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Abstract

This paper examines the occurrence of the Coand#-effect in the context of automotive windshield defrosting.
A generic, parameterized pseudo-2D test rig representing the main windshield-defrosting components of a
passenger vehicle, is introduced. By externally controlling key geometric features such as the defrost duct
angle and dashboard position, attachment of the defrost jet to the dashboard due to the Coandi effect
is induced, which is incompatible with the functional requirements of passenger-vehicle HVAC systems.
By exploiting the tendency of Coanda flows to exhibit hysteresis, steady mono- and bistable states are
identified in which the turbulent defrost jet remains attached either to the windshield or the dashboard
over extended time periods, as well as unsteady configurations characterized by random switching between
states. Two-dimensional two-component particle image velocimetry (2D2C PIV) is used to analyze the mean
flow fields of the identified jet states in terms of velocity and turbulent kinetic energy contours, maximum
velocity decay, and half-width growth rates. In addition, pressure coefficients measured along the windshield
centerline demonstrate how proximity to the dashboard alters the pressure distribution to resemble that of
a shallower duct angle through deflection of the defrost jet: Proper orthogonal decomposition is applied to
the PIV data to extract the switching modes and their associated temporal coefficients, with subsequent
statistical analysis indicating that the observed state switching exhibits Poissonian characteristics. Beyond
the present study, the experimental data are intended to serve as a benchmark for the validation and
assessment of CFD results.

Keywords: Automotive windshield defrosting, Coanda effect, flow bistability, oblique jet impingement, oblique
wall-attaching jet, particle image velocimetry

1 Introduction

Warm, humid air from inside the cabin of passenger vehicles can condense on the colder windshield and/or
form a layer of frost during the cold winter months, significantly impairing the visibility of the driver. Fast
and reliable defrosting and demisting of the vehicle windshield by the heating, ventilation and air-conditioning
unit (abbr. HVAC) therefore represents an important safety-related requirement and is subject to clear legal
regulations. Individual components of the HVAC system are shown in Fig. 1a. Heated dry air from the blowing
unit passes through the air inlet and exits the defroster grille to be directed by the guiding vanes towards
the windshield. An ideal defrosting/demisting pattern is schematically depicted in Fig. 1b. The jet from the
primary defrost duct impinges on the windshield at approximately one-third of the windshield length measured
from its base and ensures continuous clearing up to the header, with a slight preference for the driver’s side
area (I), which has to be ice-/mist-free to 80% within 20 minutes [1]. The complete viewing area (II) must be
cleared to 90% within 40 minutes. A secondary duct located at the windshield base ensures coverage of the
lower windshield area. To satisfy these conditions and ensure adequate visibility for the driver, it is crucial that
the airstream from the defroster duct remains stably attached to the inner surface of the windshield. However,
it can be observed that the airflow may detach from the windshield either partially or across its entire width
and instead adhere to the dashboard, due to the so-called Coandi effect, which describes the tendency of a
fluid jet to attach to flat or curved surfaces.
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Fig. 1: (a) HVAC system components in a Volkswagen-ID.4 (left) and Volkswagen Polo 2018 TSI. (b)
Schematic depiction of windshield defrosting/demisting area and impact region of the primary defrosting jet.
FPS: Front passenger side, DS: Driver side. (c) Top: Infrared-Thermogram showing the detachment from the
interior surface of the windshield due to the Coanda effect and the associated attachment to the dashboard.
Bottom: Illustration of windshield- and dashboard-attached flow.

The Coanda effect appears to have been first described by Thomas Young in 1800 [2, 3] and was later
named by von Kérmén after Romanian engineer Henri Coand&, who applied it in a number of patents for
aviation technology [4, 5]. Since then, it has been utilized in a variety of engineering applications, ranging from
fluidic oscillators [6], drag reduction for ships [7], fluidic thrust vectoring control [8] and attitude control in
internal combustion engines [9], to improving energy efficiency in building ventilation [10]. In some cases, its
occurrence is undesirable and can lead to intricate and challenging-to-control flow conditions, especially when
potential adherence to multiple surfaces and geometric complexity are involved, such as in intracardiac blood
flow [11], space launch systems [12], uncontrolled deflection in jet vectoring [13] or annular swirling [14] and
impinging jets [15]. In the instances listed, multimodal behavior is reported due to the tendency of Coanda
flows to exhibit hysteresis, that is, multiple flow solutions can exist under identical conditions depending on
the previously adopted state. Dynamic behavior in the form of stochastic perturbation-induced state-switching
may emerge as a consequence [16, 17].

The hysteretic character of Coanda flows was first described by Newman [18] and Bourque and Newman [19]
in 1960, who studied this effect for an oblique wall-attaching jet. Depending on whether the angle of inclination
of the plate was increased starting from an attached jet or decreased starting from a free jet, it was possible
to observe both states within a certain angle interval, as a function of the plate-length-to-slot-width ratio.
Later, similar experiments have been conducted by Allery et al. [20] and more recently by Skotnicka-Siepsiak
[21], who both found an increase of the hysteresis interval with the Reynolds number. However, the predicted
relationships between the Reynolds number and the critical interval angles themselves is contradictory, as is
noticed in the latter study and therefore remains an open question.

Within the context of automotive windshield defrosting, the appearance of the Coanda effect is demonstrated
in Fig. 1c on the right by means of an infrared thermogram, which illustrates the temperature distribution



on the interior side of the windshield. Around the central and peripheral area of the windshield, a significant
temperature decrease can be identified where heat transfer from the defrost jet to the windshield is insufficient,
resulting in reduced or even absent defrosting coverage. This pattern arises from the Coanda effect, which in
this particular case causes the jet to detach locally from the inner windshield surface. A design exhibiting this
behavior is unacceptable; early identification during the development process is therefore essential to prevent
costly revisions and to ensure reliable system performance. Nevertheless, to the best of the authors’ knowledge,
a systematic investigation of the factors governing the occurrence of the Coanda effect in the context of
windshield defrosting is still missing.

