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Abstract-The effect of rotation on jet impingement cooling by an inline array of circular jets in twin 
channeis was studied. impinging jets were in the directton of rotation in one channei and opposite to the 
rotation direction in the other channel. The jets impinged normally on the smooth, heated target wall in 
each channel. The flow exited the channels in a single direction, radially outward, creating cross flow on 
jets at larger radii. Jet rotation numbers and jet Reynolds numbers were varied from 0.0 to 0.0028 and 
5000 to 10 000, respectively. For the target walls with jet flow in the direction of rotation (or opposite to 
the direction of rotation), heat transfer decreased up to 15% (or 20%) as compared to corresponding 
results for non-rotating conditions. This is because the impinging jets were affected by the rotation-inducted 
secondary flows produced by Coriolis, buoyancy and centrifugal forces. 0 1998 Elsevier Science Ltd. All 

rights reserved. 

INTRODUCTION 

In gas turbine engines as turbine inlet temperature 
increases engine thermal efficiency increases. However 
the amount of heat transferred to the turbine blades 
also increases. To achieve reasonable turbine blade 
durability goals the blades are cooled with air 
extracted from the compressor. Several cooling 
methods are empl.oyed such as : film cooling ; aug- 
mented cooling in internal serpentine channels ; and 
impingement cooling on internal blade surfaces. For 
advanced turbine design it is necessary to understand 
and to optimize for engine and turbine operating con- 
ditions, the cooling method employed, and the turbine 
blade geometry. A typical non-rotating turbine blade 
(stator) is hollow and may have a perforated insert 
pressurized with air that produces jets to impinge on 
and cool the interior surfaces of the blade. However, 
due to the design and the mechanical thermal stresses 
for rotating turbine blades, cooling these blades is 
more complicated. Rotation alters the motions of tur- 
bine blade internal coolant flow and hot external 
mainstream flow, and thus heat transfer in and around 
rotating turbine blades. 

For the simple situation of a single circular jet 
impinging normally on a flat, non-rotating, solid wall 
(the +9m*+ WDll\ the Lvll Nmra~lt m,mher Cc&I &W c “U’L,, l”IUl I. .+“““I. llUlll”Il 
(Nu = hD/k) depends on a large number of 
parameters. These parameters include: the jet Rey- 
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nolds number (Rej,t = p rj D/p), the Prandtl number, 
A*~ ‘.A I/r me jer Mach number, the distance between the jet 
nozzle exit and the target wall, the angle of the jet axis 
to the target wall, and the local location on the target 
wall. In addition the nozzle type (i.e. orifice plate, a 
tube, or a contoured nozzle) [l], the jet turbulence 
level profile [2-4], the relative temperature difference 
across the shear layer between the jet fluid and the 
surrounding fluid [5-71, and the roughness of the tar- 
get wall [8-111 affect the local surface heat transfer. 
References [12-161 present literature surveys on jet 
impingement heat transfer. 

For the cooling design of non-rotating turbine 
vanes, important parameters such as the curvature of 
the target wall, the jet nozzle type, size and spacing 
for arrays of jets, and the exit flow configuration are 
important considerations [ 17-241. The exit flow is con- 
strained by the target wall, the jet wall (the wall con- 
taining the nozzles/holes that create the jets), and if 
used by additional wall(s) connecting these two walls. 
However, ref. [25] investigated impingement cooling 
by a single row of circular jets in the concave leading 
edge region of a rotating turbine blade with radially 
outward exiting cross flow. They presented heat trans- 
fer measurements for two model orientations : the jet 
direction was perpendicular to the direction of 
rotation and the jet direction was inclined at an angle 
of 60” to the direction of rotation. This and associated 
MIT GTL reports may be the only data available in 
open literature for rotating impingement heat trans- 
fer. They showed mean heat transfer decreased up 
to 30% relative to stationary results due to rotation 
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NOMENCLATURE 

exposed heated plate surface 
area 
ratio of area of jets-to-exposed heated 
plate surface area (open area ratio) 
impingement jet orifice diameter, 1.59 
mm (0.0625 inch) 
fluid body forces due to rotation 
mass flux based on cross sectional area 
of flow 
heat transfer coefficient 
thermal conductivity of coolant (air) 
local Nusselt number (U/k) for 
rotating conditions 
non-rotating local Nusselt number at 
corresponding location 
heat transfer rate from heated wall to 
test model 
total heat transfer rate to heated wall 
average jet hole Reynolds number 

(P~D/PO 
average jet rotation number @D/q) 
!-E&Z! rl_+nre frrrm axis gf mtgtifi!! tc 
mean radius of test model 
calculated bulk mean coolant 
temperature in channels 

TC measured (and interpolated) coolant 
t,.m..~..-*l...- :.. ,L”,,,,” rr;UliY%Xarulr; 111 CIIL(IIIIC;ID 

7; inlet or jet temperature, ~21-27°C 
7-W local wall (plate) temperature 
V local velocity 
P average velocity 
V” local vertical velocity 
X radially outward distance from test 

model inlet (see Fig. 2) 

(Tw- T,)/Tw wall-to-coolant temperature 
difference normalized by absolute wall 
temperature [“RI. 

