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Abstract

This study presents new developments into novel drag reduction devices for road vehicles, focusing
on the use of inflatable and alternative material rear drag reduction devices that employ both a
single and multi cavity approach. The effectiveness of these devices is assessed through on-road
testing using constant power measurements to evaluate the resulting drag reductions. Surface pressure
measurements collected during testing are compared with CFD predictions, using both RANS and
HLES methods to evaluate how accurately pressure changes are modelled when the devices are fitted
to the test vehicles. A novel method for analysing vehicle surface flow in real-world conditions is
also introduced, involving the capture and processing of video-recorded tuft imagery to determine
appropriate means and standard deviations for the surface flow behaviour.

1 Introduction

The need for improved fuel economy and drag reduction in the road transport sector has become
critical once again as it was following the oil crisis of the 1970s [2]. This renewed urgency is driven by
many factors, which include the ongoing climate crisis [3], the demand for improved electric vehicle
driving range [4], and the volatility of fuel prices due to geopolitical situations [5]. One of the most
effective ways to improve a vehicle’s fuel economy is to reduce the air resistance forces it experiences
when on the road. Once a passenger car exceeds a speed of approximately 60 km/h, aerodynamic drag
becomes the largest resistance force the vehicle must overcome [6]. The main issue is that the power
requirement to overcome this air resistance grows in proportion to the cube of the vehicle’s speed,
which is one of the primary causes of why substantial fuel economy and range detriments are observed
when driving at typical motorway speeds (120 km/h) [7]. Reducing aerodynamic drag on a vehicle
reduces fuel consumption; however, the relationship between these reductions is highly dependent on
a number of factors, such as vehicle type and driving cycle [6]. In general, when any road vehicle
conducts a high-speed long-distance journey, drag is the largest consumer of the fuel used for that
journey. A reasonable estimate, commonly used for such a driving cycle, is that a 10% drag reduction
would realise a 5% fuel saving [8] [9] [10]. If the driving cycle was different, such as incorporating more
city-based or outer city driving, which includes accelerations, starts and stops, then the weighting
can be reduced to below 5% [I1]. At the higher road speeds (100-120 km/h), aerodynamic drag can
significantly exceed rolling resistance, making drag reduction one of the most effective strategies for
improving fuel economy and addressing the current needs and challenges in the road transport sector.
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2 Literature Review

The rear of a vehicle is particularly well suited for the addition of aerodynamic devices, due to the
significant drag caused by the low-pressure wake that forms after flow separation at the end of a
bluff body [12]. A comprehensive review of rear and other vehicle-mounted drag-reduction devices
was presented in [13], which summarised key developments in the field over the past 50 years. The
findings relevant to the present work are summarised next.

A wide variety of rear drag reduction strategies has been assessed in the literature, with perfor-
mance depending on the shape and size of the device along with the vehicle type. [14] demonstrated
a device known as the fluid tail, which redirected air from the rear wheel arches into the rear wake,
reducing drag by 18-20% on a production hatchback, while [I5] integrated servo-actuated flaps into a
base cavity on an SUV to improve yaw-averaged drag performance. [16] outlined work related to the
development of an inflatable rear drag reduction device for a road vehicle. The paper outlined drag re-
duction results for a very simplified body using scale wind tunnel work, without full-scale prototyping
or results for the inflatable device on a passenger car. [I7] showed that inward-angled deflectors at 20
degrees significantly diminished wake turbulence on a square-back configuration. [18] demonstrated
that a tapered rear cavity could more than double the drag reduction achieved by a straight cavity
in direct flow. Streamlined tail extensions were studied in [19], reporting up to 60% drag reductions
using elongated, tapered designs, which maintained most of the drag reduction performance when
truncated. Similarly, [20] showed that truncating a full boat tail on a box van yielded only a marginal
performance drop, with drag reductions falling to just 31% from 32%. [21I] measured a 3.3% drag
reduction with a recessed cavity on an SUV without passive base bleeding, with only a 1% extra
performance improvement when the base bleeding was included, highlighting how the initial cavity
contributed most of the savings. [12] presented a new type of rear drag reduction device, known as
the multi-stage converging cavity, which utilised multiple angled cavities within one another to access
a downstream high-pressure zone. The device then redistributed this pressure over the vehicle’s base,
realising substantial base drag reductions.