Available studies on windshield defrosting/demisting through the HVAC unit generally cover the thermofluid
dynamics of the defrost airstream impinging on the windshield to analyze and optimize its defrosting pattern,
heat-transfer characteristics and spatial redistribution within the cabin to maximize passenger comfort [22-
32]. Early studies include research by Sakamoto et al. [33], who used helium bubble tracing to improve the
air distribution on the vehicle windows and within the compartment of a simplified car model by variation
of the defrosting duct angle (cf. Fig. 1c) and its distance to the windshield. Ikeda et al. [34] and Sugano et
al. [35] applied CFD techniques to calculate the three-dimensional flow field and achieved good agreement with
experiments.

AbdulNour [36] carried out hot-wire anemometry in the vicinity of the defrost duct outlet and the interior
side of the windshield and used this data for validation of CFD simulations of the three-dimensional defroster
flow of a model vehicle [37, 38].

Skea et al. [39] compared clearing patterns on a real vehicle windshield between finite volume and lattice
Boltzmann CFD methods with thermal imaging and obtained satisfactory results.

Becker et al. [40] performed laser-Doppler anemometry (abbr. LDA) to analyze the defroster flow field in a
real automobile. In the same study, they conducted LDA and thermal imaging measurements on an oblique-
plate impinging slot jet under isothermal and heated conditions, serving as a simplified model of a car defroster
geometry. By estimating the local Richardson number in the non-isothermal case and direct comparison of
the LDA results with those of the unheated jet, it was determined that buoyancy effects on the flow field are
negligible under realistic circumstances. In a similar setup, Roy et al. [41] used CFD to calculate the three-
dimensional flow field created by jets from two adjacent slots impinging on an inclined flat plate. They validated
the predicted local heat transfer coeflicients on the plate surface through experiments.

A common limitation among the cited studies is the absence of any substantial dashboard geometry in
their vehicle models: the instrument panel is often aligned flush with the nozzle outlet or not included at all.
Furthermore, the defrost duct has a steep angle that is clearly directed towards the windshield. Indications
of a detrimental influence of the dashboard on the defrosting performance can be found, for example, in the
study by Kang et al. [42], who recommend minimizing the dashboard height extending above the duct exit and
maintaining a ratio between the distance-to-dashboard (cf. Fig. 1c) and the height greater than unity.

Nasr et al. [43] and Patidar [44] emphasize the need to avoid separation from the windshield in the design
of defrost systems, while Sen et al. [45] explicitly mention avoiding the Coanda effect.

Further notable references include an article from 2007 written by Kogler et al. [46] for the magazine ATZ
worldwide describing optimization of the outflow angle in their indirect ventilation concept using numerical
simulation to avoid attachment of the flow to the dashboard.

Despite not being explicitly stated, the streamline distribution of the defrost jet in a CFD study conducted
by Yang et al. [47] indicates partial attachment to the dashboard that has been improved by adjustment of the
guiding vanes.

A comprehensive study comparing experimental, numerical and theoretical approaches for the analysis of
a jet exiting a simplified automotive cabin vent model has been conducted recently by Sip et al. [48], including
attachment of the jet to a neighboring wall that was meant to mimic proximity to the side windows and doors
in a car cabin.

This survey supports the authors’ belief that the occurrence of the Coanda effect in the context of automotive
windshield defrosting has not yet been satisfactorily addressed in the existing literature.

At this point, it is worth mentioning the broader research field of wall-attaching and impinging jet flows
outside of the context of windshield defrosting. The term oblique wall-attaching offset jet (OWAQOJ) generally
refers to a jet issuing from a nozzle located at an offset from a wall that is tilted away from the jet. In contrast,
for an oblique-plate impinging jet (OPLJ) the plate is tilted toward the jet, such that the virtual extension of
the nozzle axis intersects the plate downstream of the nozzle. A survey on experimental and numerical studies
regarding (O)WAOJ can be found in [49] and a comprehensive review on (O)PL] is given in [50]. Following this
classification, the windshield-attached defrost jet is akin to an OP1J, whereas dashboard-attached flow falls into
the category of OWAQJ. Despite similarities to these canonical jet flows, the defrost system exhibits several
distinctive features that motivate the need for more specific test cases. These include the location and geometry
of the dashboard, which are expected to significantly affect the qualitative and quantitative characteristics of
the flow field even without occurrence of the Coanda effect, as well as the interaction between the primary and



secondary jets (cf. 1c). Furthermore, the presence of guiding vanes in automotive defrosting vents affects key
properties of the flow field, such as the centerline velocity decay and jet direction [48].

In this paper, we present an experimental study based on a generic parameterized pseudo-2D test rig for
the identification of bistable jet states under flow conditions akin to those in real vehicle windshield defrost-
ing/demisting. Since the focus here is on the fluid-dynamic properties associated with the Coandi effect, an
isothermal setup with an unheated jet is used. The geometry of this test rig previously served as the basis for a
numerical study carried out by Miiller et al. [51], which revealed that both windshield- and dashboard-attached
flow states can constitute attractors of the numerical model for a given set of parameters. In addition, the
analysis hinted at a decisive impact of the flow conditions within the defrost duct on the observed bifurcation.

In view of all aforementioned considerations, the investigations described in this paper fulfill the following
purposes:

« Verify whether bistable flow behavior can be observed in the context of vehicle windshield defrosting.

» Improve the understanding of the flow physics in various states of the defrost jet.

« Identify the influence of several key factors on the occurrence and extent of the:Coanda effect.

« Provide comprehensive experimental validation data for numerical simulations based on a simplified, precisely

known geometry, including the inflow conditions, as these have a decisive influence on physical modeling in
CFD.