Greek symbols 

P air dynamic viscosity 

& 
coolant density 
rotational speed ; rad s-’ in Ro and 
forces, rpm in figures. 

Subscript 
C channel 
CGR_ dllP to Cnrinlis fnrw ___ __ I_____^_ _____ 

CEN due to centrifugal force 

j jet 
W wall (or plate). 

induced buoyancy effects. Also local heat transfer dis- 
tribution near the blade root changes significantly due 
to jet deflection caused by rotation for their operating 
ranges. They concluded rotation effects on heat trans- 
fer, if ignored, would cause large thermal stresses in 
turbine biades. 

The goal of this investigation is to obtain heat trans- 
fer and flow distribution results for and thus extend 
the understanding of internal jet impingement cooling 
in channels under rotating conditions. Specifically, 
the objective is to determine the effect of rotation 
on pressure distributions (flow distributions) in and 
regional surface convective heat transfer on smooth 
target walls in rectangular cross sectioned, orthog- 
onally rotating, twin channels with impingement 
cooling by square arrays of circular jets. Heat transfer 
measurements were obtained for the non-rotating test 
to compare the results with previous investigations. 

TEST STAND AND MODEL 
Figure 1 shows a test rig schematic. Regulated, com- 

pressed air (coolant), throttled by a flow control valve, 
flows through a sharp edge orifice flowmeter, through 
tubing, and through a rotating union at the bottom 
of a rotating shaft. The air then passes through the 
hollow rotating shaft and an aluminum, hollow rot- 
ating arm mounted perpendicularly onto the shaft. 

1 

Finally the coolant passes through the test model and 
exits into the lab. The test model slips into one end of 
the arm and the other end serves as a counter balance. 
An electric motor with an adjustable frequency con- 
troller turns the shaft, arm, test model, a slip ring unit 
and a Scanivaive unit via a toothed beit. A digital 
photo tachometer measures the rotating shaft speed. 

Figure 2 shows the channel walls of the test model 
are parallel or perpendicular to the axes of the rotating 
shaft and the arm, while a symmetry plane exits pass- 
ing through these axes. The test modei consists of twin 
channels of rectangular cross sections (2.18 cm x 0.64 
cm) flanking (in and opposite to the direction of 
rotation) the square cross section supply channel (1.9 1 
cm x 1.91 cm) at a mean rotating radius to jet diameter 
ratio of 397 and has a test model length to jet diameter 
ratio of 151 .O. The jet diameter is 1.59 mm. Circular 
jet orifice holes of length to jet diameter ration of 
5.2 are through the jet walls and connect the supply 
channel to each twin channel. The jet orifice holes 
create jets that impinge perpendicularly on the target 
walls with the distance between the jet hole exit and 
target wall to jet diameter ration of 4.0. The jet arrays 
for both twin channels are square with 30 rows in the 
radial direction with only two jets in each row for 
60 jets per channel, 120 impinging jets in total. The 
distance between jet centers to jet diameter ratio is 
5.0. In the test model, air first enters the supply chan- 
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Fig. 1. Test stand schematic. 

nel, flows through the 120 orifice holes, impinging on 
the target wall in th.e trailing channel and on the target 
wall in the leading channel. It finally exits the test 
model radially outward through one of two rec- 
tanguiar hoies in the end cap of the arm. 

Figure 2 shows the channel walls are each made of 
six isolated copper plate to obtain regionally averaged 

head transfer measurements. For each target wall 
plate, the face is 3.81 cm x 1.91 cm and the thickness 
is 3.2 mm. Ten jets are directly opposite each plate 
with jet area to target wall area ratio of 0.027. Each 
target wall is separately heated by wire resistance hea- 
ters uniformly cemented in grooves on the back side 
of the wall’s copper plates. This creates a nearly uni- 
form wall heat flux boundary condition during heat 
transfer experiments. The target wall copper plates 
are backed by Teflon of 2.5 cm. The other three walls 
in each of the twin channels are similar in construc- 
tion, but remain unheated for tests in this paper. Thin 
1.59 mm wide Teflon partitions separate and insulate 
the copper plates. Thermocouples (T-type, copper- 
constantan) with Teflon-Neflon PFA duplex insu- 