In the context of heavy-duty vehicles, [22] examined a boat tail design with a shortened, angled bottom
panel and found that excluding the bottom panel halved the overall drag reduction, underscoring the
need for bottom surfaces on rear cavities and tails. A study by [23] confirmed that increased cavity
length enhanced drag reduction, especially when combined with side skirts, with [24] documenting
a 6.5% fuel saving for a road-tested practical cavity device on a heavy truck. Various appendables
were studied in [25] for a pick-up truck, where combining a rear boat tail constructed from plates
with a partial bed cover led to a drag reduction of 21 counts. Shortened boat tails also performed
effectively in the studies outlined by [26] and [27], reporting drag reductions of 10.3% and 10.9% on
a heavy and light-duty truck geometry respectively using wind tunnel tests. [28] reviewed various
trailer-mounted aerodynamic devices for heavy trucks and recommended boat tail lengths between 24
and 32 inches for a viable trade-off between performance and practicality. The influence of specific
panel configurations on rear cavities was explored in [29], which showed a full enclosure with tapering
of 10 degrees maximised performance, and that removing lower panels significantly reduced the drag
reduction. Overall, these studies highlight that significant drag and fuel savings are realisable through
the integration of a rear tail or cavity device appended to the base of a road vehicle.
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3 Road Testing Methodology

3.1 Measuring a Drag Change on-Road

The method described next for measuring a drag change on-road was first described in [30], therefore
only a brief summary of the technique will be provided next. The method involves fixing the vehicle’s
throttle pedal across two vehicle configurations. For a given, fixed, throttle position, a road vehicle
will reach a constant equilibrium speed for its configuration on a long flat straight road. This happens
because by fixing the vehicle’s throttle pedal, the fixed power output from the engine is used to
counteract both the drag and the rolling resistance force on the vehicle. It was confirmed in [30] that
fixing the vehicle’s throttle pedal across configurations does produce a fixed power output from the
engine, which was confirmed via three different power measurements remaining constant for multiple
different configurations with two different vehicles. An example to demonstrate the method is as
follows: The baseline standard vehicle has its throttle pedal fixed at 35% compression, the vehicle will
then reach a constant speed on a long, flat, straight road, Vi. The vehicle is then configured in some
way, such as by adding a kayak to its roof. When this configured vehicle travels down the same road
with the same throttle pedal compression it will reach a new speed, V5. The resulting speed delta
measured on the road, V; - V5, can then be used with the equation set discussed next to determine
the percentage drag change on the vehicle.

3.1.1 Governing Equations

The derivation for the percentage drag change equation begins from the constant power statement
(Equation , which becomes Equation |2} as the only two forces acting on a vehicle once it reaches its
equilibrium speed for a given power input are drag and rolling resistance.

P =P (1)

(D1 + R1) (V1) = (D2 + Ra) (Va) (2)

A reasonable assumption to apply is that the rolling resistance force between the two configurations
at the speeds V7 and V5 remains constant. This is valid as the measured speed delta is often less than
10 km/h, and the rolling resistance force change across such a speed delta would be minimal [31].
Applying this assumption to Equation [2| the power balance then becomes Equation

1 1
5PVICo1AL+ RVi = JpVi'Cpods + RV, (3)

Equation [3| can then be rearranged to isolate the drag area of the vehicle in its second configuration,
which can then be subbed into the percentage drag change formula to produce Equation |4 This is
the final equation of the derivation, which is used to determine the percentage change in drag for a
baseline vehicle caused by any given configuration change.

1pVPCp1A1 + R (Vi — V)
50V5

Cp2As =

Contribution: 2025 FKFS Conference on Vehicle Aerodynamics and Thermal Management  Page 3
15 — 16 October 2025 — Leinfelden-Echterdingen



Dy — Dy CpaAs —Cp1Ar  CpaAs

%Drag Change = = = 1
e g Dy Cp14y Cp14y
i\’ | 2R(Vi - V)
%D Ch = — ———= —1]100 4
oDrag ange <<V2> + pV230D1A1 (4)

The percentage drag change determined by Equation |4]is primarily determined by the values inputted
for the road-measured speeds, Vi, and V5. To apply the formula, an approximate estimate of the
baseline vehicle’s drag area and rolling resistance is required. It was shown in [30] via a sensitivity
analysis, that only general estimates of these values are required, as the formula is relatively insensitive
to the values used for the drag area, Cp1 A1, and R. The formula’s primary sensitivities are related
to the values inputted for Vi and Vs, highlighting the need for the accurate determination of the
road-measured speeds using GPS to gain representative results.

3.1.2 Test Track & Testing Conditions

A 3.5 km section of public road was used as the test track which can be seen in Figure [ The test
track was comprised of a main test section and two pretest sections which led into the main test section
from either side. To ensure minimal interference from external traffic, all road tests were conducted
between the hours 1-4 am. The vehicle’s throttle pedal was fixed at the start of the pretest section
after which the vehicle begins to reach its equilibrium speed, which usually occurs just prior to entering
the main test section. At the centre of the main test section, the vehicle’s speed is recorded using
dual frequency GPS, which has a speed measurement accuracy of 0.25 km/h based on the number of
satellites the GPS can access along the test track. The vehicle’s speed is recorded using several runs
travelling in both directions. Testing was conducted only on dry calm nights, where the external wind
speed was measured to be less than 2 km /h using a handheld hot wire anemometer at the centre of the
test track over a period of 90 s. In general, the external wind speed for most test nights was less than
1 km/h, and any slight wind was accounted for by recording the vehicle’s speed when coming from
both directions. The track has substantial tree cover either side which added additional protection
from any slight external wind which came perpendicular to the track. In general, the averaged speeds
recorded when coming from both directions were approximately the same, or varied by at most 1-2
km/h due to any slight external wind conditions during testing. Any runs which encountered traffic
interference that would have affected the equilibrium speed recorded at the speed record point were
scrapped, however scrapping a run was uncommon due to the minimal traffic interference along the
test track during the testing hours stated.

