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Impingement Cooling in Rotating Two-Pass Rectangular
Channels with Ribbed Walls
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Impingementcooling was studied on ribbed walls in rotating two-passrectangular channels with a sharp 180-deg
turn. Two rows of circular jets impinged opposite to the direction of rotation in one channel and in the same
direction of rotation in the other channel. Square cross-sectioned ribs were periodically attached to the target
walls and inclined at a 45-deg angle to the direction of spent air� ow. Rib pitch to height and rib height to channel
hydraulicdiameter ratios were � xed at 10 and 0.125,respectively. After impingement,spent air (cross� ow) traveled
radially outward and inward in the � rst and the second impingement channel, respectively. Jet Reynolds numbers
and rotation numbers varied from 4 £ £ 103 to 1 £ £ 104 and 0 to 0.0133, respectively. As the jet Reynolds number
increased from 4 £ £ 103 to 1 £ £ 104 , the ratios of channel-averaged ribbed to smooth surface Nusselt numbers
increased from 13 to 47% for the nonrotating test. For the rotating test, however, these ratios changed from 9 to
44% as the jet Reynolds number increased. Rotation-induced Coriolis and centrifugal forces altered the pressure
distribution, but the jet velocity distribution was not signi� cantly affected. However, those rotation-induced forces
decreased the Nusselt number values up to 20% in the ribbed impingement channels.

Nomenclature
A f = ratio of total area of jets impinging on a

copper plate to area of heated copper plate
(open area ratio), n p d2

j / (4Aw)
Aw = area of copper plate (rib-increased surface

area not included)
Dh = hydraulic diameter of the impingement

channel
d j = diameter of the impinging jet
e = rib height
Fc ,Cor = channel cross�ow Coriolis force, q \ Vc

Fcen = centrifugal force, q \ 2r
F j ,Cor = jet Coriolis force, q \ V j

Gc = channel cross�ow mass � ux, q Vc

G j = jet mass � ux, q V j

h = regionally averaged heat transfer coef� cient
on each copper plate

k = thermal conductivityof air (coolant)
L = length of the test model
m j = jet mass � ow rate
Nu = regionally averaged Nusselt number on

each copper plate for the rotating test
Nuav = channel-averaged(� rst or second) Nusselt

number for the rotating test
Nu0 = regionally averaged Nusselt number on

each copper plate for the nonrotating test
Nu0, av = channel-averaged(� rst or second) Nusselt

number for the nonrotating test
n = number of jets impinging on a copper plate
p = rib pitch
qloss = heat conducted to the test stand from

copper plates
qtotal = total heat input to the copper plates
Re j = channel-averagedjet Reynolds number,

q V j,avd j / l
Rm = mean rotating radius of the test model
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Ro = channel-averagedjet rotation number,
\ d j / V j,av

r = radial location in the supply and
impingement channels from the center of
rotation

Tb = measured air temperature in impingement
channels

T f = � lm temperature, (Tw C Tb)/ 2.0
T j = air (coolant) temperature measured at the

inlet of the � rst supply channel
Tw = regionally averaged copper plate (wall)

temperature
Tw, av = channel-averagedcopper plate (wall)

temperature
(Tw, av ¡ T j )/ Tw, av = ratio of wall to air temperature difference to

wall temperature, ±R
Vc = channel cross�ow velocity
V j = jet velocity
V j,av = channel-averagedjet velocity
X = radial location of wall and air temperature

measurements in the impingement channels
from the inlet of the � rst impingement
channel

Xn = streamwise distance between adjacent jet
holes

Yn = spanwise distance between jet holes
Zn = distance between the jet plate and copper

plates in the impingement channels
a = angle between the rib and direction of

cross� ow (rib-orientation angle), 45 deg
l = dynamic viscosity of air (coolant)
q = density of air (coolant)
\ = rotation speed of test model, rpm

Introduction

S EVERAL investigators have conducted heat transfer experi-
ments in impingement channels in nonrotating blades. Kercher

