR

Fig[ 1[ Schematic of experimental setup[

experimental apparatus was a 30[2 mm diameter nozzle
with replaceable diverters and ~ow guides[ Diverters and
~ow guides were made with −09\ 9\ 09\ and 19> exit
angles[

The nozzle assembly was mounted on the end of a 39[3
mm diameter tube\ 04 diameters long[ Close running _ts
in the lower guide and the upper guide:seal allow the
shaft to move up and down[ Nearly!sinusoidal pulsations
of the radial gap are created by the rotation of a variable
crank:connecting link mechanism driven by a DC motor
with speed control:feedback by the acquisition computer[

Air for the nozzle is from the building compressed air
supply[ The air ~ows through a pressure regulator with
a moisture separator\ a settling tank\ a solenoid valve\ a
metering value\ one of two rotameters\ past an RTD
prove and then to the nozzle supply tube[

Two ~at plates\ one for the surface pressure measure!
ments and one for the heat ~uxes\ were mounted in an XÐ
Y traversing gantry[ The gantry is moved by two stepper
motors controlled by an 79175 based PC dedicated as a
slave controller[

Pressure measurements were made using an Omega
Engineering PX069\ piezo!resistive bridge pressure trans!
ducer[ The pressure transducer was installed beneath a
single 9[6 mm diameter hole drilled through a 349 by 449
mm 05 gage ~at plate[

The heat ~ux plate was made from mild steel bar cut\
milled\ and assembled to form a 159 by 399 mm plate 12
mm thick[ Thermoplugs were installed into three holes
bored through the plate[ The thermoplugs were made
from 5[3 mm diameter mild steel rod[ Intrinsic ther!
mocouple junctions were formed on the thermoplug by
resistance welding 23 gage\ type!T thermocouple wire
onto the top and at 4 and 09 mm down the sides[ The
thermocouple junction on the top surface of the ther!
moplug was lapped down to be smooth with the top of
the thermoplug[ The top half of the thermoplug holes
were overbored 9[1 mm[ After installing the thermoplugs\
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the gap was _lled with epoxy[ A micro heat ~ux sensor
manufactured by Vatell Corporation ð01Ł was also
installed in the heat ~ux plate[ The heat ~ux sensor has a
time constant of 521 ms[ The surface temperature and
heat ~ux as measured by the micro heat ~ux sensor com!
pared well with that measured with the thermoplugs at
the same radial location[ The heater mounted beneath
the plate was a 143 by 259 mm\ ~exible rubber\ electric
heater rated at 04[4 kW m−1[ The heater was pressed
against the underside of the plate by a backing of ceramic
_ber insulation and a plate of 05 gage steel[ The ther!
mocouple wires were jacketed in a stainless steel over!
braid to protect them physically and to shield them from
the EM _elds generated by the heater[

2[ Experimental procedure

2[0[ Pressure distribution

The data acquisition program would take 4999
measurements at a rate of 09 999 s−0 and record the
resulting average[ Twenty _ve cycles of data were
acquired for the steady periodic surface pressure
measurements\ averaged\ and recorded[

After data at each radial location had been obtained\
a Fourier analysis was performed to _t the data[ For
each con_guration\ the _rst ten Fourier coe.cients were
calculated and used to plot the surface pressure dis!
tributions presented in the _gurers in this paper[ Pressure
plots of the entire surface for two di}erent PRJR nozzles
were obtained[ The pressure distribution in these plots
were axisymmetric^ therefore\ for all remaining exper!
iments\ data was obtained for a single radial line extend!
ing outward from the nozzle centerline to several nozzle
diameters[

2[1[ Surface heat ~ux distribution

In order to determine the convective heat transfer
coe.cients\ surface heat ~ux measurements were made[
Prior to each heat ~ux measurement the heater and sup!
ply air were turned on until the temperature of the plate
stabilized[ Local surface heat ~uxes were measured along
a single radius extending out from the center line[ The
acquisition program moved the gantry to be a speci_ed
radial location\ waited for thermal equilibrium to be
established\ scanned each thermocouple in the ther!
moplug 49 times and averaged[ A Fourier analysis was
performed to _t the data[ At each location\ the _rst four
Fourier coe.cients were calculated and used to record
the surface temperature distributions as a function of the
nozzle phase angle[ The temperatures of the subsurface
thermocouple scans were averaged over each cycle[

