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ABSTRACT
Using Particle Image Velocimetry (PIV) the fluid flow is investigated experimentally in a stationary two-pass
coolant channel system. The cooling system consists of a trapezoidal leading edge channel, a 180 deg. bend and an
almost rectangular second channel. The cross sections of the channels were adapted to the shape of a typical turbine
blade. Normally, it has ribbed walls in both channels to enhance heat transfer performance; ribs are placed at the
top and bottom walls of the channels. Heat transfer results are not the objective of this paper; they are investigation
topics of the ITLR which is in close cooperation [SCHUBERT (2003)]. At DLR presently rotation effects are studied.
As a first step to understand the existing flow phenomena, the system is analyzed in non-rotating mode. During
future work it will rotate about an axis orthogonal to the centreline of the straight passes. The results shown in this
paper demonstrate the effect of the 180 deg. bend with isothermal flow condition excluding any buoyancy. Turbulent channel flow with a REYNOLDS number of 40.000, derived with the hydraulic diameter of the second pass,
was investigated. Two models either with smooth or ribbed walls were investigated.
The results presented in this paper clarify the complex flow situation given by the two-pass system with the inherent turn. Especially in the bend area separation regions and vortices with high local turbulence are apparent. The
presence of ribs changes the fluid motion by generating additional vortices impinging the leading and trailing wall.
This very demanding measuring task represents a benchmark test case for the application of PIV and later of Stereo
PIV, respectively.
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Measured length cuts and associated camera positions; Comparison of the mean flow velocity distribution at camera position
A (cut 1, 2 & 3) with ribs.
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INTRODUCTION
The Institute of Propulsion Technology at DLR is involved in national and European research programs aimed
to provide the industry with high quality experimental data from the flow field for CFD validation. In past projects
the flow behavior in rotating passages was analyzed at DLR using Laser-2-Focus velocimetry (L2F) to obtain flow
velocity components and fluctuations [ELFERT (1996); RATHJEN (1999)]. Although time-consuming, this nonintrusive, single-point measurement technique worked very well within straight and smooth duct flows, which generally have a moderate turbulence. However, state of the art serpentine-shaped multi-pass systems (Fig. 1, left side)
are equipped with ribbed walls to improve heat exchange which is typical for realistic turbine cooling configurations. In this case L2F velocimetry was neither able to measure accurate flow properties due to the increased turbulence intensities in the vicinity of the ribs nor in the bend and the separation region. The dividing wall separating
the two passages forces the flow into a sharp turn which generally results in a flow separation. The flow within the
separation bubble itself is very unsteady [ELFERT (2002, 2004); JARIUS (2002, 2003)].
Modern planar measurement techniques such as particle image velocimetry (PIV) and Planar Doppler Velocimetry (PDV) are capable of obtaining complete maps of flows even at high turbulence. As a first step toward applying this technique to the rotating system, a two-pass cooling system is investigated in stationary mode using
PIV. Two models were investigated: model (I) with smooth walls and model (II) with ribbed walls. The high quality of the obtained results encourages the application of the two-component PIV to the rotating system. As a logical
consequence, the application of three-component PIV will be necessary to obtain the complete flow field information of the very complex flow within the two passages and the bend.
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TEST MODEL GEOMETRY
Figure 1 shows the internal cooling system of a turbine blade (i.e. GE-CF6, left) and the Perspex test model of
a two-pass system (right). The geometry of the ribbed test model is given in Fig. 2. The test section consists of a
leading edge duct (first pass) with a trapezoidal cross-section with radially outward directed flow, a 180° bend and
a second pass with a different trapezoidal cross-section with radially inward directed flow. The ratio between the
hydraulic diameters of the second pass to the first pass is 1.53, the area ratio is 2.04. The length of each pass is
8.9 d, where d is 25.0 mm. In the bend region the flow is not only directed through the 180° U-bend but also perpendicular to that following the turbine airfoil shape. The test section is 10 d long. The distance between the tip
plate and the divider wall is 1.0 d. The divider wall has a thickness of 0.2 d. The model has an inlet plenum chamber (not shown here) and, further, a non-ribbed initial and final region of 3.0 d length where no ribs are applied
(blade root).
