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Thermal management is a major challenge for new generation turbofan aero-engines. One of the most
promising heat exchangers are the so-called surface air-cooled oil coolers (SACOCs). In this study, an ex-
perimental methodology is proposed and implemented in order to characterize SACOCs mounted in tur-
bofan bypass ducts. Three different SACOC geometries have been characterized under the same nominal
operating point, while the actual velocity profile in the bypass was reproduced by means of a distortion
screen upstream the test section. The heat exchangers were mounted in counterflow configuration and
feature the same fin geometry in the oil side. The three prototypes varied only in the air side, being the
first a baseline flat plate, the second a SACOC with standard trapezoidal fins and the third featuring opti-
mized fins designed to reduce the pressure drop. Aerothermal results demonstrated that the effect of the
SACOC on the bypass flow was confined to a region about the same height and width of the finned area,
avoiding the need of reproducing the whole bypass duct. However, for this reduced-height experimental
approach to be valid, we show that the velocity profile needs to be rearranged to match the specific sec-
tion of the whole bypass. We also demonstrate how the optimized fin geometry achieved a 10% lower
friction factor than the standard one at nominal flow conditions while increasing the overall heat transfer

coefficient by 5.2%.

© 2022 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

The trend of recent years towards more compact engines in
aviation and the use of turbofans with a larger bypass ratio can
be explained with the goal of reducing pollutant gases, noise and
fuel consumption. All these issues are a major concern in the de-
velopment of a sustainable aviation industry. Some research pro-
grammes, such as Clean Sky [1], have dedicated a great effort to
the improvement of aero engines, their related systems and their
integration with the airframe.

However, new challenges come across with new generation tur-
bofans. Regarding thermal management, three main aspects need
to be considered: the consequence of increasing the size of the fan
blades, the shrinking of the engine and the progress of electrifica-
tion.

* Corresponding author.
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On the one hand, the increment in bypass ratios to values over
15:1 provides the ability of augmenting the fuel efficiency by 20
to 25% [2], but the optimal rotational speed of these large fans is
incompatible with the typical rotational speed of the turbine that
drives them. To solve this issue, a gearbox to reduce the veloc-
ity of the fan is installed, a configuration which is often known
as ‘geared turbofan’. The gearbox needs to be lubricated and kept
at reasonable temperatures, but due to the transmitted power, the
amount of heat to be evacuated is enormous, even if losses of
around 1% [3] are achieved. Per the same reference, common me-
chanical losses up to 65% full-load, full-speed power can occur in
the gearbox. Adequate lubrication will be also a major challenge
for future, innovative designs such as CFM'’s RISE open-rotor con-
figuration, whose target is to achieve a 20% gain in fuel efficiency.

On the other hand, the increment in power produced by the
core of the engine has to be also considered for the design of the
bearings. Adequate bearing performance can reduce the losses pro-
duced during operation, but, similarly to the gearbox, as the power
they have to work under is so large, the heat transmitted to the oil
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as a consequence is substantially higher. In fact, the oil system is
not only needed by the bearings as lubricant, but mainly as coolant
[4].

Additionally, as electrification and automation advance, the
cooling requirements for their proper operation are more demand-
ing. As the size of the engines tends to reduce, the number of heat
sinks decrease since the heat can also be dissipated through dif-
ferent engine components, and Van Heerden et al. [5] have consid-
ered the integration between engine, airframe and their systems
to develop a thermal model that predicts their interactions. Ad-
dressing the small size issue, Vankan et al. [6] have developed a
graph-based approach to optimize the installation of different en-
gine components inside compact nacelles. Moreover, as fuel effi-
ciency rises, fuel consumption diminishes and therefore, less fuel is
available in Fuel-Oil Heat Exchangers (FOHEs), so extra cooling de-
vices such as AOHEs (Air-Oil Heat Exchangers) become even more
important.

To overcome these challenges, new generation turbofans have
to include an adequate cooling system that enables the proper
functioning of the engine in smaller spaces, using the cold bypass
flow as a heat sink. This has the additional advantage of re-using
that enthalpy in the secondary nozzle. Compact heat exchangers
can be classified [7] mainly as plate heat exchangers, plate-fin
heat exchangers and printed circuit heat exchangers. Although sev-
eral studies have considered different fin configurations and perfor-
mances [8-10], they have been done under low Reynolds numbers.

For the aerospace industry, several companies have proposed
many patents [11,12] regarding heat exchangers for ultra-high by-
pass ratio (UHBR) turbofans. In this sector, the weight is also some-
thing to be considered, and Filburn et al. [13] carried out a sim-
plified analysis of a carbon-carbon finned heat exchanger that re-
duced the weight to a 53% of the original weight of an aluminium
heat exchanger. Williams et al. [ 14] have developed a microchannel
heat exchanger to enhance the thermal management in fuel-to-air
cooling systems.