The flow field is analyzed using two-dimensional two-component particle image velocimetry measurements
(abbr. 2D2C PIV) in the mid-plane of the test rig. Additional pressure measurements along the windshield
centerline are used to characterize the pressure distribution for windshield-attached flow. The dashboard posi-
tion and duct angle are externally controlled using a linear stage and collaborative robot, respectively, allowing
modification of the specified parameters without disturbing the flow field.

Using this setup, attachment of the defrost jet to the dashboard due to the Coandi effect is triggered in a
reproducible fashion. Depending on the parameter values, the jet exhibits several distinct steady and unsteady
flow configurations. In addition to regions of monostable behavior, in which the jet attaches exclusively to either
the windshield or the dashboard, parameter ranges exist in which both attachment states remain stable over
extended periods of time due to hysteresis associated with the Coanda effect. These states are characterized
in terms of the pressure distribution along the windshield; centerline velocity decay and growth rates. Proper
orthogonal decomposition (POD) is applied to extract temporal coefficients of the switching modes in unsteady
operating points. Subsequent statistical analysis reveals the random nature of the observed state switching.

The remainder of the paper is organized as follows. Section 2 describes the experimental setup and introduces
the relevant terminology. Section 3 presents and discusses the results, including the identification of mono-
and bistable configurations and a detailed characterization of the corresponding flow fields. Finally, section 4
concludes the study.

2 Experimental Setup

2.1 Defrost Test Rig and Flow Configuration

The principal components of the pseudo-2D defrost test rig are displayed in Fig. 2. Its main body consists
of a’ L x W x H = 838 x 1038 x 920 mm® wooden plenum, which is fed by the primary air supply fan via a
#100 mm pipe inserted into its front side. The air first enters a cavity that is closed off at the top by a cover
plate, before passing through a perforated metal sheet into the 100 mm wide vertical inflow section of the
primary defrost duct. The latter is formed by two aluminum plates whose inclination angle can be adjusted by
means of a rotating mechanism consisting of a connecting rod and rotary disk. This rotary disk is connected
through a custom-made adapter to the last wrist joint of a six-axis collaborative robot (cobot) model UR5
from Universal Robots with a pose repeatability of 0.1 mm. The pivot point of the two plates that form the
duct walls is located at their upper edge, where they are fixed to the horizontally mounted upper cover plate of
the main plenum. Their shape creates a physical stop that determines the limit positions of rotation. During
the experiments, the angular position of the rotary disk connected to the cobot is externally controlled via
RoboDK software and converted to the corresponding value of the primary duct angle. The procedure for this
conversion is described in detail in suppl. Sec. 1.2 and 1.3 of the supplemental material.

Bridges installed on the lateral ends of the primary duct connect the two parts of the cover plate separated
by the duct, whereby one of these bridges is made of acrylic glass to ensure visual accessibility of the PIV
cameras (cf. Sec. 2.2) to the interior of the duct.

The main plenum is supported by an aluminum-profile frame, into which a secondary frame enclosing the
acrylic-glass windshield is mounted in a rotatable support and laterally secured via clamp bolts. An additional
wooden enclosure is fastened to the lower section of the secondary frame, forming the inflow plenum for the
secondary defrost jet. This jet, which is present in actual vehicle defroster systems to clear the lower region
of the windshield not fully accessible to the primary jet, is included in the model setup to establish realistic



conditions. Similar to the primary inflow, its mass flow rate can be set independently via a fan that is controlled
through a laboratory power supply. The air exits the secondary defrost duct after passing through another
perforated plate inside the secondary plenum.

A geometrically simplified, interchangeable dashboard dummy is mounted on top of the cover plate, with
its distance from the discharge of the primary defrost duct adjustable via a linear translation stage (model
OptoSigma Micro Stage 26-100). In real cars, the protruding geometry of the dashboard serves as a visual
barrier that hides the slot exit from the passengers line of sight. Without it, no attachment of the jet onto
the top panel occurred in our setup. The Micro Stage offers a total travel range of 100 mm with a positioning
accuracy of 10 pm.

To promote two-dimensionality of the flow field, the test rig is designed to achieve duct-width-to-spanwise-
length aspect ratios (AR), which exceed general thresholds found in the literature, see Table 2 (according to
Pope [52], a typical value is AR > 50, Deo et al. [53] report at least AR > 20 for plane jets to exhibit statistically
two-dimensional properties of the mean velocity field). Furthermore, glass side walls are installed to extend the
region of two-dimensionality by suppressing lateral entrainment of air [54] and simultaneously ensure visible
access. Any gaps between the side walls and the upper cover plate as well as the secondary frame are sealed
using pressure pads distributed along the edges of the glass window, with self-adhesive felt strips in between.

To minimize surface reflections during PIV investigations, the surfaces exposed to the laser sheet are covered
with self-adhesive matte black film from d-c-fix. This includes the interior of the primary and secondary defrost
ducts as well as the top side of the test rig, along with the dashboard dummy.

To enable experimental determination of the inflow conditions using PIV, acrylic glass windows are installed
at suitable locations in both plena. Furthermore, the main compartment has three window inserts to evaluate
the air distribution in the inflow area of the primary defrost channel along the spanwise direction. In addition,
pressure taps and thermocouples are installed in both inflow sections to facilitate the specification of suitable
boundary conditions for numerical simulations in the future. Their locations, the positions and sizes of the
window inserts as well as other test rig dimensions, can be taken from supp. Fig. 7.

The test rig is parameterized and partially modulary structured, allowing various configurations to be
implemented with comparatively minor effort. An overview of the modifiable parameters is given in Fig. 3a,
whereby the geometrical parameters varied primarily during the investigation presented in Sec. 3 are highlighted
in red and include the primary duct angle 8 and the distance from the duct exit to the dashboard Ls. The
simplified dashboard geometry used in this study consists of a wooden board with a quarter-cylindrical front
part (cf. Fig. 3b). All parameter values were selected to closely represent conditions in a real passenger car and
are summarized in Table 1.