3.1.3 Testing Procedure & Test Vehicles

The throttle pedal position for the test vehicles was monitored using an OBD II Bluetooth scanner
(OBDLink MX+). This scanner also provided information on the vehicle’s power output based on
measurements from quantities such as mass air flow rate and fuel injection data. As stated previously,
the power output measured using three different power indicators during testing confirmed that the
engine’s power output remained constant across configuration changes for a fixed throttle pedal. Prior
to any speeds being recorded, the test vehicle was warmed up for approximately 20-30 minutes by

Contribution: 2025 FKFS Conference on Vehicle Aerodynamics and Thermal Management  Page 4
15 — 16 October 2025 — Leinfelden-Echterdingen



Figure 1: Images of the test track with details of the main and pretest sections. Adapted from [30].

driving it along the test track. This allowed the vehicle’s engine, tires and other moving components
to reach normal operating temperatures. In general, a given vehicle configuration required 6-10 runs
until the vehicle’s constant equilibrium speed could be determined. This was done by observing a
modal speed for the runs in each direction. Once the modal speed was recorded in each direction after
the required number of runs, an average of these two speeds was taken, which resulted in the overall
equilibrium speed recorded for a given vehicle configuration. The two test vehicles used for the study
were a 2017 VW Golf Mk7 1.6 L diesel, and a 2018 Citroen Berlingo commercial van 1.6 L diesel L1
H1. Both these vehicles are shown in Figure

Figure 2: The two test vehicles used in the study which included a VW Golf Mk7 (shown left with an
inflatable device) and a Citroen Berlingo L1 H1 van (right).

As stated previously, to use Equation 4] a rough estimate of the test vehicle’s baseline drag area and
rolling resistance were required. The VW Golf Mk7 was taken to have a C'p value of 0.305 based on
CFED results [30] and outline values based on online sources where the manufacturer claims the vehicle
to have a Cp value between 0.3 - 0.31 depending on spec [32] [33]. The rolling resistance value for the
VW Golf Mk7 was taken as 150 N, which was based on its mass and the road surface of the test track.
This value is typical for a hatchback vehicle of this size, based on an example in [6] which outlines a
similar value for a Mercedes Benz B-Class. The drag coefficient for the van was based on an online
source stating it to be 0.35 [34], and the rolling resistance value was taken as 200 N, which accounts
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for the van’s larger mass, and condition based on a service life as a commercial van with over 100,000
km travelled. These values match those used in [30] for the same vehicles. The VW Golf Mk7 was
used for this study on account of its availability to the authors as a personal vehicle and the Citroen
Berlingo van was provided by the University of the authors to assist with research activities. The
frontal areas for the vehicles were measured using a CAD frontal area projection tool using highly
detailed STL files for both vehicles. The frontal areas for the car and van were measured as 2.113 m?
and 2.800 m? respectively.

To ensure a fair comparison of the drag force deltas between road measurements and CFD predictions,
the denominators in the percentage drag change formulas for the CFD data use the same reference
values as those used for the road data. This means that in the percentage drag change formula for
the van and car, the deltas are always divided by 0.35 and 0.305, respectively, when the areas for the
vehicle configurations remain constant. For both the car and van, the frontal projected areas remained
constant across all rear drag reduction device configurations, including when no devices were fitted.
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4 Results & Discussion

4.1 On-Road Drag Change Measurements

All CFD-predicted drag changes stated in this section are based on the RANS methodology disuc-
ssed in [I]. The air density used for the CFD simulations was 1.2215 kg/m>. When calculating the
road-measured drag change using Equation [4] the same density value was applied. Although the most
appropriate value for p is that measured on the testing night when V; and V5 are recorded, the formula
is highly insensitive to p. Therefore, for simplicity and consistency across tests with slightly varying
air densities, and for direct comparison with CFD, a single value of 1.2215 kg/m? was used. To demon-
strate this insensitivity, if a value of 1.25 kg/m? were used for p when calculating the road-measured
drag change in Table [} the result would shift only from 13.52% to 13.48%, confirming the suitability
of using a single air density value.

