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ABSTRACT

In this study, the pressure loss and heat transfer characteristics of a two-pass internal cool-
ing channel with engine-similar cross-sections were investigated experimentally. The channel
consists of a rib-turbulated trapezoidal leading edge pass, a sharp 180° bend, and a ribbed rect-
angular outlet pass as typical for a low-pressure turbine blade forward cooling scheme. Heat
transfer measurements have been performed to obtain local cooling information on pressure
side and suction side surfaces. The transient TLC (Thermochromic Liquid Crystal) technique
has been applied, CFD simulations are used to address the effects of test-specific inlet geome-
tries on the flow and temperature fields in the test channel. A technique to calculate fluid bulk
temperatures from the thermocouple measurements using the temperature field information of
the CFD simulation has been applied.

NOMENCLATURE

n Dynamic viscosity Nu  Nusselt number

C Normalized fluid temperature  p Rib pitch

p Density Ap* Normalized pressure loss

A Cross-section area Pr Prandtl number

CFD Computational Fluid Dynamics PS Pressure Side

Cp Specific heat capacity Qw Wall heat flux

dp, Hydraulic diameter Re Reynolds number

e Rib height SS Suction Side

EXP Experiment s Streamwise distance

h Heat transfer coefficient TC  Thermocouple

k Thermal conductivity TLC Thermochromic Liquid Crystal

LPT Low Pressure Turbine T Fluid temperature

7 Massflow rate u Fluid velocity
INTRODUCTION

In the effort to enhance the efficiency of gas turbines, the turbine inlet temperature has been
increased progressively. Thus, the thermal load of modern turbine components, especially of the
turbine blades is considerably increased. Therefore, turbine blade cooling has become a crucial part of
the efficient and safe operation of gas turbines. An overview over recent experimental and numerical
studies is given in Han et al. (2000). The most important cooling technique is internal cooling, where
extracted compressor air is led through serpentine cooling channels inside the blade. In general the
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channels are equipped with rib turbulators to enhance the heat transfer. Investigations on engine
relevant cooling geometries have been undertaken e.g. by Jackson et al. (2009) using the transient TLC
technique in combination with detailed CFD investigations.

In this study a two-pass internal cooling configuration was investigated. The first passage has
a trapezoidal cross-section and represents the leading edge passage of a turbine blade. A 180°
bend connects this inlet passage to an outlet passage with a rectangular cross-section. Further the
experimental results of heat transfer and pressure loss measurements are compared to numerical results
of a CFD simulation.

The transient TLC technique has been applied to measure the local heat transfer distribution for
Reynolds numbers between Re = 15000 and Re = 40000. An introduction to this technique is given
by Ekkad and Han (2000) and Ireland and Jones (2000). Advanced evaluation methods are described
by Poser et al. (2007), Poser et al. (2009) and Poser and von Wolfersdorf (2010).

In this study a small-scale model is used (model length L = 400mm). For this kind of models
the local fluid bulk temperature history has to be measured accurately by several thermocouples to
obtain reliable heat transfer evaluations. For well mixed, turbulent channel flows the thermocouple
measurements along the centerline are a sufficient approximation of the fluid bulk temperature, the
representative parameter for these sorts of heat transfer applications. However, thermocouple pairs that
are distributed in cross-sections parallel to the ribs at several positions in the trapezoidal inlet passage
and in the bend region are used to account for possible skewed temperature profiles. Their data are
averaged in postprocessing to obtain the respective bulk temperature.

Numerical CFD simulations have been conducted to gain a better understanding of the fluid
temperature field. Steady state RANS simulations have been applied as often done in studies on
internal blade cooling e.g. by lacovides and Launder (1995) and Walker and Zausner (2007). In
addition to the LPT geometry, the inlet and outlet geometry of the air supply system, as used in the
experiments, have been included in the CFD analysis to simulate the boundary conditions of the
experiment. The CFD analysis revealed a deflection of the flow towards the leading edge in the inlet
region of the channel. This results in a deviation of the measured (centerline) temperature from the
wanted fluid bulk temperature. A method to compensate these deviations in the heat transfer evaluation
has been applied. For this method the steady-state CFD simulations are used to determine correction
factors for the transient temperature data of the experiment.