2[2[ Analysis

Calibration of the pressure transducer over the gage
pressure range of −449Ð449 Pa resulted in a linear
relationship between the acquired voltage and the cor!
responding pressure[ Calibration of all nine ther!
mocouple channels also resulted in a linear equation that
di}ered only in the o}set relating the measured tem!
perature and the true temperature ð02Ł[

The heat ~ux plate was modeled as a uniform\ semi!
in_nite solid with a constant heat rate from beneath and
the periodic surface temperature on the top as indicated
in the following equation]

Ts � A9¦ s
m

n�0

An cos"nvt#¦Bn sin"nvt# "0#

Additionally it was assumed that the thermophysical
properties of the plate were constant\ the problem was
steady!periodic and one dimensional[ The solution of this
boundary value problem for the steady!periodic tem!
perature distribution is given by equation "1#\

T � A9¦
qý

ox
k

¦ s
m

n�0

exp 0−xX
nv

1a1
×$An cos 0nvt−xX

nv

1a1¦Bn sin 0nvt−xX
nv

1a1% "1#

where

A9 �
0
m

s
m

i�0

Ti "2#

An �
0
m

s
m

i�0

Ti cos 1pnt Bn �
0
m

s
m

i�0

Ti sin 1pnt[ "3#

This solution indicates that for the heat ~ux plate appli!
cation\ the 88) skin thickness was at most 4[93 mm[
Because the heat ~ux plate was 12 mm thick the semi!
in_nite approximation was justi_ed[

By di}erentiating the temperature distribution and
evaluating the gradient at the surface\ the instantaneous
surface heat ~ux is given by]

qý
s � qý

o−kX
v

1a
×

$ s
m

n�0

zn""An−Bn# cos"nvt#¦"An¦Bn# sin"nvt##% "4#

The local instantaneous convective coe.cient was cal!
culated using]

h"r\t# �
qý

s

"Tsurface−T�#
"5#

2[3[ Uncertainty

Implicit in equation "5# is the assumption that the heat
~ux from the surface of the plate is entirely convective[
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For typical conditions\ the radiant heat transfer from
the surface of the plate was approximately 199 W m−1\
corresponding to a typical total heat ~ux error of 1[7)[

The one!sigma standard deviation of the temperature
measurements was found to be 9[06>C corresponding to
29[22>C at 84) con_dence[ Taking the average of 499
individual measurements reduced the temperature uncer!
tainty to 29[904>C for 84) con_dence[

Propagation of uncertainties in the values used in equa!
tion "5# were calculated and found to typically account
for errors in the convective heat transfer coe.cients of
3[4 W m−1 K−0[ In conjunction with the radiant losses
the uncertainty for the steady state "average# heat transfer
coe.cients was typically 28[7)[

Uncertainties in the values used to evaluate the per!
iodic heat ~ux in equation "4# typically resulted in errors
of 349 W m−1[ Combined with concurrent steady error
and radiant losses\ the local instantaneous heat transfer
coe.cient had typical uncertainties of 202) at 84)
con_dence[

The pressure measurement uncertainty was dominated
by the gauge output uncertainty[ The output uncertainty
resulted in pressure measurement uncertainties of 203[0
Pa\ or typically 24[5) at 149 Pa[ The rated time
response of the gauge was 0 ms\ and was not considered
to be of consequence for the 4Ð29 Hz range of pulsation
rates[

Uncertainties associated with the remainder of the
apparatus included the air ~ow rate uncertainty of 29[6
CFM "26)# at 09 cfm\ the gantry positioning accuracy
of 29[016 mm\ the e}ective gauge location of 21[9 mm\
the nozzle height uncertainty of 29[4 mm\ and the nozzle
to plate orthogonality to 20[9>[ Refer to Castleberry ð02Ł
for the details of the uncertainty analysis[

