
ASME Turbo Expo 2011
Vancouver Exhibition & Conference Center

Vancouver,Canada,June 6-10,2011
GT2011-45995

Experimental and Numerical Crossover Jet
Impingement in a Rib-Roughened Airfoil

Trailing-Edge Cooling Channel

M.E. Taslim and M.K.H. Fong

Mechanical and Industrial Engineering Department

Northeastern University
Boston, MA, USA

Abstract

Local and average heat transfer coefficients were mea-

sured in a test section simulating a rib-roughened trailing

edge cooling cavity of a turbine airfoil. The test rig was

made up of two adjacent channels, each with a trapezoidal

cross sectional area. The first channel, simulating the cool-

ing cavity adjacent to the trailing-edge cavity, supplied the

cooling air to the trailing-edge channel through a row of

racetrack-shaped slots on the partition wall between the two

channels. Eleven crossover jets, issued from these slots en-

tered the trailing-edge channel, impinged on eleven radial

ribs and exited from a second row of race-track shaped slots

on the opposite wall in staggered or inline arrangement. Two

jet angles of 0 and 5◦ and a range of jet Reynolds number

from 10,000 to 35,000 were tested and compared. The nu-

merical models contained the entire trailing-edge and supply

channels with all slots and ribs to simulate exactly the tested

geometries. They were meshed with all-hexa structured

mesh of high near-wall concentration. A pressure-correction

based, multi-block, multi-grid, unstructured/adaptive com-

mercial software was used in this investigation. Standard

high Reynolds number k− ε turbulence model in conjunc-

tion with the generalized wall function for most parts was

used for turbulence closure. Boundary conditions identical

to those of the experiments were applied and several turbu-

lence model results were compared. The numerical analyses

also provided the share of each crossover and each exit hole

from the total flow for different geometries. The major con-

clusions of this study were: a) except for the first and last

cross-flow jets which had different flow structures, other jets

produced the same heat transfer results on their target sur-

faces, b) tilted crossover jets produced higher heat transfer

coefficients on the target surface towards which they were

tilted and lower values on the opposite surface and c) the nu-

merical predictions of impingement heat transfer coefficients

were in good agreement with the measured values for most

cases thus CFD could be considered a viable tool in airfoil

cooling circuit designs.

Nomenclature

Aheater surface foil heater’s area

AR trailing-edge channel aspect ratio, (bmin +bmax)/2H =
0.245

bmax test section maximum base, 1.981 cm

bmin test section minimum base, 1.143 cm

Dh trailing-edge channel hydraulic diameter, 2.5 cm

dcross hydraulic diameter of each crossover hole, 1.315 cm

e rib height, 0.584 cm

h heat transfer coefficient, W/(m2◦C)
H test section height, 6.35 cm(Figure 1)

i current through the surface foil heater, amps

k air thermal conductivity, W/(m◦C)
mi air mass flow rate through the ith crossover hole, Kg/s

N̄u local average Nusselt number based on the crossover

hole hydraulic diameter,hdcross/k

Pamb ambient pressure, Pa
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Psupply pressure in the supply channel upstream of the 6th

crossover hole, Pa

PT E pressure in the trailing-edge channel downstream of

the 6th crossover hole, Pa

Pcross perimeter of each crossover hole, 2.859 cm

q
′′

total heat flux generated by the foil heater (= vi/Aheater)

q
′′

b total heat loss through the back of the target plate to the

ambient

q
′′

r total radiational losses from the heated target wall to the

surrounding unheated walls

r slots corner radii, 0.521 cm (Fig. 1)

rrib rib top corner radii, 0.19 cm (Fig. 1)

Re jet local jet Reynolds number based on the crossover

hole hydraulic diameter and mass flow rate through

the same crossover hole, 4mi/Pcrossµ)
T/C thermocouple (Fig. 1)

v voltage across the surface foil heater, volts

V velocity magnitude

w rib width, 0.584 cm

β jet tilt angle (Fig. 1)