lation) in the plates measure wall temperatures while 
thermocouples in the center of all three channels 
measure local coolant temperatures. The ther- 
mocouples in the channels are at ends of wires pro- 
truding from on jet waii in the suppiy channei and 
from selected Teflon partitions of the jet walls in the 
heated channels (see Fig. 2). These wires remain per- 
pendicular to the walls with coolant flow and rotation. 
An air passage of circular cross section (2.06 cm diam- 
eter) immediately upstream of the heated test model is 
made of Teflon for insulation. A slip ring unit mounts 
directly atop of a hub that connects the shaft to the 
arm. This 100 channel slip ring unit transfers ther- 
mocouple outputs to a data logger interfaced to a 
personal computer and variable transformer outputs 
to the wire resistance heaters. 

Flow distribution measurements are obtained from 
six wall static pressure taps in each of the three chan- 
nels. A nineteenth tap is at the inlet to the supply 
channel. Tubes fl.om thtz taps are routed through the 
center of and connected to a Scanivalve unit mounted 
atop the slip ring unit. The Scanivalve unit contains a 
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Fig. 2. Test model schematic. 

multiport fluid switch, a stepper motor, a differential 
type pressure transducer, and an encoder. The mul- 
tiport fluid switch connects only one pressure tap-port 
combination at a time to the transducer for pressure 
measurement. The motor moves the switch to different 
ports and the encoder indicates the selected tap-port. 
One additional port is connected to a u-tube man- 
ometer for transducer calibration. The Scanivalve 
motor control, input to and output from the pressure 
transducer, and output of the encoder arc also via slip 
ring channels. The Scanivalve motor controller, the 
pressure transducer power supply and amplifier, a 
decoder that interprets the encoder output, the adjust- 
able variac transformers that supply electric power to 
the heaters, the data logger, and voltage and amperage 
meters for measurements, are all located on a table 
next to the test stand. 

TEST PROCEDURE AND DATA REDUCTION 

The flow distribution tests are conducted adia- 
batically. This investigation assumes the mass flow 
distribution throughout the test model is relatively 
unchanged by heat addition during heat transfer tests. 
For flow tests, the rotating speed is set and then the 
throttle valve is adjusted for a desired total flowrate. 
An inclined manometer measures pressure drops 
across the sharp edge orifice flowmeter for total flow 
rate calculations. Finally, static pressure readings are 
recorded at all tap locations using the Scanivalve unit. 
Pre- and post-test pressure transducer calibrations are 
performed. For non-rotating flow tests, the leading 
and trailing channel exit pressures at the end cap holes 
are at atmospheric lab conditions. By interpolating 
for inlet and exit jet orifice hole pressures among the 
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measured channel pressures, the orifice pressure 
drops, the air jet velocities, the discharge coefficients 
and thus the flow rate ratio in each of the 120 orifice 
jets are calculated. Non-rotating and rotating dis- 
charge coefficients, are calculated using the overall 
mass balance for the test model. The calculations 
assume one-dimensional flow and use ideal gas equa- 
tion of state, continuity, and adiabatic compressible 
flow relations. For rotating tests, interpolations 
among channel pressures also determine the flow in 
each orifice. If a discrepancy occurs for overall mass 
balance the local discharge coefficients are adjusted in 
proportion to the amount of flow through each orifice. 
This preserves the slight increase of discharge 
coefficient with increasing Rc,,,. 

For heat transfer results, regional convective heat 
transfer coefficient h is : 

where qtotal is the heat generated in a copper plate for 
heat transfer tests ; qlosS is the heat loss for a plate ; A, 
is the heat target plate exposed surface area ; T, is a 
plate temperature; and T, is a temperature for the 
rnnlant nrliarmt in the renter nf the hmtd nlatm -yy...IA. I-J..--..’ .- . . . . .,.,..--- .?- . ..- ..-...-.. y.-.Iu 

which is obtained by spatial interpolation between 
measured local air temperatures. For heat transfer 
tests, the rotating speed and overall coolant flow rate 
are set and the transformers adjusted until the desired 
heated wall temperatures are reached. The plate and 
coolant temperatures, the voltages and currents for 
each heater, and the overall flowrate are recorded at 
steady state conditions. Then qtotal (per plate) 
= voltage x current/6.0. The heat loss per plate (q,,,,) 
is the amount of heat conducted into the test model 
and test stand but not convected directly to the cool- 
ant. Tests for heat loss are performed at the same 
rotating speed, witin no cooiant fiow, and with the exit 
end cap holes covered with tape to prevent forced 
convection induced by rotation. Several input power 

levels are used to determine heat losses for all plates 
as functions of their corresponding temperature 
differences between each plate and the surroundings 
(room conditions). 