3[ Results and discussion

All experimental results obtained used air as the work!
ing ~uid with Reynolds numbers based on the nozzle
diameter varying between 0900 and 3038[ The nozzle
diameter was 30[2 mm[ The turbulence intensities were
measured for air exiting both RJR and PRJR nozzles at
a Reynolds number of 0900 "smallest Reynolds number
tested# using hot _lm anemometry at several locations
throughout the ~ow _eld[ The resulting turbulence inten!
sities varied from a few percent to over one hundred
percent^ therefore the ~ow exiting each nozzle was turbu!
lent[

3[0[ Surface pressures

Surface pressure pro_les and convective heat transfer
coe.cients were obtained as a function of non!
dimensional nozzle height above the impingement surface
H:Rb\ nozzle exiting angle U\ nozzle exit gap b:Rb\ pul!

sation frequency v\ and nozzle phase angle f[ Because
of the symmetry displayed in the 1D surface tests for both
the PRJR and the RJR nozzle ð02Ł\ all _gures presented in
this paper show data along a single radius extending
outward from the nozzle centerline[ Refer to Castleberry
ð02Ł for additional surface pressure plots[

The pressure distributions obtained for the PRJR
nozzle show similarities and di}erences when compared
to RJR pressure distributions[ The pressure distributions
as shown in Figs 2 and 3 plot the pressure coe.cient\ Cp\
as a function of the non!dimensional radial position and
the phase angle[ A phase angle of zero represents the fully
opened position "maximum gap spacing\ minimum exit
velocity#\ as the phase angle approaches 079> the nozzle
stem is moving away from the impingement surface until
at 079> the nozzle stem is at its most closed position
"minimum gap spacing\ maximum exit velocity#[ As the
phase angle moves from 079 towards 259>\ the stem is
moving towards the impingement surface and the nozzle
exit area is increasing[

For the case shown in Fig[ 2\ the pulsations were at
the relatively low rate of 4 Hz "St � 9[9940#[ At this rate
the location of the reattachment radius\ the location of
maximum pressure on the surface\ changes very little in
the radial direction[ The pressure distribution within the
reattachment radius is always sub!atmospheric as a result
of the recirculating vortex located under the nozzle[

Figure 3 shows the transient\ local surface pressures
for the same con_guration as shown in Fig[ 2\ but with
pulsations at 08 Hz[ At this higher rate\ several dynamic
e}ects can be seen[ The radial position of the reattach!
ment radius now moves radially in and out as a function
of phase angle[ In Fig[ 3 it moves from a nondimensional
radius of 0[53Ð1[00[ This movement of the reattachment
radius is due to the changing exit velocity and the
changing volume beneath the pulsating diverter[ It is also
evident in Fig[ 3 that the pressure distribution within the
reattachment radius is not always sub!atmospheric as it
is for the 4 Hz pulsation or for similarly con_gured RJR
nozzles[ There is no surface pressure indication of reattach!
ment at phase angles near 169> "maximum rate of gap
opening as the diverter is moving towards the impinge!
ment surface# indicating that the bulk movement of air
under the nozzle at this instant is being pushed toward
the impingement plate by the diverter[ Another notable
feature is this _gure is that the pressure ~uctuations
propagate radially outward into the wall jet region as
a result of the increased mixing caused by the higher
frequency pulsation[

In general\ as the frequency of pulsation increased\ the
maximum pressure increased in magnitude and lagged in
phase[ Movement of the reattachment radius increased as
the ratio of maximum to minimum gap width increased\
because the volume displaced underneath the diverter
increased partially displacing the recirculating air radially
outward[ Negative exit angles produced smaller Cp mag!
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Fig[ 2[ PRJR surface pressure^ pulsing frequency of 4 Hz "St � 9[9940#[

nitudes\ larger reattachment radii\ and sub!atmospheric
time and area averaged surface pressures[

3[1[ Convective heat transfer coef_cient

Convective heat transfer coe.cients were obtained
from both RJR and PRJR nozzles[ The idea behind puls!
ing an RJR nozzle\ thereby creating a PRJR nozzle\ was
to increase the local convective coe.cients within the
reattachment radius[ A mechanical pulsing was employed
in order to disrupt the recirculation region[