Saltzman et al. [15] designed and evaluated an additive man-
ufacturing heat exchanger, that improved the heat removal up to
14%, but almost doubling the pressure drop. It is indeed highly im-
portant to consider the effect of the heat exchanger in the pressure
drop, since this can affect significantly the engine performance,
and Dube et al. [16] have developed a statistical model to predict
the pressure drop in the air side of a heat exchanger. In order to
accomplish a better performance in terms of heat transfer and/or
pressure drop, BoSnjakovi¢ et al. [17] added an innovative star-
shaped fin and gained a 39.3% of extra heat exchange compared
to regular annular fins, with a decrease in mass flow through the
exchanger of 23.8%. Zhang et al. [18] were able to reduce the pres-
sure drop by 1/6 approximately using airfoil-shaped fins instead of
zigzag channels in a Printed Circuit Heat Exchanger. Another ex-
ample in pressure drop reduction and heat exchange enhancement
can be found in [19], where Gong et al. simulated numerically V-
shaped oblique wavy surfaces, changing geometric parameters, to
find the optimum configuration for heat transfer and pressure loss,
reaching a goodness factor and a Colburn factor increase of 16%
and 150%, compared to a flat plate.

Another effect to consider is the fluid-structure interaction in
finned heat exchangers. Zhang et al. [20] proved that the larger
the fin offset and the thinner the fin is, the greater mechanical and
thermal stress they have to withstand.

Focusing on plate-fin heat exchangers located in the bypass of a
turbofan, Kim et al. [21] conducted a numerical study validated ex-
perimentally with a single-fin heat exchanger in which the aerody-
namic and thermodynamic performances were evaluated for differ-
ent positions of the exchanger. Also Kim et al. [22] continued the
study with numerical investigation on the performance of different
plate- and pin-fin geometries under similar conditions.
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Fig. 1. Configuration considered in this investigation, highlighting the section that
is reproduced in the wind tunnel (not to scale).

Villafafie and Paniagua [23] developed an installation at the von
Karman Institute for Fluid Dynamics (VKI) that reproduces the typ-
ical swirl and velocities in a turbofan splitter (upstream the out-
let guide vanes, OGV) and evaluated the aerothermal performance
of continuous and interrupted fins. Using the same facility, Sousa
et al. [24] performed a thermal analysis using an inverse heat
transfer method to analyse the heat extracted from the lubrication
system, showing that an adequate heat exchanger can provide up
to 76% of the take-off cooling demands of a modern turbofan.

In our investigation, we consider the configuration shown in
Fig. 1, where the heat exchanger is placed downstream of the
OGV, as in the setup of Kim et al. [21,22]. Such configuration can
be found in modern high-bypass-ratio turbofans such as the CFM
LEAP-1A and the Rolls-Royce Trent XWB. A major obstacle of the
experimental characterization of this arrangement is of course the
reproduction of the bypass flow, which requires a very high air
mass flow at high speed. Kim et al. [21] tackled this issue with
a very narrow wind tunnel that comprised just one fin, mimicking
their periodic numerical setup.

A limitation of this approach, however, is that SACOCs are not
continuous along the engine periphery — they only typically cover
a portion of the circumference. Therefore, it is relevant to ana-
lyze the behaviour of the outer fins, which are not subjected to
periodic-like conditions. The precise control of the boundary layer
growth in very narrow tunnels so that the periodic-like fin expe-
riences completely freestream conditions can also be difficult. This
leads to the need to include at least a few fins and a sizeable sep-
aration from the lateral walls, as done in the VKI wind tunnel for
their splitter-located SACOC configuration.

As implementing this multi-fin approach in our case, includ-
ing the whole height of the bypass, would render the mass flow
requirement excessive, an alternative approach was implemented
consisting of the reduced-height wind tunnel depicted in Fig. 1.
This same figure however highlights an issue with this approach:
if tests were performed in such a reduced-height wind tunnel, the
velocity profile would not follow the distribution that the actual
bypass duct features in this section. To this end, in our setup a
distortion screen is placed upstream the test section so that the
flow will not freely develop a flat velocity profile. Instead, it will
mimic the actual bypass profile up to the reproduced height, since
Gelain et al. [25] recently demonstrated the importance of repli-
cating one-dimensional boundary conditions in order to obtain re-
liable results in this type of configuration.

The main objective of this paper is to demonstrate such an af-
fordable methodology to experimentally characterize the perfor-
mance of different geometries of surface air-cooled oil cooler heat
exchangers. To this end, the tailored experimental facility is de-
scribed in the first place and then the experimental campaign
is presented, along with the different geometries to be studied,
the instrumentation and the data acquisition and reduction proce-
dures. Next, aerothermal results are analyzed focusing on the ve-
locity fields and the pressure drop induced by each geometry, as
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Fig. 2. Facility layout. Schematic of the facility and wind tunnel (top) and detail of
the oil conditioning system (bottom).

well as the temperature field at different sections, the wake tem-
perature profiles and the geometry surface temperatures.

2. Experimental facility
2.1. Flow rig

Experiments took place in the main flow rig at 8P laboratory of
Universitat Politécnica de Valéncia, outlined in Fig. 2. This facility
has been designed to carry out aerothermal studies in both auto-
motive [26-28] and aeronautical engineering [29]. A 500 kW two-
stage centrifugal compressor is connected in series with a 1 MW
Diesel-fired combustion chamber which can heat up to 1000 °C a
continuous air mass flow of 1000 kg/h. Bypassing the combustor,
the compressor is able to deliver up to 2.15 kg/s of air at 30 °C. In
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between, two 3 m3 reservoirs help to deliver a uniform and con-
trolled air mass flow to the test chamber.