The uncertainty of the local heat transfer depends 
on the net heat input (qtota,-qQloss) to the coolant and 
the local wall-to-coolant temperature difference. This 
uncertainty increases with decreasing temperature 
difference and decreasing net heat input. Considering 
the method by ref. [26], the typical uncertainty in 
the Nusselt number is estimated less than f8% for 
Re,,, = 10,000. However, the maximum uncertainty 
could be up to f 12% for Retit = 5000 at the largest 
radial location (X/D = 138). The heat conduction 
among a plate and its neighbors is estimated to be 
less than 1% of the net heat input for each plate at 
Re,,, = 5000. However, this percentage decreases to 
0.5% at Rejct = 10000. For Re,,, = 5000, as the 
rotation rate increases from 0 to 800 rpm, the average 
ratios of the heat loss power to the total plate power 

increases from 0.09 to 0.16 for the target walls. At 
Rejet = 10 000, these average ratios increase from 0.06 
to 0.10 as rotation increases. The uncertainty in 
pressure difference decreases from 0.17% at 
Re,,, = 5000 to 0.11% at Re,,, = 10000 of the 
maximum pressure difference for a jet Reynolds 
number. 

EXPERIMENTAL RESULTS AND DISCUSSION 

When considering test model geometry, the Nusselt 
number for target walls with iet impingement in rot- 
ating channels depends on : (1) the ratio of the test 
model’s mean radius to jet diameter, (2) the ratio of 
local radial distance tu jcl diameter, (3) average jel 

Reynolds number, (4) Prandtl number, (5) jet rotation 
number, (6) wall-to-coolant temperature difference 
ratio, (7) jet flow direction with respect to rotation 
direction, and (8) channel geometry (cross section and 
orientation). The functional relationship is expressed 
as : 

Nu =f(r,lD, XiD, Rej,t, Pr, Ro,(T, - ‘T;)/ 

T,, jet direction, channel geometry) (2) 

where Pr = 0.72 and r,/D = 397. Operating con- 
ditions are : Rejet = 5000 and 10000, and R = 0, 400, 
and 800 rpm, combining to produce Ro = 0.0,0.000X, 
0.0015, and 0.0028. For the target walls, the wall- 
to-coolant temperature difference ratio is 0.0855 and 
0.129 for 0 rpm, 0.129 for 400 rpm, and 0.0855 and 
0.129 for 800 rpm. The other three walls in each of 
the twin channels are insulated and unheated. Air 
properties are at the film temperature ( = (T,+ T,)/2). 

Flow distribution 
Non-rotating results. For low speed flows in the non- 

rotating geometries, iocai veiocity changes depend on 
pressure differences or gradients. Figure 3a shows 
channel static pressures versus channel locatinn fnr 

the jet impinging flows under non-rotating conditions. 
However, Fig. 3b shows calculated mass fluxes G, 
( = p=V,) for the channel cross flow direction and Gj 
( = pj~) for the jet flow direction versus channel 
location. By observation, the trend of relative pressure 
differences among the three channel pressures for a 
Reynolds number are the same regardless of Reynolds 
number. Since leading and trailing channel pressures 
are the same for a Reynolds number, the supply-to- 
leading pressure differences and supply-to-trailing 
pressure differences are also the same. Thus, for each 
jet orifice location X/D the jet velocities and local jet 
mass fluxes G, are the same from the supply channel 
toward the leading channel target wall and toward the 
trailing channel target wall. Orifice jet velocities and 
local jet mass fluxes increase with increasing channel 
position (X/D). For the supply channel, as the channel 
location increases the channel pressure increases 
slightly which indicates through flow velocity 
decreases (in the X direction). Mass flow calculations 
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for the supply channel verify this and the velocity is 
zero at the channel end (X/D = 151). The pressures 
decrease for the twin channel as channel location 
increases. Thus, cross flow velocities, the velocities in 
the X (or radial) direction in the twin channels, and 
the local channel mass fluxes G, increase with channel 
location. The cross flow velocities and local channel 
mass fluxes are zero at X/D = 0.0. Thus, the flow 
distribution is symmetric for the non-rotating test 
model with respect to the supply channel centerline. 
Also, all velocities (supply through flow, jet and twin 
channel cross flow) and local mass fluxes (Cc and 
G,) decrease as Rejet decreases. Note the leading and 
trailing channel exit pressures are approximately 

equal for both Reynolds numbers under non-rotating 
conditions. From mass flow calculations the non- 
rotating discharge coefficients increase slightly as 
expected from 0.68 to 0.72 as local Re,,, increases from 
3000 to 13 000, respectively. Also for Rejet = 5000 and 
10 000, the jet Reynolds numbers for all jets as well as 
the channel Reynolds numbers at almost all channel 
locations are in the turbulent regimes. 