EXPERIMENTAL AND NUMERICAL SETUP

Experimental setup

Channel Geometry

Fig. 1 shows the internal cooling channel and the investigated surfaces. The inlet passage (pass 1)
represents a leading edge cooling channel with a radial outward flow and has a trapezoidal cross-
section with a hydraulic diameter of dj,; = 0.01975m. Pass 1 is followed by a 180° bend and an
outlet passage (pass 2) with a radial inward flow and a rectangular cross-section with a hydraulic
diameter of dj, = 0.02619m. The total length of each passage is 400 mm. The pressure sidewall and
the suction sidewall are equipped with 45° skewed rib. The ribs with a square cross-section have a
pitch to hydraulic diameter ratio of p = 1.0 and a rib-height to hydraulic diameter ratio of Eh =0.1. In
passage 1 there are 18 ribs on the suctlon sidewall and 17 ribs on the pressure sidewall. Passage 2 has
15 ribs on the suction sidewall and 14 ribs on the pressure sidewall. The rib arrangement is staggered
with an offset of 0.5p between the ribs of the suction side and pressure side. The perspex model for
the experimental investigation is shown in Fig. 2. It consists of four main parts: the ribbed suction and
pressure sidewalls, the divider web and the tip wall whose distance equals the height of the second
cooling passage. The perspex allows for an optical access for the heat transfer measurements. The
minimum thickness of the perspex is 20 mm. The connections to the inlet and exit channel are adapted
to the test facility as will be described in the section on the numerical modeling.
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Figure 3: Test facility, Poser et al. (2009) Figure 4: Model on test facility
Test Facility

Fig. 3 shows the schematic drawing of the test facility. This facility provides a steady air supply
with adjustable mass throughput and air temperatures. The pressure level inside the model and the
mass flow rate is set by Laval nozzles upstream and downstream of the model. Depending on the
investigated Reynolds number, a suitable combination of nozzle diameters is chosen. To assure that the
Laval nozzles operate above the critical pressure ratio, a vacuum pump is used to suck the air from
the model. The test conditions are set and adjusted before the start of an experiment while the airflow
bypasses the model. Fig. 4 shows the instrumented Perspex model mounted on the test facility. The
surfaces are captured at a frame rate of 15 fps via a single Sony DFW-X710 color video camera. Thus
video synchronization issues are avoided. The camera provides a progressive scan resolution of 1024 x
768 pixels and has a direct view on the test model through gimbal-mounted mirrors. For lighting of the
model, OSRAM 930 fluorescent lamps with a warm white color temperature of 3000 K are used.

Temperature and Pressure Measurements

The model was equipped with 20 thermocouples (Type K) and 13 pressure taps. Fig. 5 shows the
positions of the thermocouples. The single TCs are positioned along the centerline. The TC-pairs
T02/T03, TO5/T06, TO8/T09, T10/T11, T12/T13, and T14/T15 are evenly distributed in cross-sectional
planes parallel to the ribs. Three Agilent HP34907A data acquisition units with HP34902 16-channel
multiplexer cards were used for TC fluid temperature measurements.

The positions of the pressure taps are depicted in Fig. 6. Pressure loss measurements were
conducted separately in steady state experiments for different Reynolds numbers. A digital sensor
array (type DSA 3016 by Scanivalve Corp.) was used to measure local static pressure differences
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Figure 7: Fluid temperature vs. time Figure 8: Definition of s/dh1

pi — p13(i = 1..12) with respect to the outlet pressure at pressure tap P13.