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PIV – PARTICLE IMAGE VELOCIMETRY
The flow field is measured in steady mode by means of PIV and Stereoscopic-PIV. PIV is based on the principle capturing two times the image of the flow field [ADRIAN (1991); RAFFEL (1998), WILLERT (1997)]. Tracer
particles (aerosol) with an average size of <1 µm are added to the flow. These particles reflect in the laser light
sheet, which is formed with a light sheet optic consisting of a system of one spherical and two cylindrical lenses. It
generates a light sheet with a thickness of 1 mm and a divergent angle of 24°. The laser light sheet is adjustable by
mirrors and illuminates either the first or the second pass. Illumination was provided by a standard, frequencydoubled, double-cavity Nd:YAG laser (New Wave, Gemini PIV) with a pulse energy of up to 120 mJ per pulse at
532 nm. On the recording side, a thermo-electrically cooled, interline transfer CCD camera (PCO,
1280 x 1024 pixel resolution) with a f = 55 mm, f # 2.8 lens (Nikon) was used. A band pass filter with centre frequency of 532 nm and 5 nm width placed in front of the lens rejected most of the unwanted radiation. The pulse
delay between the laser pulses varied between τ = 3 µs (investigation of mean flow) and τ = 5 µs (investigation of
secondary flow). The high resolution CCD camera takes two pictures synchronized by the laser pulses. The CCD
camera, perpendicularly positioned to the light sheet, is a so-called cross correlation camera having double-frame
single-exposure evaluation. Now it is possible to calculate the value, direction and orientation of the absolute velocities with the Cross Correlation Function (CCF). 60 pictures were taken to calculate the mean value of the absolute velocity; to obtain an accurate value of the turbulence level more than 1.000 instantaneous PIV images would
be necessary. For the first test with Stereo-PIV two of the described CCD-Camera are installed with an angle of
17 deg. from the light sheet normal such that the combined opening angle is app. 34°, one in forward scattering and
the other in backward scattering (Fig. 3). The angular displacement method (SCHEIMPFLUG condition) is used
with tilt mounts for the lens and the cameras.
For the secondary flow investigations of the two-pass system two camera positions are adjusted to measure the
first and the second channel separately. Six cuts in the first and second channel were chosen from 38 measured cuts
for the presentation of results in this paper (see Fig. 4). Cut 4 and 7 are within the bend (z = 240.0 and 232.5 mm),
cut 13 locks concisely with the leading edge of the dividing wall at z = 225.0 mm. Cut 21, 25 and 31 are within the
passages at z = 217.0, 210.0 and 190.0 mm. For the investigation of the main flow in a length section, three cuts in
the first pass and five cuts in the second pass were chosen from the measured for presentation of data (Fig. 5). Due
to the trapezoidal first pass geometry only three cuts are adjustable accurately, 2.5 mm from the wall (upper and
lower wall) and mid-span. 11 cuts were measured in the second pass and five cuts are chosen for the presentation,
one cut between the ribs (2 mm), 6 mm from the wall (upper and lower wall) and mid-span.
The accuracy of the PIV measurements is in the range of 1% or less. This is assured by means of performed
measurements at a calibration nozzle and, by comparison with L2F Velocimetry measurements in the same model
(see ELFERT, JARIUS (2002)).
RESULTS
Three factors are influencing the flow in the two-pass system with engine-near lay-out in stationary mode.
These are (i) the bend with the 180 deg turn, (ii) the misalignment of the two passages in a vertical plane and (iii)
the ribs in both ducts. They cause
• bend induced vortices in the second pass and a separation at the dividing wall within the second pass with 3D
behavior,
• impingement of the flow during the turn to the upper wall with enrolment of the flow further downstream and
• rib induced vortices in both passes.
All flow phenomena and vortices interact with each other yielding in a quite complex 3D flow, especially in the
second pass.
The effect of the engine-near geometry on the flow turning
The flow in the smooth channel is influenced by two factors: As a consequence of the engine-near geometry,
the main flow impinges at the bend onto the upper side of the 2nd pass and further downstream to the duct rear wall
(see Fig. 6.1) and induces an enrolment of the flow to a strong vortex (“impingement effect“). Within the 180°-turn
centrifugal forces cause a secondary flow development of two counter-rotating vortices as sketched in Fig. 6.2
(“Dean effect“) [DEAN(1928)]. By superposition of both phenomena’s the flow situation is derived for the smooth
3
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rear pass. The upper vortex is clearly weakened as the lower one is enhanced (see Fig. 6.3). With interaction of
these vortices in this real configuration, the saddle points of the vortices are moved to the new positions marked by
black dots.
The effect of ribs on the flow