As an indicator for bending ofjet flows: local blow- 
ing ratios ( = Gj/G,) and jet-to-cross flow momentum 
ratios ( = p,Gf/(p,Gz)) are easily calculated from Fig. 
3b since values for pc/pj are nearly 1.0. From film 
cooling studies as jet-to-cross flow momentum ratio 
decreases below 1.0, the jets bend in the channel flow 
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Fig. 4. Schematic including velocities and forces. 

direction and attach to the jet wall. However in the 
present study, this momentum ratio remains above 

2.5 even at X/D = 138 and Rej,, = 10000, the lowest 
value. Thus it is unlikely for jets to attach to the jet 
waii soieiy due to cross fiow effects for both non- 
rotating and rotating conditions. 

Rotating results. Flow distribution results for rot- 
ating tests are only slightly more complex than those 
for non-rotation. First as shown in Fig. 4, rotation 
produces centrifugal forces (radially outward), Cori- 
olis forces (in various directions), and buoyancy forces 
(that depend on local air density/temperature vari- 
ations) that create: secondary flows and alter air flow 
in the test model. Second, as for solid body rotation, 
the pressure in the radial (i.e. _X) direction increases 
with radius due to the pressure force opposing the 
fluid centrifugal force. Third, the channels act like 
radial vanes on a pump and transfer energy (in the 
form of pressure and/or velocity) to the air. Finally, 
the arm rotation creates complicated 3-dimensional 
flow and pressure fields around the end cap and thus 
by the leading and trailing channel exits. However it 

is believed that these channel exit flow conditions do 
not significantly affect the flow in the test model. Fig- 
ure 4 also shows qualitative flow schematics for chan- 
nel and jet flow velocities for non-rotating and rot- 
ating conditions. 

Figures 3a and 3b also show pressure and local 
mass flux distributions, respectively, for rotating tests. 
Comparing the jet Reynolds numbers 5000 and 10 000, 
the pressure distributions are similar for rotations and 
non-rotation. The main difference is that the pressure 
difference from the inner radius (X/D = 19) to the 
outer radius (X/D = 144) for any channel and Rey- 
nolds number with rotation is approximately 1.5 kPa 
greater than their corresponding pressure differences 
without rotation. This is due to combined effects of 
the pressure force counteracting the fluid centrifugal 
force and of the pumping action of the channel. How- 
ever, these additions are relatively small and the pres- 
sure differences and gradients for rotation remain 
nearly the same as those without. Also for these Rey- 
nolds numbers and rotation, the trailing channel exit 
pressure is about 850 Pa higher than the leading chan- 
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nel exit pressures. A close examination of Figs. 3a and 
3b reveal that for rotating conditions nearly all of the 
velocities and mass fluxes for the leading channel are 
just slightly greater than those corresponding for the 
tro;l;nn ,.hqmnc,l Ucu‘lll~ bllallllb.l. T!xds ,TAfinE. 4‘3.t o...wv.l., PhO~~Pl “IIIItib JtiL, “LqJ&J’J ti,La31111bL 
through flow, and twin channel cross flow velocities, 
and local jet and channel mass fluxes for a jet Reynolds 
number are nearly the same with and without rotation. 
This indicates that rotation does not significantly alter 
the jet and channel flow distributions when compared 
with those results for non-rotation. 

Heat transfer 
Non-rotating results. Figure 5a shows the non-rot- 

ating target wall Nusselt number (Nzr,) versus channel 
location (X/D) for the Reynolds numbers at 
(r,-- TJ/T, = 0.0855. Additional test results for 
(Tw- TJ/T, = 0.129 (not plotted) are the same as 
their corresponding values for 0.0855. Thus the effect 
of buoyancy forces for non-rotating conditions are 
negligible. Second, for a jet Reynolds number the lead- 

80 

ing channel target wall Nu, values are nearly the same 
as those for the trailing channel target wall. This con- 
firms the test model operates symmetrically for flow 
and heat transfer under non-rotating conditions. 
Third ;“,v.PocP” L1n A,? “nn_rnt~t;nn hT.lQ‘.olt , as Rep III~ICILIOCC. r.” U” II”II-I”caLlll~ I.U~JCII 
numbers. This is because heat transfer increases with 
an increase in jet and cross flow which reduces bound- 
ary layer thickness. 