Fig. 7 shows the thermocouple data for a transient experiment at Re = 20000. Due to heat losses in
the air supply path between bypass valve and model, an ideal fluid temperature step change cannot
be achieved. It can be seen that the fluid temperature development further downstream is delayed
compared to the inlet of the channel. Using the dimensionless channel coordinate 7 as given in Fig. 8
the streamwise fluid temperature profile is shown in Fig. 9 for different points in time. The field of
view for the optical measurements starts at 7+ = 6.00 and ends at 7+ = 34.00.

For a comparison between the transient experiment and the steady state CFD simulation the dimen-

sionless temperature @(r) = % with T;,(¢) = Tro1(t) and T, (t) = Tro(2) is introduced.
The dimensionless temperature for the CFD simulation is defined similarly with 7;, = T(%:lm) at
the coordinate of TO1 and 7,,;, = T(ﬁ:39_15) at the coordinate of T20. Fig. 10 shows the similarity
of the fluid temperature profile from the transient tests evaluated using ® along the channel and the

steady-state CFD simulations.

Heat Transfer Measurements

Heat transfer measurements were conducted for Reynolds numbers between Re=15000 and
Re=40000 using the transient TLC technique. Sprayable narrowband TLCs (SPN/R38C1W by
Hallcrest Ltd.) with an indication temperature of 777 ¢ ~ 38 °C have been used to indicate the channel
wall temperature. The TLCs were calibrated on a dedicated calibration facility. Before the start of the
experiments the model is isothermal at ambient temperature. The fluid temperature change is induced
by switching the bypass valves to lead the heated air through the model. The video camera captures



Figure 9: Fluid temperature vs. coordinate Figure 10: Theta vs. coordinate

the TLC colorplay from outside through the Perspex, while the channel walls heat up. Synchronization
of the video and the temperature and pressure measurements was realized with the help of LED lights,
that are indicating the operation of the bypass valves.

In postprocessing the video is analyzed with the help of the in-house code ProTeln [Poser et al.
(2007)] to determine the TLC indication time (maximum green intensity) for each pixel of the
video. Together with the local fluid bulk temperature history T¢(s,t), which was interpolated from
the thermocouple data, these indication times are used to determine the heat transfer coefficient h
for each pixel. This is performed with the solution of Fourier’s one-dimensional heat conduction
equation for a semi-infinite wall and a convective boundary condition, taking into account the real

fluid temperature history T¢(s,t) by a series of small discrete temperature steps ATy(j j—1) using the
Duhamel superposition principle,
Al W (t — 1) hT—7;
T, — Ty = 1 —exp (—]) erfc | ——L_ | | -AT i (1)
w le [ Pw Cpw K /Py Cp,w_kw f(si=1)

where T,, = Trc is the wall temperature at the time of indication, 7y is the initial model temperature
and p,,, ¢, and k,, are the material properties of Perspex. The results are presented in the form of
normalized Nusselt numbers Nu/Nug, where the hydraulic diameter dj,; of passage 1 was used as
reference length for all Nusselt numbers.

_ hdy
ok

Heat transfer enhancement is visualized by normalization with a reference Nusselt number Nuy
(Nusselt number of smooth channel), which was determined with the Dittus-Boelter correlation:

Nu 2)

Nug = 0.023 Re"8 pr04 (3)

A form of data reduction is presented by segment-averaged Nu/Nug-diagrams. The suction and
pressure side walls were divided in rib-segments (i.e. sectors between the ribs), as shown in Fig. 17.
For these segments the Nu/Nug-values were area-averaged. Segments are numerated in flow direction,
where negative segment numbers correspond to passage 1 and positive numbers to passage 2.
Another form of data reduction is presented by line-averaged Nu/Nup-values that are plotted over
s/dh1. For pressure and suction side, averaging-lines parallel to the ribs are chosen. In practice this
is realized by defining parallelograms in the Nu/Nug-distribution plots which are then warped to
rectangles. The parallelograms are adjusted to the rib-angle, as illustrated exemplary for the pressure
side in Fig. 11. Image-warping algorithms that are implemented in LabVIEW "™ are used. In the
resulting diagrams the ribs appear vertically. Line averaging was then carried out by averaging vertical
pixel lines. The bend region could not be captured entirely by this process, as can be seen in Fig. 11.
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Figure 11: Image-warping method for line-averaging, pressure side

