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ABSTRACT
This paper presents experimental results of heat transfer coefficient on an outlet guide
vane (OGV) in an engine exit Module (EEM) at engine-representative conditions. The
results were obtained in Chalmers OGV-LPT test facility with a newly developed method
to measure heat transfer with high accuracy that is applicable to a large variety of geome-
tries.
A thin-walled OGV was manufactured with an internal water heating system and surface
temperature was measured by IR thermography. An extensive effort has been made to
mitigate all major sources of uncertainty and results from three different load cases at
Reynolds number 235000 is presented.
The current study is closing the gap which previously existed in the literature by providing
data on heat transfer on EES OGVs under engine representative conditions. These results
are crucial for designing future high-bypass ratio aero-engines which is a new radical
concept requiring improvement of the existing design of EEMs.
Nomenclature

Variables
β True systematic error
δ True total error
ε True random error
Xi IR camera uncorrected response
Yi IR camera corrected response
φ = Cx/U Flow coefficient
σ Stefan-Boltzmann constant
θ View normal angle [deg]
ε Surface emissivity
Cx Axial Velocity at mid-span
h Heat transfer coefficient [W/(m2K)]
k Thermal conductivity [W/m K]
P Calibration polynomial function
q′′ Heat flux [W/m2]
T Temperature [K]

t Wall thickness [m]
U Turbine tangential velocity at mid-

span
Subscripts
1 Water channel wall
1∞ Water mean temperature
2 High-emissivity surface
2.1 High-reflectivity surface
3 Free-stream
b Background
bb IR-camera perceived value
cond Conductive
conv Convective
r Effective ambient conditions
rad Radiative
tot Total

Introduction
Advanced geared engine configuration and very high by-pass ratio turbofan are two engine
architectures selected to be matured within the ENGINES ITD of the Clean Sky 2 Programme,

OPEN ACCESS
Downloaded from www.euroturbo.eu

1 Copyright c© by the Authors



see CS2JU, 2018. Geared turbofans provide a game-changing improvement in aero-engine
efficiency by decoupling the core and fan rotational speed. This in combination with higher core
overall pressure ratio expected in the new engines proposes new challenges to the expansion
system by the widening operational envelope in terms of both swirl and gas temperature ranges.

The low-pressure expansion system includes the low-pressure turbine (LPT), the turbine rear
structure (TRS) and the core exhaust nozzle. The TRS with the core exhaust nozzle comprises
the engine exit module (EEM). The TRS is the annular structure located downstream of the
LPT which has the main function to support the engine rear bearings. The TRS is comprised
of an outer ring, an inner ring and radial struts, so-called outlet guide vanes (OGVs). OGVs
are aerodynamically shaped to remove LPT exit swirl with minimal pressure losses and also
serving as passages for oil and miscellaneous service lines.

An accurate prediction and validation of the heat transfer in the EEM is important for future
engine designs but involves challenges with the choice of suitable heat transfer measurement
method. Here, the newly established Chalmers University EEM dedicated experimental facility
see Rojo et al., 2015 and Rojo, 2017 provides the capability to handle realistic flow Reynolds
numbers at cold and stable conditions enabling accurate measurement otherwise difficult in
full-scale testing. In this paper, an effort has been made to establish an accurate method for
estimating the surface heat transfer on the OGV by infrared thermography (IRT) measurements.

Heat transfer measurement approach used in the present study is based on techniques previ-
ously established at Chalmers for studies in an intermediate turbine duct and in a linear cascade,
see Arroyo Osso, 2009, Rojo et al., 2013, Rojo et al., 2014, Wang et al., 2016. IRT is one of the
most accurate non-intrusive temperature measurement techniques but is however not free from
a large number of specific difficulties and uncertainties associated with it.