Figure 5a shows that as X/D increases, Nu, initially 
decreases and then increases slightly at large X/D. This 
is explained as follows. Local convection heat transfer 
at the point of impingement is high and decreases as 
the distance from this point increases. This is due to 
decreasing target wall surface velocity gradients as jet 
fluid spreads on the target walls away from the point 
of impingement. However, as X/D increases, the mag- 
nitude of cross flow velocity V, increases and bends jet 
flow away from the target walls towards the radially 
outward direction. This reduces locally high heat 
transfer at the point ofimpingement. Also, as the cross 
flow develops, the heat transfer initially decreases at 

I 
I I I I I 

0 25 50 75 100 125 150 
X/D 

Figure Sb 

ld 

Fig. 5. Non-rotating results: (a) Nusselt number versus channel location for target wall at 
(r,- T,)/TW = 0.0855 ; (b) wall average Nusselt number versus Rej,, for present data and comparison with 

other investigations. 
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small X/D as for developing flow at a channel 
entrance. Unlike channel flow, however, the heat 
transfer increases further downstream since the 
amount of cross flow increases as the result of added 
:_r la..... TLZ,. -..,.A ..,. ̂ ^ :-,.-,.,.“:__..,.l,.,.~&., ,,,,J:,_+, “* JCL IIVW. 1,115 p’““U’;G> Il‘Llc;aslllg “Ejl”LILy g;ldLlKllLS aL 
the surfaces that increase surface heat transfer. Also, it 
can be observed from Fig. 3 that the amount of jet 
flow (G,) increases an X/D increases. Thus as X/D 
increases, regional heat transfer is initially high due to 
jet impingement, and decreases due to developing 
cross flow conditions and jet deflection. It then 
increases slightly at larger X/D due to the combined 
effects of jet deflection, added cross flow, and 
increased jet flow. 

To show the integrity of the experimental method 
and test model, calculated bulk mean coolant tem- 
perature rises from ‘overall energy balances are within 
10 and 35% of the measured local air temperature 
rises for Re,,, = 5000 and 10 000, respectively. Figure 
5b shows Nu,, the 12 plate average of Nu, for the 
leading and trailing target walls, versus Rejet under 
non-rotating condilions. Figure 5b also shows non- 
rotating target wall Nusselt numbers from two types 
of similar investigations. For the first type [5,27] only 
the target wall is he,lted in the channel with the other 
walls unheated which is the same channel wall thermal 
boundary condition as the present data. The geo- 
metric parameters in [5] are (D = 2.01 mm, 
A, = 0.0201, ratio of distance between jet plate and 
tnrcret wnll-to-i& din meter = 1 .I). and ratio of distance ‘-_D_~ ..-__ -- J_‘ - --.------ ___, ..~__ _...__ __ _._...__~~ 
between jet centers-to-jet diameter = 6.25), whereas 
the geometric parameters in [27] are (D = 3.18 mm, 
Af = 0.0276, ratio of distance between jet plate and 
target wall-to-jet dia.meter = 4.0, and ratio of distance 
between jet center+to-jet diameter = 5.0). The Nus- 
selt number values l‘rom the current investigation are 
comparable with the values obtained from [5]. 
However, the heat transfer values obtained from the 
current investigation are higher compared to the 
values from [27]. The second type [28] obtained 
detailed heat transfer measurements under minimum 
crossflow scheme, using a transient liquid crystal 
method with four isothermai channei waiis. The geo- 
metric parameters in [28] are (D = 5.08 mm, ratio 
of distance between jet plane and target wall-to-jet 
diameter = 1.0, and ratio of distance between jet cen- 
ters-to-jet diameter = 8.0). The heat transfer values 
obtained from [28] are higher compared to the values 
in the present study. The difference in results between 
various studies is due to different geometric 
parameters. In general for impingement heat transfer, 
Nu, is proportional to RGf where 0.5<m(0.85. The 
present data follows the same trend. 

Rotating results. Effect of rotation relative to non- 
rotation. Figures 6a and 6b show the effect of rotation 
on the local Nusselt number ratio (Nu/Nu,). Note that 
the Nusselt number ratio is the local Nusselt number 
divided by the corresponding measured local Nusselt 
number for non-rotation (see Fig. 5a). Figure 6a 
shows results for 17ej., = 5000 at rotation numbers 

Ro = 0.0,0.0015 and 0.0028 (a = 0,400 and 800 rpm, 
respectively) and Fig. 6b shows results for 
Rej,, = 10000 at Ro = 0.0, 0.0008 and 0.0015 
(Q = 0.0, 400 and 800, respectively). The results for 
D” cnnn ID, - n nn1 c “wT,i n nn79\ Ok,x.l, totnnt 
lLcjet = J”“” (‘1” - “.““I, auu “.““L”, JU”W LLLl~jcL 