1 Introduction

Various methods have been developed over the years to

keep turbine airfoil temperatures below critical levels. The

main objective in turbine airfoil internal cooling is usually to

achieve maximum heat transfer coefficients while minimiz-

ing the coolant flow rate. One such method is to route coolant

air through a smooth or rib-roughened serpentine passages

within the airfoil and convectively remove heat from the

blade. The coolant is then ejected either at the tip of the

blade, through the cooling slots along the trailing edge or

cooling holes along the airfoil surface. Impingement cool-

ing is another effective method of airfoil cooling. In this

method, the coolant enters the leading- or trailing-edge cool-

ing cavities as jets from the adjacent cavity through a series

of crossover holes on the partition wall between the two cav-

ities. The crossover jets impinge on the cavity walls (smooth

or rib-roughened) and exit through the film holes on the pres-

sure and suction sides, through the exit holes along the trail-

ing edge, or form a cross flow in the cavity and move toward

the airfoil tip. Several studies on impingement cooling of

airfoils in the leading-edge and mid-chord cavities are re-

ported. Chupp et al. [1] reported on the evaluation of inter-

nal heat transfer coefficients for impingement cooled turbine

blades. Metzger and Bunker [2,3] reported on local impinge-

ment heat transfer in internally cooled turbine airfoil leading

edge regions with and without film cooling. Chang et al. [4]

investigated the effects of an array of circular jets imping-

ing on a rib-roughened surface normally with the presence

of a cross-flow. This arrangement was intended to simulate

the jet impingements in the blade mid-chord cavities where a

cross flow is also present. They concluded that the heat trans-

fer effects of jet impingement on rib-roughened surfaces can

be considerably improved by proper positioning on the jets

with respect to the ribs. Akella and Han [5] reported on im-

pingement cooling in rotating two-pass rectangular channels

with ribbed walls. Taslim et al. [6-11]reported the results

of a series of investigations on internal impingement on the

leading-edge cavity walls.

As dictated by the external shape of airfoil trailing-edge,

trailing-edge cooling cavities often have very narrow trape-

zoidal shapes with characteristically small passage aspect ra-

tios. The narrow trapezoidal shape of the trailing-edge cool-

ing cavities puts restrictions on the use of ribs. Most of the

reported work on the trailing cooling cavities, deal with the

cooling flow across a pin bank and the ejection of cooling

flow through the trailing-edge holes. Metzger et al. [12]

reported on heat transfer and flow friction characteristics of

very rough transverse ribbed surfaces with and without pin

fins. Abuaf et al. [13] reported the results of an experimental

investigation of the pressure drop and heat transfer coeffi-

cient distributions in serpentine passages with and without

turbulence promoters. They investigated a three-legged pas-

sage with slanted bleed holes along the third leg. Air entered

the test section at three inlet ports along the first leg and liq-

uid crystals along with thin foil heaters were used to mea-

sure the heat heat transfer coefficient. Tests were run with

and without wooden ribs mounted on the liquid crystals at an

angle 90o with the flow direction. Lau et al. [14,15] reported

on turbulent heat transfer and friction in pin fin channels with

lateral flow ejection. Kumaran et al. [16] reported on aug-

mented heat transfer in a pin fin channel with short or long

ejection holes. Taslim et al. [17] studied the effects of bleed

holes on the heat transfer coefficient and friction factor in

a rib-roughened trapezoidal passage simulating the trailing

edge cooling cavity of a turbine blade. The ribs were tapered

and the cooling flow in the channel was radial. They con-

cluded that there existed a large spanwise variation in heat

transfer coefficient in the trailing edge cavity without the

bleed holes. A more uniform distribution of the spanwise

heat transfer coefficient was observed in test sections with

the bleed holes. Another major conclusion was that the Nus-

selt number along the channel with bleed holes correlated

well with the local Reynolds number. None of these cases,

however, resembles the geometries or the flow pattern tested

in the present work. Impingement on the trailing-edge walls

with crossover jets have not been investigated to the same

extent. Taslim and Nicolas [18] reported on an experimental

and numerical investigation of jet impingement on ribs in an

airfoil trailing-edge cooling channel. In this arrangement, the

cooling air enters the trailing-edge cooling cavity from the

adjacent cavity through a set of crossover holes and is then

ejected through a series of holes along the airfoil trailing-

edge and/or a few holes at the airfoil tip. This complex ge-

ometry creates a complex flow field. Both longitudinal and

spanwise variations in air velocity and heat transfer coeffi-

cient are expected. Taslim and Nongsaeng [19] reported on

a combined experimental and numerical study on crossover

jet impingement heat transfer in a narrow trapezoidal channel

simulating a typical trailing-edge cooling cavity with smooth

walls. Zero and five-degree jet angles were tested. Major

conclusions in that study was that jets tilted at an angle of

5 degrees produced higher heat transfer coefficients on the

target surface. The tilted jets also produced the same level of
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heat transfer coefficients on the wall opposite the target wall

and reasonable agreement was observed between the numer-

ical and experimental results.