This paper describes improvements and adaptation of IRT heat transfer measurements for
the new EEM facility where better manufacturing and measurement methods enable higher
fidelity compared to earlier measurement. The method presented in this work enables cost ef-
fective and accurate heat transfer measurement without many geometrical limitation as models
can be manufactured by rapid prototyping. Special remarks should be noted to some specific
enabling work as Kirollos and Povey, 2017 has enabled background temperature to be estimated
effectively, a previously tedious task. Marcotte et al., 2013 performed a comparison of advanced
calibration methods for IR camera and presented a non-uniformity correction (NUC) procedure
used in this work. And the calibration and use of in-situ calibration were strongly influenced by
Elfner et al., 2017.

Experimental implementation
Chalmers semi-closed annular EEM test facility is shown in Fig. 1. The facility runs at atmo-
spheric pressure at engine representative flow Reynolds number and equipped with a realistic
LPT. The rig operates continuously with controlled air temperature. The EEM test section con-
sists of 12 OGVs mounted with 30-degree spacing. Further details on the design and validation
of the facility are provided in Rojo et al., 2015, Rojo, 2017 and Jonsson et al., 2018.
In this study one OGV is instrumented for heat transfer measurements and is shown in Fig. 1b.
This OGV is manufactured with internal water channels using stereo lithography(SLA) in where
warm water is circulated which heats up the vane and the surface, schematics of this is shown
to the left in fig. 2. The aero-side surface of the vane is coated with a thin layer of a high-
emissivity and low-reflective coating called Nextel 6081 enabling highly accurate surface tem-
perature measured by a Phoenix 320 MW-IR camera. Leaf gold markers with high reflectivity
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(a) (b)

Figure 1: Chalmers OGV-LPT facility (left) and an OGV instrumented for IRT (right)

seen as dots in Fig. 1 are used for geometrical reference and for evaluation of the effective back-
ground temperature much similar as in Kirollos and Povey, 2017. Reference temperatures in
free-stream air and channel water were measured with calibrated resistance temperature detec-
tors (RTDs) with a traceable uncertainty of ±0.05 K following IEC 60751. The heat transfer
distribution is later obtained by solving the 3D conjugate heat transfer from the water to the
free-stream air. In the following sections, a simplified 1D case will be described in detail and
further details of data analysis and acquisition will be given.

1D formulation of OGV wall heat transfer
Figure 2 shows a 1D simplification of the OGV wall and measurement implementation. The
sought for quantity is the convective heat transfer on the surface q′′conv. This is calculated using
the wall conductive heat transfer q′′cond from temperature difference over the shell and then later
subtract the radiative heat flux q′′r . q′′cond, Relevant q′′conv and q′′r are defined in eq. 1.

Figure 2: Theoretical heat transfer model
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Where σ is the Stefan – Boltzmann constant, ε is the surface emissivity, τ is the air transmis-
sivity, Tb is the equivalent background temperature, t the shell thickness and k thermal conduc-
tivity. Performing an energy balance and solving for h2 provides the following equation for the
convective heat transfer coefficient on the air side
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b

))
(2)

Equation 2 is representing an idealised 1D approximation but has been used for the basis of the
design of the experiment. The following sections give a brief description of the implementation
and consideration for each quantity required to solve eq. 2.

Shell thickness t
The minimal wall thickness which could be manufactured within acceptable uncertainty of 2%
was 4mm. The shell thickness variation was measured after applying the coating by a 32DL
Plus ultrasound thickness gauge at 200 surface points. A systematic thickness increase of 1.5%
was found at locations with the highest curvature radius at the leading edge. Thickness variation
due to thermal expansion is estimated to be well under 0.1%.

Shell thermal conductivity k
The thermal conductivity of the vane material was measured by HotDisk AB following ISO22007-
2 with an uncertainty of 2 – 5%. The measurements were performed for several material samples
with different build directions. To minimize the effect of the conductivity variation due to water
absorption by the epoxy resin, the vane was only subjected to the water during experiments.
However, possible moisture and ageing effects still remain uncertain. The high-emissivity coat-
ing is polymer based and is estimated to have a conductivity within ±30% of the shell material.
As the paint contributes to less than 3% of wall thickness the contribution to wall total thermal
conductivity from the paint is estimated to be less than 0.1%.