Symbol Value Variance Unit  Meaning
Pw 1190 10 [k¢/m3] Density of Perspex at 20 °C
Cpw 1470 10 [//kek]  Specific heat capacity of Perspex
ky 0.19 0.01 [W/mk] Heat conduction of Perspex at 20 °C

T varies 0.2 [K]  Fluid temperature
Tric 377 0.1 [K]  Calibrated TLC indication temperature
t varies 0.2 [s]  Detection time

Table 1: Parameter of uncertainty analysis

Uncertainty Analysis

The uncertainties in the analysis of heat transfer measurements were determined considering the
uncertainties of temperature measurement, time measurement and material properties of Perspex.
Tab. 1 contains the parameters of the uncertainty analysis. The relative standard deviation of the
heat transfer coefficients is illustrated (exemplary for Re = 20000) in Fig. 12. It depends on the heat
transfer coefficient itself. Higher heat transfer coefficients and faster TLC indications result in higher
local uncertainties. It can be seen that the relative standard deviation of few areas can be 15% and
higher. However, for most areas the relative standard deviation is in a range between 5% and 10%.
Uncertainties due to lateral conduction are not considered. The variation in the material properties of
the fluid during an experiment is the cause for additional uncertainties. The TLC technique implies
local time-invariant heat transfer coefficients. However, due to an increasing fluid temperature and
therefore increasing thermal conductivity and dynamic viscosity, the Reynolds number drops and we
expect a variation in the heat transfer coefficients. Considering the Dittus-Boelter-correlation for a
turbulent internal flow with forced convection, we can state following dependency for the heat transfer
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Figure 12: Relative standard deviation of h for Re=20000 (scale: 0 - 15%)




Figure 13: CFD-model (with inlet geometry)

Location Boundary Condition imposed Value
FLUID DOMAIN Air assumed to be incompressible with cp =1004.4 ﬁ
constant properties k=0.0261 %
n=183%10"51-
WALL Constant temperature T = 310.73K
INLET Mass flow deduced from the For Re = 20000
desired Reynolds number Tinter = 380K
and inlet temperature imposed i1~ 0.01089 k?g
OUTLET Static pressure

Table 2: CFD-parameter

coefficient:
h(T)d, 8 0. idp \*® (0(T) cp(T)\*
== () () @

The mass flow rate riz is metered and can be kept constant during the experiment by assuring critical
flow through the two Laval nozzles, see Fig. 3. The fluid temperature typically ranges between 20 °C
and 70 °C during the experiment. In this range the temperature dependency of specific heat capacity ¢,
can be neglected. Therefore Eq. 4 can than be simplified to

(&)

A variation in fluid temperature between 20 °C and 70 °C results in a variation of the Reynolds number
of about 5% and a variation in the heat transfer coefficient of about 3%.

Numerical Setup

In Fig. 13 and Tab. 2 the CFD model and the boundary conditions imposed for the numerical
calculation are summed up. To enable to do a good comparison between the CFD results and the
measurements, similar boundary conditions as those used for the experimental researches are imposed.
A prestudy has shown that the variation of the inlet temperature and the variation of c;, k and 1 has a
small influence on the results. To avoid some computation error occurring when the fluid temperature
is close to the wall temperature, the inlet temperature has been imposed higher than in the experiment.

Grid Generation

ICEM CFD 130 from ANSYS has been used for generating the structured mesh in the following
investigation. The meshing process is a multi-block structured mesh with about 8 million nodes. The
global blocking structure is done with an L-grid and O-grid method because of the ribs near to the bend
and to control the boundary layer around every wall of the model. The max y+ remains below 5, which
is small enough to have a near wall mesh independency and to apply the low-Re approach at the walls.




