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Jet-Impingement Heat Transfer in Rotating Channels
with Staggered Extraction Flow
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The effect of orthogonal channel rotation on jet-impingement cooling by arrays of circular jets in two channels
was studied. Impinging jet flows on smooth target walls were in the direction of rotation in one channel and opposite
to the direction of rotation in the other channel. Spent air exited the channels through extraction holes, staggered
with respect to the impinging jets, in each target wall, which eliminates crossflow on other jets. Experimental heat-
transfer results for these target walls, for the jet walls containing the jet-producing orifices, and for the connecting
sidewalls show that as the jet rotation number increases to 0.0028 these wall Nusselt numbers decrease to 35,
25, and 30%, respectively, below their corresponding nonrotating values. Jet rotation number is a correlating
parameter, and as wall-to-jet temperature difference ratio increases to 0.129 the wall Nusselt numbers vary up
to 10%. Comparisons are made with previous rotating results for target wall heating only and for the radially
outward crossflow exit configuration.

Nomenclature
Awetted = exposed (wetted), heated plate surface area
D, D j = impingement jet orifice diameter −1.59 mm

(0.0625 in.)
De = extraction orifice diameter −2.54 mm

(0.100 in.)
F = fluid body forces as a result of rotation
G = mass flux based on cross-sectional area of flow
h = heat-transfer coefficient
k = thermal conductivity of coolant (air)
Nu = local Nusselt number (h D/k)

for rotating conditions
Nu0 = nonrotating local Nusselt number at

corresponding location
qloss = heat-transfer rate from heated wall

to test model
qtotal = total heat-transfer rate from heated wall
Rejet = average jet hole Reynolds number (ρ j V̄ j D/µ)
Ro = average jet rotation number (�D/V̄ j )
rm = radial distance from axis of rotation to test

model’s mean radius
Tc = measured (and interpolated) coolant

temperature in channels
Tj = inlet or jet temperature, ≈21 to 27◦C
Tw = local wall (plate) temperature
(Tw − Tj )/Tw = wall-to-coolant temperature difference ratio

based on jet inlet temperature
V = local velocity
V̄ = average velocity
X = radially outward distance from test model inlet
µ = air dynamic viscosity
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ρ = coolant density
� = rotational speed; rad/sec in Ro and forces,

rpm in figures

Subscripts

AFH = all film hole exit config. (100% extraction
hole tests)

AW = sidewall A
BW = sidewall B
CEN = caused by centrifugal force
CH = channel
COR = caused by Coriolis force
JW = jet wall
j = jet
TW = target wall
w = wall (or plate)
XF = crossflow exit configuration

Introduction

A DVANCED cooling designs for gas-turbine blades/buckets
have considered impingement by arrays of jets among other

methods such as film cooling and flow in internal channels with
turbulated and/or roughened wall surfaces. The cooling of turbine
components is necessary to meet component durability goals, but
the extraction of coolant from the gas-turbine engine degrades per-
formance. Thus a minimum amount of coolant must be used. The
turbine designer needs to predict the coolant flow accurately, the
internal and external blade/bucket heat transfer, and resulting lo-
cal component temperatures and stresses. In lieu of reliable com-
putational heat-transfer predictions for complicated flow situations
like jet impingement, the designer relies on experimental results
that closest match the cooling geometry and operating conditions.
Blade/bucket rotation creates Coriolis, centrifugal, and buoyancy
forces on these coolant flows that are not present for nonrotating
conditions. These forces alter the coolant motion in direction and
magnitude and thus the convective heat transfer on all of the walls
that form the channel into which the jets flow. The goal of this inves-
tigation is to extend the understanding of internal jet-impingement
cooling in channels for turbine blades/buckets under rotating con-
ditions.