In this chamber, an oil conditioning system is installed, com-
posed by a pump that drives the oil through the circuit, a Coriolis
mass flow meter to characterize the oil mass flow and an electric
heater with two in-series resistors of 2.5 kW each. Several filters
and water heat exchangers ensure a proper functioning of all com-
ponents. A more detailed explanation of the facility and oil condi-
tioner can be found in [30].

2.2. Wind tunnel

A bespoke wind tunnel to characterize the heat exchangers was
implemented following the aforementioned approach, as shown in
Fig. 3. At the beginning, a settling chamber stagnates the fluid to
diminish the flow turbulence and to straighten the streamlines up-
stream the test section. To do so, a radially-pierced entry based on
Purdue University’s PETAL settling chamber [31] and two honey-
comb panels have been engineered after considering different con-
figurations.

Then, a transition to a squared section with the same shape
as the test section drives the flow to a straight duct where the
flow develops and reaches the distortion screen. Passing through
the screen, the flow undergoes a variation in stagnation pressure
induced by differences in porosity designed in such a way that the
uniform incoming air profile is transformed into the desired veloc-
ity profile, mimicking the actual profile inside the turbofan bypass.
Afterwards, a straight section allows the turbulence downstream
the distortion screen to settle before the flow reaches the test sec-
tion.

Immediately upstream and downstream the test section, two
piezometric rings composed of 8 static pressure taps (two per wall)
are used to determine the pressure drop induced by the model. Fi-
nally, after the test section, a straight duct discharges the flow to
the ambient of the test chamber, where it is then forced out of the
building through a muffler.

2.3. Test section

The test section is a square duct with sides of length H, which
will be used to normalize other distances in this paper. Walls are
made of borosilicate with the exception of the bottom wall, made
of steel. The top wall presents 3 slots to introduce probes in case
intrusive measurements are required. In case non intrusive acqui-
sitions take place, the top wall can be substituted by a continuous
wall and for thermographic measurements, IR windows transpar-
ent in the 0.3 to 13 pm range of the spectrum can be installed.
They have a limited field of view, but by installing them in differ-
ent locations, a complete image of the SACOC can be composed.

Measurements take place in different locations. Pressure drop
is characterized with the aforementioned piezometric rings. Total
pressures and temperatures are acquired in one section upstream
the SACOC, UMS1 (Upstream Measurement Section 1), and two
sections downstream it, DMS1 (Downstream Measurement Sec-
tion 1) and DMS2. To analyse the wake temperature, four thermo-
couples, TC1, TC2, TC3 and TC4 can be inserted through the bot-
tom wall of the wind tunnel, centered in the span-wise direction.
An additional thermocouple, designated TC,, is inserted from the
bottom of the SACOC until it makes contact with the surface. This
thermocouple will be used as a reference for thermographic mea-
surements, in order to calibrate the emissivity of the material.

The origin of coordinates is placed on the bottom wall at UMST,
with X following the flow direction, Y facing the upper wall and Z
following the right-hand orientation criterion. Values of the posi-
tions in the rig are collected in Table 1 and a schematic with the
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Fig. 3. Drawing of the wind tunnel detailing the installation of the SACOC.

Table 1

Axial location of each relevant section.
Section X/H [-]
Inlet piezometric ring -0.65
Inlet test section -0.36
UMS1 0
Fins leading edge 0.75
TC1 2.4
DMS1 2.5
TC2 2.8
TC3 32
TC4 3.6
DMS2 4
Outlet test section 5.11
Outlet piezometric ring 5.4

Fig. 4. Sketch of the different instrumentation locations.

different aforementioned locations in the test section can be found
in Fig. 4.

In order to provide more general results, through the paper the
dimensions are normalized with the test section side H. Other val-
ues are used for this normalization, such as the nominal air mass

777
“\\\‘\\HM\

l,iu,,“
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Fig. 5. Photography of the tested SACOCs. From left to right: baseline, standard and
optimized geometries.

flow 11, the air freestream static temperature T, the freestream
air density po, and the maximum freestream air velocity Us.

3. Experimental campaign
3.1. SACOC geometries

For this study, three different geometries are considered: a
baseline version, which is a flat plate; a second version, in which a
series of standard fins are added to the plate; and a third version,
where a topological optimization of the standard fins geometry to
reduce the pressure drop was carried out. The three models can be
seen in Fig. 5.

3.1.1. Baseline geometry

As a first step, a flat plate heat exchanger geometry was tested
in order to obtain the baseline of the experimental setup regard-
ing pressure drop and heat transfer. This allowed a clearer assess-
ment of the performance of the standard-finned SACOC and the
optimized fin design.

In the air side, the baseline geometry consists on a flat plate
1.5 x 10~2H thick made of AW7075 T651 aluminium [32]. As with
the rest of the geometry, it is attached on top of an oil pan made
of ULTEM 1010 [33], which is a thermoplastic that can withstand
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high temperatures. The other objective of the plastic oil pan is to
thermally isolate the oil as much as possible from the steel wind
tunnel, in order to allow heat dissipation to the airstream only
through the aluminium exchanger, avoiding conduction losses to
the wind tunnel floor.

The surface in contact with the oil has a rectangular shape of
1.25 x 0.5 H with 18 fins with a standard isosceles trapezoidal
shape of 0.06 H height. To enhance the heat transfer, the oil circuit
is in counterflow, i.e., the oil flows beneath the SACOC in the op-
posite direction to the airstream above. As it can be seen in Fig. 5,
the rectangular base is slightly larger than the oil pan and there
are 8 circular stubs to allow a proper attachment from the bottom
of the tunnel.