Figure 15: Dimensionless temperature
Figure 14: Dimensionless temperature field (CFD) profile in cross-section, s/dh1=5 (CFD)

Numerical Method

The Ansys CFX 130 code has been used for solving the Reynolds-average Navier-Stokes equations
and the transport equations for the turbulent quantities. To ensure convergence, the residuals have to be
smaller than 10~# for the transport equations and smaller than 10~ for the energy equation . Control
surfaces were also used to monitor the convergence.

Turbulence Models

The computation has been made with the SST turbulence model and an automatic near wall
treatment. It means that the formulation depends on the local grid spacing at the wall. As the current
mesh provides a well near-wall resolution, the low Reynolds formulation was applied. The spatial
discretization is quasi 2" order.

Post-processing

The ANSYS CFX 131 post-processor was used to evaluate the heat transfer and the pressure loss.
According to the experimental data the Nusselt number was evaluated at the surface between two ribs.
The Nusselt number is calculated using the bulk temperature 73, which is a local mass-flow-averaged
temperature.

4T pudA
7, = A PHO2
b prudA (6)
Nu="_ v %

k (Tw—Tp) k
To obtain the bulk temperature at one point of the channel, the local total fluid temperature is computed

on the plane corresponding to the required position in the flow direction. This provides the fluid
temperature evolution in the complete channel for an inlet temperature.

Correction of Thermocouple Data

Fig. 14 and Fig. 15 show some results of the CFD simulation. Illustrated are the temperature
fields in the form of the dimensionless temperature @, = % for Re=20000. ©, represents
the deviation between local total temperature and bulk temperature. It can be seen that the inlet
geometry with its widening cross-section causes a deflection of the flow toward the leading edge.
Due to this divergence from a fully developed tube flow, the thermocouple measurements along the
channel centerline no longer represent the fluid bulk temperature in the inlet region of the channel.
However, the CFD data can be used to support the evaluation of the experiment as shown e.g. in

Jenkins et al. (2012) and Jackson et al. (2009). Since the cross-section temperature profile at each
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Figure 16: Local Nu/Nu0

thermocouple position is known from the CFD simulation, a correction factor K can be calculated for
each thermocouple.

Trc,icrp — Tref cFD

Ki=

= with i=T01,T02...T20 (8)
Tyuiricrp — Tref cFD

where Trc;crp is the local temperature at the position of thermocouple i, T,.r crp is a constant
reference temperature and Ty, ; crp is the bulk temperature at the channel coordinate of thermocou-
ple i. K is then used to calculate the bulk temperature history Tk ; exp(f) from the thermocouple
measurements Trc ; gxp(t).

Trc,iexp(t) — Trer Exp(t)
Touik,i,exp(t) — Trer,Exp(2)

Tros5(t) + Troe(t
- Ki with Tref,EXP(t) = TOS( );— T06( ) (9)

Due to the skewed temperature profile at the inlet, not the inlet temperature 77; but the average of
thermocouples TO5 and TO6 further downstream was chosen as reference point Ty r gxp (Trer.crp Was
determined respectively). The calculated bulk temperatures Tj,k; exp(f) can then be used to replace
the thermocouple data Trc; gxp(t) in the heat transfer evaluation. This method is tested exemplarily
for the suction side for an experiment at Re = 20000, as shown in Fig. 19.

RESULTS

The results of the heat transfer measurements and the CFD simulation are presented in three
different ways: Local Nu/Nuy-distribution, segment averaged Nu/Nug and line averaged Nu/Nuy-
data.

Local Nu/Nu0-distribution
Fig. 16a shows the contour plot for the heat transfer enhancement for an experiment at Re=20000.
The respective result of the CFD simulation at Re=23000 is given in Fig. 16b.