and Tabakoff,1 Chance,2 and Florschuetz et al.3 studied the effects
of jet geometry (d j , Xn , Yn , Zn , and A f ), � ow parameters (Re j , V j ,
and G c/ G j ), and thermal conditions [(Tw, av ¡ T j )/ Tw,av]. They
found that, for a given jet con� guration, impingement heat trans-
fer increaseswith increasingjet ReynoldsnumberRe j but decreases
with increasingspent air cross� ow (Gc / G j ). Van Treuren et al.4 and
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Huang et al.5 measured local heat transfer values with unrestricted
(minimum) cross� ow and various exit � ow orientations, respec-
tively. Trabold and Obot6 studied impingement heat transfer on
ribbed walls (rib-orientation angle of 90 deg) with intermediate
and maximum cross� ow schemes. Geometry (Xn , Yn , Zn , A f , and
p/ e) and � ow parameters (Re j , V j , and G c/ G j ) were varied. Ribs
resulted in small reductions in the heat transfer coef� cient in the
upstream section, but improvements in heat transfer were observed
in the downstreamsection for the maximum cross� ow scheme. Gau
and Lee7 studied � ow structure and heat transfer along ribbed walls
(rib-orientationangle of 90 deg) from a single slot air jet. Rib pitch
to height ratio, slot width to rib height ratio, and nozzle to target
wall spacing varied in the investigation. Studies6,7 concluded that
ribs could compensate for the degradation of the heat transfer that
is usually associated with the cross� ow. Haiping et al.8 measured
impingement heat transfer values on a ribbed wall (rib-orientation
angle of 90 deg) for various values of initial cross�ow approaching
the impingement channel. Four different cases of jet position with
respect to rib position were considered: 1) jet directed before the
rib, ¡p/4; 2) jet directed on the rib, p D 0; 3) jet directed behind the
rib, p/4; and 4) jet directed midway between the ribs, p/2. Haiping
et al.8 concluded that higher heat transfer values are obtained with
jets impinging midway between the ribs, when compared with the
other three cases.

Rotating blades experience large Coriolis and centrifugal buoy-
ancy forces. These forces produce strong secondary � ows and al-
ter the � ow and heat transfer pro� les in impingement channels.
Few investigatorshave studied the combinedeffects of Coriolis and
buoyancyforces on impingementcooling.Epstein et al.9 studied the
effects of � ow (Re j and Ro) and buoyancy in the leading edge of an
airfoil from a single row of circular jets. Heat transfer values were
presented for two model orientations: 1) the angle (stagger angle)
between the jet direction and direction of rotation is 90 deg and
2) stagger angle is 60 deg. Buoyancy forces decreased the Nusselt
number values 25% when compared with nonrotating values. Mat-
tern and Hennecke10 used the naphthalenesublimation technique to
study the effects of jet geometry (Yn/ d j and Zn / d j ), � ow (Re j and
Ro), and stagger angle (0, 15, 30, 45, 75, and 90 deg) on the local
heat/mass transfer values. This study only considered the Coriolis
force effect on heat/mass transfer distribution.The buoyancy force
effect on heat/mass transfer was not included. Measurements were
obtained in the leading edge on an airfoil from a single row of cir-
cular jets. Rotation reduced the heat transfer values between 10 and
40%, according to the stagger angle.

Studies11,12 investigated impingement cooling in the midchord
region of a rotating blade, from an inline array of circular jets.
Parsons et al.11 measured heat transfer values in single-pass rect-
angular channels and reported that rotation decreased the Nusselt
number values 20% compared with nonrotating values. Akella and
Han12 studied impingement cooling in two-pass rectangular chan-
nels, with the channels connectedby a sharp 180-deg turn. Rotation
decreased the Nusselt number values 20 and 25% below the nonro-
tating values in the impingement channels and the turn region, re-
spectively.Also, Nusselt numbervalues in the turn region were 60%
higher when comparedwith the values in the impingement channels
for higher jet � ow rates and over the range of rotation speeds tested.
Studies9¡12 focusedon theeffectsof rotationin impingement-cooled
channels with smooth walls.

Secondary � ows produced by angled ribs and rotation interact
with each other and develop a new heat transfer pattern that is dif-
ferent from those producedby angled ribs or by rotationalone. Rel-
evant studieson convectioncooling in rotatingchannelswith angled
ribs are cited here. Johnson et al.13 conducted experiments to de-
termine the effects of buoyancy and Coriolis forces in serpentine
ribbed channels. A rib-orientation angle of 45 deg was maintained
on the leading and trailing surfacesof the rotating channel. Johnson
et al. concluded that angled ribs (45 deg) provided 10–30% greater
heat transfer coef� cients when comparedwith normal ribs (90 deg).
Zhang et al.14 studied the in� uence of rotation on heat transfer in
a two-pass channel with ribbed walls. Angled ribs (60 deg) were
applied on both the leading and trailing walls of the rotating chan-

nel. Angled ribs, besides tripping the boundary layer, produce a
secondary � ow pattern that increases the heat transfer from the sur-
faces. Therefore, most of the increases in heat transfer with angled
ribs, when compared with those with normal ribs, are attributed
to changes in the � ow characteristics. Johnson et al.13 and Zhang
et al.14 concludedthat angled ribs generate secondary � ow and pro-
duce greater heat transfer coef� cients than normal ribs (90 deg) for
both nonrotating and rotating blades.