As the axis of rotation of the primary defrost duct walls is located at their respective upper edges, the
effective cross-sectional duct area A.g changes with the inclination angle of the duct . Since the associated
effective duct width Lgeg = Lgsin S and the nominal jet exit velocity U; = 11 N/ pairAesr are used for nondi-
mensionalization in Sec. 3, an overview of these and other parameters affected by a variation in 3 for the three
main angles investigated is summarized in Table 2.

Table 1: Overview of test rig parameters. Values in parentheses
correspond to additional investigations concerning the qualitative
influence of the respective parameter.

Windshield angle (measured against horizontal) a 35°
Primary duct angle (measured against horizontal) B 45.0°-84.9°
Primary duct-to-dashboard distance Ls O0mm—100 mm
Windshield-to-primary duct distance Ly, 67mm
Primary duct exit width Lg 13.9mm
Primary duct length Ly, Ly 43mm
Secondary duct width L, 6mm
Windshield length (base to tip) L, 866mm
Primary duct inflow section width L, 100 mm
Dashboard geometry Gs  cylindrical
Spanwise extent of the test section L, 1000 mm
Nominal primary duct mass flow rate ™mi,N 180 kg h—1
Nominal secondary duct mass flow rate meo,N 18kgh™!

2.2 Measurement Techniques

Non-time-resolved 2D2C particle image velocimetry investigations were conducted in the central plane of the
pseudo-2D defrost test rig to analyze the flow field for various parameter configurations described in Sec. 2.1
and identify mono- and bistable states. The LaVision system consisted of a double-pulsed Nd:YAG laser with a
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Fig. 2: Pseudo-2D defrost testrig.



Table 2: Jet configurations with changing primary duct angle.

Description Parameter 3 =45.0° (3 =61.9° 3= 80.6°
Effective primary duct width in mm Lgerr 9.8 12.3 13.7
Nominal jet exit velocity in ms—1! Uy 4.2 3.4 3.0
Windshield-spacing-to-duct-width ratio H/Ld’eff ~ 28 ~9 ~
Offset-to-duct-width ratio Ly/Lgetr ~6.8 ~ 5.5 ~ 4.9
Primary duct aspect ratio L./Lgesr =~ 102 ~ 82 ~ 73
Reynolds number Re = UjLg,cff/Vair 2800 2800 2800
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Fig. 3: (a) Overview of test rig parameters. Parameters highlighted in red are varied during the experimental
investigation in section 3. (b) Dashboard dimensions. (¢) PIV regions of interest (ROI). (d) Schematic depiction
of pressure tap positions along windshield centerline. For interpretation of the references to color, the reader
is referred to the web version of this manuscript. All dimensions are given in mm.

maximum pulse energy of 300 mJ at 532 nm, whose light beam was directed to the test section and conditioned
into a light-sheet of approximately 1 mm—2 mm thickness using a light guiding arm (cf. Fig. 2). Di-Ethyl-Hexyl-
Sebacic-Acid-Ester (DEHS) was used to seed the flow. The illuminated area was divided into three fields of
view (FOV) with dimensions 598 x 440 mm?, 280 x 205 mm? and 98 x 78 mm?, representing the jet area and
the interior of the primary duct, respectively. FOV 1 and 2 were captured using two LaVision Imager CX1-
12 cameras featuring an 11.2 x 8.2 mm? sensor and Nikon Nikkor objectives of focal lengths f; = 35mm and
fo = 60 mm, respectively. For FOV 3 an Imager SX-6 camera employing a 12.5 x 9.9 mm? sensor and equipped
with a Zeiss Milvus objective with focal length f3 = 135 mm was used. Masking was applied to all FOVs as
part of the PIV pre-processing, resulting in the three regions of interest (ROI) depicted in Fig. 3c.

Region 1 was intended primarily to identify a qualitative map, which constitutes an overview of the different
jet states depending on the two main parameters 8 and Ls. With the state map given, individual parameter
configurations were selected for a more thorough quantitative near-field analysis of the jet and the flow within
the primary duct. Multi-pass cross-correlation was performed with an initial pass of 96 x 96 px followed by two
passes with a final interrogation window size of 32 x 32 px for ROI 2 and 3 and 48 x 48 px for ROI 1. A total of



3000 particle image pairs were recorded in double-frame mode for ROIs 2 and 3 in steady-state operating points
and 4500 to capture a sufficient amount of switching-events for statistical analysis of bistable jet-switching.

For the state map generation, the jet behavior was qualitatively assessed in real-time via the particle seeding
distribution. A minimum of 100 image pairs was then acquired for each parameter configuration for further
confirmation. The dashboard position Ly was varied in 2 mm increments from 0 mm to the maximum distance
of 100 mm at fixed 5. In each new point, air supply was activated only after the parameters had been set to
ensure unbiased formation of the jet state. A waiting time of 60 s was chosen as a sufficient time interval required
for the final state to be established. After the maximum L, value was reached, the process was repeated after
incrementing the rotating disk angle by 2° using the cobot and returning the dashboard to its starting position.
As described earlier, the corresponding values for 5 can be derived from the disk angle.

For all measurements, the repetition rate was set to 15 Hz. Synchronization between the laser and imaging
systems was achieved using a LaVision programmable timing unit model X and DaVis software version 10.2.
The displacement of the dashboard dummy was carried out by integrating the LaVision micro stage controller
into the project interface within DaVis.

The final correlation window sizes were chosen based on the convergence of velocity and turbulent kinetic
energy line profiles at various positions of the jet and within the duct (see supp. Fig. 5). Visual inspection
of the particle images confirmed a displacement of roughly a quarter of the window size between frames as
recommended in [55]. Similar analyses have been performed to assess the effects of denoising and filtering as
part of the vector postprocessing step. Vectors with correlation values < 0.2 have been deleted and subsequently
replaced by interpolation. A flowchart depicting the complete pre- and postprocessing routine is given in
supp. Fig. 4.