In order to enhance the heat transfer the channel is equipped with turbulators in form of square sectioned ribs
with a rib height of 0.1 of d and a spacing of 10 times the rib height. With inclined ribs in the same orientation on
both opposite walls, two symmetric vortices should be generated as shown in Fig. 7 within both passages [HAN
(2002)]. The measurements done confirm this effect more or less to the first channel, whereas in the second channel, however, a vortex behavior different to the expected one was found. Probably, the actual realistic shape of the
system with the inherent turn and the misalignment of the central planes are responsible for the found deviations.
Fig. 8 and 9 give two images of the flow visualized with LLSV, one taken in the bend region (second pass,
length cut at mid span) showing the separation and the corner flow with obvious 3D behaviour, the other showing
the secondary vortex structures in a cross section at z = 195.0 mm with the dominating bend induced vortex. The
mid plane is lighted with a laser light sheet by a continuous Nd:YAG laser of 532 nm and 400 mW power.
PIV FLOW MEASUREMENTS
In the following, experimental results from PIV are presented. With regard to PIV processing, standard cross
correlation algorithms were used with an interrogation window size of 32 x 32 pixels and a 50 % overlap. The
mean inlet velocity of the flow into the first pass is v0 = 38 m/s, yielding a REYNOLDS number of 40.000. For
post-processing, only anti-alias and high pass filters are used to reduce reflections. All results are presented in the
form of isolines or vectors. For a better understanding, the magnitude of velocity/vorticity is given by colour plots.
The shown vectors all have a uniform size to represent only the orientation of the flow field. Only the vectors at the
3D results from Stereo-PIV correspond to velocity values in the plane and the colour of the contour plot gives the
value of the out of plane component (see Fig. 15).
The investigation of secondary flow
Fig. 10 shows the measured secondary velocity distribution in the first pass at six cross cuts with Re = 40.000 of
the smooth (Fig. 10.1) and ribbed (Fig. 10.2) model. Without ribs exists one relatively big vortex in the region of
the leading edge of the first duct, which begins at cut 25 and is becoming bigger at cut 21 and 13. At cut 7, the beginning of the flow turning process is visible, the secondary flow component is becoming the mean flow component and the vortex core is moving to the upper side. Due to the special geometry of the first nearly triangular pass,
the highest mean value of the secondary velocity is found close to the lower side and reaches the value of 25 m/s.
The flow field inside the ribbed model is completely different; the desired transport of fluid from the dividing
wall onto the leading edge is clearly remarkable (Fig. 10.2, cut 31, 25 and 21) and reaches 15 m/s. The rib induced
secondary vortices have different extensions. The lower one is bigger while the upper one is weak, due to the small
corner angle. This existing vortex core in the middle of the first pass with a component directed to the leading edge
is working against the flow turning (cut 13). The flow turning starts primarily in the vicinity of the side walls. The
upper small vortex is moving in direction of the dividing wall (cut 13) and interacts with the separation bubble of
the second pass. The influence to the flow in the second pass can be observed at cut 7 (Fig. 11.2). The flow turning
process is totally developed at cut 7, but the areas with the highest velocity components still exist in the near wall
region.
Fig. 11 shows the measured secondary velocity distribution in the second pass, smooth (Fig. 11.1) and ribbed
(Fig. 11.2) model, at six cuts with Re = 40.000. The geometry of the duct impressed by the outer shape of a real
turbine blade causes an impingement of the flow to the top side. The flow is accelerated up to v ≈ 40 m/s in cut 4.
The so-called Dean vortices induced by the bend were found as a symmetric pair at the upper and lower right corner (cut 4). Further downstream at the leading edge of the dividing wall a separation region appears (cut 13) and
becomes bigger, better seen in the axial flow distributions (Fig. 13). This separation region starts to interact with
the lower Dean vortex. Entering the second pass the interaction of impingement induced vortex (cut 13) with the
Dean vortices leads to an enhancement of the lower vortex while the upper one is diminished (Fig. 11.1, cut 21 &
25, for explanation see Fig. 6). Cut 35 shows the proceeding mixing process of vortices and finally, there exist four
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vortices. In the case of ribbed walls secondary flow distribution is strongly influenced by the corresponding situation at the exit of the first pass (see Fig. 11.2, cut 7). Due to the blockage effect of the rib induced vortex pair of the
first pass the mean value of the velocity in the centre region of the second pass is quite weaker as at the vicinity of
the side walls. The impingement effect at the upper side wall is clearly increased (cut 13). The interaction with the