A complete list of known experimental studies in open literature
follows for orthogonally rotating channels with jet-impingement
cooling. Epstein et al.1 showed results in the leading-edge region
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for a single row of jets flowing perpendicular to direction of ro-
tation with exit flow radially outward (creating crossflow on jets
at larger radii). The heat transfer decreased up to 30% below the
nonrotating results. Mattern and Hennecke,2 using the naphthalene
sublimation technique, also investigated the leading-edge region,
but with flow exiting the channel in the blade/bucket chordwise di-
rection. These results showed reductions up to 40%. Parsons and
coworkers.3−5 used the same test stand and same model as for the
present study for jet impingement in channels at the midchord region
with jet flow in and opposite to the direction of rotation. The exit
flow configurations were crossflow radially outward (denoted XF)
and through extraction holes (film cooling holes) in the target walls
(AFH), whereas the wall thermal boundary conditions were target-
wall-only heated (-TWH) and all four channel walls heated-target,
jet, two sidewalls (-4WH): Parsons and Han3 for XF-TWH, Parsons
et al.4 for XF-4WH, and Parsons and Han5 for AFH-TWH. These
papers also showed channel wall heat transfer deceases with rota-
tion, the validity of jet rotation number as a correlating parameter,
and the effect of varying the wall-to-jet temperature difference (jet
buoyancy). This paper completes the preceding set for AFH-4WH.
Akella and Han6,7 also used the same test stand but a different test
model with a two-pass radially outward and radially inward cross-
flow configuration and TWH. Because the jet-exit-to-target-wall
and jet-to-jet spacings were reduced and the channel-flow-to-jet-
flow mass flux ratio Gc/G j was greater compared to those for the
present test model, as jet rotation number increased the decreases
in target-wall heat transfer below the nonrotating results were not
as large. Park et al.8 did not study jet impingent but rather, using
mass-transfer techniques, studied the effects of channel orientation,
ribs, and flow ejection through holes in channel walls (effusion heat
transfer) for rotating channels. Compared to rotating channels with
through flow, trailing-wall enhancement and leading-wall degrada-
tion trends in wall heat transfer were reversed. There are numerous
other stationary jet-impingement studies for jet spacing, target wall
roughness, flow exit configuration, etc., and recently local results
are obtained using liquid crystals and infrared thermometry. Because
of turbulence and the three-dimensional nature of jet-impingement
flow, computational methods have limited success in predicting jet-
impingement heat transfer.

As compared to TWH, the 4WH thermal boundary condition is
important for two reasons. The first is to determine how the target-
wall heat-transfer coefficient changes between TWH and 4WH. Sec-
ondly, although jet impingement directly on the back side of a hot
turbine component wall cools the wall, a significant amount of wall
cooling is also provided by conduction through and the fin effect of
the other walls surrounding the jet impingement channel: these other
walls act as fins for the hot wall. It is the combined effects of all of
the cooling techniques that determine the convective boundary con-
ditions on the cooled and hot gas path sides, and of the component
construction that determine the thermal-mechanical performance of
hot turbine components. As just stated, rotation will alter flow and
heat transfer on theses “fin” walls as compared to stationary results.

The film extraction exit configuration minimizes the degrading ef-
fects on heat transfer as a result of crossflow. Specifically, the goal is
to measure pressures to determine flow distributions in and regional
surface convective heat transfer on smooth target walls, jet walls,
and side walls in rectangular cross-sectioned, orthogonally rotating,
twin channels with impingement cooling by square arrays of circular
jets. The spent air exits each twin channel through extraction orifices
in the two target walls, and the jet hole and the extraction hole arrays
are staggered. Nonrotating data will be taken to form a baseline and
to compare with previous nonrotating investigations. Comparisons
will be made with previous rotating impingement investigations.

Experimental Apparatus and Test Procedure
This investigation uses the same test model, rig, and procedures

as shown in figures and described in detail in Refs. 3–5. The new
results presented here are for the flow exit and wall thermal boundary
conditions, AFH-4WH, as just explained. Figure 1 shows the test
model schematic for AFH, flows, and forces on the fluid flows.
Because the tests for flow distribution are conducted adiabatically,

Fig. 1 Test-model schematic for AFH including velocities and forces;
view in plane of rotation and end view showing direction of rotation.
Center of rotation is upstream of inlet.

the results, discussions, and conclusions reached for the distributions
of jet Reynolds number and channel flows are the same as those for
Parsons and Han5 and are not duplicated here.