In this study, the effects of crossover jet impingement on

a rib-roughened trailing-edge cooling cavity wall are investi-

gated for two jet angles of 0 and 5◦, and for inline as well as

staggered crossover and exit hole arrangements.

2 Test Section

Details of the test rig, crossover slots, trailing-edge slots

and ribs are shown in Figs. 1 and 2. The steady-state liquid

crystal technique was used to measure the heat transfer coef-

ficient on the target walls. Before testing, the liquid crystal

sheet was calibrated as follows. A water bath was used to

attain uniform isochromes on a small sample piece of the

liquid crystal sheet used throughout this investigation. The

temperature corresponding to each color was measured using

a precision thermocouple and photographs were taken at lab-

oratory conditions simultaneously so as to simulate closely

the actual testing environment. A reference color along with

its measured temperature of 33.78 ◦C was then chosen to

be used throughout the experiments. It should be noted that

all possible shades of the selected reference color showed

a temperature difference of no more than 0.3 ◦C. Plenum,

supply channel and three walls of the trailing-edge chan-

nel were made of 1.27-cm-thick clear acrylic plastic while

the fourth wall of the trailing-edge channel, on which a

sheet of encapsulated liquid crystals was attached and all

measurements were taken, was made of a 5-cm-thick ma-

chineable polyurethane board with a thermal conductivity of

0.0576 W/m◦C. Three 6.6cm x 28.2cm custom-made etched

foil heaters were glued onto the polyurethane wall where

measurements were taken. The 0.15-mm-thick etched foil

heaters were made of a 0.0127-mm-thick inconel heating ele-

ment and a 0.0127-mm-thick electrically inactive inconel foil

to further spread the heat uniformly over the polyurethane

surface. These two inconel foils were sandwiched and glued

between three layers of Kapton. The heat spreading foil cov-

ered the entire test section wall including the target surface

as well as the two ends of the channel abutting areas 1 and

11 in Fig. 2.

Therefore, this study reports the local and area-weighted

average heat transfer coefficient on the target surface be-

tween the crossover holes and exit slots. Eleven racetrack-

shaped crossover holes which were drilled on the removable

partition wall between the supply and trailing-edge channels,

with round inlet and exit corners to simulate the cast holes in

a real airfoil, introduced the cooling jets into the trailing-edge

channel. Two jet tilt angles,(β = 0◦ and 5◦)were tested. The

5◦ tilt angle was determined to land the crossover jet on the

rib, thus producing an effective impact with the rib as well

as the target walls. Eleven 3.353cm-long ribs with a cross-

sectional area of 0.584cm by 0.584cm and top corner radii

of 0.19cm were mounted half way between the two bases of

the trapezoidal test section on one wall. As shown in Fig.

2, each rib was aligned with the central axis of the crossover
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Fig. 1. Schematics of the rig.

hole from which it received the impinging jet. A 1.727cm

gap between the consecutive ribs allowed for the shedding of

vortices and promoting the heat removal from the target wall.

In the nominal flow arrangement case, these jets after in-

teracting with the trailing-edge channel walls (rib-roughened

and smooth), exited through 11 (inline arrangement) or 12

(staggered arrangement) racetrack-shaped slots which were

drilled on the opposite wall. The trailing-edge slots also had

rounded inlet and exit corners. Tests were also run when two

(slots # 1 and 2)or four (slots # 1 through 4)on the trailing

edge were blocked. The blocked-hole cases were examined

to study the heat transfer coefficient deficit around the airfoil

root when a number of trailing-edge slots are blocked for

reasons such as casting imperfections, foreign object clog-

ging or when airfoil design restrictions do not allow for ad-

equate number of exit cooling holes in certain trailing-edge

locations. A bleed line at one end of the trailing-edge chan-

nel, shown in Figure 1, was also used to simulate the airfoil

tip hole when the trailing-edge slots were blocked. The test

sections were covered on all sides, except for a small win-

dow at the location where the pictures were taken, with a
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Fig. 2. Details of the test section.