The local time!averaged heat transfer coe.cient is
related to the local\ instantaneous coe.cient by

h"r# �
0
1p g

1p

9

h"r\f#df "6#

The average convective coe.cient reported in each _gure

represents the average convective coe.cient for the entire
area given in the respective plot[ The average heat transfer
coe.cient as de_ned by Chyu ð03Ł was utilized\ giving]

h¹ �
0
A g

R

r�9

h"r# 1pr dr "7#

Before a discussion on the experimental results\ it is
important to explain the information found in the _gures
that present local\ time!averaged convective coe.cients[
The information found in each of these _gures contains
the Reynolds number "Re#\ nondimensional exit angle
"theta#\ the nondimensional height "H:Rb#\ and the
maximum and minimum exit gap height "b:Rb#[ The non!
dimensional pulsation amplitude is obtained by taking
the di}erence between b:Rb max and b:Rb min[ The local\
time!averaged convective coe.cients obtained for the
PRJR nozzle are plotted for a minimum of three di}erent
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Fig[ 3[ PRJR surface pressure^ pulsing frequency of 08 Hz "St � 9[9081#[

frequencies[ On several of the _gures presented\ con!
vective data is presented for an RJR nozzle for com!
parative purposes[ The RJR nozzle data corresponds to
either the maximum "b:Rb max#\ the minimum "b:Rb

min#\ or the average nondimensional gap spacing ""b:Rb

min¦b:Rb max#:1#[ In addition\ average convective
coe.cient values are reported based on the radial dis!
tance given in each _gure and are listed as {Nu avg| in
each legend[

3[1[0[ Local\ time!avera`ed results
Changing the Reynolds number of the air exiting the

PRJR nozzle greatly a}ected the local\ time!averaged
heat transfer coe.cient as can be seen in Figs 4Ð6 when
all other parameters were held constant^ H:Rb � 9[7\ b:Rb

min � 9[94\ U � 9\ nondimensional pulsation ampli!
tude � 9[20[ For example\ the maximum PRJR heat

transfer coe.cient shown in Fig[ 6 "Numax ¼ 001 at 19
Hz#\ corresponding to a Reynolds number of 2762 is
approximately 099) larger than the maximum
coe.cient shown in Fig[ 5 "Numax ¼ 44# and 299) larger
than that shown in Fig[ 4 "Numax ¼ 24#\ where the Rey!
nolds numbers were 0825 and 0900\ respectively[ Simply
put\ as the Reynolds number increased\ the jet had less
time to lose momentum to the surroundings resulting
in a greater maximum heat transfer coe.cient at the
reattachment location[ Although the increased con!
vective coe.cients for increased Reynolds number is
intuitive for the positive exit angles\ it is not so intuitive
for the negative exit angle tested[ The reason that the
negative 09> exit angle case behaves similar to the other
angles tested is that the low pressure region of the tor!
roidal vortex located between the reattachment radius
and the bottom of the nozzle pulls the jet toward the
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Fig[ 4[ Local\ time!averaged convective coe.cients from a PRJR nozzle^ St 9[9055 "4 Hz#\ 9[9293 "09 Hz#\ and 9[9470 "19 Hz#[

Fig[ 5[ Local\ time!averaged convective coe.cients from PRJR and RJR nozzles^ St 9[9961 "4 Hz#\ 9[9032 "09 Hz#\ and 9[9178 "19 Hz#[
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Fig[ 6[ Local\ time!averaged convective coe.cients from PRJR and RJR nozzles^ St 9[9925 "4 Hz#\ 9[9960 "09 Hz#\ and 9[9033 "19 Hz#[

impingement surface[ In other words\ the strength of the
vortex compensates for the fact that the jet discharges
with higher momentum angled away from the impinge!
ment surface[ The vortex is created as the ~uid located
beneath the nozzle is entrained into the jet|s ~ow[ The
~at plate beneath the radial jet restricts the entrainment
~ow thus generating a low pressure region between the
jet and the surface which causes the jet|s path to curve
and eventually impinge onto the ~at plate at some
reattachment radius from the centerline[