3.1.2. Standard fins

In the second version, a series of isosceles trapezoidal fins are
added to the air side. In total, it is provided with 16 fins of 10-2H
thickness and 0.2 H height, in order to increase the surface area
in contact with the air to augment the convection heat exchange
[34], and the shape has been chosen as it can be found in current
turbofan SACOCs.

In the oil side, the configuration is the same as the baseline,
with 18 fins and oil flowing in counterflow, so it is ensured that
the variations obtained in the heat exchange are solely related to
the air side fins.

3.1.3. Optimized fins

The optimization of the geometric design of the fin shape on
the XY plane was performed computationally using a CFD solver
in a previous investigation [35]. The process was based on the ad-
joint method [36,37], using the pressure drop per lateral fin surface
area Ap/Axy as the objective function while monitoring the heat
exchanged to maintain it as constant as possible. This strategy was
chosen because in aircraft engines the heat exchange is an oper-
ability specification, so there is no intention change it. However,
the pressure drop is a loss worth lowering.

The adjoint method is an efficient process to predict the influ-
ence of input design geometry, D, on some engineering cost func-
tion of interest, L, which as we already said, in our case, is based
on the pressure drop generated by the SACOC divided the lateral
fin area, Ap/Ayy. The process is performed in two major steps.

First, a steady state solution, also known as primal solution, Q,
is computed on an initial grid with control points X°. In the sec-
ond step, the adjoint problem based on the previously numerical
solution, is evaluated. This evaluation computes the sensitivities of
the cost function with respect to the different design parameters:

d_[aL oLoQ]dx 0
dD | 0X ' 0QJX |dD
where % is the Jacobian matrix. As result, the most sensitive

zones of the geometry are detected on the grid points. The gra-
dient of this sensitivity map indicates the movement of the grid
points through the control points to obtain an optimized cost func-
tion. A complete example of the computational results obtained
after this optimization process can be found in [35]. The control
points are moved according to the previous step of the optimiza-
tion process, as a consequence the geometry and mesh are modi-
fied and a new iteration is performed until an optimized geometry
is obtained.

The comparison between the final geometry of the fin obtained
after the optimization process and the original one is shown in
Fig. 5. Notice how the shape of the optimized geometry eliminates
the sharp corners and smooths the perimeter of the fin. It is also
relevant that the bow shows a prominent bulb shape that moves
upwards and upstream the high pressure point, which optimizes
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Fig. 6. Infrared measurement setup. (1) Data acquisition, (2) IR windows, (3) ther-
mographic camera, (4) oil system connections.

the aerodynamic performance. It can be seen that the optimized
geometry is very similar to the standard fins in height, being the
minimum height of the optimized fins in the tip of the leading
edge of 0.12 H and the maximum height of 0.22 H at, approxi-
mately, the 68% of the fins length.

3.2. Instrumentation

Aerodynamic and thermal data are acquired during the experi-
ments. Pressures are read by GE UNIK 5000 piezoresistive sensors,
which were calibrated for the operation regime and present an ac-
curacy of 0.2%. Static pressure is acquired from the piezometric
rings and total pressure is acquired by means of 3.2-mm-diameter
Kiel probes, which feature a pressure port of @ 0.82 mm. They are
mounted in bi-axial traverse systems that allow a complete char-
acterization of each measurement section.

There are three 2D traverses —for UMS1, DMS1 and DMS2—
composed of two stepper motors controlled via MATLAB for syn-
chronization. The main advantage of Kiel probes is that they are
insensitive to flow missdirectionality, swirl and turbulence. Nev-
ertheless, since they only measure total pressure, the static pres-
sures from the piezometric rings are considered to compute veloc-
ities. Additionally, for a more precise pressure drop measurement
between the piezometric rings, a Sensirion SPD2000-L differential
pressure sensor with a span of 3000 Pa and a typical accuracy of
1% of the reading is used. The air mass flow is determined by a
FOX FT2 mass flow meter of 6// with a range between 0 and 10,870
Nm3/hr and an accuracy within +1% of the reading.

Regarding thermal measurements, the Kiel probes incorporate
class 1 T-type thermocouples below the pressure port. However,
since the probes are inserted in the tunnel upside-down through
openings in the upper wall, the bottom-most region cannot be
reached by their thermocouples. This occurs because of the gap
that exists between the pressure port at the tip and the ther-
mocouple, when the Kiel is at its lowest height. To characterize
the temperature in the lower region, four class 1 K-type grounded
thermocouples with 3 mm diameter are used to measure in the Y
direction downstream the SACOC. To also characterize the temper-
ature distribution along the SACOC surface, a FLIR A400 thermo-
graphic camera set in the range from 0 °C to 120 °C with an accu-
racy of £2 °C and a resolution of 320 x 240 pixels is used. Since
the field of view through the windows is limited, a complete im-
age can be obtained by combining different snapshots in different
positions. This setup is shown in Fig. 6.