5-cm-thick styrofoam slab to minimize heat losses to the en-

vironment. The radiational heat loss from the heated wall

to the unheated walls as well as losses to ambient air were

taken into consideration when heat transfer coefficients were

calculated. A digital camera, in conjunction with proper fil-

ters and background lighting to simulate daylight conditions,

was used to take pictures of isochrome patterns formed on

the liquid crystal sheet. A centrifugal compressor supplied

compressed air to a 0.76m3 storage tank. A combination of

an air dryer and two air filters dried and cleaned the air. A

pressure regulator was used to set the air mass flow rate for

a desired jet Reynolds number. A critical venturi, choked for

all mass flow rates, was then used to measure the air mass

flow rate before it entered the test section plenum at about

ambient temperature. Total mass flow rate entering the sup-

ply channel varied from 0.023 to 0.08Kg/s. Heat was in-

duced to the air in the test section via the heaters through

a custom-designed power supply unit. Each heater was in-

dividually controlled by a variable transformer to assure a

constant heat flux over the entire heated wall. Four thermo-

couples along the supply channel including one immediately

upstream of the sixth crossover hole measured the jet tem-

perature. Their measurements did not differ by more than a

fraction of a degree. A typical jet temperature was 21◦C.

3 Computational Model

The computational model was constructed for the en-

tire setup. The model included the supply channel, the

crossover holes, the rib-roughened trailing-edge channel and

the exit holes. Figure ?? shows a typical mesh for the

staggered flow arrangement with all eleven crossover and

twelve trailing-edge slots while Fig. 4 shows the details of

the mesh distribution around a computational cell made up

of a crossover hole, a trailing-edge slot and their share of

the supply and trailing-edge channels. The CFD analyses

was performed using Fluent/UNS solver by Ansys, Inc., a

pressure-correction based, multi-block, multi-grid, unstruc-

tured/adaptive solver. Boundary conditions for the numer-

ical models were identical to those of the experiments. At

the inlet, a total mass flow rate exactly the same as what

was measured (0.034−0.08 kg/s range)was specified at the

same temperature (18−25 ◦C range) and pressure (101.35−

105.4 KPa range) of the air entering the rig. The heat fluxes

on the heated walls were also identical to those of exper-

iment (2500− 4000 W/m2 range). Exit holes had a pres-

sure bondary condition identical to that of the lab. Standard

high Reynolds number k− ε turbulence model in conjunc-

tion with the generalized wall function was used for turbu-

lence closure. The average y+ for the first layer of cells was

calculated to be below 5 for all cases since the enhanced

wall treatment method was employed. Other available tur-

bulence models in this commercial code including the k−ω
with Shear Stress Transport (SST) option and v2 f models

were also tested and the corresponding results are compared.

Mesh independence was achieved at about 12 million cells

for a typical model. Cells in all models were entirely hexag-

onal, a preferred choice for CFD analyses, and were varied

in size bi-geometrically from the boundaries to the center of

the computational domain in order to have finer mesh close

to the boundaries. Residual sums for all variables in all mod-

els were less than 1x10−7. Convergence, for most cases, was

achieved at around 15000 iterations.

4 Results and Discussion

In this paper, experimental and numerical results are

presented for two flow arrangements. The flow arrangements

are shown in Fig. 5. In the inline case, flow entered the

trailing-edge channel from the eleven crossover holes, dif-

fused into the trailing-edge channel to interact with both the

the rib-roughened and smooth target walls, and was ejected

from the trailing-edge channel through eleven exit slots that

were geometrically arranged inline with the crossover holes.

In the staggered case, flow entered the trailing-edge chan-

nel from the same eleven crossover holes. However, it was

ejected from the trailing-edge channel through twelve exit

slots that were geometrically staggered with respect to the

crossover holes. Each of these cases were run for zero- and

five-degree tilt angles. These were considered as our baseline

4 Copyright © 2011 by ASME



Fig. 3. A typical mesh for the entire test section with the crossover 

and exit holes. 

5 

Fig. 4. Deatils of the mesh around a crossover and a trailing-edge 

slot for inline and staggered flow arrangements. 

cases. For these baseline cases, all measurements were done 
on area 6 (see Fig. 2) since the heat transfer coefficient did 
not show a measurable change from area 2 through area 10 
when it was correlated with the local jet Reynolds number. 
Actual photos of liquid crystals displays confirmed a remark
able similarity of iso-chromes on these areas and numerical 
results confirmed this behavior as we will show shortly. 