Uncertainties of the mean velocity components were obtained in DaVis using the built-in correlation-
statistics-based propagation framework [56-58]. In ROI 2, uncertainties were estimated to range from <
0.001ms! to 0.025ms~! and 0.032ms™!, for (u) and (v), respectively, while the RMS value of the veloc-
ity magnitude was on the order of 1.57ms~!. The highest values occurred in the developing shear layers just
above the duct outlet, where sharp gradients are present. For ROI 3, maximum uncertainty values amount to
0.03ms~! for (u) and 0.04ms~! for (v) around the separating shear layer close to the duct inlet. Here, (-)
denotes temporally averaged values. Statistical convergence of the mean velocity components with increasing
number of PIV snapshots was verified and is shown in supp. Fig. 6.

DEHS droplets were generated using a TSI portable test aerosol generator, model 3037, whereby the supply
was split between the primary and secondary sides and controlled through manually adjusted valves. According
to the manufacturer datasheet [59], the produced tracer particle mode diameters correspond to dy, = 0.15—
0.3 pm. With the pixel scale for ROI 2 given as sy = 68.6 um px~1, the spatial resolution is approximated here
as the final correlation window size Arw ~ 32spx = 2.19mm. Together with the nominal jet velocity for 8 = 45°
(cf. Table 2), U; = 4.2 ms~ ', a characteristic flow timescale at the approximated resolution can be estimated as

A
W 5.2 x 107 4s.

T X -
J

Assuming Stokes drag for spherical particles, the Stokes number [60] with particle response time 7, then becomes

Stk — E — ptrd%rUj
Ty 18painArw

~1.2x107* to 48 x 1074 < 1,

indicating adequate tracer fidelity of the DEHS droplets for the given range of d.. Here, pi; = 912kgm =3 for
DEHS [61] and fia; = 1.8 x 107° Pas at 22°C is assumed. A complete overview of imaging and acquisition
parameters is provided in Table 3.

The light guiding arm was connected to an Isel linear traverse controlled via DaVis to enable spanwise
displacement of the laser sheet for assessment of the two-dimensionality of the flow field inside both inflow
sections, the primary duct and in the jet region. More information on the inflow measurements is provided in
supp. Sec. 2 of the supplementary material. Furthermore, results of the two-dimensionality assessment of the
primary duct flow and the jet can be found in supp. Sec. 3. Photographs of the defrost test rig including the
Isel traverse are available in supp. Sec. 4.

Mass flow rates were measured upstream of both plena using thermal mass flowmeters Sensyflow P from
ABB with an accuracy of < +1% of reading. This data was collected at a sampling rate of 20 Hz during all PTV
investigations through an ETAS electronic control unit (model ES892.1), monitored and stored using ETAS
INCA version 7.4 software.

Subsequent to the PIV investigations, pressure measuring points in the form of 71 tubes, each with a
diameter of 1.9 mm and spaced 4 mm apart, were installed over a distance of 280 mm along the windshield center
line, see Fig. 3d. Individual measuring points were connected to a Scanivalve pressure scanner (type Digital
Sensor Array 3217/16Px) using Vinnylan tubing. Each of the six arrays, also referred to as modules, consists



of 16 differential pressure transducers with a full-scale range of +10 inH»O (= £2490 Pa) and a specified static
accuracy of £0.20% of full scale (+5 Pa). Measurements were acquired in gauge mode (i.e. referenced to ambient
atmospheric pressure) with the common reference routed to a quiescent corner of the laboratory, sufficiently
removed from the defrost jet to avoid flow-induced disturbances. The modules are connected to the computer
via an Ethernet switch, with the data acquisition performed using an in-house National Instruments LabVIEW
program. To reduce zero-offset bias, a rapid in situ zero calibration was performed prior to each measurement
by pneumatically shorting the sensor ports. Pressures were then recorded at 50 Hz for 300s (15000 samples)
in steady-state flow and averaged over the full record. The standard error of the mean (SEM) was estimated
via block averaging with a block-size of 10s to account for temporal correlation of the samples. Across all
channels and measurement cases, SEM values ranged from 0.0013 Pa to 0.095 Pa, with a 95"-percentile SEM
of 0.021 Pa.

Table 3: Overview of PIV imaging and acquisition setup.

Model | Value

Instrument | Parameter ROI1 ROI 2 ROI 3

Camera LaVision Imager CX1-12 LaVision Imager CX1-12 LaVision Imager SX-6M

Lens (mount) Nikon AF-S 28-70mm 2.8 D  Nikon AF 60mm 2.8 D Micro  Zeiss Milvus 2/135
IF ED

Aperture f/# f/4 f/4 f/4

Object distance 1370 mm 1400 mm 970 mm

Calibration/scaling method 2D calibration plate 2D calibration plate Ruler-based scaling

Calibration target 134-12 SSSP 80-8 SSSP -

Scale factor 8.48 px mm 1! 14.58 px mm 71 28.02 px mm !

Pixel size in object space 117.9 um px—1 68.6 pum px 1 35.7 pm px 1

Correlation window (final 48 x 48 px 32 X 32px 32 X 32px

pass)

Window overlap (final pass) 75% 5% 75%

Vector spacing 1.42 mm 0:549 mm 0.286 mm

Correlation window width 5.66 mm 2.19mm 1.14 mm

Particle image density 0.025-0.068 ppp 0.025-0.04 ppp 0.033-0.066 ppp

Number of image pairs 100 3000, 4500 3000

Pulse separation dt 100 ps 100 ps 30 us

2.3 Jet-Flow Terminology and Definitions

For the sake of clarity, we would like to introduce some terminology that is frequently encountered in the
context of wall-attaching/plate-impinging jet flows, with reference to Fig. 4. According to Hoch and Jiji [63], the
primary jet exiting the defrost duct is subdivided into three regions. In the pre-attachment region (cf. Fig. 4a),
the airstream resembles a free jet including a potential core within which the centerline velocity is equal to the
mean velocity at the duct exit. Here and in the following, the jet centerline is defined as the locus of maximum
velocity. On both sides of the centerline, two shear layers steadily growing in- and outwards along the streamwise
direction. The potential core extends up to the point of shear layer merging that marks the onset of centerline
velocity decay. Due to the continuous entrainment of ambient air into the jet, air from further outside is drawn
in, creating a backflow to compensate for the associated pressure reduction. Proximity to nearby surfaces causes
acceleration of the entrained air, thereby giving rise to a pressure gradient oriented transversely to the jet axis
and resulting in deflection of the jet towards the surface [64]. This phenomenon is commonly known as the
Coanda effect. Between the jet and the respective surface, a recirculation zone develops.