In order to characterize the oil flow underneath the SACOC, the
oil mass flow is controlled by a KROHNE Optimass 3300C S04 flow
meter with a range up to 130 kg/h and an accuracy of +1% of the
actual measured flow rate. To compute the heat exchanged in the
process, temperatures at the inlet and outlet are characterize by 4
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RTDs: 3 intended to measure the radial distribution and another
one inserted co-axially to the pipe, as seen in Fig. 4. Hence, as-
suming constant heat capacity, the heat transfer is computed by
averaging the RTD readings in order to obtain the enthalpy drop:

, 4 4

. . . c

Q = mAh = mc, AT = Tp E Tin, — E Tout, (2)
in1 i=1

3.3. Data acquisition and reduction

The facility setup begins by stating the oil flow through the cir-
cuit and heating it up until the desired conditions of mass flow
and temperature are reached. Then, the compressor is turned on
and air starts flowing through the tunnel; air mass flow is con-
trolled with a series of venting valves. Air and oil conditions need
to be modified iteratively until stationary conditions are reached,
typically after 20 minutes. The control of all the acquisition sys-
tems is centralized using a MATLAB routine, but depending on the
measurement, different arrangements are used:

e When performing Kiel probe measurements, each section is
measured independently to avoid the influence of upstream
probes. Sections are discretized into 400 points in a grid of 20
x 20 and the measurement begins in the uppermost leftmost
point (looking in the flow direction). The Kiel probe advances
towards the bottom of the tunnel and moves to the next col-
umn, beginning the measurement again in the top. Data is ac-
quired through a NI PXI module that reads the voltage from the
pressure sensors (Kiel and both piezometric rings), air and oil
mass flow meters and temperatures from the reference ther-
mocouples T and TCy; (in contact with the SACOC) and the
Kiel thermocouple. For each position, a total of 100 samples
are taken with a frequency rate of 50 Hz. Each time the probe
changes to a new column, the oil temperature in the 8 RTDs
is acquired 10 times at a frequency of 1 Hz through an Agilent
34972A data logger.

o For measurements of the wake temperature using the bottom
thermocouples downstream the SACOC, special care is put to
avoid the sensing tip of each thermocouple being affected by
the wake of previous ones, since they all are inserted at the
same time, so the thermocouples are placed with 1 mm incre-
ments in height. In these tests, 27 points are acquired in the
central (Z=0) plane and, for each point, three readings are
made during 45 seconds with the same data rates as previously
mentioned for both PXI and data logger of 50 and 1 Hz respec-
tively.
Regarding the pressure drop tests, these are carried out vary-
ing the air mass flow until stationary conditions are reached.
Then, the acquisition is performed reading the air mass flow,
reference temperature and differential pressure between the in-
let and outlet piezometric rings with a data rate of 25 Hz dur-
ing one minute. Since it has been observed that the addition of
heat does not modify the pressure drop results, all tests were
done without the oil system.
Finally, for the thermographic measurements, the camera is set
in position focusing on a specific region of the SACOC and when
stationary conditions are reached, air mass flow and the refer-
ence temperature are acquired together at 50 Hz during one
minute, ensuring that the position of the reference thermocou-
ple TC,; is within the field of view of the camera snapshot, to
facilitate the calibration. A total number of 8 readings is made
for each camera position.

Regarding data reduction, since the readings are made in sta-
tionary conditions, the values are averaged from the data set. In
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terms of Kiel measurements and the wake temperature character-
ization, several acquisitions are performed in different days. Addi-
tionally, for the measurements in which the air temperature is an-
alyzed, the temperatures are corrected using the reference temper-
ature T,, measured upstream of the wind tunnel, shown in Fig. 3.
This is due to the fact that a perfectly thermal stationary state
takes several hours to be obtained because of the thermal iner-
tia of the facility. Hence, the average reference temperature during
the test is used to correct the air temperatures measured in the
test section, thereby correcting the slight temperature drift of the
facility.

4. Results and discussion
4.1. Aerodynamic performance

Although the main purpose of a heat exchanger is to evacuate
as much temperature as possible from the hot source, in this par-
ticular application it is required to do so without heavily impact-
ing the aerodynamics in the air side, since this exchanger is using
the bypass airflow as cold sink, and this airstream will then be
expanded in the secondary nozzle to obtain thrust. Thus, the char-
acterization of the pressure and velocity field, together with the
pressure drop induced by the SACOC is studied in this section.

Firstly, velocity is derived from the Kiel total pressure and tem-
perature data, and the static pressure measured through the piezo-
metric rings, by applying the standard isentropic flow relations.
Interpolated velocity contours are analyzed in Fig. 7, where each
row represents the contours in the same section for the differ-
ent SACOC versions and each column displays the velocity evolu-
tion along the sections for one version. As expected, velocity at
UMS1 shows almost identical contours with an horizontal distri-
bution matching the target profile. The baseline geometry, being a
flat plate, presents very similar results for all sections, slightly de-
creasing the gradients in the downstream direction.

The standard and optimized geometries show similar be-
haviours, with a strong impact of the fins at DMS1, lowering con-
siderably the velocity. In both cases, there is a zone close to the
bottom with specially low values and a transition phase to the
freestream conditions. This zone seems to be smaller in the case
of the optimized fins. The downstream-most section, DMS2, is also
influenced by the SACOC fins, but the region of influence is not
as defined as in DMS1, spreading towards the lateral walls and re-
gaining speed. The lateral zones of the test section, which are not
behind the fins, experience an acceleration up to the same height
approximately equal to that observed for the wake. This increase
in velocity is also higher in the DMS1.