In real life practice, there may be occasions that the trail
ing edge exit holes do not line up with the crossover holes or 
some of them might be plugged for a variety of reasons in
cluding casting imperfections or presence of foreign objects. 
To investigate the effects of the exit hole blockage on local 
heat transfer performance, tests were performed for cases in 
which the first 2 or 4 exit slots (slots 1 through 4 in Fig. 1) 
were blocked while all crossover holes remained open. At 
the same time, the bleed line simulating the airfoil tip hole 
was open and tip flow was adjusted. Changes in flow struc
ture due to the blockage of a portion of the exit slots was 
quite evident and caused a significant variation in heat trans
fer coefficient on areas 1 through 5. These flow arrange
ments created a different flow structure that affected the heat 
transfer coefficients on the target walls downstream of the 
crossover jets. 

As was mentioned earlier, for all cases in which all 
trailing -edge slots were open, measurements were performed 
in the middle of the test section on area 6 in Fig. 2. This 10-

Copyright © 2011 by ASME 



Fig. 5. Typical CFD contours of velocity magnitude on the rig mid

plane for inline arrangement with 0° tilt angle and for staggered ar

rangement with 5° tilt angle. 
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Fig. 6. Typical CFD contours of velocity magnitude on the rig mid

plane for 0, 2 and 4 blocked exit holes, staggered flow arrangement 

and 5° tilt angle. 

cation aligned axially with the center of crossover hole num
ber 6. Thus the jet Reynolds number is based on the mass 
flow rate through the crossover hole number 6. Depending 
on the number of open exit holes, the share of the crossover 
holes from the total mass flow varies from 6.85 to 11.26 per
cent. To determine these percentages, thorough analyses of 
the flow fields for different flow arrangements had to be done. 
A three-dimensional CFD model of each flow arrangement 
was run under the tests boundary conditions. Figures 5 and 
6 show the contours of velocity magnitude on the channel 
mid-plane for four representative cases. These contour plots 

6 

are on a plane that passes through the centers of crossover 
holes and trailing-edge slots. Changes in flow structure and 
formation of an axial flow in the trailing-edge channel where 
the trailing-edge slots are blocked is evident. Crossover jets 
on the opposite side of the blocked exit holes are diverted to
wards the open trailing-edge slots and are not effectively im
pinging on target surfaces as they are in the cases in which 
all exit holes are open. We will discuss the effects of the 
changes in flow structure, due to the blocked exit holes, on 
the mass flow rates through the crossover holes, and on the 
heat transfer coefficients on the target walls in the ensuing 
sections. 

Figure 7 shows the percentage of total mass flow rate 
passing through the crossover holes for different geometries 
and flow arrangements. These figures were generated from 
the CFD results. For a given geometry and flow arrangement, 
these percentages did not show any significant variation with 
the jet Reynolds number. Therefore, each set of symbols rep
resents the average values for all tested jet Reynolds num
bers. The horizontal dashed line in the figure, serving as 
a reference, corresponds to the value of 9.09% if the total 
flow passed in equal amounts through the eleven crossover 
holes. It can be seen that, the mass flow rate through the mid
dle crossover hole is very close to the average value. When 
all exit holes were open, this percentage varied slightly for 
the crossover holes on both sides of the middle hole. The 
first crossover hole in the staggered arrangement received the 
maximum percentage of 9.6%. This is explained by the ve
locity contours of Fig. 5 in which the jet issued from the first 
crossover hole in the staggered arrangement finds its way out 
through two exit holes compared to one exit hole in the in
line arrangement. In other words, the flow through the first 
crossover hole experiences less resistance on its way out of 
the trailing -edge channel. When 2 or 4 exit holes are blocked, 
while the middle crossover hole's share of the total flow is 
again very close to the average value of9.09%, a more severe 
variation in flow percentages is observed. Crossover holes 
1 through 5 receive less than the average flow percentage 
while the crossover holes 7 through 11 receive more than the 
average flow percentage. This monotonic increase of flow 
through the crossover holes in axial direction was observed 
for all tested flow rates. As Fig. 6 shows, the blocked exit 
holes against the crossover holes 1 through 4 create a resis
tance to the jet issued out of these holes and reduce the mass 
flow rate for those crossover holes. The crossover jets are 
tilted axially in the flow direction and, as a result, produce 
lower heat transfer coefficients on their target surfaces to be 
discussed shortly. The jet Reynolds number for which the 
surface Nusselt numbers for the target areas 1 through 11 are 
presented, are all based on the air mass flow rate through 
their corresponding crossover hole. Of particular interest is 
the case with 4 blocked exit holes in which the mass flow 
rate through the first crossover hole is about 33% less than 
that through the last crossover hole. The axial (upward) ve
locity component in the trailing -edge channel causes the cur
vature on the velocity contours and pushes the flow towards 
the downstream exit holes. 