For heat-transfer results, regional convective heat-transfer coef-
ficient h is defined as h = (qtotal − qloss)/[(Awetted(Tw − Tc)], where
qtotal is the heat generated in a copper plate for heat-transfer tests;
qloss is the heat loss for a plate; Tw is a plate temperature; and Tc is a
temperature for the coolant adjacent to the center of the heated plates,
which is obtained by spacial interpolation between measured local
air temperatures. Copper plates line all four sides (jet, target, and the
two connecting side walls) of the leading and trailing channels for
steady-state measurements. The heat-loss tests are also conducted
in the same manner; however, the data reduction to account for heat
loss is modified as compared to previous papers and is described
next.

Heat-Loss Effects from Heated Jet Walls
For the jet wall, the heat loss (heat to other than the jet wall

wetted surfaces) increases during testing with coolant (air) flow in
the supply channel as compared to heat loss for the heat-loss tests
without airflow. This is because with the jet wall plates heated, heat
energy transfers by conduction through the Teflon® (5.1 mm thick)
that backs the jet wall and then by convection to the air in the supply
channel. This has two main effects.

For the jet wall, the ratio of the conductive plate heat loss mea-
sured without supply channel flow to the total plate power at test



158 PARSONS AND HAN

conditions increases slightly from 0.015 to 0.035 as jet Reynolds
is reduced from 103 to 5 × 103. But this conductive loss must be
added to the supply channel convective heat loss. By using one-
dimensional thermal resistance assumptions to calculate the heat
loss through the backing Teflon to the developing through air-
flow in the center supply channel, the actual heat loss at stationary
(nonrotating) test conditions can be up to 20% of the measured plate
power at the beginning of the channels (next to the inlet at small
X/D). As the supply channel location increases (X/D increases),
the supply channel through flow decreases as well as this convective
heat loss. Besides convection to the through airflow in the supply
channel, there is also convection to the flow entering each jet hole in
the region immediately around each jet hole (effusion heat transfer).
These two convective heat-transfer situations are the first effect that
alters the jet wall heat-transfer results and will be discussed later. In
addition, as the channel rotates the through-flow convective heat loss
in the supply channel changes as a result of rotation-induced cen-
trifugal and Coriolis forces. For the jet wall of the leading channel,
this loss decreases slightly, whereas for the jet wall of the trail-
ing channel this loss increases slightly. These changes in convective
heat loss from the corresponding stationary values are slight (∼10%)
because the supply channel rotation numbers (� × supply channel
hydraulic diameter/V̄SupplyChannel) are less than 0.05 at the locations
where the through-flow convective heat losses are significant.9

Next the supply channel air temperature rises because of this con-
vective heat transfer. Thus the jet supply air is slightly heated after
the Ti measurement thermocouple. Also as the flow enters the jet
holes, the jet air is again slightly heated as it passes through the part
of the jet hole that is within the heated jet wall copper plate. (This jet
hole heating is incorporated in the jet wall results.) In addition, after
the jet air impinges on the target wall and circulates in the leading
and trailing channels, the circulating air is heated more for four-wall
heating than for target-wall only heating. Then this circulation air
transfers heat to the incoming jet air through the circular shear layers
surrounding the jets. Thus the actual temperature for the air entering
the leading and trailing channels and impinging on the target walls
is slightly higher for four-wall heating as compared to that for re-
sults from Parsons and Han5 for target-wall only heating. Thus the
second effect is to slightly reduce the target-wall heat transfer (and
Nusselt number) for the four-wall heating case as compared to the
target-wall-only heating case.

Heat-Transfer Effect from Four-Wall Heating
However this second effect is overridden because the local wall-

to-coolant temperature difference is smaller (the local coolant tem-
perature is higher) for the four-wall heating case as compared to
that for the target-wall heating-only case. Because the definition
of h (and Nu) has this temperature difference in the denomina-
tor, target-wall heat-transfer results for the four-wall heating case
are larger than those corresponding to the target-wall-only heating
case. This increase in target-wall heat transfer for four-wall heating
is true for both the film extraction and crossflow geometries.

