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ABSTRACT
There is a need for improved cooling of hot parts in gas turbines. Often is film cooling or effusion
cooling used on the parts where the heat load is large. Modern numerical methods cannot predict the
heat transfer on film-cooled walls, which includes many rows of holes. Better understanding of the
topology of the flow field, how different vortices interact in multiple-row film cooling (effusion
cooling) and how fluid packages with different densities affect the flow is therefore wanted. LaserDoppler anemometry was used to examine the flow field of an oblique jet in a crossflow. The jet was
situated in the third row of holes. The operational parameters used in this investigation was Red = 6000,
Ujet/U0 = 0.8, Tjet/T0 = 1 and ρ jet/ρ0 = 1 and the injection hole was slanted 30°. One major finding of the
LDA measurements in the wake was the two counter-rotating foci close to the wall. In the foci shown in
figure 1 the mean velocity field changed dramatically from 0 m/s to 10 m/s in just 0.4 mm. This is of
the same magnitude as the wall gradient in a flat-plate boundary layer with the same free stream
velocity. All Reynolds stresses are presented in several planes for the global flow field of the jet.

Fig. 1. Two counter-rotating foci near the wall in the wake of a jet in crossflow. The stream-ribbons
are viewed from a downstream position and mirrored in the plane of symmetry for easier
interpretation. The size of one volume is 0.9 mm × 0.9 mm × 0.4 mm and the centers are located at
x/d = 1.5, y/d = 0.1 and z/d = ±0.1. The stream-ribbons are colored by the velocity magnitude (0 m/s10 m/s).

1. INTRODUCTION
The strive for more efficient gas turbines i.e. lower fuel consumption and lower emissions leads to
higher pressure ratios and thus higher temperatures in the combustion chambers. Without proper
cooling and protective thermal barriers, parts of the engines would melt down. Effusion cooling can be
used to protect these parts from the hot gases e.g. in combustion chamber walls and flame holders. By
introducing cold air through small holes in the wall, the hot gas is mixed with the cooling gas, thus
lowering the temperature in the vicinity of the wall. The injected gas to a large extend also cools the
wall inside the injection holes, which by conduction leads to lower wall temperatures.
There are a lot of investigations on a single normal jet issuing into a crossflow, JICF. Andreopoulos &
Rodi (1984) and Eiff & Keffer (1997) to name a few used hot-wire techniques to investigate the flow
field. LDA measurements have been performed by e.g. Crabb et al. (1981). Flow-visualizations of JICF
were made by e.g. Fric & Roshko (1994) and Kelso et al. (1996).
The normal JICF introduces several types of vortices. In front of the emanating jet vorticity, -Ω z , (see
figure 4 for a definition of the coordinate system) from the upstream wall boundary layer is stretched
and forms a ‘horse-shoe’ vortex which wraps around the jet. This is a feature of the mean flow field.
The momentum in the jet is likely to cause the counter-rotating vortex pair, CVP , dominating the flow
field far downstream. The formation of CVP is poorly understood but is likely caused by a vortex sheet
in the pipe, as suggested by e.g. Moussa et al. (1977) and Coelho & Hunt (1989). Behind the jet wake
vortices, Ω y, are shed similar to the von Kármán vortex street. In the shear layer in the front of the jet
‘Kelvin-Helmholtz’-like instabilities arise. All these features of the flow field are presented in Kelso
et al. (1996).
This investigation differs in that respect that in effusion cooling longitudinal vortices, Ω x, from
different jets will interact. Fluid packages with different densities will have an influence on the
turbulence structure when the cross-stream is heated.
In a previous investigation the surface temperature distribution was investigated using an infrared
technique, see figure 2. The outcome of that investigation was that the temperature distribution change
dramatically for different operational and design conditions. The velocity ratio, the temperature ratio,
the longitudinal hole spacing (the number density of holes) all has large effects on the wall temperature
distribution. However, the injection angle variation between 15º and 30º played a minor role. The
thermal heat conductivity of the wall material was shown to have a small effect on the mean
temperature distribution in downstream positions. Lower heat conductivity increased the gradients in
the wall temperature. The results are published in the thesis of Gustafsson (1998).