These studies9–14 have not addressed the following issues on im-
pingement heat transfer: 1) the effect of angled ribs in nonrotat-
ing impingement-cooled blades and 2) the combined effect of ro-
tation and angled ribs in rotating impingement-cooledblades. The
compound heat transfer enhancement technique, such as impinge-
ment and angled ribs, may provide a better cooling effect for high-
temperaturegas turbinebladescomparedto thosewith impingement
cooling or angled rib cooling alone. This study measured � ow and
heat transfer in an impingement-cooled rotating blade with angled
ribs on its inner surfaces. Square cross-sectioned ribs with a rib-
orientation angle of 45 deg were applied to the target walls. Mea-
surements were obtained in a two-pass rectangular impingement
channel, with the channels connected by a sharp 180-deg turn. The
effect of the jet direction with respect to the rotation direction was
also addressed.

Experimental Apparatus
The schematic of the test model is shown in Fig. 1. Akella

and Han12 discussed most of the test model construction; how-
ever, the test model was modi� ed to conduct the current investi-
gation. The aspect ratio and the hydraulic diameter of the supply
and the impingement channel are 0.5 and 12.71 mm. Two rows of

Fig. 1 Schematic of test model.
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circular jets impinged on the copper plates in the � rst and second
impingement channels. Spent air (cross� ow) moved radially out-
ward and inward, in the � rst and second impingement channels,
respectively. The dimensions of copper plates in the impingement
channels and the turn region are 34.93 £ 19.05 £ 3.18 mm3 and
44.45£ 19.05 £ 3.18 mm3 , respectively.However, the dimensions
of the copperplates just upstreamand downstreamof the turn region
are 25.40 £ 19.05£ 3.18 mm3 . Most of the impingement channels
had 10 jets impinged on each copper plate, whereas the number of
jets impinging upstream and downstream of the turn region are 2
and 6, respectively.The dimensions of the test model are 1) d j and
thickness of the jet plate, t, � xed at 3.18 mm and 0.5d j , respec-
tively; 2) Xn , Yn , and Zn � xed at 2d j , 3d j , and 3d j , respectively;
and 3) A f , Rm , and L � xed at 12%, 197d j , and 86d j , respectively.
Square cross-sectioned brass ribs are periodically attached to the
target walls with a two-part epoxy 907 adhesive compound. The
adhesive thickness was less than 0.1 mm, which resulted in a negli-
gible thermal insulation effect between the ribs and copper plates.
The geometric parametersof the ribs are a , e, p, and Dh � xed at 45
deg, 1.59 mm, 10e, and 8e, respectively.

Pressure distribution was measured and local jet velocities were
calculated under adiabatic wall conditions at various radial loca-
tions. The impingement channels and turn region were heated sepa-
rately by resistanceheaters coated with polyester. The heaters were
uniformly cemented in the grooves behind the copper plates. This
created a nearly uniformwall heat � ux boundarycondition.Te� on®

insulation of 1.59-mm thickness reduced the heat conduction be-
tween adjacent copper plates. T-type thermocouples, as shown in
Fig. 1, embedded behind the copper plates (at 13 different lo-
cations) and in the impingement channels (at 13 different posi-
tions), measured the regionally averaged wall and air temperatures,
respectively.

The schematic of the rotating impingement test stand is shown
in Fig. 2. The test stand construction is similar to the one discussed
in Ref. 12. A brief description of the test stand follows. The test
model is mounted at one end of the rotating arm with the other end
of the arm acting as a counterbalance.Thermocouple readingsto the
data logger and power to the resistance heaters were transferred by
a 100-channel slip ring unit. A 48-port scanivalve unit mounted on
top of the slip ring unit recorded pressure measurements. One port
was connected to a u-tube manometer for the pressure transducer
calibration. An electric motor rotated the test model, slip ring unit,
and scanivalve.

Fig. 2 Schematic of rotating impingement test stand.

Experimental Procedure and Data Analysis
The pressuredistribution,jet mass � ow rates, and velocitieswere

assumed to be independentof temperature.Local jet mass � ow rates
and velocities were estimated from the pressure measurements,

m j D Sd2
j Cd (Ps / T j )(Ps ¡ Pi ) (1)

V j D
4m j

nq j p d2
j

(2)

where S is a constant, 0.052; Cd is the channel-averaged jet dis-
charged coef� cient; Ps is pressure in the supply channel; and Pi is
pressure in the impingement channel. Cd was calculated to be in
the range of 0.65–0.67 from the overall mass balance in the test
model.12 The uncertainty in the pressure transducermeasurements,
m j , and V j , were §0.15, §2.5 and §4.0%, respectively.