The uncertainty of the local heat transfer depends on the net heat
input (qtotal − qloss) to the coolant and the local wall-to-coolant tem-
perature difference. This uncertainty increases with decreasing tem-
perature difference and decreasing net heat input. Considering the
method by Kline and McClintock,10 the typical uncertainty in the
Nusselt number is estimated less than 8% for Rejet = 103. However,
the maximum uncertainty could be up to 12% for Rejet = 5 × 103

at the largest radial location (X/D = 138). The heat conduction be-
tween a plate and its neighbors is estimated to be less than 1% of the
net heat input for each of the plates at Rejet = 5 × 103. However, this
percentage decreases to 0.5% at Rejet = 103. For Rejet = 5 × 103, as
the rotation rate increases from 0 to 800 rpm, the average ratio of
the heat-loss power to the total-plate power increases from 0.09 to
0.16 for the target walls. At Rejet = 103, the average ratio increases
from 0.06 to 0.10 as rotation increases. The uncertainty in pressure
differences decreases from 0.17% at Rejet = 5 × 103 to 0.11% at
Rejet = 103 of the maximum pressure difference for a jet Reynolds
number. The uncertainties in calculation of the jet mass fluxes are
about 2.5%.

Results and Discussion
Nusselt-number distributions for jet impingement in rotating

channels for this test model geometry depend on 1) the ratio
of the test model’s mean radius to jet diameter, 2) the ratio
of local radial distance to jet diameter, 3) average jet 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, 8) channel geometry (cross section
and orientation), 9) exit flow configuration, and 10) wall thermal
boundary condition. The functional relationship is expressed as
Nu = f (rm/D, X/D, Rejet, Pr , Ro, (Tw − Tj )/Tw , jet direction,
channel geometry, exit flow configuration, wall thermal boundary
condition), where Pr = 0.72 and rm/D = 397. Operating conditions
are Rejet = 5 × 103 and 103, and� = 0, 400, and 800 rpm, combining
to produce Ro (=�D/V̄ j ) = 0.0, 0.0008, 0.0015, and 0.0028. For
all four walls held at uniform temperature, the wall-to-coolant tem-
perature difference ratio is 0.0855 for 0 rpm, 0.0855 for 400 rpm, and
0.0855 and 0.129 for 800 rpm. For the present results all extraction
orifices are open (AFH-4WH) as compared to the results presented
in Parsons and Han5 for AFH-TWH and HFH-TWH (50% open ex-
traction orifices). Air properties are at the average of the measured
inlet and exit coolant temperatures.

Flow Distribution
Because all of the flow distribution tests are conducted adiabat-

ically, the nonrotating and rotating flow results for AFH-4WH are
the same as those for AFH-TWH and are reported in Parsons and
Han.5 For AFH the channel mass flux is uniform and nearly zero,
whereas for XF the channel mass flux (crossflow) increases as the
radial channel position X/D increases. For both XF and AFH, the jet
mass flux increases with X/D, but the amount of increase is larger
for XF than for AFH and is larger as jet Reynolds number increases.
The effect of rotation is relatively small and slightly increases the
jet and extraction flows in the trailing channel while slightly reduc-
ing these flows in the leading channel, as compared to nonrotating
results. The previously cited papers cover all of these details.

Heat Transfer
Nonrotating Results

Figures 2a–2d show nonrotating Nusselt numbers Nu0,AFH vs
channel location (X/D) for all eight walls (four walls in the lead-
ing and four walls in the trailing channels), for the jet Reynolds
numbers 5 × 103 and 103, and at (Tw − Tj )/Tw = 0.0855. For each
jet Reynolds number, the nonrotating Nusselt numbers are approxi-
mately constant with channel location and equal on average between
corresponding leading and trailing channels. Also the Nusselt num-
bers for sidewall A are the same as for sidewall B (Figs. 2c and 2d)
and those corresponding for sidewalls A and B for the XF exit con-
figuration. Refer to Refs. 3–5 for heat-transfer comparisons. This
confirms the nonrotating test model operates symmetrically for flow
and heat transfer. And as Rejet increases, so do nonrotating Nusselt
numbers. This is because as impingement jet flow and wall sur-
face flow increase, the wall boundary layers thin, and heat transfer
increases.

For the jet wall (Fig. 2b) as just explained in the data-reduction
section, the Nusselt numbers are reduced from the initial calculations
to account for the convective heat loss to the supply channel flow.
There are no adjustments made for the effusion convection heat loss
near each jet hole. For X/D > 25 these adjusted Nusselt numbers
are about the same as X/D increases. For X/D < 25, the leading
and trailing jet wall Nusselt numbers are increased. It is guessed that
this plate/heater acts as guard element with nonsymmetric boundary
conditions. There is solid Teflon for X/D < 0, whereas there is
an aluminum end cap for X/D > 151. The difference in material
thermal conductivity (low vs high) can explain the increase at low
X/D and the lack of increase at high X/D. The increased Nusselt
numbers for X/D < 25 cannot be explained by additional through-
flow convection heat loss alone.