An important consideration when interpreting the CFD-predicted drag changes for the inflatable and
foam cavity devices is that the simulations are based on idealised CAD geometries. In practice, dis-
crepancies existed between the CAD models supplied to the manufacturer and the final manufactured
devices. The degree of sealing between each device and the vehicle rear also has a significant impact
on the drag reduction achieved, with tighter seals generally producing greater benefits. Accurately
representing the exact level of sealing in CAD is difficult due to the shape uncertainties when working
with such devices. Therefore, the CFD-predicted drag changes for the inflatable and foam devices
should be viewed as idealised indicators for the performance achievable under optimal manufacturing
and sealing conditions.

4.1.1 Van with Inflatable Triple Cavity

A rigid triple cavity device for the Citroen Berlingo van was first outlined in [30]. An inflatable version
of this device was developed in an attempt to preserve similar performance, while offering the added
benefits of reduced weight, lower cost, and easier storage. Figure [3] outlines the final manufactured
version of this device. A key limitation of inflatable devices is that their section thickness must be
significantly greater than that of rigid devices. By having a thickened section for the cavities, the rear
projected surface area on the multi cavity device is increased, which can negatively affect the drag
reduction, as those rear surfaces are subjected to pressures below ambient static pressure. This is
especially the case for the outer and middle cavity, but less so for the inner cavity which can have a
positive pressure exerted on its rear face as it makes contact with a downstream high-pressure bubble.
Details on how a multi cavity device reduces drag using this downstream high-pressure bubble are
outlined in detail in [12] and [30]. The contrast between the manufactured inflatable and the idealised
inflatable is shown in Figure 4 where the idealised version is free from any rippled surfaces and,
most importantly, the end of the outer cavity features a taper. This taper was omitted from the real
inflatable by the manufacturer due to the difficulty of incorporating it into the inflatable design. This
tapered surface is needed to help the device converge the wake and reduce drag. By not having the
taper, the drag reduction realised by the manufactured device was always going to be less than that
for the idealised version.
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Figure 3: A collection of images highlighting the inflatable triple cavity device for the van. This figure
demonstrates the inflation process, how it is protected from hot exhaust gases (with an image of the
shield on the VW Golf Mk7 for a better visual), and how it looks on the road from an aerial view.

One other interesting feature outlined in Figure[3] is that the device uses a silver reflective heat shield
on its underside in the vicinity of the vehicle’s exhaust pipe. This triple cavity device was one of
the first inflatable devices to be manufactured and road tested in this study. On the first attempt at
road testing with this device, the device was punctured due to the heat from the exhaust gases after
approximately 30 minutes of driving. Following this incident, all subsequent inflatable devices were
fitted with a heat shield in this area. This heat shield solution was very effective at protecting the
devices, as no future ruptures of any inflatables due to exhaust heat occurred. This device can be
inflated in approximately 2 to 3 minutes using a high-power, high-flow-rate pump (shown in Figure [3)).
The device attaches to the vehicle via hooks that engage the panel gap between the doors and body,
with straps linking the hooks to O-rings on the inflatable’s surface. Brake lights, indicator signals,
and the rear licence plate are still visible when the device is attached to the vehicle.

‘ Configuration Name ‘ Vi (km/h) ‘ Vo (km/h) ‘ Road-Measured ADrag ‘ CFD Predicted ADrag ‘
| Van Inflatable Triple Cavity | 99 | 10325 | -13.5% | -16.3%* |

Table 1: Drag change results for the van with the inflatable triple cavity.
(*) CFD prediction based on idealised geometry for the device.

Table (1| outlines the drag reduction results for this device on the van. The road-measured drag
reduction based on the road-measured speeds Vi and Vo was 13.5%. When driving on the road with
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this inflatable device, the van is noticeably much quieter, as the level of turbulence in the van’s wake
is significantly reduced due to the presence of the device. It was also observed to handle better in
corners, likely due to a more stable base wake in the slightly yawed flow encountered during cornering.
The CFD predicted drag change using an idealised model for the device was found to be 16.3%. This
was based on the delta between the CFD predicted Cp for the baseline van (0.297) and that for
the inflatable device (0.240), divided by the road value for the van’s Cp, 0.35, outlined previously
in Section [3.1.3] To quantify the effect the level of sealing between the device and the vehicle has
on the drag reduction, an additional CFD simulation was performed. This showed that if the device
was perfectly sealed against the van, the C'p value for the device drops to 0.228, producing a drag
reduction of 19.7%. This highlights the need for caution when comparing road-measured results with
CFD predictions for flexible or slightly deformable devices.

Figure 4: Outline of the CFD model and idealised shaped for the van’s inflatable triple cavity (left)
with the velocity flow field inside the device along the vehicle’s symmetry plane (right).