Fig. 8 shows the flow distribution through the exit holes 

Copyright © 2011 by ASME 



Crossover Hole #
1 2 3 4 5 6 7 8 9 10 11

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0

10.5

11.0

11.5

12.0

0 Inline

0 Staggered

5 Stag

5 Inline

5 Staggered 2 Blocked

5 Staggered 4 Blocked

% if all equal flows

Flow Arrangementβ

9.09%

%
o

f
T

o
ta

l
F

lo
w

( )o
M

id
d

le
H

o
le

4
Blo

cked
Exit

Holes

2
Blo

cked
Exit

Holes

Fig. 7. Percentage of mass flow rate through the crossover holes

with all exit holes open.

Exit Hole #
1 2 3 4 5 6 7 8 9 10 11 12 13

3

4

5

6

7

8

9

10

11

12

13

0 Inline

5 Inline

0 Staggered

5 Staggered

5 Staggered 2 Blocked

5 Staggered 4 Blocked

% if all equal flows (9 holes)

% if all equal flows (11 holes)

% if all equal flows (12 holes)

Flow Arrangementβ

Tip
Hole

11.11%

9.09%

8.33%

%
o

f
T

o
ta

l
F

lo
w

( )o

Fig. 8. Percentage of mass flow rates through the exit holes.

for all geometries and flow arrangements. The horizontal

lines represent the percentage of the flow through each hole

if they received an equal share of the flow in each arrange-

ment. These values change depending on the number of open

exit holes. In general, the exit hole mass variation is not as

drastic as the crossover holes mass distribution. Only those

on both ends show a small change. It should be noted that
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hole number 13 represents the trailing-edge channel end hole

simulating the airfoil tip hole. If the percentage of the flow

through the tip hole is less than the exit holes, it is because it

was set to have a nominal mass flow percentage of about 8%

of the total flow. This hole was open only when 2 or 4 exit

holes were blocked.

The heat transfer coefficient corresponding to each

recorded picture of liquid crystals display was calculated

from:

7 Copyright © 2011 by ASME
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Fig. 11. Measured contours of Nusselt numbers on area 6 for 0◦ tilt

angle, and for inline and staggered flow arrangements.

h =
q
′′
−q

′′

b −q
′′

r

(Ts−Tj)

where Ts and Tj are the surface and jet temperatures, respec-

tively. q
′′

is the total heat flux generated by the foil heater, q
′′

b

is the total heat loss through the back of the target plate to the

ambient and q
′′

r is the total radiational losses from the heated

target wall to the surrounding unheated walls. Air proper-

ties including the viscosity and thermal conductivity for the

calculation of the Reynolds and Nusselt numbers were eval-

uated at the jet temperature. Experimental uncertainties in

Reynolds numbers and heat transfer coefficients, following

the method of Kline and McClintock [20], were calculated

to be about ±3% and ±6%, respectively.

The experimental heat transfer results for the baseline

(all open exit holes) cases are presented in Fig. 9. Measure-

ments were performed on area 6 in the middle of the test

section for two jet tilt angles of zero and 5 degrees and for

two crossover versus trailing-edge slot arrangements of in-

line and staggered. For comparison, on the same figure, we

have included the test results of our previous study (Taslim

and Nongsaeng, 2010)in the same test section with no ribs

(hollow symbols). The presence of the ribs on the target wall

has caused increases in heat transfer coefficients up to 30%.

This increase is due to the interaction of the jet with the rib

and formation of vortices around and downstream of the rib.

Liquid crystal display of surface temperature showed identi-

cal patterns for areas 2 through 10 thus the camera was fo-

cused on area 6 for a detailed analysis of the heat transfer pat-

tern and the reported heat transfer results represent the Nus-

selt number downstream of the crossover jets 2 through 10.