The location of the e}ective reattachment radius
changed very little as the frequency of pulsation was
varied as is evident in each of Figs 4Ð6[ The location of
the reattachment radius does change positions radially as
illustrated in the instantaneous pressure plots\ however\
after time!averaging over one period\ the location of the
e}ective reattachment radius is relatively independent of
pulsation frequency[ Also of note\ for the range of pulsing
frequencies tested\ the maximum local time!averaged
convective coe.cient from the PRJR nozzle typically fell
below the maximum convective coe.cient from one of
the RJR nozzle cases tested[ The average heat transfer
coe.cient for the PRJR data typically fell between the
averaged RJR data corresponding to the maximum and
minimum gap openings as illustrated in Figs 5 and 6[

The e}ect of exit angle on the convective coe.cient can

be seen in Figs 7Ð09[ The data in these _gures represent all
parameters held constant expect the exit angle that was
varied from −09 to ¦19>[ An exit angle of 9> corres!
ponds to the nozzle stem diverting the exiting air jet
parallel to the impingement surface[ Positive angles repre!
sent the air jet exiting toward the plate\ whereas the
negative angle diverts the air jet away from the plate[
The maximum Nusselt number decreased by nearly 36)\
from 89 to 37\ and the e}ective reattachment radius
moved from r:Rb equal to approximately 0[5Ð1[4 as the
exit angle changed from ¦19>\ Fig[ 09\ to −09>\ Fig[ 7 for
the PRJR nozzle[ The trends of increasing heat transfer
coe.cients and decreasing reattachment radius were
observed in all the cases tested for the PRJR nozzles as
the exit angle became more positive[ Unseen in the _gures
presented\ but the reason for the changing reattachment
radius\ convective data\ and surface pressure is the tor!
roidal vortex underneath the nozzle and the cor!
responding low pressure region that is responsible for the
curvature of the jet as it leaves the nozzle and moves
toward the impingement surface[ The vortex is larger for
the −09> exit angle and becomes smaller as the exit angle
changes to positive angles[

Changing the nozzle height above the impingement
surface led to some interesting results for the PRJR
nozzle[ When all other parameters were held constant
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Fig[ 7[ Local\ time!averaged convective coe.cients from PRJR and RJR nozzles^ St 9[9973 "5 Hz#\ 9[9042 "00 Hz#\ and 9[9182 "10 Hz#[

Fig[ 8[ Local\ time!averaged convective coe.cients from PRJR and RJR nozzles^ St 9[9973 "5 Hz#\ 9[9042 "00 Hz#\ and 9[9182 "10 Hz#[
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Fig[ 09[ Local\ time!averaged convective coe.cients from PRJR and RJR nozzles^ St 9[9973 "5 Hz#\ 9[9042 "00 Hz#\ and 9[9182 "10 Hz#[

and the Reynolds numbers was low "1994 or less#\ as
the nozzle height\ H:Rb\ was changed from 0[2Ð9[7\ the
conditions that gave the maximum heat transfer
coe.cients for the PRJR nozzle at the farthest position\
did not produce the maximum heat transfer when the
PRJR nozzle was located at the closest position to the
impingement surface[ Figure 00 shows that when the
nozzle height was located at a nondimensional position of
0[2\ the lowest pulsation frequency produced the highest
convective heat transfer coe.cient\ independent of the
pulsation amplitudes and minimum gap openings tested[
However\ for a nondimensional nozzle height of 9[7\ the
largest pulsation frequency coupled with the large pul!
sation amplitude\ but independent of the minimum gap
opening\ produced the highest convective heat transfer
coe.cient as can be seen in Figs 5Ð09[

The reason for this unique behavior is that the PRJR
nozzle behavior approaches an RJR nozzle for low pul!
sation rates coupled with the larger nozzle!to!plate spac!
ing[ The rate of change in volume under the nozzle or in
the discharge velocity is not signi_cant enough to produce
changes near the reattachment region[ In contrast\ for
the higher pulsation rates and the smaller nozzle!to!plate
spacing\ the rate of change of volume under the nozzle
causes the reattachment radius to move to and fro e}ec!
tively increasing the area of the greatest heat transfer that
occurs at the reattachment location[