Dean vortices does not take place (Fig. 11.2, cut 13). Further downstream inside the 2nd pass the rib induced effect
becomes dominant. Fluid is transported at the upper wall from the dividing wall to the rear wall and at the lower
wall from the rear wall to the dividing wall (Fig. 11.2, cut 21 & 25). The rib intersection is responsible for the position of the smaller upper vortex (cut 31).
The corresponding vorticities and streamlines are shown in Fig. 12. While in cut 4 & 7 the DEAN vortices could
be clearly detected in both models, cut 13, 21, 25 and 31 show remarkable differences. In the smooth case, the bend
induced vortex interacts faster with the lower DEAN vortex. And in cut 31 (Fig. 12.1) a complete mixed flow situation is clearly visible. In the ribbed model, the vortex structures found are dominated by the ribs. Cut 21, 25 & 31
(Fig. 12.2) shows in evidence the described dependency of the position of the small upper vortex from the rib intersection.
The investigation of axial flow
The measured flow field of the main flow within the first pass (camera position A) are shown in Fig. 13 for three
cuts: 2.5 mm from the wall (upper and lower) and mid-span for a Reynolds number of 40.000. The main flow is not
really affected by the ribs in the first pass, only smaller differences can be found is this cuts. Due to the blockage
effect of the ribs the velocity in the core region is increased.
The measured flow field of the main flow within the second pass are shown in Figure 14 for five cuts: 2 and 6
mm from the wall (upper and lower) and mid-span for a Reynolds number of 40.000, smooth (Fig. 14.1) and ribbed
(Fig. 14.2) model. A separation bubble with reverse flow is visible on the dividing wall. Beneath the separation
bubble, strong flow acceleration occurs with high velocities of about 30…40 m/s close to the rear wall. The separation bubble is growing from the lower side across the channel towards the upper side.
At the upper side (left) the highest velocity and mass concentration were found. Turning of the flow leads here
to an impingement effect to the upper wall of the second pass due to the inclination of the centre lines of both
cross-sections as considered before. Fig. 14.2 shows the same situation for the ribbed version. The separation region is now significantly reduced to the bend area no more entering the straight ribbed passage. The effect of the
ribs is working against the mass concentration near the rear wall found in the smooth model. Therefore, the flow
distribution across the second duct becomes more uniform.
In Fig. 15 the first 3D mean flow velocity distribution of the Stereo-PIV measurement in one longitudinal cut
(camera position A) at the leading edge of the dividing wall of the 2nd pass of the smooth (Fig. 15.1) and ribbed
(Fig. 15.2) model (Re = 40.000) is shown. The described separation bubble with back flow on the dividing wall is
clearly visible, but the extension of the bubble is different between smooth and ribbed case, due to the influence of
the ribs (see Fig. 14, mid-span). Post processing is not already applied concerning reduction of the reflection zone
at the top of the dividing wall.
SUMMARY
This paper describes experimental investigations of a typical two-pass cooling channel system of a turbine blade
with and without ribbed walls with respect to fluid flow phenomena affected by geometry effects due to the engine
near lay-out and applied ribs. A complex flow situation is present:
• separation at the dividing wall between first and second pass within the second pass with 3D behavior,
• rib induced vortices were generated in both passes,
• bend induced vortices appear in the second pass,
• geometry caused impingement effect leads to flow enrolment generating a third kind of vortex and
• all vortices are interacting with each other becoming more or less dominant.
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The presented experiments were mainly intended to assess the feasibility of applying PIV and Stereo-PIV in a
multi-pass cooling channel used for applied cooling research. From the very good quality of the obtained results the
following could be concluded:
• it is possible to apply PIV to a multi-pass cooling channel also with ribs and with difficult optical access,
• measurements even were successful in the vicinity of ribs where high turbulence levels are present,
• measurements were successful in separation regions and
• the detection of vortex structures by measuring secondary velocities as a particularly difficult measuring task the main objective of this paper - is demonstrated very successfully.
The application of PIV and Stereo-PIV are thus approved and will be adapted to the rotating system as a next
step. Above all, a complete dataset of wall pressures, flow quantities and wall heat transfer rates is the aim of this
joined project in close cooperation of DLR and ITLR and the industry.
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Fig. 1. Internal cooling system of a turbine blade (i.e.GECF6) (left) and Perspex test model of a two-pass
system (right)