wall Nusselt number ratios for the leading and trailing 
channels are below 1.0 (the non-rotating value) and 
between 0.80 and 0.95. At constant Re,,, as Ro 
increases (Ro = 0.0015 to 0.0028) the differences 
between these target wall Nusselt number ratios and 
1.0 increase. In addition to the flow structures dis- 
cussed above for non-rotating results, new secondary 
flows grow as rotation rate (Q increases due to cen- 
trifugal forces (pR’r), Coriolis forces (@V,,,,,), and 
buoyancy forces (APloca,(Q2r + R V,,,,,)). For the lead- 
ing channel, Fig. 4 shows the secondary flow due 
to the Coriolis force on the channel cross flow; two 
circular patterns in each channel. At the jet hole exit, 
this flow deflects jets away from the leading channel 
target wall. In addition the centrifugal force adds to 
the Coriolis force for jets towards the leading channel 
target wall to further bend jet flow away from the 
leading channel target wall. Also, the Coriolis force 
for the leading channel cross flow is directed away 
from and thus pulls air away from the leading channel 
target wall. But as channel location (X/D) increases, 
the cross flow velocity increases along with the Cori- 
olis forces and the secondary flows. This increases the 
jet bending and the air pulling away from the leading 
channel target wail. Therefore these effects of rotation 
combine to thicken the boundary layer on the leading 
channel target wall and to decrease its heat transfer 
up to 15% as compared with those results for non- 
rotating conditions, For the trailing channel, the sec- 
ondary flow due to the Coriolis force on the channel 
cross flow and the centrifugal force also bend jets 
away from the trailing channel target wall. However 
the Coriolis force for the trailing channel cross flow is 
towards the trailing channel target wall and tends to 
thin the boundary layer of this wall. And as for the 
leading channel, as channel location increases the vel- 
ocities, forces and thus jet deflections increase. There- 

__ ._.. _.~.I, rl_- .__. -IX_. fore for the traiiing channei Larger wau, me net erect 
of rotation is to decrease its Nusselt number ratio up 
to 20% as compared to corresponding non-rotating 
results. 

Figure 6b for Rejet = 10 000 shows Nusselt number 
ratios for the target walls are below 1.0 but between 
0.85 and 0.97. Also at constant Rej,, = 10000, as RO 
increases the differences between the target wall Nus- 
selt number ratios and 1.0 increase. However, these 
differences for lower rotation numbers (Fig. 6b) are 
reduced as compared to those differences as 
Re,,, = 5000 for higher rotation numbers (Fig. 6a). 
Therefore the effect of rotation (to reduce Nusselt 
number ratio) increases as Ro increases. 

The results in Figs. 6a and 6b also show for larger 
channel locations (X/D > 75), the Nusselt number 
ratios for the leading channel target wall are generally 
larger than those Nusselt number ratios cor- 
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Fig. 6. Effect of rotation on target wall Nusselt number ratio at (TW - T,)/TW = 0.129 : (a) Rej.,5000 ; (b) 
Re,,, = 10000; (c)Ro = 0.0015. 

responding for the trailing channel target wall. This is 
explained as follows. As channel location increases, 
the cross flow velocity increases (see Fig. 3b) and 
thus the Coriolis force for the channel cross flow also 
increases under rotating conditions. Figure 4 shows 
the secondary flows due to the Coriolis force on chan- 
nel cross flow constructively combine with the jet vor- 
tical flow in the central region of the leading channel. 
However for the trailing channel these two flows com- 
bine destructively. Therefore for the leading channel, 
warm air is carried away from the target wall, thinning 
its boundary layer and enhancing its Nusselt number 
ratios as compared to those for the trailing channel 
target wall. There, the destructive combination of 
flows creates a relatively stagnant region of air next 
to the trailing channel target wall with relatively large 
boundary layers. 

Effect of Reynolds number. Figure 6c shows the 

effect of Reynolds number on Nusselt number ratio 
while holding at Ro = 0.0015. The rotation number is 
held constant by varying the rotation speed Q and q 
(or Rej,,) : i.e. Q = 400 rpm, Rej,, = 5000 and 0 = 800 
rpm, Rejet = 10 000. The results show Nusselt number 
ratios are within 2% as either Reynolds number or 
rotation speed changes at constant rotation number 
for corresponding walls and channel locations. This 
supports the rotation number for use as a non-dimen- 
sional parameter for rotating impingement results. 