Water-side Temperature T1
The water temperature at the wall is needed to solve eq. 2, this is however not measured. In-
stead, the inlet water temperature is measured by a RTD and the wall temperature is assumed to
be the same. This is a valid assumption with sufficiently high water-side heat transfer coefficient
and small water temperature changes along the flow direction. An assessment or the validity
of these assumptions was done by Arroyo Osso (2009). The uncertainty due to the water-side
convective heat transfer qreal deviating from the infinitely large heat transfer qξ is defined below;

εq =
qreal − qξ
qreal

=
1/h1

t/k + 1/h2
(3)

To maximise the inner wall heat transfer the water velocity was increased as high as mechan-
ically possible with shell burst pressure being the limiting factor. With a mean surface heat
transfer h2 of 250 and a h1 = 3700 the uncertainty εq is less than 1.3%. The mean water tem-
perature change in the flow direction over the OGV was calculated using energy conservation
and was found to be negligible, far below the resolution of the RTD.
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Surface Temperatures T2
The IR-camera provides sensor voltage counts in a matrix format Xi which was converted
to temperature T by applying a fourth order non-uniformity correction (NUC) and fifth order
calibration polynomial P as defined in eq. 4 where ε is the unobserved error from the regression.

Yi = NUC(Xi) + εNUC Tbb = P (Yi) + εP (4)

To calculate the NUC function and the polynomial P two calibrators was build with the
schematics of one shown in fig. 3a. The calibrator consists of a well-isolated enclosure with op-
tical access to a 30-mm thick flat aluminium plate coated with Nextel coating. The temperature
of the calibrator plate is measured with three RTDs, two in the centre and one at the outer cor-
ner. The temperature management system (TMS) controls the aluminium plate temperature and
triggers the camera when stable temperature conditions are reached RTD|Tmax−Tmin| < 0.03
K. When triggered, the camera captures 1000 frames and the calibration is obtained for every
camera configuration. As the emissivity of the calibration surface is the same as of the test vane,
the calibration incorporates the surface emissivity, camera sensor, and optics.
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Figure 3: (a) IR-camera calibrator (b) Example calibrations

The in-house calibration of the Phoenix 320 IR-camera is not compensated for ambient tem-
perature and focus changes. The effects from this were evaluated by cross-checking camera
performance between different calibrators with different camera orientation, optical focus and
temperature expected during the experiment. Temperature changes to optics could lead to a
near uniform average offset of 1 K while changing focus could lead to a non-uniform offset
of 0.3 K. Example of two calibrations with different optical focus settings is shown in Fig. 3b
where the error bars show the maximum deviation from mean within the measurement point.
The bias error caused by temperature offset was compensated by an in-situ calibration but the
focus had to be incorporated in the calibration. In-situ reference is a RTD painted with Nextel
6081 located in the free-stream and can be seen in the upper left corner in fig. 1. The sensor is
shielded from radiation with a reflective cover and was traversed to camera field of view during
sampling.

Emissivity directionality and temperature dependence ε
The emissivity ε(θ, T, λ) of a surface is dependent on view direction θ, surface temperature T
and wavelength λ. Tang Kwor and Matte (2001) showed that Nextel 6081 coating has a low
temperature dependecy and proposed an average value of ε2(θ = 0) = 0.974. The calibration
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method used in this works excludes the effect wavelength dependency as the same camera
and surface are used for both calibration and measurement. The angular dependency ε(θ) was
evaluated in-house using a common method defined in eq. 5.