From the stagnation point onwards (cf. Fig. 4c), a realignment of the jet along the wall-parallel direction
takes place within the impingement region, whereby the oblique attachment causes a bifurcation into oppositely
oriented branches of different momenta. The main part of the jet evolves into a plane wall jet (WJ, cf. Fig. 4b),
which is traditionally described by a two-layer structure [62]. The inner layer (IL) ranges from the wall to the
location of the velocity maximum. Although often regarded as boundary-layer-like, the IL appears to be more
complex than a conventional turbulent boundary layer because it remains influenced by outer jet dynamics
[65]. Due to residual near-wall laser reflections during the PIV measurements, the IL is not considered in the
present study. Above the velocity maximum, the jet-dominated outer layer (OL) extends away from the wall.
Following Pelfrey and Liburdy [66], a local positive 7-£ coordinate-system aligned with the jet centerline is
defined, whereby 1 measures the distance from the primary duct exit along the centerline and £ is orthogonal
to it. The outward normal distance from the centerline to the position where the velocity is equal to one-half
of the local maximum velocity is termed the outer half-width 67 /2 of the jet. In addition, in the free-jet region,

the inner half-width 5i1 /2 characterizes the shear layer on the side of the surface the jet is attached to.
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Fig. 4: (a) Schematic representation of the fundamental flow topology and phenomena. (b) Traditional two-
layer structure of the turbulent plane wall-jet (WJ) [62] with definition of the local jet centerline (n-€) coordinate
system. IL: Inner layer. OL: Outer layer. (c) Definition of the stagnation point eccentricity Ax.

Auxiliary coordinate systems z®-y® and z”-y” are introduced to describe the flow on the surface of the
windshield and within the primary duct, respectively (cf. Fig. 4c). The virtual extension of the duct axis
intersects the windshield at a distance H and at an angle § = 8 — a. The difference between this intersection
point and the position of the stagnation point defines the stagnation point eccentricity Axf.

3 Results and Discussion

3.1 State Map and Jet Hysteresis

Figure 5a summarizes the results of the qualitative flow state identification as a function of the primary duct
angle 8 and dashboard distance L. In total, seven states are distinguished, whereby the classification is purely
qualitative due to gradual transitions between neighboring configurations. A PIV snapshot of the instantaneous
velocity magnitude in each state is depicted in Fig. 5b and described hereafter.

Windshield-deflected (ws-def) is characterized by statistically steady-state windshield-attached flow that
also exhibits partial attachment along the front of the dashboard. In windshield (ws) states, the jet is fully
attached to the windshield, that is without any contact to the dashboard. Contrarily, states dashboard-A (db-
A) and dashboard-B (db-B) are defined by complete attachment to the dashboard (i.e. over its entire upper
surface). In operating points designated as dashboard-separating (db-sep), weak attachment to the upper
dashboard surface is noticed with the possibility of occasional separation. However, no deflection towards
the windshield occurs. Parameter configurations marked as state-switching (ssw), show aperiodic alternating
behavior of the jet between dashboard-attached flow (db-A or db-sep) and windshield attachment (ws or ws-
def). Likewise, random fluctuations between ws-def and ws are observed in the windshield-fluctuating state
(ws-fluct) (see Fig. 5e for a detailed view).
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Several characteristic regions can be discerned from the map. For steep duct angles, predominantly
windshield-attached states are encountered, whereby a transitional stripe consisting of ssw and ws-fluct con-
figurations separates ws-def from ws. At the steepest § values, sporadic dashboard attachment in the form of
ssw is not detected. As the angle decreases, the influence of the dashboard steadily increases, causing the jet
to be deflected by its presence at progressively larger values of L,. Eventually, a region of dashboard-attached
flow emerges and expands over moderate dashboard distances. This region is bounded by db-sep and ssw con-
figurations and contains the two variants of dashboard attachment, db-A and db-B. For 8 and L within this
monostable region, the jet invariably attaches to the dashboard. Transitions between db-A and db-B can occur
spontaneously and both can remain stable for significant periods of time within the monostable range. State
db-A is characterized by saturation with tracer particles trapped within the ROI, caused by a large-scale recir-
culation downstream of the dashboard. This recirculation presumably originates from partial detachment of
the jet from the dashboard at lateral positions offset from mid-span, leading to nearby dashboard-attached
prtions of the jet to be deflected back into the ROI (cf. Fig. Ala). For state db-B, the background particle den-
sity is noticeably reduced, indicating dashboard-attachment across the entire span with backflow consisting of
tracer-poor ambient air from outside the windshield. Within the scope of a 2D2C PIV measurement campaign
it is, however, not possible to conduct an in-depth analysis into the three-dimensional structure of the flow,
meaning that the root cause of the two states could not be conclusively clarified. A more thorough discussion
regarding their characteristics is given in Appendix A.