4.1.2 Van with Inflatable Single Cavity

Having demonstrated that an inflatable triple cavity device could be constructed, a single cavity
device was developed to offer similar performance. This was achieved mainly by changing the shape
of the bottom section, removing the taper and raising it slightly from the bottom trailing edge of
the van. This change was made because the bottom taper on the triple cavity device did not have
attached flow, and it reduced performance by increasing the rear projected surface area exposed to
underpressured flow. Additionally, removing the inner two cavities reduced the rear projected area,
which helped further increase drag reduction, as the device now carried less self drag. Figure[5]outlines
the manufactured inflatable single cavity, while Table [2] details the road-measured and CFD predicted
drag reductions. It is notable that the CFD predicted drag reduction for the single cavity (-18.0%)
is greater than that for the triple cavity (-16.3%), this is mainly due to the single cavity’s improved
outer cavity design. If another inner cavity were designed to go inside this single cavity, the drag
reduction would further improve, however, the improvement would not be as substantial as that seen
when working with rigid thin section cavities. Therefore, because of the added self drag associated
with the thicker sections of inflatable devices, implementing them as single cavities is generally more
practical, as the marginal gains from using multiple cavities are not large enough to justify the extra
material and size.
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Figure 5: Images highlighting the inflatable single cavity device on the van. Shown top right is a skin
friction coefficient contour plot along the configuration’s surface.

The road-measured speed, Vi, for the unconfigured van outlined in Table |2 is notably much higher
than that detailed in Table This was because the road testing associated with the triple cavity
device was performed with 35% throttle compression across configurations, while 37% was used for
the single cavity device. The 35% throttle compression was chosen for the triple cavity testing in
order to keep the recorded road speeds closer to 100 km/h, as it was expected that the V5 for the
triple cavity device would be quite large if testing was performed at 37% throttle compression. The
road-measured drag reduction for the inflatable single cavity device (-9.0%) was notably much lower
than that predicted by the CFD (-18.0%) for an idealised device. The cause of the deviation was
primarily due to the sizing of the manufactured device, which was slightly too large for the base of the
vehicle. This over-sizing issue can be observed in Figure b, where the top and sides of the inflatable
slightly protrude out past the base of the van into the flow. Additionally, the stated CFD predicted
value is based on a tightly sealed inflatable against the rear of the van. This level of sealing was not
present on the real device, particularly on the side sections near the van’s lights. Another major cause
of the discrepancy is the shape deviations, particularly the rippled surface and the general absence of
tapering on the top and sides, which differ significantly from the idealised device.

‘ Configuration Name ‘ Vi (km/h) ‘ Va (km/h) ‘ Road-Measured ADrag ‘ CFD Predicted ADrag ‘
| Van with Inflatable Single Cavity | 106.75 | 109.75 | -9.0% | -18.0%* |

Table 2: Drag change results for the van with the inflatable single cavity.
(*) CFD prediction based on idealised geometry for the device.
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4.1.3 Car with Foam Cavity

One of the main disadvantages of inflatable devices is the difficulty in making their shape match the
desired form drawn and studied in CAD and CFD. A solution to this was to construct a single cavity
device from foam for the VW Golf, CNC milled to allow a closer match between the CAD geometry
and the real device. The foam device shown in Figure [6] was constructed from EPS foam, wrapped in
aluminium tape, and coated in polyurea paint to provide added strength, waterproofing and general
weather resistance. The final device was a very close match with the CFD model in terms of its overall
shape. The CFD model for this device predicted a drag reduction of 27.5% as detailed in Table|3| This
idealised reduction is based on a perfect seal between the device and the rear of the car, combined with
perfect alignment of the device. The main discrepancies between the real device and the CFD model
were related to a reduced level of sealing, and the alignment of the device. On the night when this
device was road tested, the device was slightly misaligned, such that the device was tilted backwards
slightly. This can be partially seen in the top left image of Figure [ This was only observed when
reviewing the images of the road tested device after the testing and comparing them with how the
CFD model had the device aligned.

Figure 6: Images highlighting the foam single cavity device for the car with a skin friction coefficient
contour plot along the configuration’s surface shown bottom right.

Even with these deviations, the road-tested device still achieved an appreciable 17.4% drag reduction.
If the device were better sealed and correctly aligned it would be very likely to produce a drag reduction
in excess of 20%. Driving with this device on the VW Golf had a very noticeable effect on its speed and
acceleration, with the car reaching highway speeds with substantially less throttle effort. The device
was light enough to be installed on the vehicle by a single individual. Additionally, when viewed from
the rear, both the licence plate and rear lighting systems were visible with only minor obstruction.
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This device could be further refined by reducing its section thickness, taking its current size down
from approximately 150 mm to 75 mm. This would improve both rear visibility and the realised drag
reduction, as reducing the rear projected surface would lower the self drag on the cavity’s rear face.

‘ Configuration Name ‘ Vi (km/h) ‘ Vo (km/h) ‘ Road-Measured ADrag ‘ CFD Predicted ADrag ‘
| Car with Foam Cavity [ 99 [ 1045 | -17.4% | -27.5%* |

Table 3: Drag change results for the car with the foam cavity.
(*) CED prediction based on idealised geometry for the device.