Effect of wall-to-coolant temperature difference 
ratio. Figures 7a and 7b show the effect of the target 
wall-to-coolant temperature difference ratio 
(T, - Tj)/T,,, on Nusselt number ratio for Re,,, = 5000, 
Ro = 0.0028 and for Rej,, = 10000, Ro = 0.0015, 
respectively. In Fig. 7a, the target wall Nusselt number 
ratios for the leading and trailing channels vary within 
20% below 1.0. The main reason is the effect of 
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rotation described above. However as (Tw-T,)/T, 
increases the Nusselt number ratio generally decreases 
by up to 5% while other parameters are held constant. 
The jet. channel, and secondary flows and their cor- 
responding Coriolis forces are in many directions and 
thoroughly mix the air in the channels. This produces 
small local variations of temperature and density. 
Recall the buoyancy body force ((Ap,_, 
(R’r+ R I’,,,,,)) directly depends on local density vari- 
ation. Thus as wall-to-coolant temperature difference 
ratio and thus local temperature and density variation 
increase, these buoyancy forces increase slightly and 
are in the same directions as those for local Coriolis 
and centrifugal forces. Therefore the effect of rotation 
discussed above (which is to reduce Nusselt number 
ratio as Ro increases) increases as (T,+- Tj)/Tw 
increases. 

Also in Fig. 7a, the differences between Nusselt 
number ratios for (Tw- T,)/T,+ = 0.0855 and 0.129 of 
the leading channel target wall are slightly larger than 
those corresponding differences of the trailing channel 
target wall. This is because for the leading channel, 
the constructive combination of flows in the channel’s 
central region (mentioned above) enhances the buoy- 
ancy forces as compared to the destructive com- 
bination of flows (with reduced temperature and den- 
sity variations) in the trailing channel. 

In Fig. 7b results for Rejet = 10 000 and Ro = 0.0015 
show the target wall Nusselt number ratios are at 1 .O 
or within 15% below 1 .O, and as (T, - Tj)/T,,, increases 
the Nusselt number ratios generally decrease up to 
3% at Ro = 0.0015 (versus 5% at Ro = 0.0028 in Fig. 
7a) while other parameters are held constant. Thus as 
discussed above the effect of rotation is reduced as Ro 
and as (T, - Tj)/T,,, decrease. 

Effects of rotation number and wall-to-coolant tem- 
perature dlyference ratio. Figures 8a, 8b, 8c and 8d 
show the effect of rotation number on Nusselt number 
ratio at channel locations X/D = 38, 63, 88 and 138, 
respectively. As discussed above the effect of rotation 
is to decrease Nusselt number ratios as rotation num- 
ber increases. As discussed above the effect of rotation 
is to decrease Nusselt number ratios as rotation num- 
ber (Ro = QD/V,) is a key parameter to correlate 
rotation impingement Nusselt number ratios on both 
the leading and trailing target walls respectively. Fig- 
ures 8a and 8b (X/D = 38 and 63) show as rotation 
number increases, the leading and trailing target wall 
Nusselt number ratios decrease by up to 14%. 
However, Figs. 8c and 8d (X/D = 88 and 113) show 
target wall Nusselt number ratios decrease by up to 
17% for the leading channel and by up to 22% for 
the trailing channel, as rotation number increases. 
It is clear from these figures that for larger channel 
locations (X/D > 75), the constructive combination 
of flows mentioned above in the leading channel 
enhances Nusselt number ratios compared to those 
for the destructive combination of flows found in the 
trailing channels (lower Nusselt number ratios). Also, 
as the coolant-to-wall temperature difference ratio 

increases, the target wall Nusselt number ratio 
decreases for the leading channel and remains nearly 
constant for the trailing channel with other par- 
ameters held constant. 

CONCLUSIONS 

The main conclusions are as follows : 

(1) 

(2) 

(3) 

(4) 

(5) 

For a square array of jets impinging normally on 
one wall in a rectangular channel with cross flow 
in one direction (radially outward) as the exit 
condition, jet and channel cross flow velocities 
increase as channel location increases. For a jet 
Reynolds number, pressure and thus flow dis- 
tributions are almost the same with rotation as 
those without rotation. 
At constant jet Reynolds number and non-ro- 
tating conditions, as channel location increases, 
the leading and trailing target wall Nusselt num- 
bers initially decrease and then slightly increase. 
For non-rotating conditions, the target wall aver- 
aged Nusselt numbers increase with jet Reynolds 
number and have the same trend as other 
researchers. 
As rotation number increases up to 0.0028, the 
target wall Nusselt number ratios for the leading 
(jet flow in the direction of rotation) and trailing 
(jet flow opposite to the direction of rotation) 
channels decrease up to 15 and 20%) respectively, 
below the non-rotating value of 1.0. This is 
because the impinging jets are affected by the 
rotation-induced secondary flows produced by 
Coriolis, buoyancy, and centrifugal forces. 
As wall-to-coolant temperature difference ratio 
(T,.- T,)/T, increases from 0.0855 to 0.129 under 
rotating conditions, the target wall Nusselt num- 
ber ratios decrease up to 5%. 
For parameter ranges in this paper, varying the jet 
Reynolds number while holding other parameters 
constant (Ro constant) had a small effect on target 
wall Nusselt number ratios for both channels. 
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