For a more detailed analysis, velocity profiles are displayed in
Fig. 8. These represent the averaged values of the center region Z ¢
(—0.25H, +0.25H), which is the SACOC span. This averaging is done
to avoid displaying only the effect of the particular fin/channel at
the center. Error bars displayed in the figure represent the stan-
dard deviation in the mean values after several measurements. For
the UMS1, the velocity profiles are almost identical and the down-
stream sections present the same velocity profiles above the 25-
30% of the section. This means that the influence of the fins is lim-
ited to a region only very slightly higher than themselves. While
the top wall of the tunnel develops a certain boundary layer, above
the 75% of H (absent in the bypass at this height), it can be seen
that this boundary layer does not interact with the area influenced
by the SACOC, thereby validating the approach of a limited height
wind tunnel.

The velocity profile of the baseline model varies only very
slightly from one plane to another, this is, the effect of the dis-
tortion screen is well kept along the tunnel. Both cases with fins,
standard and optimized, reproduce a very similar pattern with a
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Fig. 7. Velocity contours comparison for the different SACOC geometries (columns) measured at UMS1, DMS1 and DMS2 (rows) with a typical measurement uncertainty of
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Fig. 9. Pressure drop variation with m?/p for each geometry with a typical mea-
surement uncertainty of +1%.

region of lower velocities downstream the SACOC due to the wake
produced by the fins. This wake is stronger at DMS1 and diffuses
into a larger region as the flow advances to DMS2.

In terms of turbulence intensity, the presence of the distortion
panel generates not only a certain velocity distribution, but a tur-
bulent intensity distribution too: the region with lower velocities
(lower porosity in the panel) experiences higher levels of turbu-
lence, being the turbulence intensity levels below 3% for the top
3/4 of the height (as measured by a high-frequency pitot probe),
and increasing gradually up to 7% in the lower part of the tunnel.
After the SACOC, the values in the upper region remain approxi-
mately the same until a third of the height, where the presence of
the wake increases the values. This increment persists at DMS2.

Regarding the pressure drop induced by the exchanger in the
air side, Fig. 9 shows the pressure drop for each version under dif-
ferent mass flows conditions. For an incompressible flow the pres-
sure drop can be written [26] as:

Ap:K%pUZ (3)

Where p is the density, U the velocity magnitude and K is a
pressure drop coefficient that should only be dependent on the
Reynolds number, and for high enough Re values, essentially con-
stant. By recalling the continuity equation m = pAU, this can be
rearranged as:

K m?

AP=2m Ty

(4)

And so Ap should be essentially linearly dependent on m?/p.
As seen in Fig. 9, this is the case for all three configurations at the
considered mass flow range, around +15% of the nominal flow. The
main advantage of this fact is that therefore, the pressure drop for
each configuration is characterized by a constant K and the losses
can be readily computed for different air mass flow settings.

As expected, the pressure drop induced by the flat plate is
much lower than that caused by the fins. However, even though
they present a very similar velocity distribution, the pressure drop
associated to the optimized versions of the fins is lower than that
of the standard fins, achieving almost a 10% reduction in pressure
drop under nominal conditions, therefore validating the numeri-
cal optimization procedure. This can be explained by the differ-
ence in the aerodynamic interaction of both geometries with the
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flow, that has been deeply analysed in [35]. The optimized geome-
try presents considerably lower turbulent kinetic energy values in
the wake and almost no vortical structures on the tip of the fins
are formed, compared to the geometry with standard fins.

4.2. Aerothermal performance

In terms of heat exchange, temperatures were measured on
both sides, air and oil. The reference temperature T,, was mea-
sured with a thermocouple inserted in the S-duct upstream the
settling chamber (see Fig. 3). For the air side, interpolated tem-
perature contours from the thermocouples in the Kiel probes are
shown in Fig. 10. Since the lower 12% of the section is not reached
by the Kiel thermocouple, there is a gap in the contours at the
bottom. The figure shows that temperature only increases in the
region close to the fins: above the 30% of the channel height the
temperature remained almost constant, whereas for the bottom
part, the temperature increases as it approaches the bottom.

The influence of the fins is not appreciated close to the lateral
walls, since the most heated part of the air is propagated along
with the wake, being precisely the region seen in Fig. 7 affected
in velocity the one affected by the temperature increase. In the
case of the baseline, the temperature increase is weaker and lim-
ited to lower regions, so it is not captured by the thermocouple in
the probes. For the standard and optimized version, mainly in the
latest, there is an increase in temperature that follows the finned
pattern.

For a more detailed analysis of the temperature along the ex-
changer wake, Fig. 11 shows the results from the four wake ther-
mocouples. Again, the finned geometries present more similar val-
ues than the first version, although the three of them follow a sim-
ilar trend. The maximum is reached at 3-4% of the height and de-
creases continuously to the ambient temperature at a height be-
tween 25 and 30% of the channel section. Note that since the ref-
erence temperature T, is measured well upstream the SACOC, the
freestream temperature will be slightly lower at the TC1-4 posi-
tions due to the heat losses across the wind tunnel, leading to very
slightly negative T/T, values in Fig. 11.

As they get further from the SACOC, maximum values decrease
and the temperature descent towards the top is smoother. Values
between the maximum and the tunnel floor decrease since the
floor absorbs part of the heat present in the wake as it is made
of steel. Another aspect worth considering is the fact that tem-
peratures in the optimized version are higher than those for the
standard case, especially in the regions closer to the exchanger.