Heat loss was estimated by running a separate experiment on the
same test model at various temperature levels, but without air in the
test model. The heat lost from each copper plate to the surroundings
was calculated as

qloss D A C B(Tw ¡ Tamb) (3)

Heat loss powerqloss was calculatedas a functionof temperaturedif-
ference between the copper plate and the surroundings. A and B are
constantsevaluatedfor each copperplate at all of the rotationspeeds
tested and Tamb is the surrounding(laboratory) air temperature.The
heat loss power to total power input increased from 15 to 25% as
the rotation speed increased from 0 to 800 rpm at Re j D 4 £ 103.
However, at high Reynolds number (Re j D 1 £ 104), these ratios
increased from 10 to 17% as the rotation speed increased. At low
Reynolds number, conduction between adjacent copper plates was
less than 2% of the total power input.

Bulk temperaturesTb were measuredadjacent to the copperplates
in the impingement channels and the turn region. The measured
values of Tb were compared with the energy balance values and
were within §10% for all jet Reynolds numbers and rotation speeds
tested. Also, (qtotal ¡ qloss) was the net heat input carried away by
the jets and cross� ow from each copper plate. The heat transfer
coef� cient h was calculated based on thermocouple measurements
of wall and air temperatures,

h D (qtotal ¡ qloss)
Aw(Tw ¡ Tb)

(4)

where Aw is the area of copper plate (665.42 mm2) in the impinge-
ment channel. In the calculationsof the heat transfer coef� cient, the
rib-increasedsurface area (185.62 mm2 on each copper plate) is not
included in the analysis. According to Kline and McClintock,15 the
uncertaintyin themeasurementof mass � ow rate, jet Reynoldsnum-
ber, and Nusselt number at Re j D 4 £ 103 was §6, §7, and §10%,
respectively.However, thesevalues decreasedto §3, §4, and §6%,
respectively,at Re j D 1 £ 104 .

Experimental Results and Discussion
Some of the importantparameters in� uencingimpingementcool-

ing are 1) geometry (d j , Xn / d j , Yn / d j , Zn / d j , Rm / d j , and A f ), 2)
� ow rate (Re j ), 3) rotation speed (Ro), 4) direction of impingement
with respect to rotation direction, 5) direction of channel cross� ow,
6) surfaceroughness(a , e, p/ e, ande/ Dh ), and7) thermalboundary
conditions.

The test parameters for this investigation are 1) � xed geomet-
ric parameters; 2) Re j D 4 £ 103 , 6 £ 103 , 8 £ 103 , and 1 £ 104I
3) \ D 0, 400, and 800 rpm; 4) forward and reverse direction of
rotation; 5) radially outward and inward in the � rst and second
impingement channel, respectively; 6) � xed roughness parame-
ters; and 7) uniform wall heat � ux boundary condition or (Tw,av ¡
T j )/ Tw,av D 0.083 and 0.07 for 0 and 800 rpm, respectively.Electric
heat was only applied to the impingementtargetwall; the other three
walls were not heated. Average surface temperatures Tw ,av for the
� rst pass six copper plates and for the second pass six copper plates
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Fig. 3 Flow distribution for nonrotating test.

were maintained at around 52±C (125±F) for all Reynolds num-
bers and rotation speeds tested. The operating parameters Re j and
\ together produced the following jet rotation numbers: Ro D 0.0,
0.0027, 0.0033, 0.0044, 0.0053, 0.0066, 0.0089, and 0.0133. The
dimensionlessparameters, such as Re j , Ro, Zn / d j , e/ Dh , and p/ e,
are in the range of gas turbine operation. The desired dimension-
less parameters were achieved by enlarging the test model, which
resulted in larger d j and A f and lower V j , Xn / d j , and \ .