Data Reduction to Segment Averaged Nu/Nu(

Fig. 17 shows the numbering of the rib segments. The result of the data reduction is given in
Fig. 18. On the suction side, experiment and CFD show a good match. However, on the pressure side
the Nu/Nug-values of the CFD simulation are distinctly higher than the experimental Nu/Nug-values,
especially in passage 1. This high heat transfer is due to the high velocity and temperature concentrated
close to the pressure and leading edge in the CFD computation, as shown in Figs. 14 and 15. The effect
of the tube and the conical entrance section guiding the flow on the leading and pressure side seems to
be amplified in the CFD computation.

In Fig. 19 the results of experiment, CFD and thermocouple-corrected experiment are compared
exemplary for the suction side. A deviation between experiment and TC-corrected experiment is shown
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in the inlet region, where the differences between the measured thermocouple data Trc ; pxp and the
calculated bulk temperatures Ty, x ; Exp are the highest. Here the TC-corrected Nu/Nug-values exceed
the original Nu/Nug-values. In passage 2 the TC-corrected values are slightly lower than the original

values.

Data Reduction to Line Averaged Nu/Nu(
Fig. 20 shows the results of data reduction to line averaged Nu/Nuy-values. As with the segment
averaged results, we find generally a good agreement between CFD and experiment on the suction

(a) suction side

(b) pressure side

Figure 20: Nu/Nu0, Re=20000(EXP), Re=23000(CFD)
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(a) suction side (b) pressure side

Figure 21: Nu/Nu0, Re=15000

(a) suction side (b) pressure side

Figure 22: Nu/Nu(, Re=40000

side. On the pressure side, the CFD-values exceed the experimental values. Thereby the trend with
first increasing and then decreasing heat transfer is similar between EXP and CFD for the inlet pass,
whereas directly after the bend the trend is different for a short distance in the outlet pass. Figs. 21 and
22 show the results for Re = 15000 and Re = 40000. The results show the same trend for all Reynolds
numbers.

Pressure Loss

For a comparison of the pressure loss measurements and the CFD-pressure-data the pressure at tap
P12 near the outlet of passage 2 was set as reference pressure. The pressure differences between each
tap and P12 were then normalized with the dynamic pressure at the inlet of pass 1.

Pi— DPP12
APi ="
7”

with 7= P01, PO2...P13 (10)

The inlet velocity u was determined using the measured channel mass flow rate and the fluid density p
was determined using the fluid inlet temperature (at thermocouple TO1) and pressure (at pressure
tap PO1). The static accuracy of the used pressure measurement module with a range of 2.5 psid
(=~ 17.24kPa) is specified with +20.69 Pa (£0.12 % of full scale range). The CFD-data represent area
averaged static pressures computed on planes perpendicular to the flow direction. The results show a
good agreement between experiment and CFD simulation.
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Figure 23: Normalized Pressure Loss

CONCLUSIONS

A two-pass internal cooling channel with engine-similar cross-sections was investigated both
experimentally and numerically. Heat transfer measurements have been performed using the transient
TLC technique to obtain the local heat transfer distribution on the pressure side and suction side
surfaces. The local data were reduced to segment-averaged and line-averaged data and the results
have been compared to the CFD simulation. A good agreement is shown on the suction side surface.
However, for the pressure side the heat transfer results are significantly higher for the CFD simulation
than for the experiment.

A method to use the fluid temperature field information of the steady-state CFD simulation as a
support for the evaluation of the transient experiment has been applied. With the help of the CFD
data, fluid bulk temperatures are derived from the thermocouple measurements. The calculated bulk
temperatures then replace the thermocouple data in the heat transfer evaluation. The result is presented
exemplary for the suction side and Re = 20000. As expected, the effect of this correction method
increases at locations where the flow field clearly differs from a fully developed tube flow causing a
deviation of the bulk temperature from the measured centerline temperature. For future studies it is
recommended that prior CFD simulations are used to plan the positioning of the thermocouples by
evaluating the deviation between local fluid temperature and bulk temperature.

Pressure loss measurements have been conducted and compared to the pressure loss-data of the
CFD simulation. The results show a good agreement between experiment and CFD simulation.
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