In comparing the Nusselt-number levels among the channels
walls, the target walls are greatest, the adjusted jet walls are about
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Fig. 2 Nonrotating Nusselt number vs channel location for walls at
(Tw −− Tj)/Tw = 0.0855.

Fig. 2e Average Nusselt number for nonrotation vs Rejet for present
data and comparison with other investigations.

70%, and the side walls are about 50%, respectively, of the corre-
sponding target-wall results. These percentages are for a channel
aspect ratio of 3 (channel transverse length 19.1 mm and jet travel
distance 6.4 mm).

As X/D increases for 4WH, the nonrotating target-wall Nusselt
numbers for XF decrease from higher than the corresponding AFH
results to lower than the corresponding AFH results at large X/D.
However for TWH, the target-wall heat-transfer results have less
variation with channel location. This is because crossflow bends
jets away from the target wall and more so at large X/D, decreasing
heat transfer as compared to the nearly uniform results for the AFH
exit configuration.

To show the integrity of the experimental method and test model,
bulk mean temperature rise calculated from an energy balance is
within 10 and 30% of the measured local air temperature rise for
Rejet = 5 × 103 and 103, respectively.

Figure 2e shows the wall average of nonrotating Nusselt numbers
N̄u0 vs Rejet and comparisons with other jet-impingement results.
In Fig. 2e, case 1 is for XF-TWH Parsons and Han,3 case 2 is for
XF-4WH Parsons et al.,4 case 3 is for AFH-TWH Parsons and Han,5

and case 4 is for AFH-4WH, the present results. The legend shows
the heated, active walls for each case. Figure 2e also shows target-
wall results for Akella and Han6 (smooth wall), for Akella and Han7

(ribbed wall), and for other researchers.11−13

As just explained in the data-reduction section, the target-wall
Nusselt numbers (Fig. 2e) for 4WH are larger than those corre-
sponding for TWH. For the target wall, the TWH results are about
80% of those for 4WH and are ∼70 and ∼50 for Rejet = 103 and
5 × 103, respectively.

For the side walls A and B of cases 2 and 4, the heat-transfer
results are about equal for the A and B pairs of walls. The A and
B wall results are lower than but also increase as Rejet increases
at approximately the same rate as for the target and jet walls. As
the exit flow configuration changes from AFH to XF, the side-wall
Nusselt numbers decrease slightly. This is because for XF the fluid
flow collects and is along the channel axis, which is away from the
side walls. This slightly thickens the side-wall boundary layers for
XF, as compared to AFH, and reduces XF side-wall heat transfer.
Because the side walls are narrower (promoting thicker boundary
layers) and do not have jets directed at them, the side-wall results
are the lowest.

For XF, comparing cases 1 and 2 shows the effect of additional
wall heating (TWH vs 4WH). For the target wall the 4WH heat-
transfer results are increased as compared to the TWH results. This
is because more heat energy overall transfers to the channel air for
4WH than for TWH. This increases the channel air temperature,
decreases the wall to air temperature difference, and thus increases
the target-wall heat transfer coefficient.

For AFH comparing cases 3 and 4 also shows the same effect of
additional wall heating (TWH vs 4WH). As for XF, the target-wall
AFH-4WH results are increased as compared to the AFH-TWH
results for the same reasons already stated.

For TWH comparing cases 1 and 3 show the effect of exit flow
configuration. The XF-TWH results are smaller than those for AFH-
TWH. This is because the presence of crossflow bends the jets away
from the target walls, reducing target-wall heat transfer.

For 4WH comparing cases 2 and 4 also show the same effect
of exit flow configuration. The target wall XF-4WH results are also
smaller than those for target-wall AFH-4WH and for the same reason
as already stated. For the jet wall, the AFH results are adjusted
(reduced) as just described in the data-reduction section while the
XF results are not adjusted. The AFH-4WH jet wall results are
less than those results corresponding to the AFH-4WH target wall.
However for XF-4WH, the reverse is true; the XF-4WH jet wall
results are more than those corresponding to XF-4WH target-wall
results. Perhaps if the same jet wall adjustment were applied to the
XF-4WH jet wall, the XF-4WH jet wall results would be more than
but closer to or possibly less than those results for the XF-4WH
target wall, the same as for the AFH-4WH results.