Figure 3 shows the � ow distributionfor the nonrotating test. The
pressure levels in the supply and impingement channels, jet veloc-
ities, and ratios of channel spent air (cross� ow) mass � ux to jet
mass � ux increased with an increase in the jet Reynolds number.
The channel cross� ow mass � ux at a given radial location is the
sum of all impinging jet mass � uxes upstream of that radial loca-
tion. Increasing X/ Dh in both the � rst and second pass allows the
following observations to be made: 1) The pressure in the supply
channel increased. This may be because the mean � ow velocity
decreases toward the dead end of the supply channel. Therefore,
the static pressure increases with X / Dh . 2) The pressure in the im-
pingement channel decreased. 3) The pressure difference between
the supply and impingement channel increased.Therefore, with in-
creasing X / Dh , jet velocities and ratios of channel spent air (cross-
� ow) mass � ux to jet mass � ux increased in both the � rst and second
passes. The � ow distribution was similar in both channels.

Figure 4 shows the � ow distributionfor the rotating test (800 rpm,
forward rotation). Rotation-induced centrifugal force q \ 2r gener-
ated additional pressure forces in both the supply and the impinge-
ment channel. Force q \ 2r acted in the radially outward direction
in both the � rst and the second passes. In the � rst pass, q \ 2r in
the supply and impingement channel acted in the radially outward
direction. This caused the pressure in the supply and impingement
channel to increase in the radiallyoutward direction.However, with
increasing X / Dh , the pressure difference across the jet plate in-
creased. Therefore, jet velocities and ratios of channel spent air
mass � ux to jet mass � ux increased with increasing X / Dh .

In the second pass, q \ 2r in the supply and impingement channel
acted in the radially outward direction. Force q \ 2r caused resis-
tanceto themovementof inward � owin the supplyand impingement
channel. This caused the pressure in the supply and impingement
channel to decrease in the radially inward direction. However, the

Fig. 4 Flow distribution for rotating test.

Fig. 5a Conceptual view of rib-induced secondary � ow on nonrotating
target walls.

pressure difference between the supply and impingement channel
still increased in the radially inward direction. Therefore, with in-
creasing X/ Dh , jet velocities and ratios of channel spent air mass
� ux to jet mass � ux increased.

Figure 5a shows the conceptual view of rib-induced secondary
� ow on nonrotating target walls. Angled ribs produced � ow sepa-
ration, � ow reattachment, and also secondary � ow between angled
ribs on the walls. It is well known from previous investigations(for
example, Han and Park16) that secondary � ow enhanced turbulent
mixing and reattachment reduced laminar sublayer thickness. This
behavior changed the heat transfer distribution.The intensity of the
secondary� ow increasedwith an increasein spent air cross� ow. The
effect of rib-induced secondary � ow on heat transfer distribution is
shown in Fig. 6.

Figure 5b shows the conceptual view of � ow and force distribu-
tion in rotating(forward rotation) impingementchannels.A detailed
descriptionof � ow behaviorfor forwardand reverse rotationis given
by Akella and Han.12 A brief reviewon � ow and forcedistributionis
presentedhere.The jets traveledopposite to the directionof rotation
in the � rst impingementchannel.The channelCoriolis force pushed
the cooler air toward the wall, which created mixing near the wall.
However, the spent air cross� ow, centrifugal force, and jet Coriolis
force de� ected the jets away and reduced the overall impingement
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Fig. 5b Conceptual view of � ow and force distribution in rotating im-
pingement channels.

Fig. 6 Effect of angled ribs on nonrotating impingementheat transfer.

effect on the wall. The jets traveled in the direction of rotation in
the second impingement channel. Again, the channelCoriolis force
pushed the cooler air toward the wall and created higher velocity
gradientsnear the wall. However, the overall impingement effect on
the wall is reduced due to the defection of jets caused by the spent
air cross� ow, centrifugal force, and jet Coriolis force. It was quali-
tatively estimated that heat transfer is dominated by the impinging
jets, and the effect of spent air cross� ow and rotation are secondary
as compared to impinging jets.

Figure 6 shows the effect of angled ribs on the Nusselt number
distribution for the nonrotating test. Nusselt numbers on smooth
surfaces are also provided to compare heat transfer behavior from
ribbed surfaces with smooth surfaces. Akella and Han12 performed
experiments on smooth surfaces for similar test conditions. Heat
transfer on smooth walls is brie� y discussed. Nusselt numbers in-
creased with an increase in jet Reynolds number. In the � rst im-
pingement channel, both the jet velocity and spent air cross� ow in-
creasedwith an increasein X / Dh (Fig. 3). With an increasingX / Dh ,
the cross� ow reduced the impingement effect, but the increased jet
velocity compensated for the loss of heat transfer associated with
cross� ow. Therefore, the overall effect of the increasing cross� ow
and jet velocity resulted in relatively uniform Nusselt numbers on
the smooth walls. High Nusselt number values are expected in the
turn region due to a � ow turning effect. In the second impingement
channel, after the 180-deg turn, Nusselt number values decreased
due to the spent air cross� ow effect. Higher jet velocities toward the
end of the channel resulted in higher Nusselt number values.