a)
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Fig. 2. Thermographs of effusion-cooled teflon plates showing the effect of different injection jet
velocity ratios. Design parameters (explained in figure 4): dx/d=6, dz/d=4, λs / λc=19, α=30º and
b/d=4. Operational parameters: T0 /Tc=1.8, Rejet=ρ cUjet d/µc=6000, a) Ujet /U0 =1.08, b) Ujet /U0 =0.61,
c) Ujet /U0 =0.40.
Modern numerical methods cannot predict the heat transfer on full coverage film-cooled walls, which
often includes thousands of holes. Often the computational cells are larger than the diameter of the
injection holes. Therefore, injection models or modified boundary conditions are used to simulate the
effect of injection of coolant close to the wall. The models can be derived from well-resolved LEScomputations or from detailed measurements. From figure 2 it is obvious that the change in
temperature distribution only can be explained by changes in the topology of the velocity field. It is
motivated to study several jets in crossflow as the temperature field pattern changes from row to row.

The present investigation will show the topology and scales of the mean flow field and the distribution
of all Reynolds stresses near a single jet in an effusion-cooled plate.
2.
2.1

EXPERIMENTAL SETUP
Dimensional analysis

A dimensional analysis was made by writing the governing equations and the boundary conditions in a
dimensionless form with the injection hole diameter, d, the velocity of the coolant in the plenum
chamber, Uc, the density of the coolant, ρc, and the temperature of the coolant, Tc , as scaling variables.
The experiments can be made to scale with a real combustion chamber situation on all parameters. The
length scale of the experiments was approximately 5 times larger than the real case. See Gustafsson
(1998) for more details.
2.2

The wind tunnel

The wind tunnel consists of two closed loops, see figure 3. In the main loop it is possible to run at
elevated air temperatures of maximum 300ºC. Cold air, approximately 30ºC, is supplied to the injection
holes via a plenum chamber behind the test plate. Maximum velocity in the test section is 46 m/s. In
this investigation the free stream velocity, U0 , was 18 m/s. The jet velocity, Uj , was 15 m/s, the
temperatures T0 and Tc were both 24ºC and the wind tunnel operated at normal ambient pressure. This
means that Red = ρU0 d/µ=6000, ρ j /ρ 0 = 1 and Uj /U0 = 0.83. The free stream turbulence level outside the
boundary layer is 0.5% according to LDA measurements.

Fig. 3. The experimental setup.
A steel test plate with a staggered hole arrangement, see figure 4, is used for the LDA measurements.
The diameter of the holes is 5 mm, the injection angle is 30º, the longitudinal hole spacing is 30 mm,
the lateral hole spacing is 20 mm and the wall thickness is 20 mm.
a)
b)

Fig. 4. a) Drawing of the effusion-cooled test plate where d = 5 mm, b = 20 mm, dx = 30 mm,
dz = 20 mm and the injection angle α = 30º. b) Photograph of the crossing laser beams showing how
the three-component LDA system was configured in side-scatter mode.

2.3

The LDA system

The LDA technique was chosen because of the small scales of the flow and the possibility to measure
the full 3D-velocity vector at elevated temperatures. Side-scattering mode was chosen because of the
small measurement volume obtainable. The optical system has a lens with a focal length of 310 mm
and a beam expander with a factor 1.94, which resulted in an almost spherical measurement volume
with a diameter of approximately 45 µm.
3. RESULTS
The LDA measurements were made in the vicinity of a jet in the third row of holes marked A in
figure 4a. Upstream of this jet there is one jet, marked B, and two jets, marked C. Vortices of from
these jets will interact with vortices generated by the studied jet, A. Below measurements in one xzplane, one xy-plane, four yz-planes and one xyz-volume are presented, see figures 5, 8, 9 and 10.
Detailed measurements were made in a volume with x/d∈{1.4, 1.58}, y/d∈{0.06, 0.14} and
z/d∈{0, 0.18}, see figure 4 for a definition of the coordinate system. The step size between the
measured points in the xyz-volume was 0.02d in all directions.
From the xyz-volume measurements it is obvious that two counter-rotating foci are present close to the
wall. A vortex line emerge from the center of each focus and is tilted and aligned with the jet, pointing
towards the plane of symmetry, see figures 1, 6, 7 and 12. Surprisingly large gradients in the mean
velocity field was found inside this xyz-volume. The velocity was –3 m/s in the reverse flow at the
centerline below the jet and the maximum velocity was 10 m/s where high-speed cross-stream fluid
entered the wake. The velocity varied by 10 m/s in a distance that was only 0.4 mm, see figure 1 for a
detailed view. It is interesting to compare this gradient with the largest gradient in a turbulent boundary
layer. Assume the friction velocity, u*, is U0 /25. This means that u* is approximately 0.72 and the
velocity gradient at the wall, (∂ U ∂ y) w , is 34000 s-1. If one calculates a comparable gradient from the
measured velocities the result is 25000 s-1. So the mean velocity gradients in the wake would be of the
same order of magnitude as the gradient in the turbulent boundary layer.
The source of vorticity in the wake region is poorly understood. Vorticity can only be generated at the
boundaries in a flow with uniform density. The vorticity in the wake region must be a result from
stretching, turning and to a minor extend diffusion of vorticity from the flat-plate boundary layer and
vorticity in the pipe. Therefore the flow field is fundamentally different from that of a surface mounted
cylinder, where vorticity is created at the cylinder surface. Fric and Roshko (1994) suggest that
vorticity in the wake originates from the flat-plate boundary layer.