The jet geometry for Kercher and Tabakoff11 also creates high
crossflow, and thus their results are at the same level and follow
the same trend as for XF-TWH. The results for Huang et al.12 are
also for a crossflow geometry and are similar. The jet geometry
used by Florschuetz et al.13 is widely spaced, and thus the Nusselt
numbers are highest for smooth target walls because the crossflow
effect is minimized. Akella and Han7 results for ribbed target walls
are highest of all.

Rotating Results for AFH-4WH
Effect of rotation relative to nonrotation. Figures 3a–3h

show the effect of rotation on the local Nusselt-number ratio
NuAFH/Nu0,AFH. Note that the Nusselt-number ratio is the lo-
cal Nusselt number divided by the corresponding measured local
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Fig. 3 Effect of rotation on wall Nusselt-number ratio at (Tw −− Tj)/
Tw = 0.0855: a–d) Rejet = 5 ×× 103; e–h) Rejet = 103.

Nusselt number for nonrotation (see Figs. 2a–2d). Figures 3a–3d
show results at Rejet = 5 × 103 for a set of higher rotation num-
bers Ro = 0.0, 0.0015, and 0.0028 (� = 0, 400, and 800 rpm, re-
spectively) while Figs. 3e–3h show results at Rejet = 103 for a set
of lower rotation numbers Ro = 0.0, 0.0008, and 0.0015 (� = 0,
400, and 800 rpm, respectively). Nondimensional parameter Ro re-
lates rotation effects and can be expressed as: the ratio of rotation
speed × D/V̄ j or (centrifugal force/jet Coriolis force) × (D/local
radius from axis of rotation).

Figure 3a shows the target-wall Nusselt-number ratios decrease
by up to 35% as compared to the nonrotating value of 1.0. For the
leading channel, the jet, target-wall surface, and extraction hole ve-
locities are reduced as compared to results for nonrotating target

walls and for trailing channel walls under rotation. In addition, the
centrifugal force combines with the jet Coriolis force to bend the jets
away from the leading channel target wall. These thicken the bound-
ary layers and decrease the heat-transfer coefficients. For the trailing
channel, the jet, target-wall surface, and extraction hole velocities
can increase as compared to nonrotating results, and the centrifugal
force opposes the jet Coriolis force on the jets, which reduces jet
bending. Thus, the decreases in Nusselt-number ratio are less for the
trailing channel than those decreases for the leading channel. These
decreases are greater for X/D > 75, where there are greater jet bend-
ing Coriolis and centrifugal forces than the decreases for X/D < 75.
For 4WH, the target-wall Nusselt-number ratio decreases are
slightly larger than those corresponding to the AFH-TWH.

Because there is little or no through crossflow (in the + or −X
direction) in the leading and trailing channels, there is also an ab-
sence of channel Coriolis forces directed at the target/jet walls that
would have increased/decreased jet/target-wall heat transfer.

Figures 3b–3d show the jet wall, sidewall A and sidewall B
Nusselt-number ratios decrease to 25, 30, and 30%, respectively,
below the nonrotating value. As for the target wall, the Nusselt-
number ratios for the jet wall and the side walls decrease as rotation
rate increases from 0 to 400 and to 800 rpm. Also the decreases for
the trailing channel Nusselt-number ratios are less than those for the
leading channel as explained above.

Figures 3e–3h for Rejet = 103 show Nusselt-number ratios for the
target, jet, sidewall A, and sidewall B walls are between 1.0 and 0.80,
0.88, 0.70, and 0.75, respectively. Also at constant Rejet = 103, as Ro
increases the differences between the Nusselt-number ratios for all
walls and 1.0 increase. However, these differences for lower rotation
numbers (Figs. 3e–3h) are reduced as compared to those differences
at Rejet = 5 × 103 for higher rotation numbers (Figs. 3a–3d). As Ro
increases, the centrifugal force increases, thus bending jets away
from the target walls, toward the center of the channels, and away
from the other channel walls. This decreases heat transfer on all of
the walls. Therefore the effect of rotation (to reduce Nusselt-number
ratio) increases as Ro increases. This is also true for AFH-TWH,
XF-4WH, and XF-TWH.