For the case of ribbed impingement channels, heat transfer val-
ues increased greatly with an increase in Reynolds numbers. Re-
sults showed that heat transfer from ribbed surfaces is higher when

comparedwith those from smooth surfaces.This behavior is consis-
tent with previous investigationsof heat transfer enhancement.The
jet and spentair velocitiesincreasedin bothchannelswith increasing
X / Dh (Fig.3). For the radiallyoutward � ow, theNusseltnumbersin-
creased from the inlet to the exit of the channel.Periodically placed
45-deg angled ribs generated � ow separation, � ow reattachment,
and secondary � ow between angled ribs on target walls (Fig. 5a),
which resulted in reduced boundary-layer thickness, large velocity
gradients,and increasedmixing of air near the walls. The angled rib
effect on heat transfer enhancementhas been reported in a previous
investigation.16 The magnitude of velocity gradients increased with
an increase in jet and spent air cross� ow velocities, i.e., increased
X / Dh or jet Reynolds numbers. Heat transfer values in the turn re-
gion are not reported because the temperature difference between
the air and wall is small, which results in large uncertainties in the
calculation of convection coef� cients.

Nusselt numbers decreased from the turn region to the middle
of the second channel for the radially inward � ow. However, the
Nusselt numbers increased from the middle to the exit of the chan-
nel. This may be because, near the entrance of the second channel
(small X / Dh ), the spent air cross� ow could de� ect the jets and
reduce impingement effect. However, toward the exit of the chan-
nel (large X / Dh ), the increased jet impinging velocities (Fig. 3)
could enhance mixing and increase heat transfer; meanwhile, the
increased spent air cross� ow (Fig. 3) from the middle to the exit
of the channel enhances rib-inducedsecondary � ow mixing and in-
creases heat transfer.Therefore, increasingheat transfercoef� cients
were recorded from the middle to the exit of the second channel.

Figure 7 shows the effect of rotation and angled ribs on impinge-
ment heat transfer. Nusselt numbers on smooth surfaces under rota-
tion are also provided for similar test conditions. Nusselt numbers
increased with an increase in Reynolds number. For smooth sur-
faces, the effect of rotation is to decrease the heat transfer compared
to the nonrotation test (Fig. 7a vs Fig. 6a). Also, rotation decreased
heat transfer for the ribbed surfacescomparedto the nonrotatingtest
(Fig. 7bvs Fig. 6b). Figure 5b showed that the channelCoriolis force
pushed the cooler air toward the wall and enhanced the impinge-
ment effect on the wall.However, the spentair cross� ow, centrifugal
force, and jet Coriolis force de� ected the jets away from the wall
and reduced the overall impingement effect and heat transfer on the
wall. Therefore, rotation reduced heat transfer in both smooth and
ribbed impingement channels.

Angled ribs created � ow separation,reattachment,and secondary
� ow between angled ribs (Fig. 5a), which enhanced the heat trans-
fer from the walls. Although rotation reduced the jet impinge-
ment effect, the rib-induced turbulent mixing and secondary � ow
production greatly increased the heat transfer coef� cients. There-
fore, higher Nusselt numbers were recorded on ribbed walls com-
pared to smooth walls for the rotation test (Fig. 7b vs Fig. 7a).

Figure 8 shows the effect of rotationon heat transfer in ribbed im-
pingementchannels.Results are presentedfor two rotationnumbers

Fig. 7 Combined effect of rotation and angled ribs on impingement
heat transfer.
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Fig. 8 Effect of rotation on Nusselt number distribution in ribbed
channels.

Fig. 9 Effect of rotation on ribbed channel-averaged Nusselt number
ratio.

(Ro D 0.0053 and 0.0133) and also for the nonrotating test. The ef-
fect of the jet direction with respect to the rotation direction is also
observed(forward and reverse rotation). The jet traveledoppositeto
the directionof rotation in the � rst channel and in the same direction
of rotation in the second channel for the forward rotation test. At a
� xed Reynolds number, higher heat transfer values were recorded
for the nonrotating test compared with those for the rotating test.
Spent air, centrifugalforce,and jetCoriolis force reducedthe overall
impingement effect in impingement channels during rotation test.
Akella and Han12 made two observations: 1) the channel Coriolis
force q \ Vc pushed the cooler air toward the target wall during for-
ward rotation and 2) q \ Vc pulled cooler air away from the target
wall during reverse rotation.Therefore, reverse rotationhad slightly
lower heat transfer coef� cients compared to forward rotation.