It should be mentioned that, in this and ensuing figures, the

symbols represent the measured data while the lines repre-

sent the numerically-obtained results. As expected, the tilted
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Fig. 12. Meassured Nusselt number variation with local jet

Reynolds number on areas 1 through 5 for the 5◦ tilt angle, 2 blocked

exit holes and open end hole.

jets produce higher heat transfer coefficients due to more ef-

fective interactions between the them and the rib-roughened

target wall. The tilted jets rebound and diffuse in all direc-

tions after impingement and interact with the neighboring

target walls while the 0◦ jets diffuse into the trailing-edge

channel in a symmetric fashion and have much less inter-

action with the neighboring target walls. As for the inline

versus staggered arrangements, the 5◦-tilt results were very

close while the 0◦-tilt results show a 12% increase for the

staggered case. This behavior is explained by the strong in-

teraction between the jet and the rib in the 5◦-tilt case such

that the jet disperses in all forward directions thus the align-

ment of the exit holes does not affect the heat transfer co-

efficient downstream the rib. The differences between these

cases are also seen in Fig. 10 where the CFD contours of

Nusselt number on area 6 for typical inline and staggered ar-

rangements are compared. The numerical results show the

same trend with almost no difference for the 5◦-tilt and in-

line case at the lowest end of the jet Reynolds number range

and a maximum difference of about 23% for the 0◦-tilt case,

again at the lowest end of the jet Reynolds number range.

Contours of measured Nusselt numbers on the target area 6

for the inline and staggered flow arrangements are shown in

Fig. 11. What is reported as the average Nusselt number on

area 6 is the area-weighted average of these contours lines

on that area. High heat transfer coefficients immediately up-

stream of the rib and exit hole(s) are in agreement with the

CFD contours of Fig. 10.

Measured heat transfer results for 2 and 4 blocked

trailing-edge slots are shown in Figs. 12 and 13. Evidenced

8 Copyright © 2011 by ASME
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by the numerical results shown in Fig. 6, when these exit

slots were blocked and the bleed line at the other end of the

channel was open, the crossover jets issued from the first two

or four crossover slots were forced to turn towards the open

exit slots. In both cases, the heat transfer coefficients on the

target areas corresponding to the blocked exit holes show

a remarkable reduction. Those crossover jets opposite the

blocked exit holes form an axial flow that diverts the down-

stream jets until the flow reaches the first open exit hole. This

axial flow reduces the crossover jet interaction with the tar-

get area thus reducing the heat transfer coefficients on areas

1 and 2 in Fig. 12 and on areas 1 through 4 in Fig. 13. When

two exit holes are blocked, area 1 which gets no benefit from

either impingement or cross-flow, exhibits a very low heat

transfer coefficient. The combined effects of impingement

and cross-flow, however, increases the heat transfer coeffi-

cient on areas 2 through 5. When 4 trailing-edge slots are

blocked, the same pattern, although more severe, is observed.

Beyond the fifth area, the impingement effects took over and

the remaining areas had the same level of heat transfer coef-

ficients. Other geometries and flow arrangements exhibited

the same behavior and are not presented here due to space

limitation. Again, with the same trend and behavior, the nu-

merical heat transfer results were higher than the test result

for most cases with an overall difference of 9.5%

Figures 14, 15, 16 and 17 show the numerical heat trans-

fer results along the channel for the baseline cases of zero

and 5-degree tilt angles, inline and staggered flow arrange-

ments. For the inline flow arrangements of both tilt angles,

Areas 1 and 11, corresponding to the first and last crossover

holes produced lower heat transfer coefficients than others
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Fig. 14. Comparison of the CFD and test results for the 0◦ tilt angle

and inline flow arrangement.

since only a portion of these areas were affected by the first

and last crossover jets and they did not benefit from the

crossover jets as much as the other areas did. Furthermore,

evidenced by Fig. 7, crossover hole 11 receives the least

amount of flow and that is another reason for the reduction of

the heat transfer coefficient on that area. Liquid crystal dis-

plays confirmed the same behavior. The first crossover jet,

although received more than average share of the mass flow

rate, did not have an effective interaction with the first target

area, instead, combined with the second crossover jet, con-

sistently produced a higher heat transfer coefficient on area 2

in these four baseline cases. Higher than average mass flow

rate through the second crossover hole also contributed to the

high heat transfer coefficient on area 2. Heat transfer coef-

ficients on the other areas (3 through 10) are close to each

other within ± 10%. Test results for area 6 in the middle

of the test section show a reasonable agreement with the nu-

merical values in most cases with a maximum difference of

about 15% in the staggered case of zero tilt angle. Identical

scales of the axes in these figures helps comparing the inline

versus staggered flow arrangements as well at the 0◦ versus

5◦ tilt-angle results.