State db-B persists for parameter values beyond the monostable range, where spontaneous dashboard
attachment does not occur. On the contrary, in these points db-A gradually transitions towards the wind-
shield within 10-40s. The hysteresis associated with db-B therefore reveals bistable configurations capable of
sustaining both dashboard- and windshield-attached flow. Sample checks showed that dashboard attachment
can persist for as long as 10 min in bistable points (longer tests have not been conducted). Figures 5¢ and 5d
summarize the extent of this hysteresis. The maximum duct angle Spax,dp and the dashboard position interval
ALgap = Lg max,db — Ls,min,ab at which dashboard-attached flow was observed increase significantly beyond
the monostable range. With increasing § or L,, however, the values for L, max,dab and Bmax,an due to hystere-
sis decrease accordingly, as configurations above these values became unstable and transitioned to windshield
attachment after a short period of time during the experiments. This does not imply that dashboard attachment
beyond these limits is impossible, but rather that even with a nominally two-dimensional setup the probability
for detachment at some location along the span increases with 8 and L, triggering total detachment from the
dashboard outside of the monostable range.

Figure 6 illustrates the contrast between the spontaneous and hysteretic behavior of the jet along the
B = 45° row of the state map. The top row shows states that the jet attains spontaneously, that is without
prior conditioning. The arrows indicate that these states arise either when the air supply is initiated with the
corresponding parameters preset, or when the parameters are varied from any other state except db-B while
the blowers remain active. The bottom row represents the hysteretic response: once the jet reaches state db-B
within the monostable regime and the dashboard 'is subsequently traversed, the ability of the flow to remain
attached to the dashboard even outside the monostable range significantly increases, indicating bistability.
Alternatively, the duct angle 8 can be varied to achieve the same effect and provoke the Coanda effect at
steeper angles for constant Ly (not shown).

3.2 Characteristics of the Mean Flow
3.2.1 Windshield Surface Pressure Distribution

The wall static pressure distribution along the windshield centerline was measured for various dashboard
positions and three primary duct angles of § = 45.0°, 61.9° and 80.6°. Figure 7 shows the pressure coefficient
defined as

Pw — Poo
Cp = ———m— (1)
P %paircf

plotted against the normalized wall-parallel coordinate 2®/Lg g for windshield-attached flow. Here, py, — pso
denotes the measured relative surface pressure, where p, is the ambient reference pressure. The air density
is taken as p.i; = 1.2kgm™2, corresponding to sea-level conditions at 20°C, and U;j denotes the nominal
jet exit velocity listed in Table 2. The pressure coefficient distribution for § = 45.0° is consistent with the
patterns reported in the literature for oblique wall-attaching offset jets (OWAQOJ) and oblique-plate impinging
jets (OP1J) with shallow impingement angles. A region of sub-atmospheric static pressure is followed by a
minimum, a sharp increase to the peak value, and a subsequent pressure recovery farther downstream. The
sub-atmospheric plateau and pressure minimum within the cavity bounded by the jet, windshield and cover
plate indicate a recirculation zone upstream of the stagnation point. As noted by Beltaos [69], at shallow
impingement angles, part of the minor branch of the bifurcating jet is entrained into the inner shear layer of
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Fig. 5: (a) Primary jet state map as a function of primary duct angle 8 and the distance between duct
exit and dashboard L, (cf. figure 3). ws-def: Windshield attached state deflected by dashboard. ssw: State-
switching. db-A /B: Full dashboard attached states. db-sep: Dashboard attached state close to separation.
ws: Windshield attached state without contact to dashboard. ws-fluct: Fluctuating between ws-def and ws.
— Region within which only dashboard attachment has been observed. == Region within which spontaneous
reattachment to the dashboard has been observed. == Maximum region within which dashboard attachment
has been observed due to hysteresis. (b) Exemplary instantaneous PIV snapshots of individual states. (c)
Maximum primary duct angle for which dashboard-attached flow has been observed. (d) Maximum interval of
dashboard distances for which dashboard-attached flow has been observed. (e) Close-up view of state ws-fluct
(bottom row in subfigure b).

the free-jet, thereby creating a vortical flow that imposes low surface pressure. Thereafter, deceleration and
redirection of the jet during impingement cause a rapid pressure rise. As the flow gradually develops into a wall
jet, the pressure relaxes toward ambient levels. With the dashboard distance increasing from L, = 8 mm to
L, = 14 mm, the jet remains attached to the front part of the dashboard (state ws-def, cf. 5a). Consequently, the
extrema shift downstream, with the minimum value remaining nearly unchanged while the peak value decreases
significantly. In addition, the distribution broadens with more gradual pressure rise and recovery on either
side of the maximum. This indicates stronger deflection of the jet from the windshield including an extended
recirculation zone and correspondingly weaker impingement on the windshield. Beyond the monostable range
(Ls = 40mm and L, = 100mm), the influence of the dashboard continuously diminishes and the pressure
distribution resembles the pattern seen for Ly = 8 mm. This similarity suggests a marginal effect of the
dashboard for the specific position in the latter case.

Experimental data from a study conducted by Song et al. [67] on an OWAOJ with an offset-to-nozzle-
width ratio of Ly/Lgesr = 5 (denoted as H/D in the reference) are included for comparison. To facilitate the
comparison, the impingement angle 6 is used alongside the duct angle. According to the remarks in Sec. 1,
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Fig. 6: Instantaneous velocity magnitude displaying hysteresis in the primary jet behavior due to the Coanda
effect (duct angle fixed at § = 45.0° and varying L). Top: Spontaneously emerging primary jet state for each
value of the dashboard distance L, appearing when the air supply is enabled at fixed parameters or when
approached from any other state corresponding to those of the top row through a variation of 8 or L, with
uninterrupted air supply. Bottom: Hysteretic dashboard attachment, when each point is approached from state
db-B. An explanation of the jet state abbreviations can be found in the caption of Fig. 5.
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Fig. 7: Pressure coeflicient distribution on windshield surface for windshield-attached states. Reference values
correspond to studies of an oblique wall-attaching offset jet, Song et al. [67] (offset-to-duct-width ratio Ly/Lg =
5) and an oblique-plate impinging slot jet, Akansu et al. [68] (plate-spacing-to-duct-width ratio H/Dy, = 6).
Dy, corresponds to the hydraulic diameter of the slot used in the latter reference.