Fig. 5. Side view of the injection hole with some of the measured vector fields visible and the position
of the counter-rotating foci at x/d ≈ 1.5. The velocity vectors are colored by the velocity magnitude.
Vortices are present at the sides of the injection hole exit with negative vorticity, Ω x, at negative z and
positive Ω x at positive z. The opposite sign of Ω x is seen in the horse-shoe vortex in front of e.g. a
surface mounted cube. The flow field of JICF is believed to be governed by pressure forces. High-speed
crossflow fluid is drawn into the low-pressure region in the wake and thus flows towards the symmetry
plane. This can cause heating of the wall if the cross-stream fluid is hot. This phenomenon is seen in
figures 2a and 2b. When the jet to free stream velocity ratio is large, areas of high temperature is seen
at the sides and even aft the hole exit, caused by these vortices, see figure 8. The effect is further
increased by the CVP , see figures 6 and 9.
When computations of heat transfer on film-cooled turbine blades or combustion chamber walls are
made, the size of the control volumes are typically about the same size as the injection hole diameter. It

will be very expensive to run resolved computations on a film cooling geometry with many rows of
holes, due to the complexity of the flow field and from the large gradients seen in these measurements.
Therefore some kind of injection model or modeled boundary condition is used. These models must be
able to capture the effects the different vortices have on the heat transfer.

Fig. 6. Measurements in a xz-plane d/10 above the wall and one yz-plane at the injection hole exit,
x/d = 1. The stream-ribbons show the counter-rotating foci behind the hole.
The large gradients can affect the statistical moments due to velocity gradient bias. This can be
corrected to some extent by using correction algorithms explained in Durst et al. (1992). The diameter
of the measuring volume was 45 µm, almost spherical in shape. The step size between the points in the
xyz-volume was 100 µm. As the complete velocity vector was measured, velocity magnitude weight
could be used in the calculation of the statistical moments, as described in McLaughlin and Tiederman
(1973). This weight removes statistical velocity bias. For a spherical measurement volume the mean
value, Um , is calculated as
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where Ui is a single velocity component sample and Vi is the velocity magnitude for that sample.

Fig. 7. Measurements in a xz-plane d/10 above the wall and one yz-plane at the injection hole exit,
x/d = 1. The CVP can advect hot air down to the wall. From the stream-ribbons, it is obvious that the
vortex lines are tilted backwards pointing towards the plane of symmetry.

Fig. 8. Measurements in a yz-plane at x/d = 0 to the left and at x/d = 1 to the right. Formation of
vortices at the side of the injection hole is visible. At x/d = 0 there might be vortices very close to the
wall, but they are not resolved in the measurements.

Fig. 9. Measurements in a yz-plane at x/d = 1.5 to the left and at x/d = 3 to the right. The vector field at
x/d = 1.5 is in the area of the counter-rotating foci at the wall.

Fig. 10. Measurements in a xz-plane (z/d∈{-1,0} and x/d∈{0,2}) at y/d = 0.1.
The probability density function of the x- and the z- velocity components for some points in the wake
region showed a bimodal behavior, see figure 11. This is an indication of a vortex-shedding
phenomenon or some kind of swaying of the jet.

Fig. 11. Joint p.d.f. of (U, V), (U,W) and (V,W) in a point x/d = 1.56, y/d = 0.14, z/d = 0.14. In the
p.d.f. of (U,V) and (U,W) bimodal behavior can be seen. This is an indication of vortex shedding or jet
instability.