In order to obtain a more complete picture of the thermal per-
formance, the temperature distribution on the aluminium base was
measured with a thermographic camera. As mentioned, in order to
achieve proper results, IR windows transparent in the long wave
infrared (LWIR) were installed facing the exchanger, and the SACOC
and its surroundings were painted with a specific graphite-based
black paint for homogeneous emissivity. A calibration for the tem-
perature ranges was performed and to double-check the results
obtained, the temperature was also measured with the aforemen-
tioned TCAIl thermocouple inserted through one of the stubs used
to attach the SACOC to the oil pan. Additionally, the region over
the TC1 insert was also painted. Since the available field of view is
not enough to capture the whole surface, a composition has been
done with four different snapshots.

Figure 12 represents on the top plot the temperature evolution
along the base center line (z=0) from each one of the versions.
The bottom part of the figure depicts a thermal image composition
for each different SACOC version as seen from above. The com-
posed images are aligned with the graphic, with vertical dashed
lines indicating the leading and trailing edges of the fins, and with
horizontal dashed lines representing from where the data from the
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Fig. 10. Total temperature contours comparison for the three SACOC geometries (columns) measured at UMS1, DMS1 and DMS2 (rows) with a typical measurement uncer-
tainty of +0.004.
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top plot is extracted. Note that the baseline leading edge is as-
sumed to be at the same location as in the other cases, this is,
at the bottom leading edge of the fins.

As it can be seen, the baseline presents much higher tempera-
tures than the other versions, reaching almost a constant temper-
ature halfway the end of the exchanger. The finned versions, on
the other hand, experience a continuous increase of the base tem-
perature up to the end. That occurs due to the continuous heating
the air experiences while going through the exchanger. Besides, a
non-negligible fraction of the mass flow rate that runs through the
fins may have escaped by the upper side of the SACOC by the time
it reaches the trailing edge [25]. Therefore, heat exchange is de-
graded near the trailing edge and the base temperature is higher.
For both versions, the temperature evolution along the base is al-
most identical.

As expected, the hotter zone in the finned versions is way
cooler than in the flat plate, highlighting the effect of the fins. It is
interesting to notice the effect of the oil pan insulation, that drasti-
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cally reduces the temperature around the SACOC, preventing con-
ductive heat losses to the wind tunnel floor. Finally, the temper-
atures in the floor induced by the wake also show the same be-
haviour as the TC1 thermocouple: higher temperature for the op-
timized fins, followed close by the standard geometry and lower
one in the baseline. This difference in temperature for the finned
versions, which present almost identical base temperature distri-
bution, might be explained by the difference in the temperature
distribution along the fin height. Although it has not been cap-
tured experimentally, the different fin temperature distributions
can be observed in the previous computational study performed
by Chavez-Modena et al. [35].

In the oil side, the fluid enters the oil pan with an average tem-
perature of 1.33 T,, at a mean flow rate of 18.1 x 10~31i, and
advances below the SACOC in a laminar regime. The variation of
these values together with the air conditions, was less than 1%
among the cases. After leaving the heat exchanger, the tempera-
ture of the oil was reduced 1.115% for the baseline, 2.936% for the
standard fins and 3.234% for the optimized ones. Compared with
the baseline heat exchange (,, this means a heat evacuation of
2.66+0.03 Q, and 2.9+0.03 Q, for the standard and optimized
geometries, respectively. In general, it can be said that the addi-
tion of fins is an adequate choice in this case, since the use of fins
is considered justified when their effectiveness approximately dou-
bles the heat removed without them [34].

It is confirmed that the geometry with more heat extraction is
the optimized one, not only presenting lower pressure drop but
also reducing to lower values the oil temperature. As previously
explained, this is caused by an increment in the fin surface, which
enables it to evacuate more heat, but in such a way that the geom-
etry impact on the air flow is smoother than the case with stan-
dard fins.

However, as previously stated, the heat extraction capacity is
not the most important feature to improve in these types of heat
exchangers, but their permeability to the flow. Since the goal is to
maintain the heat exchange constant (as it is an operability param-
eter) and reduce the pressure drop, a possible consideration is to
reduce the size of the fins. With this, both values would decrease:
the heat would return to its nominal value and the pressure drop
would also diminish, improving the performance of the SACOC.

4.3. Effect of the velocity profile

In order to assess the effect of the realistic velocity profile —
which is one of the main features of the experimental setup— in
the aerothermal performance of the SACOC, measurements were
taken with and without the distortion screen at the same mass
flow. To this end, only the geometry with standard fins is analyzed.

Fig. 13 represents the central velocity profiles for both cases,
with and without the distortion screen, being the one called Clean
the one without the panel. The velocity profile is quite uniform in
the first plane for the clean and the downstream sections show the
influence of the wake in a very similar manner as in the case with
the distortion screen. However, since the velocity in the bottom
part at UMST1 is larger, it has higher values in the wake too.

Above the 30% of the section, the velocity profile reaches again
free flow conditions, but with higher values than those in the same
region at UMST1, due to the deceleration in the bottom part caused
by the wake.