Effect of Reynolds number. Figures 4a–4d show the effect of
Reynolds number on Nusselt-number ratio while holding Ro at
0.0015 for AFH-4WH. The rotation number is held constant by
varying the rotation speed � and V̄ j (or Rejet), that is, � = 400 rpm,
Rejet = 5 × 103, and � = 800 rpm, Rejet = 103. The results show the
target, jet, and sidewall B Nusselt-number ratios are within 6% as ei-
ther Reynolds number or rotation speed changes at constant rotation

Fig. 4 Effect of Reynolds number on wall Nusselt-number ratio.



PARSONS AND HAN 161

number for corresponding walls and channel locations. For sidewall
A the difference in these ratios grows to 20% at large X/D. Thus
it appears in general the rotation number remains a characteristic
nondimensional parameter for rotating jet impingement. Closer dif-
ferences (within 2%) are found for target-wall ratios for AFH-TWH
and XF-TWH.

Effect of wall-to-coolant temperature difference ratio. Fig-
ures 5a–5d show the effect of the target wall-to-coolant temper-
ature difference ratio (Tw − Tj )/Tw on Nusselt-number ratio for
Rejet = 5 × 103, Ro = 0.0028. Figures 6a–6d show the same effect
but for Rejet = 103, Ro = 0.0015. Figures 5a–5d and 6a–6d illus-
trate once again all of the Nusselt-number ratios vary within 35%
below 1.0 as a result of the effect of rotation. Figures 5a–5d and
6a–6d also show as the wall-to-coolant temperature difference ratio
increases from 0.0855 to 0.129 the maximum differences between

Fig. 5 Effect of wall-to-coolant temperature difference ratio on wall
Nusselt-number ratio; Rejet = 5 ×× 103.

Fig. 6 Effect of wall-to-coolant temperature difference ratio on wall
Nusselt-number ratio; Rejet = 103.

corresponding Nusselt-number ratios are less than 6% regardless
of wall, channel, channel location, and rotation number. For XF-
4WH, the maximum difference is 10%, whereas for AFH-TWH
and XF-TWH the maximum target-wall difference is less than 5%.
The jet, vortical, and secondary flows and their corresponding Cori-
olis 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 [�ρlocal (�

2r + �Vlocal)]
depends on local density variation. Thus as wall-to-coolant temper-
ature difference ratio and thus local temperature and density varia-
tion increase, the effects of buoyancy forces remain small and are in
the same directions as those for local centrifugal and Coriolis forces.

Figure 5 at Rejet = 5 × 103 shows that the Nusselt-number ratios
for the leading channel are less than those corresponding for the trail-
ing channel. This is also true for Rejet = 5 × 103 and AFH-TWH.
However for Rejet = 5 × 103 and both XF-4WH and XF-TWH, the
Nusselt-number ratios for the trailing channel are less than those cor-
responding for the leading channel. It is believed for Rejet = 5 × 103

that the lower leading channel results for AFH are caused by reduced
jet flows in the leading channel under rotation while the lower trail-
ing channel results for XF are caused by reduced jet flows in the
trailing channel under rotation, both as compared to correspond-
ing nonrotating jet flows. It is thought that the rotation of the test
model alters the jet flow. However at Rejet = 103 the rotation effect
on jet flow is reduced. Close examination of results for AFH-4WH,
AFH-TWH, XF-4WH, and XF-TWH show that although jet flows
are comparable and as (Tw − Tj )/Tw increases, XF heat-transfer ra-
tios decrease very slightly while AFH heat-transfer ratios vary, with
other parameters constant. This might be explained as follows. For
XF the relative buoyancy force for warm fluid next to the heated
walls is radially inward opposing the XF fluid flow and centrifugal
force. This slightly thickens the wall boundary layers as compared
to those for AFH, decreasing heat transfer.

Effects of rotation number at selected channel locations. Previ-
ous TWH papers show the target-wall Nusselt-number ratio vs ro-
tation number at several X/D channel locations. As just explained,
as rotation number increases the Nusselt-number ratios decrease.
These figures are similar for the 4WH results but are not presented.
The maximum ratio decrease is up to 40% below the nonrotating
result and occurs on sidewall A for 4WH for both AFH and XF.
Finally as rotation number increases, the differences between ratios
for the leading channel walls and the ratios for trailing channel walls
increase for 4WH also, and these differences increase more for AFH
than for those for XF.