4.1.4 Car with Inflatable Double Cavity

As the rear of the VW Golf was smaller than that of the Citroen Berlingo van, constructing a triple
cavity inflatable device for it was not feasible given the required section thickness for each cavity
when made from inflatable material. Therefore, to demonstrate a multi cavity inflatable device on
the passenger car, a double cavity variant was designed and manufactured, as shown in Figure
This device was made primarily to study its usability instead of pursuing a maximum drag reduction.
This was due to the van inflatable device results, which indicated that when manufacturing rear
devices from inflatable material, the gains from using multi cavity variants are only marginal due to
manufacturable shape constraints. A major issue with this device was the lack of support for the inner
cavity when connected to the outer cavity. To help support it, a cable tie chain was used to connect
the ends of the top surfaces of the outer and inner cavity, which can be seen in the images of Figure
Even with this support, the inner cavity was observed to bounce/oscillate slightly in the vertical
direction when on the road during testing.

Figure 7: Images highlighting the inflatable double cavity device for the car with a skin friction
coefficient contour plot along the configuration’s surface shown bottom right.
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Therefore, the road-measured drag reduction presented in Table 4] was always unlikely to match that
predicted with the CFD model. The bouncing issue combined with a general lack of sealing between
the device and the lower rear of the VW Golf is primarily what caused the road-measured reduction
to realise just 8% compared to the 16.4% predicted with CFD. Figure[7] includes an image showing the
level of sealing between the underside of the device and the car for the CFD model, which was tightly
sealed. This contrasted with the manufactured device, which had a noticeable gap in this region.

‘ Configuration Name ‘ Vi (km/h) ‘ Va (km/h) ‘ Road-Measured ADrag ‘ CFD Predicted ADrag ‘
[ Car with Inflatable Double Cavity [ 1025 [ 105 | -8.0% | -16.4%* |

Table 4: Drag change results for the car with the inflatable double cavity.
(*) CFD prediction based on idealised geometry for the device.

4.1.5 Car with Adapted Inflatable Double Cavity

Given that the inner cavity of the car’s inflatable double cavity was prone to bouncing, an adapted
version was created by cutting it away. This effectively made a single cavity device for the car using just
the outer section of the original double cavity. Figure [8] shows this device, while Table [5| presents its
road-measured results. Removing the inner cavity did reduce the device’s performance, demonstrating
just a 5% drag reduction for its adapted single cavity variant in comparison to its original 8% drag
reduction as a double cavity. While the realised drag reduction was smaller, the adapted version of
this device was significantly more practical and user-friendly. This is shown in the lower images of
Figure [8] which illustrate how the device can be easily manoeuvred to allow access to the vehicle’s
rear storage space.

Figure 8: Images highlighting the adapted (inner-removed) inflatable double cavity device for the
VW Golf. Shown is an outline for how the inner cavity was cut away and how the device can be
manoeuvred to facilitate access to the rear boot space and how it can be easily deflated and stored.
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Reaching through the centre of the device to open the boot was made easier with the inner cavity
removed. Additionally, the device can be easily flipped onto the roof of the car to access the boot,
or it can remain attached to the hatch as the boot opens. Another benefit of this smaller device is
that it can be quickly deflated and easily stored in the boot, taking up less space as a result of the
reduced material. The original double cavity can be stored and manoeuvred in a similar way, but it
requires more effort and must be fully deflated to fit in the boot, whereas the single variant requires
only partial deflation.

] Configuration Name \ Vi (km/h) \ Vo (km/h) \ Road-Measured ADrag ‘
’ Car with Adapted Inflatable Double Cavity \ 102 \ 103.5 \ -5.0% ‘

Table 5: Drag change results for the car with the adapted (inner-removed) inflatable double cavity.

4.2 Surface Pressure Measurements
4.2.1 Van with Rigid Triple Cavity

The inflatable triple cavity device for the Citroen Berlingo van previously detailed in Section
was based on a rigid triple cavity device which was first studied in [30]. This rigid device (shown in
Figure @ was used in this present study to quantify the changes to the van’s base pressure map once
the device was fitted. Six base pressure patches, labelled A-F, were fitted to the van’s rear, which
was divided horizontally into three sections, with patches A-B, C-D, and E-F representing the top,
middle, and lower sections, respectively. Table [6] outlines the recorded pressure deltas on each of the
six patches for the three measurement methods. The road-measured pressure deltas show that the
largest base pressure increase occurred on the lower section of the van once the device was fitted,
with patches E and F reporting increases of 64 Pa and 75 Pa respectively. The next largest pressure
increase was recorded on the middle section, with the top section showing the lowest pressure rise.