In terms of pressure drop, the clean configuration presents an
increase in the value of 9.82% in comparison with the case with
the distortion screen, since values for the nominal conditions go
up to 772 Pa. The explanation for this could lie on the fact that
the fins are the feature in the test section that affects the pressure
drop the most, so, by having larger velocities in that part of the
tunnel, the pressure drop rises.
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Fig. 13. Velocity profiles averaged in the center region Z € (—0.25H, +0.25H) for the standard fins geometry with and without distortion screen with a typical measurement

uncertainty of +0.06.

Regarding the heat exchange, the absence of the distortion
screen raises the heat transfer to 3 +0.035 Q,, which represents
an increase of 10.74% compared to the case with the same geom-
etry but incorporating the distortion panel. In this case, a higher
mass flow of air in the fins region is beneficial to extract a larger
amount of heat from the oil.

With these results, it is important to note that in order to per-
form aerothermal studies reducing the height in the region of in-
terest, a modification of the velocity profile is required in order
to match the actual flow conditions. This confirms the conclusion
reached by Gelain et al. [25] using numerical means.

4.4, Summary

Three different geometries have been analyzed to determine the
impact on the performances of a heat exchanger. Indeed, the pres-
sure drop induced and the heat release achieved are the main pa-
rameters to consider in most exchangers. In order to compare the
different cases, two typical parameters are utilized: the Fanning
friction factor f and the overall heat transfer coefficient U. The for-
mer is related to the pressure drop in the following manner:

f= 2P Du (5)

2L v?p
being Ap, L, Dy, v and p the pressure drop, length of the heat ex-
changer, section hydraulic diameter, flow velocity and density, re-
spectively.

The overall heat transfer coefficient U estimates the capability
of a heat exchanger to extract the energy from the hot source in
a determined area. In a counter-flow heat exchanger, it is defined
[34] as:

ATy — AT,
In(37)
where A is the area of the exchanger, AT, is the log-mean tem-
perature difference and AT; and AT, are defined in the SACOC as
ATy =Toit in — Tair our and AT = Toit out — Tair in - By estimating
Tir our through a heat addition Q (obtained from Eq. (2) assuming

no further losses) we can solve Eq. (6) for U.

Table 2 summarizes the results obtained with the different ge-

ometries in terms of Fanning friction f factor and overall heat

transfer coefficient U, considering the rectangular base area as ref-
erence surface.

Q = UAAT,,, = UA (6)

1

Table 2
Fanning friction factor f and overall heat transfer coefficient U of the three geome-
tries at nominal conditions.

Geometry fx10% [-] U [W/(m2K)]
Baseline 8.26 +£0.092 314.08 £ 7.72
Standard 24.09 +0.266 896.02 + 18.33
Optimized 21.69 +0.239 942 .88 + 18.92

As expected, the Fanning factor increases considerably in the
finned exchangers, but so does the heat transfer coefficient. It is
interesting to notice how they increase in a very similar proportion
for the standard configuration, suffering even the friction factor a
slight higher increase, whereas, for the optimized fins, the increase
in heat transfer capability exceeds the increment in the Fanning
factor.

5. Conclusions

Surface air-cooled oil cooler devices are a solution with high
potential to successfully tackle the thermal challenges brought by
new turbofans generations. However, as they utilize an air stream
the main purpose of which is to generate propulsion, it is crucial
to implement this solution in such a way that the impact on the
propulsive efficiency is as low as possible.

In this investigation, the experimental approach of considering
a smaller region around the fins for more affordable tests has been
validated. The influence of the fins in the downstream sections is
relegated to the bottom 20-30% of the section (being the fins a 20%
of the tunnel height) and the profile above that value is identical
to a baseline case with no fins.

Nevertheless, in order to successfully apply this approach it is
crucial to replicate an adequate velocity distribution to study the
actual exchanger performances under realistic conditions. In order
to do so, the usage of a distortion screen that replicates the ve-
locity profile in the surroundings of the SACOC has been demon-
strated to be of high importance.

Using this setup, an experimental characterization of the
aerothermal performances of different geometries has been car-
ried out. Specifically, three versions have been analyzed: a baseline,
which a simple flat plate; standard fins, which incorporates a se-
ries of trapezoidal fins; and optimized fins, which is the result of a
topological optimization of the standard fins shape. In terms of ve-
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locities and temperatures, the three versions exhibit almost identi-
cal values for regions above the 30% the tunnel height. Regarding
pressure drop and heat exchange, a summary of the results can be
seen in Table 2 in forms of Fanning friction factor and overall heat
transfer coefficient.

Although adding fins with a standard geometry to a flat plate
increases considerably the heat exchanged, it rises the pressure
drop induced in the air side. Nevertheless, it has been demon-
strated how a topologically optimized geometry obtained through
numerical simulations can achieve a significant reduction in pres-
sure drop and an increase in heat exchange compared to the regu-
lar fins.

This result highlights the importance of both numerical twins
able to support numerical optimizations and the corresponding ex-
perimental methodologies, such as the one presented in this work,
able to both gather the required inputs for building the numeri-
cal model and later validate the aerothermal performance of the
resulting SACOC geometries.

In conclusion, it is becoming fundamental for engine manufac-
turers to evaluate the performance of heat exchangers in small
scale tests. Ideally, full engine tests would always be performed,
but they are extremely expensive, time consuming and not always
easy to exploit. Smaller, scaled experimental methodologies such
as the one proposed in this work allow instead to test numerous
geometries and flow conditions while reducing dramatically the
use of resources compared with full engine tests.
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