Fig. 2. Geometry of the ribbed test model (two-pass system)

Fig. 3. Stereoscopic-PIV set-up

Fig. 4. Measured cuts and associated camera positions
(cross)

Fig. 5. Measured cuts and associated camera positions
(length)

Fig. 6. Superposition of bend induced vortices in the smooth
2nd pass
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(1) Smooth

(2) Ribbed

a

Fig. 7. Expected rib induced vortex pair in both passes

b

c

d
Fig. 8. Visualized flow within a cross section in the bend
region of the smooth model, z = 195 mm (LSV)

e

f

Fig. 9. Visualized rib and bend induced vortices (z=220mm)

Fig. 10. Secondary velocity distribution in the 1st pass in six
cross cut of the smooth (1) and ribbed (2) model
(Re = 40.000). a cut 4, z = 240.0mm; b cut 7,
z = 232.5 mm; c cut 13, z = 225.0 mm; d cut 21,
z = 217.0 mm; e cut 25, z = 210.0 mm; f cut 31,
z = 190.0 mm.
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(1) Smooth

(2) Ribbed

a

b

c

Rib intersection →
d

e

f

Fig. 11. Secondary velocity distribution in the 2nd pass in six cross cuts of the smooth (1) and ribbed (2) model (Re = 40.000).
a cut 4, z = 240.0mm; b cut 7, z = 232.5 mm; c cut 13, z = 225.0 mm; d cut 21, z = 217.0 mm; e cut 25, z = 210.0 mm;
f cut 31, z = 190.0 mm.
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(1) Smooth

(2) Ribbed

a

b

c

Rib intersection →

d

e

f

Fig. 12. Secondary vorticity distribution with streamlines in the 2nd pass in six cross cuts of the smooth (1) and ribbed (2)
model (Re = 40.000). a cut 4, z = 240.0mm; b cut 7, z = 232.5 mm; c cut 13, z = 225.0 mm; d cut 21, z = 217.0 mm;
e cut 25, z = 210.0 mm; f cut 31, z = 190.0 mm.
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(1) Smooth, a

b

(2) Ribbed, a

c

b

c

Fig. 13. Mean flow velocity distribution in three longitudinal cuts of the 1st pass of the smooth (1) and ribbed (2) model
(Re = 40.000). a 2.5 mm from the upper wall; b mid-span; c 2.5 mm from the lower wall.
(1) Smooth

×

(2) Ribbed

upper side
Fig. 14.

lower side

mid-span

upper side

Ï

Ð

Ø

mid-span

lower side

Mean flow velocity distribution in five longitudinal cuts (2 and 6 mm from the upper and lower wall and mid-span)
of the 2nd pass of the smooth (1) and ribbed (2) model (Re = 40.000)
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(1) Smooth

(2) Ribbed

Reflection
zone

Fig. 15.

First 3D mean flow velocity distribution in one longitudinal cut (camera position A, mid-span) at the leading edge of
the dividing wall of the 2nd pass of the smooth (1) and ribbed (2) model (Re = 40.000).
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