Figure 9 shows the ratio of rotationto nonrotationribbedchannel-
averaged Nusselt numbers at various rotationnumbers (\ d j / V j, av ).
Ribbedchannel-averagedNusselt numbers (Nuav for rotation,Nu0,av

for nonrotation) were basedon an algebraicaverageof Nusselt num-
ber from six copper plates in each channel target wall. Rotation
numbers varied from 0.0 to 0.0133. At a � xed rotation speed, a
lower jet Reynolds number gave a large rotation number and, like-
wise, a higher jet Reynolds number gave a low rotation number.
Rotation decreased Nusselt numbers up to 20%. The Nusselt num-
ber ratios decreased with an increase in rotation numbers. Correla-
tions of the form (Nuav / Nu0,av) D 0.592Ro¡0.072 and 0.587Ro¡0.076

represent the trends in the � rst and second impingement channels,
respectively.

Figure 10 shows the effect of Reynolds numbers on ribbed
channel-averagedNusselt number values at various rotation speeds.

Fig. 10 Effect of Reynolds number on ribbed channel-averaged Nus-
selt number values at various rotation speeds.

Fig. 11 Comparison of channel-averaged Nusselt number values with
previous studies for nonrotating test.

A least-squarecurve � t was performed and correlationsof the form
Nu0,av D 0.052Re0.8

j , Nuav D 0.043Re0.8
j , and Nuav D 0.041Re0.8

j were
developedfor the nonrotating,forward rotating,and reverse rotating
tests, respectively. Reverse rotation decreased heat transfer values
by 20% in the impingement channels at Re j D 1 £ 104 .

Figure 11 compares the results obtained from current investiga-
tion (ribbed walls for nonrotating test) with previous nonrotating
studies. The current investigation was conducted for � xed geo-
metric parameters, such as d j D 3.18 mm, Xn / d j D 2, Yn / d j D 3,
Zn / d j D 3, A f D 12%, a D 45 deg, p/ e D 10, and e/ Dh D 0.125.
Kercher and Tabakoff,1 Akella and Han,12 and Florschuetz et al.3

obtained heat transfer coef� cients on smooth surfaces for dif-
ferent geometric and � ow parameters. For the case of smooth
surfaces, at Re j D 1 £ 104 , the heat transfer values measured by
Akella and Han12 are 30% higher and 20% lower when compared
with Kercher and Tabakoff1 and Florschuetz et al.,3 respectively.
Florschuetz et al.3 obtained heat transfer values for a minimum
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cross� ow scheme. This is why the Florschuetz et al.3 data are
higher. They presented a correlation for jet impingement with min-
imum cross�ow for inline and staggered rows of jets. Kercher and
Tabakoff1 measured heat transfer coef� cients for d j D 2.01 mm,
Xn/ d j D 6.25, Yn/ d j D 6.25, Zn/ dj D 1, A f D 2%, and maximum
cross� ow scheme. Akella and Han12 provided more cooling spots
on thewalls (A f D 12%), which resultedin highervelocitygradients
and high heat transfer values compared with Kercher and Tabakoff1

(A f D 2%).
For the case of ribbed surface, Haiping et al.8 measured heat

transfer coef� cients under a maximum cross� ow scheme for differ-
entgeometricand � ow parameters.They measuredheat transferval-
ues for the followingparameters: Xn/ d j D 10, Yn / d j D 10, Zn/ d j D
3, A f D 0.8%, a D 90 deg, and p/ e D 10. At Re j D 1 £ 104,
the Nusselt number from the current study (ribbed surfaces) is 59%
higher than Haiping et al.8 Previous studies13,14 concluded that
90-deg ribs provide lower heat transfer coef� cients when compared
with angled ribs. Also, the current study (ribbed surfaces) has more
coolingspots (A f D 12%) comparedto Haipinget al.8 (A f D 0.8%).
The presence of more cooling spots and secondary � ow induced by
45-degangledribs enhancedthe mixingof air and velocitygradients
near the walls. This resulted in higher Nusselt numbervalues for the
current investigation than for Haiping et al.8

Finally, results from the current study (ribbed walls) are com-
pared with those from Akella and Han.12 Periodicallyplaced angled
ribs (45 deg) created � ow separation, � ow reattachment, and in-
duced secondary � ow between angled ribs on target walls.16 This
resulted in increased turbulent mixing of air near the walls. There-
fore, jet impingement on angled ribbed walls produced more heat
transfer compared to jet impingement on smooth walls (Fig. 6b).
Figure 11 shows that Nusselt number from the current study (ribbed
walls) is 47% higher when compared with Akella and Han,12 at
Re j D 1 £ 104 for the nonrotatingcase. The angled rib effect on the
impingementheat transferincreasedwith an increasein jetReynolds
number.