Figure 9: Images showing the locations of the six base pressure patches fitted to the Citroen Berlingo
van (left) and the rigid triple cavity device fitted to the van for testing (right).

Contribution: 2025 FKFS Conference on Vehicle Aerodynamics and Thermal Management Page 14
15 — 16 October 2025 — Leinfelden-Echterdingen



Patch Pressure Difference AP (Pa) ‘ A ‘ B ‘ C ‘ D ‘ E ‘ F ‘

Road-Measured 24 120 | 34 | 52| 64 | 75
RANS 58 | 63 | 52 | 91 | 36 | 49
HLES 23132130 |46 | 69 | 87

RANS Error 34 |43 |18 | 39 | -28 | -26
HLES Error 1112 -4]-6| 5 12

Table 6: Pressure deltas recorded at each of the six patches shown in Figure @ using the three different
measurement methods, with an outline for the errors between the CFD methods and the experiment.

The HLES method successfully predicted this trend with relatively high accuracy, with four out of the
six patches demonstrating an error of 6 Pa or less. In contrast, the RANS methodology predicted a
noticeably different change to the van’s base pressure map, predicting a greater pressure increase in
the upper section compared to the lower section. The limitations of RANS in accurately predicting
base pressure distributions for squareback geometries are well documented in the literature. Notably,
the AutoCFD workshops [35] [36] provide a relevant example, where simulations on a squareback
Windsor body using RANS models showed significant discrepancies compared to experimental results,
whereas scale-resolving methods demonstrated improved agreement. While RANS struggles to predict
the exact shape change to the base pressure map as a result of the rear device, it remains valuable in
predicting overall changes in Cp during development. For this device, the RANS method predicted a
total drag reduction of 65 counts once fitted to the van, while the HLES method predicted a slightly
higher 76 counts.

[30] demonstrated that predictions of drag force changes using RANS showed a high level of agreement
with on-road measurements when appendable devices were fitted to road vehicles. For example, the
road-measured drag reduction for this device on the van reported in [30] was 17.5%, which correlated
closely with the 18.6% reduction predicted using RANS. In contrast, the HLES method would have
predicted a notably higher reduction. When working with CAD models of vehicles that have smooth
undersides and no internal flows, RANS can produce results that more closely match road measure-
ments due to a potential beneficial cancellation of errors. A rear drag reduction device is likely to
produce a greater drag reduction when fitted to a vehicle with a smooth underside, as the lower tur-
bulence and improved flow attachment in the underside flow interact more effectively with the device,
leading to enhanced downstream pressure recovery and increased base pressure. Vehicles with messy
undersides will experience the opposite effect, reducing the effectiveness of the device. Therefore, the
lower drag reductions predicted using RANS are more likely to align with on-road measurements due
to a beneficial cancellation of errors when simulating such CAD geometries.
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4.2.2 Car with Foam Cavity

The foam cavity device fitted to the VW Golf Mk7, outlined in Section [4.1.3] was equipped with six
base pressure patches, as shown in Figure This was done to correlate the road-measured drag
reduction of 17.4% with a corresponding average base pressure increase resulting from the device.
Due to the difficulty in CAD modelling the exact level of sealing between the car and the device,
no comparisons are made to the CFD pressure changes, as the CFD base pressure measurements are
highly sensitive to the represented/modelled level of sealing between the device and the car. Table m
outlines the road-measured patch pressures for each of the six patches for both vehicle configurations.
The rear of the car experiences a substantial base pressure increase with the device, as it taps into a
higher downstream pressure and distributes this over its base. The cavity, particularly with its end
tapers, enhances downstream static pressure recovery, benefiting the overall base pressure increase on
the car’s rear. The top (A-B) and middle (C-D) sections experienced the largest pressure increase,
with reported deltas of approximately 50 Pa over both sections.

Figure 10: Locations of the six base pressure patches fitted to the VW Golf Mk7 during the surface
pressure testing with the foam cavity device.

Based on the percentage base pressure increases for the six patches in Table[7] the overall average base
pressure rise for the rear is likely between 40% and 50% as a result of the device. A CFD analysis of
the baseline car revealed that approximately 50% of the total drag force is carried by the rear alone.
For the real vehicle, this value is likely slightly less when accounting for the vehicle’s internal flows,
detailed wheels, and less smooth underside. Therefore, the true portion of the total drag force carried
by the VW Golf’s rear is likely between 40-50%. Taking this as 45% for the purpose of applying a
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weighting to the measured base pressure increase of 40-50%, the estimated drag reduction for this
base pressure rise is likely between 18% and 22.5%. This estimate does not account for the additional
self drag present on the foam cavity, particularly on its angled tapers and end faces, due to their rear-
projected surfaces. When accounting for this, the drag reduction is likely closer to the 18% estimate
rather than the higher value of 22.5%. Therefore, the road-measured drag reduction of 17.4% shows
reasonably good agreement with the estimated drag reduction, based on the measured base pressure
increases.