Testing the PRJR nozzle at a Reynolds number near
3999\ the trends described previously did not hold for all
exit angles[ For the cases of the positive 09 and 19> exit
angles\ the higher pulsation rates produced the highest
convective coe.cient no matter the nozzle height or the
minimum gap opening\ as can be seen in Fig[ 01[ At
higher Reynolds numbers\ tests would have needed to be
conducted at greater nozzle!to!plate spacing than were
tested for the behavior described previously to occur as
the time for the air leaving the nozzle and impinging upon
the plate should remain constant[

4[ Conclusions

Surface pressure distributions have been determined
for air exiting a PRJR nozzle and impinging on a ~at
plate[ The time!averaged surface pressure distributions
show that the area within the reattachment radius is
generally subatmospheric for the range of parameters
investigated^ however for some PRJR nozzle con!
_gurations\ there existed small regions within the
reattachment radius that have a pressure greater than
atmospheric for very small periods of time[ In general\
as the frequency of pulsation increased\ the maximum
pressure increased in magnitude and lagged in phase[
Movement of the reattachment radius increased as the
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Fig[ 00[ Local\ time!averaged convective coe.cients from PRJR and RJR nozzles^ St 9[9927 "5 Hz#\ 9[9958 "00 Hz#\ and 9[9021 "10 Hz#[

Fig[ 01[ Local\ time!averaged convective coe.cients from PRJR and RJR nozzles^ St 9[9931 "5 Hz#\ 9[9966 "00 Hz#\ and 9[9036 "10 Hz#[
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ratio of maximum to minimum gap width increased\
because the volume displaced underneath the diverter
increased partially displacing the recirculating air radially
outward^ negative exit angles produced small Cp mag!
nitudes\ larger reattachment radii\ and subatmospheric
time and area averaged surface pressures[

Local time!averaged and average heat transfer
coe.cients\ in the form of Nusselt numbers\ were deter!
mined for air exiting a PRJR nozzle and impinging upon
a ~at plate[ The time!averaged convective coe.cients
have been shown to be strongly dependent upon the
Reynolds number\ exit angle\ and the combined e}ects
of nozzle height\ pulsation amplitude\ and pulsation fre!
quency[ Heat transfer increased as the Reynolds number
increased\ as the exit angle became more positive\ and as
the nozzle height decreased[ For Reynolds numbers of
1994 or less\ the higher pulsation frequencies produced
larger convective coe.cients when the nozzle was pos!
itioned close to the surface "H:Rb � 9[7# and the larger
pulsation amplitude was employed[ In contrast the lower
pulsation frequencies produced larger convective
coe.cients when the nozzle was positioned at the greatest
height tested "H:Rb � 0[2#\ independent of the pulsation
amplitude as the PRJR nozzle behaved like an RJR
nozzle[

Of the speci_c mechanisms that were initially identi_ed
for e}ecting the heat transfer rates for the nozzle par!
ameters tested\ surging of the reattachment radius caus!
ing the location of the maximum heat transfer to sweep
in and out\ ejection of some portion of the recirculating
~uid displaced by the nozzle diverter\ and increased mix!
ing in the wall jet region have been identi_ed in this paper[

It is possible for the average convective coe.cient from
the PRJR nozzle to at least equal\ and possibly exceed\
that from a similarly con_gured RJR nozzle^ however\
for most of the cases tested and all the cases presented in
this paper the average heat transfer coe.cient from the
PRJR nozzle was less than the maximum average heat
transfer coe.cient from the similarly con_gured RJR
nozzle[

The engineering decision concerning which set of
nozzle parameters to choose is dependent upon the appli!
cation and the tradeo} between surface forces and con!
vective heat transfer[ Subatmospheric area!averaged sur!
face forces and the smallest averaged heat transfer
coe.cients corresponded to the negative exit angle\
whereas positive area!averaged surface forces\ although
still small "less than 0 N over 08 599 mm1# and larger
convective coe.cients occurred for the ¦19> exit angle[
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