ε(θ) =
T 4
bb(i, θ)− T 4

b

T 4
bb(i, 0)− T 4

b

(5)

Here T 4
bb(i, θ) is the camera perceived temperature. For this purpose, an experiment was per-

formed with a hollow heated aluminium cylinder which was coated by Nextel 6081 coating. The
cylinder was placed vertically in a large cold and dark laboratory so the non-uniformity of the
background radiation was negligible. A strobe light directed on the background during image
sampling was used to identify θ = 90. Two application methods of Nextel coating were tested,
finely sprayed as applied on the OGV and roughly applied with a brush. Figure 4 shows the
angular dependency for spray (ε2,a) and brush (ε2,b) application. The error bars depict two stan-
dard deviations over vertical variations. The absolute value of emissivity of both coatings was
measured with an ET-100 thermal handheld emissometer at θ = 20, 60. The mean measured
value is marked as ε1 in Fig. 4 and the error bars show the range of 10 samples.
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Figure 4: Emissivity calibration set-up(left), Calibration results(right)

As shown in fig. 4 the emissivity variation below θ ≤ 55 is negligible and measurements with
a view angle larger than this were disregarded. This rather conservative threshold that can be
potentially extended if angular view correction is applied to the measurements. The ET-100
was used to measure the ε21 = of 0.15 ± 0.1 at θ = 20, 60 and is assumed to be valid for θ = 0
as well.

Background Temperature Tb
During the measurements, particular care must be taken to account for the background radiation
reflected on OGV surface as this creates a bias in surface temperature measurement. A method
from Kirollos and Povey, 2017 is implemented in this study and is defined in eq. 6.

T 4
2 =

1− ε2,1
ε2 − ε2,1

T 4
bb,2 −

1− ε2
ε2 − ε2,1

T 4
bb,2,1

T 4
r =

ε2
ε2 − ε2,1

T 4
bb,2,1 −

ε2,1
ε2 − ε2,1

T 4
bb,2

(6)

Tr is the effective background temperature and T2 is the wall temperature as defined in eq.
2. Tbb,2 and Tbb,2,1 are the camera perceived temperatures on paint and gold markers. The
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method requires a well-defined relative emissivity of both surfaces. In the current study, we
used markers of leaf gold with emissivity ε2,1 on the Nextel coating with emissivity ε2. The leaf
gold adhered to the relative rough OGV surface provides near diffusive reflection.

Radiative heat flux qrad”
The real background values Tb and εb are unknown but can be estimated using calculated Tr.
The highest radiative heat flux from the OGV to the rest of the test section would occur with
all surfaces being a black body at the coldest temperature T3. This would contribute to a bias
error of εrad = q

′′

rad/q
′′

cond = 3 − 10%. However, assuming that the Tr interpolation is a good
representation of the effective black body background, the expression q′′r = σ (ε2T

4
w − T 4

r ) is
valid and would for values during experiments lead a εrad ≤ 1%.

Summary of measurement uncertainties
The total uncertainty was quantified following guidance from ASME International, 2005. The
error propagation was evaluated according to:

εtot(x1, x2, ..., xn) =

{
n∑
i=1

(
∂h

∂xi
· δxi

)2
}1/2

=

{
n∑
i=1

ε2i

}1/2

xi = (k, t, T1, T2, T3, T4, ε2, ε2,1, εq)

(7)

This equation was applied on Eq. 2 with Tw and Tr from Eq. 6 and in fig. 5a the total uncertainty
εtot is shown as a contour plot with dependency on surface heat transfer coefficient h2 and
the water-side mass flow m̄H20. Figure 5b shows the diagram of the contribution from main
individual quantities.
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Figure 5: (a) Contours of total uncertainty and (b) A selection of individual uncertainties

All aero-surfaces in the test section were scanned using ROMER scanning with an optical laser
head and accuracy of 0.1 mm. The surface roughness was measured with Surtronic 3+ meter
and was below 8Ra.
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Data reduction and post processing
Due to very small variations in T∞1 and T3 between different data acquisitions, linear normal-
ization could be used to produce a scaled surface temperature T ∗2 using eq. 8, this method does
not compensate for changes in radiative heat flux.