Fig. 12. Stream-ribbons showing a 3 D-separation event just behind the injection hole. The volume in
which the measurements were made is mirrored in the plane of symmetry for easier interpretation. The
size of the volume is 0.9 mm × 0.9 mm × 0.4 mm and the distance between the measured points is
0.1 mm. The xyz-volume thus contained 500 measurement points.
The Reynolds stresses in the xyz-volume are presented in figure 13. From the images one can see that
the u-fluctuations are prominent in the area were the flow is swept into the wake of the jet. Also strong
uw correlation is seen in this area, negative for positive z and vice versa. Both positive and negative
values of the production term of the Reynolds stresses were found in the xyz-volume. The largest
positive value of the production terms of Reynolds stresses were found for the uu -, ww - and uw components and the most negative terms were found for the uu - and uw -components. All the
Reynolds stresses in the flow field of the JICF are presented in figure 15 to figure 17 for some planes.
The largest uu -components are seen in the core of the kidney-shaped CVP and in the shear layer
between the jet and the cross-stream. Turbulence from the upstream jet, B, is also seen above the shear
layer of the studied jet and in a band above the CVP . Large vv - and ww -components are also seen in
the shear layer above the jet but are more concentrated below the CVP . An explanation for this is that
vortex shedding or jet instability is located here. Positive uv -correlation is found in the shear layer
above the jet and in its wake. Large negative uv -correlation also shaped like a kidney is present in the
CVP . The Reynolds stresses comprising the lateral velocity component, w, are anti-symmetric relative to
the symmetry plane of the injection hole. At the sides of the jet in the shear layer very small regions of
positive and negative uw are present, possibly caused by the vortex located at the side of the hole.
These structures can be seen further downstream but are more diffuse there. In the CVP a lobe of
positive uw is seen for negative z and vice versa. Similar to the uw -correlation the vw -correlation is
located in the shear layer but with the opposite sign. In the CVP the vw -correlation is dominant in four
lobes and is positive where the lateral mean velocity, W, is positive and vice versa.

Fig. 13. Planes on the xyz-volume viewed from a downstream position showing the RMS values of U, V
and W in the first three pictures and the Reynolds stresses in the last three pictures. N.b. the planes are
mirrored in the plane of symmetry and therefore a correlation comprising the w-component has the
wrong sign in the mirrored image (the right one). The stream-ribbons are colored by the velocity
magnitude. The position of the left lower corner is x/d = 1.58, y/d = 0.06 and z/d = 0.18.
4.

CONCLUSIONS

Detailed three-component velocity measurements in the wake of an inclined jet in a cross-flow were
made with LDA. Measurements were made in several planes and in one volume. Counter-rotating foci
close to the wall downstream of the jet could be observed an indication of a 3D separation. The volume
in which the measurements were made contained large gradients in the mean velocity field, from 0 m/s
to 10 m/s in just 0.4 mm. This gradient is of the same order as a flat-plate boundary layer with the same
free stream velocity. The flow field in the wake is quite complex. Some critical points were found in
the wake besides the foci mentioned before. The author’s interpretation of the measured velocity field
is shown in figure 14. One node in the xy-plane was found at x/d = 1.78, y/d = 0.09 and z/d = 0. A
saddle point is probably located at the wall just below the node. Vortex sheets from the side vortices
and foci vortices are assumed to wrap around each other to form the CVP . Aft the saddle point a
separation line is seen consistent with the upward motion caused by the CVP .

Fig. 14. Interpretation of the measured velocity field. Vortex lines (red lines) at the side of the jet and
vortex lines emanating from the foci are shown. These vortex sheets will possibly wrap around each
other to form the CVP . The black streamlines are located at the wall and the blue ones are located at
the plane of symmetry.
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Fig. 15. Measurements of RMS values of U and V in three yz-planes at x/d={0, 1.5, 3}, one xz-plane at
y/d=0.1 and one xy-plane at z/d=0.

Fig. 16. Measurements of the RMS of W and the uv-correlation in three yz-planes at x/d={0, 1.5, 3}, one
xz-plane at y/d=0.1 and one xy-plane at z/d=0.

Fig. 17. Measurements of the uw- and the vw-correlation in three yz-planes at x/d={0, 1.5, 3} and one
xz-plane at y/d=0.1.