Measurements and numerical analyses were also con-

ducted on the wall opposite the target wall for the 5◦ tilt an-

gle. Results are shown in Fig. 18. The heat transfer results on

the opposite wall were not remarkably different from those

on the target wall mainly due to the fact that the walls are

very close to each other and the opposite wall benefits from

jet rebound after it interacts with the rib. Contours of veloc-

ity magnitudes shown in Fig. 19 on the cutting planes that

pass through the middle crossover and exit holes show the

9 Copyright © 2011 by ASME
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crossover jet interaction with the two opposing walls. In the

inline case, the crossover jet hugs the two walls as it diffuses

into the channel towards the opposing exit holes. In the stag-

gered arrangement for which the velocity contours are shown

on two cutting planes, with the exit holes not located directly

opposite the crossover holes, the jet is tilted towards the op-

posite wall as it interacts with the rib. However, on its way

out through the staggered exit holes, it has an effective inter-

action with the target wall. These flow structures produced

fairly high heat transfer coefficients, given that the opposite
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and staggered flow arrangement.
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was was not rib-roughened. Similar to the heat transfer re-

sults on the target wall, a reasonable agreement between the

test and numerical results on the opposite wall is also ob-

served.

As was mentioned earlier, several turbulence models in-

cluding the k−ε, k−ω and v2f models were used for all nu-

merical cases and results for different geometries were com-

pared. It was then concluded that the realizable k− ε model

with the standard wall function along with the second order
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upwind discretization, produced, for most cases, the closest

heat transfer results to the measured data. Figure 20 com-

pares the numerical and tested results for one representative

case of 5◦ tilt angle, staggered arrangement and four blocked

exit holes. The superiority of the k− ε model for both ar-

eas 1 and 5 over the two other models is evident. Numerical

results for for other geometries and flow arrangements pro-

duced the same trend and are not presented here due to space

limitation.

Finally, measured pressure ratios across the crossover

holes (Psupply/PT E) and pressure ratios across the trailing-

edge channel (Psupply/Pamb) for all tested geometries and

flow arrangements are shown in Fig. 21. The cluster of sym-

bols on the lower side of the graph correspond to the pres-

sure ratios across the crossover hole number 6 in the middle

of the test section where pressure measurements were per-

formed. These pressure ratios did not vary with the tilt angle

(β), flow arrangement (inline or staggered) or the number

of blocked exit holes. This is explained by the fact that the

exit holes represent the limiting opening area along the flow

path. Therefore, the most restriction to the flow is through

the exit holes. Same reason explains the increase of pressure

ratios across the whole trailing-edge channel as the number

of blocked exit holes increases. There are three distinct clus-

ters of symbols with the lower values corresponding to the

case of all open exit holes and the highest values correspond-

ing to the case of four blocked exit holes i.e. as the exit area
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decreased,the pressures in the supply and trailing-edge chan-

nels increased at the same rate.

5 Conclusions

Effects of crossover jets for the cooling of a rib-

roughened trailing-edge cavity were studied for two jet tilt
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angles, inline and staggered crossover and exit holes, and

cases of partially blocked exit holes. It was concluded that:

1) Presence of the ribs on the target wall downstream of

the crossover holes has produced and increase of up to 30%

in heat transfer coefficient.

2) Except for the first and last crossover jets in the inline

arrangement which had different flow structures, other jets

produced the same level of heat transfer results on their target

surfaces,

3) Jets tilted at an angle of 5◦ produced higher heat trans-

fer coefficients on the target surface. The tilted jets also pro-

duced a fairly high level of heat transfer coefficients on the

smooth wall opposite the target wall.

4) Secondary cross-flow, caused by the blockage of

trailing-edge slots, changed the flow structure and reduced

the heat transfer coefficients on the target areas immediately

upstream of the blocked exit holes.

5) Pressure ratios across the trailing-edge exit holes is

much higher than those across the crossover holes since the

exit holes represent the limiting opening area along the flow

path.

6) Numerical heat transfer results with the use of stan-

dard high Reynolds number k− ε turbulence model in con-

junction with the generalized wall function were generally in

a reasonable agreement with the test results.
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