T ∗2 = T2
(k/t)T̃1 + h21D T̃3

(k/t) + h21D
T̃1, T̃3 = Scaling reference (8)

Merging data-sets was done using the reflective markers and for linear interpolation to map
surface temperature to the real world coordinates. The camera view angle for each point was
then calculated using the scalar product of the vector from the surface to the camera position
and the surface normal vector. The 3D conjugate heat transfer was solved by the finite element
method in both ANSYS and Matlab. Very conservative cut-off criteria have been applied to
only select data where uncertainties from FEM calculations can be minimised, this means data
near hub and shroud fillets and portions of the trailing edge has been removed.

Results and Discussion
The heat transfer coefficient distribution along the vane midspan for three different aerodynamic
loading conditions at Reynolds number=235000 is presented in Fig. 6. For all cases, the heat
transfer coefficient is largest at the leading edge and decreases further downstream. For the
suction side, a minimum is located at 25 – 30% vane chord followed by a steep increase for all
the operating conditions. On the pressure side, a similarly steep increase occurs only for the
φ = 0.588 case at 3% chord length (marked by ”A” in Fig. 6).
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Figure 6: Chordwise distribution of air-side HTC at vane midspan for all cases

The steep increase of the HTC on the pressure side for the φ = 0.588 case may be due to a
separation induced laminar-turbulent transition as inlet flow angles decreases. On the suction
side is likely to be a laminar-turbulent transition, the data in this work is however not sufficient
to state the exact nature of the transition. At mid-span a decreased flow coefficient delays
transition, this could be due to that the stagnation point on the leading edge is moved downwards
along the suction side with decreased flow coefficient. This would explain why there is an offset
in the laminar region between the three cases from 25 – 30% chord towards the leading edge
on the suction side. This offset is also to be expected due to the increased acceleration on the
suction side with increased flow coefficient. The data is not sufficient to identify the type of
transition but starting and ending can clearly be seen at mid-span in Fig. 6.
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Figure 7: Contour plots of HTC on pressure side (a, b, c) and suction side (d, c, f) for load
coefficients φ = 0.588 (Left), 0.622 (Middle), 0.657 (Right)

Figure 7 shows contours of HTC on the pressure and suction sides . A limited amount of
data have been selected to comply to above stated uncertainties, leading edge data have been
limited due to camera view angles over 55◦, trailing edge, near hub and shroud data have been
limited to keep uncertainties from FEM simulations to a minimum. The outline of the true vane
is illustrated in 7b and e. Comparing the suction side for all three load cases the impact of the
roll-up vortex earlier shown in Jonsson et al., 2018, Fig. 7 can be identified with reduced heat
transfer in the lower right corner with increased φ. Local points of high h2 can be seen near
the hub for φ = 0.567, this area is a heavily loaded point with very high acceleration as earlier
shown in Rojo, 2017, Fig. 4.15 and is an area of much interest for future studies.

Conclusion
Experimental heat transfer investigations by infrared thermography (IRT) were performed on
an outlet guide vane (OGV) in the Chalmers LPT-OGV Facility at aero-engine representative
conditions. The following major conclusions obtained are listed below.
• Detailed assessment of measurement uncertainties in the heat transfer measurement chain

has been performed and an accurate method of heat transfer measurement was developed
with few geometrical limitation for future implementation.
• Heat transfer measurements on a TRS OGV are performed at a range of flow parameters

representing a set of engines at on- and off-design condition important for future OGV
design.

• Indication of a laminar-turbulent transition along the pressure and suction side for a OGV
in engine representative conditions for a variety of engine load cases.
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Future and ongoing work are to include a mirror to access areas that is today not optically
accessible. Mitigate residual uncertainties such as moisture and ageing effect on the thermal
conductivity of SLA and verify the final uncertainty of the presented method including FEM
and used data reduction. Resolve boundary layer in detail, with focus on the suction side.
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