Limited comparisons of the results of this test model to those
results in Akella and Han6,7 are made in those references. The jet
rotation number range for the present data is much smaller than in
those references. However the trend of decreasing Nusselt-number
ratios as jet rotation number increases is the same as for XF-TWH
Parsons and Han.3 But the decrease is not as large for Akella and
Han. For Akella and Han the jets are bigger (jet-area-to-plate-area
ratio) and shorter (jet-to-target wall distance/jet diameter) than those
of the present study. Thus they are more resistant to bending. Also
the channel-to-jet-flow ratio Gc/G j is larger for Akella and Han,
which dominates the bending of the jets. Thus the jet bending effects
caused by rotation are relatively less for Akella and Han as compared
to those for the present study.

The jet Coriolis and the centrifugal forces bend the jets away
from the target walls and reduce wall heat transfer as compared to
corresponding nonrotating results in the leading-edge1,2 and mid-
chord regions, and for crossflow (radially outward and inward6,7),
transverse,2 and film extraction exit flow configurations. For tur-
bine blade/buckets, many forces (with parameters affecting magni-
tude/direction) affect jet impingement coolant motion and thus heat
transfer. These body and surface forces include inertia (depending
on density, local fluid speed; in the local flow direction); centrifugal
(depending on density, rotation radius, rotation speed2; in the ra-
dial direction); Coriolis (depending on density, rotation speed, local
fluid speed; direction depends on local velocity and direction of rota-
tion); buoyancy (depending on local density differences, centrifugal
and Coriolis force magnitudes; in the centrifugal-radial and Coriolis
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force directions); pressure (many magnitudes; many directions); and
viscous (local fluid gradients; opposing local flow direction). The
Reynolds number relates jet inertia to viscous forces, the rotation
number relates centrifugal to jet Coriolis forces (not local Coriolis
force) or rotation speed to jet speed, the rotational Grashoff number
relates centrifugal buoyancy to viscous forces, and the wall-to-jet-
temperature-difference ratio relates wall-to-jet densities (not local
density differences). The actual force magnitudes and directions at
engine operating conditions are much larger and possibly at slightly
different relative directions than those tested in this study; not all
relative ratios of forces (and directions) were duplicated simultane-
ously. The Coriolis forces are particularly difficult to model. Care
must be used in applying these results to actual blade/bucket op-
erating conditions because huge rotation forces can combine with
small changes in a nondimensional parameters to create significant
effects. However it is believed that the main effects of rotation on
jet-impingement heat transfer have been measured by these inves-
tigations and confirmed by other researchers.

Conclusions
For a square array of jets impinging normally on one target wall

in a rectangular channel with staggered extraction through the target
walls as the exit condition, jet flow velocities increase slightly as
X/D, the radial channel location, increases. For a given jet Reynolds
number, the pressure and thus flow distributions for rotation differ
slightly from those without rotation. Under rotation jet flows toward
the leading channel target wall are slightly reduced as compared to
jet flows toward the trailing channel target wall. At constant jet
Reynolds number and nonrotating conditions, as X/D increases,
the leading- and trailing-wall Nusselt numbers are nearly equal
and constant. Nusselt numbers increase with jet Reynolds num-
ber. As rotation number (�D/V̄ j ) increases up to 0.0028, the target,
jet, and side-wall Nusselt-number ratios (Nusselt number for rota-
tion/Nusselt number for corresponding nonrotating conditions) for
the leading (jet flow in the direction of rotation) and trailing (jet flow
opposite to the direction of rotation) channels decrease to 35, 25, and
30%, respectively, below the nonrotating value of 1.0. As wall-to-
coolant temperature difference ratio (Tw − Tj )/Tw increases from
0.0855 to 0.129 under rotating conditions, the wall Nusselt-number
ratios vary up to 6%. For parameter ranges in this paper, varying
the jet Reynolds number and rotation rate with Ro constant had a
small effect on wall Nusselt-number ratios for both channels; Ro is
a correlating parameter.
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