Figure 12 shows the effect of Reynolds numbers on rib to smooth
heat transfer enhancement ratios at various rotation speeds. The
channel-averaged Nusselt numbers from this study (ribbed walls)
were compared with those from Akella and Han12 (smooth walls).
Similar test conditions were maintained for the smooth and ribbed
surfaces. As the jet Reynolds number increased from 4 £103 to
1 £ 104 , the heat transfer enhancement ratio increased from 13 to
47% for the nonrotating test. Because of the rotation effect, how-
ever, these enhancement ratios changed from 9 to 44% as the jet
Reynolds number increased. This implies that the angled rib effect

Fig. 12 Effect of Reynolds number on rib to smooth heat transfer
enhancement ratios at various rotation speeds.

still dominates the near-wall � ow� eld and heat transfer behavior,re-
gardlessof whether the effect of rotation would reduce heat transfer
enhancement ratios. It is observed that the enhancement ratios in-
creased gradually for lower jet Reynolds numbers (Re j < 6 £ 103 ).
This is because the rib-induced turbulence effect is small for the
lower spent air cross� ow. But the enhancement ratios increased
sharply for Re j > 6 £ 103. Rib-induced secondary � ow promoted
turbulent mixing of air near the walls, and this behavior increased
the heat transfer rate. The intensityof secondary� ow increasedwith
an increase in the spent air cross� ow (related to jet Reynolds num-
ber). However, further increasing the jet Reynolds numbers causes
the slope of the enhancement ratios to slow down. This may be be-
cause the heat transfer rates are already pretty high at the higher jet
Reynolds numbers; therefore, the angled rib has reached its maxi-
mum effect on enhancing jet impingement heat transfer. Note that
for ribbed walls the rib increased surface area is about 28% and is
not included in the calculation of the heat transfer coef� cient.

Conclusions
This study investigatedthe following issueson impingementheat

transfer: 1) the effect of angled ribs in nonrotating impingement-
cooled blades and 2) the combined effect of rotation and angled
ribs in rotating impingement-cooled blades. Measurements were
obtained in a two-pass rectangular impingement channel, with the
channelsconnectedbya sharp180± turn.Squarecross-sectionedribs
with a rib-orientationangle of 45 deg were periodically attached to
the walls. The effect of the jet direction with respect to the rotation
directionwas also studied.Secondary � ows producedby angledribs
and rotation interacted with each other and developed a new heat
transfer pattern that is different from those produced by angled ribs
or by rotation alone. The main conclusions follow.

1) The rotation-induced centrifugal force q \ 2r increased pres-
sure levels when comparedwith those for the nonrotatingtest. How-
ever, the jet velocity distributionsdid not change signi� cantly when
compared with those for the nonrotating test.

2) For the rotating test, the overall impingementeffect on the wall
reduced due to the defection of jets caused by the centrifugal force
and jet Coriolis force. Therefore, lower heat transfer coef� cients
were recorded during rotation compared with the values obtained
for the nonrotating tests.

3) As the jet Reynolds number increasedfrom 4 £ 103 to 1 £ 104,
the rib to smoothheat transferenhancementratios increasedfrom13
to 47% for the nonrotating test. This is due to the effect of � ow sep-
aration, reattachment, and secondary � ow generated by impinging
jets over angled ribs.

4) For the rotating test (800 rpm, forward rotation), the rib to
smooth heat transfer enhancement ratios changed from 9 to 44% as
the jet Reynolds number increased from 4 £ 103 to 1 £ 104 . This
is because rotation reduces the enhancement effect produced by
impinging jets over angled ribs.

5) Rotation decreased heat transfer coef� cients up to 20% on
the ribbed walls. The rotation to nonrotation Nusselt number ra-
tios decreased with an increase in rotation numbers. Correlations
of the form (Nuav / Nu0, av) D 0.592Ro¡0.072 and 0.587Ro¡0.076 rep-
resent the trends in the � rst and second impingement channels,
respectively.

6) The rib to smooth heat transfer enhancement ratios in the � rst
impingementchannel are slightlyhigher when comparedwith those
in the second impingement channel.

7) Ribbed channel-averagedNusselt number values for the for-
ward rotation test are slightly higher when compared with those for
the reverse rotation test.
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