’Road—Measured Patch Pressure (Pa)‘ A ‘ B ‘ C ‘ D ‘ E ‘ F ‘

VW Golf Mk7 -107 | -110 | -114 | -111 | -100 | -94

VW Golf Mk7 with Foam Cavity -09 | 58 | -B8 | -63 | -58 | -61
Delta 48 52 o6 48 42 33
|% Base Pressure Increase| 45% | 47% | 49% | 43% | 42% | 35%

Table 7: Pressure measurements from each of the six pressure patches (as shown in Figure [10]) for the
VW Golf Mk7, with and without the foam cavity.

4.3 Surface Flow Measurements - Car with Taxi Sign

As outlined by the surface flow measurement methodology detailed in [I], averaged images of tufts
produced from video-recorded imagery provide a better understanding of surface flow in transient
regions compared to reviewing instantaneous single images. The wake of the taxi sign is one such
region, where instantaneous images reveal little about the overall surface flow behind the sign. Figure
presents an averaged image of the surface flow in the wake of the taxi sign, alongside CFD pre-
dictions of the same flow. Four distinct regions, labelled 1-4, are identifiable in the averaged image
and show good agreement with the CFD. Region 1 highlights how the flow begins to wrap inwards
far downstream in the wake of the taxi sign. Region 2 illustrates how some of the flow is able to pass
beneath the centre of the taxi sign at high speed, which is captured by the very straight alignment
of the tufts in the top image of Figure This compares well with the lower CFD skin friction plot,
where a green/orange-coloured zone is clearly identifiable in this region, highlighting this fast-moving,
attached flow.

Region 3 is identified as the end of a recirculation bubble directly behind the taxi sign along the
vehicle’s centreline, indicated by the vertical standing tufts. Identifying Region 3 using only instanta-
neous images was difficult and generally inconclusive. In contrast, the averaged image clearly reveals
its presence. The CFD predicts this feature effectively, as shown by the vector plot along the symme-
try plane in the lower image of Figure Finally, Region 4 shows a zone of reversed flow in the wake
of the taxi sign, extending along the centre of the roof noticeably far downstream. This extensive
reversed flow region is also visible in the CFD vector plot, which indicates a similar downstream ex-
tent. Overall, Figure 11| demonstrates the usefulness of averaged tuft imagery in understanding overall
surface flow patterns in highly transient regions, providing a reliable basis for meaningful, validatable
comparisons against CFD-predicted surface flow behaviour.
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Figure 11: Comparison between the road-measured surface flow and that predicted using CFD for the
VW Golf MKT fitted with the Irish taxi sign.
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5 Conclusions

e A detailed look at some of the latest developments in appendable drag reduction technology for
road vehicles was outlined, presenting results on inflatable rear cavity devices, one foam device,
and a rigid triple-cavity device. Of the inflatable devices presented, these include findings for
single, double, and triple cavity variants. These devices were road tested and simulated using
CFD on two road vehicles: a VW Golf Mk7 and a Citroen Berlingo van.

e The best-performing road-tested inflatable device was a triple cavity mounted to the van, which
reduced drag by 13.5%. Overall, inflatable devices were found to have practical benefits over
rigid devices, such as easier storage and mounting. However, their drag reduction performance
was closely linked to their manufactured shape and the level of sealing between the inflatable and
the rear of the vehicle. Producing an inflatable device that matches the CAD model used in the
CFD studies during development can be difficult, and performance degradation was observed due
to shape deviations such as rippled surfaces, thickened sections, lack of tapering, and incomplete
sealing with the vehicle.

e Due to the thickened section required when working with inflatable devices, an additional self
drag penalty is incurred, as the increase in rear-projected surface area results in an added
rearward drag force. This contrasts with thin-section rigid devices, where a panel can have near-
negligible self drag. This led to the conclusion that implementing inflatable devices as multi
cavity variants offers only marginal benefits, as the added drag reduction can be offset by the
increased self drag from the thicker cavity sections.

e The observed driving properties of the test vehicles when fitted with a rear drag reduction device
were noticeably improved over the standard vehicles. Clear increases in acceleration, reduced
throttle effort for maintaining road speeds, and improved handling while cornering were all
observed when driving with some of the most effective rear devices outlined in this article.

e Road testing with a foam cavity device mounted to the VW Golf Mk7 was found to reduce drag
by nearly 20%, with corresponding base pressure measurements indicating the device offered a
near 50% increase in base pressure inside the cavity. Additionally, base pressure measurements
taken from a van fitted with a rigid triple cavity device also showed substantial base pressure
increases. When compared with CFD, scale-resolving methods such as Hybrid-LES were found
to offer much closer agreement with the road-measured pressure deltas than the RANS methods,
even though both CFD approaches predicted similar overall drag deltas for the device.
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