the windshield-attached flow here technically classifies as an OPLJ with a very shallow impingement angle of
6 = 10.0°. Note that the angles from the OWAQJ reference become negative under the definition for 6 given
in Fig. 4c. The agreement with the reference data confirms that for windshield attachment at low duct angles
the flow corresponds to a Coanda-dominated wall-attaching jet. Furthermore, proximity to the dashboard can
affect the pressure distribution in a similar way to a reduction in the plate inclination angle in the reference
case, which translates to a reduction of the duct angle 8 in the present study. This has direct implications
for the heat-transfer characteristics of the defrost jet, since the reported effects on the surface pressure are
reflected in the local Nusselt number distribution. A broadening, downstream shift and reduction of the pressure
peak indicate a downstream-shifted and weaker maximum in the Nusselt number, spread across a wider area
(cf. Figs. 2 and 9 in [67]).
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Similar behavior is observed for a primary duct angle of g = 61.9°, although overall the pressure coefficient
peak values increase due to a larger wall-normal momentum component compared to the lower angle. Despite
being located in the ws region of the state map, the pressure distribution for case Ly = 16 mm exhibits a
noticeable influence of the dashboard as a result of close proximity. The profile suggests stronger impingement
and a more pronounced vortex formation, the origin of which is further examined using the velocity field
analysis in Sec. 3.2.2. On the contrary, the maximum reduces by approximately 78% for L, = 12mm, again
indicating downstream deflection caused by the partial attachment to the dashboard.

At a duct angle of g = 80.6°, the transition from a Coanda-dominated to an impingement-dominated
regime is completed. Data from a study by Akansu et al. [68] of an oblique-plate impinging slot-jet is included
for reference. The effect of entrainment in the pre-attachment region is now outweight by deceleration of the
impinging jet, leading to a build-up of positive static pressure compared to the cases with shallower duct angle.
Note that the reference pressure coefficient remains at the ambient level upstream of the maximum because the
reference experiment employs an open setup, in which the jet does not form a cavity with the plate as in the
present configuration. Again, a significant influence of the dashboard position is noticed, leading to a narrower
pressure profile and a reduction of the peak value by 49% between Ly = 8 mm and L, = 4 mm.

Pressure coeflicient peak values below unity indicate transitional impingement for all investigated config-
urations, although the existence of a distinct potential core is examined in the subsequent section using PIV
data.

3.2.2 Mean Velocity and Turbulent Kinetic Energy Fields

Table 4: Stagnation point location z§ and eccentricity Azf for windshield-attached

states.
Present study Lsin mm x§/Ly in % Axzg/H Reported values Ax§/H
B =80.6° (0 =45.6°) 0 11.7 -0.09 -0.19 Eq. (3)
2 12.6 0.02 9 =45.0° -0.25 [70]
4 13.6 0.14 -0.19 [71]
8 11.5 -0.12
B=61.9° (6 =26.9°) 2 13.9 -0.33 -0.42 Eq. (3)
12 20.7 0.22 9 =30.0° -0.53 [70]
16 13.3 -0.38 -0.34 [71]
18 14.0 -0.33
B =45.0° (6 =10.0°) 0 14.8 0.74
8 18.4 -0.63
14 22.5 -0.50
34 16.2 -0.70
40 17.5 -0.66
100 17.2 -0.67

Table 5: Exponents of the power-law regression to the centerline
velocity decay ¢ for windshield-attached states. Data from [70] of an
oblique-plate impinging slot jet with a nozzle-to-plate spacing ratio
H/B =4 is included for reference (B is the slot width within the

reference).

Present study Ls in mm ¢ Zhang et al. [T0] Re ¢

B =80.6° (6 =45.6°) 0 -0.36 0 =45.0° 3000 -0.39
2 -0.25 6000 -0.34
4 -0.19
8 -0.37

B =61.9° (6 =26.9°) 2 -0.26 6 =30.0° 3000 -0.34
16 -0.40 6000 -0.28
18 -0.23

B =45.0° ( = 10.0°) 0 -0.38
8 -0.21
34 -0.32
40 -0.24
100 -0.26
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Fig. 8: Normalized time-averaged velocity magnitude (a) and turbulent kinetic energy (b) contours for
windshield-attached states. === Inner half-width. == Outer half-width. == Primary jet centerline.

Contours of the time-averaged velocity magnitude normalized by the nominal jet exit velocity are shown in
Fig. 8a for windshield-attached flow with a primary duct angle of 8 = 45.0° and various dashboard positions.
The dash-dotted centerlines are obtained by fitting piecewise cubic Hermite interpolating polynomials through
the loci of maximum velocity using MATLAB’s built-in PCHIP function. Line markers on the windshield
indicate the distance from the duct exit along the centerline. The given values correspond to the intersection
points between the vertically extended markers and the centerline. The half-width locations are determined by
outward normal projection to the points where the velocity equals half the local maximum and are likewise
approximated using PCHIP (dotted and dashed lines denote the half-widths of the inner and outer shear layer,
respectively).

The PIV results support the interpretation of the pressure profiles given in the previous section. As the jet
partially attaches to the front part of the dashboard, its trajectory is substantially altered. At the stagnation
point, the jet bifurcates into a major and minor branch, the latter of which merges with the secondary jet
before being entrained into the free jet, forming the vortex structure that was previously associated with the
pressure minima in Fig. 7. For a dashboard position of L; = 34 mm, the jet is right outside of the monostable
regime (cf. 5a). However, the close proximity leads to accelerated backflow between the jet and the front part
of the dashboard, as is indicated by the vector lengths. The accompanied pressure reduction within this gap
causes the free jet to bend outwards, which in turn affects the impingement angle. Consistent with the steeper
jet inclination and increased entrainment demand immediately above the duct exit as a consequence of the
accelerated backflow, a more energetic minor branch is created that is entrained again into the approaching
jet, forming a stronger low-pressure vortex. This effect is also observed for increased duct angles (cf. Fig. Bla)
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and explains the more pronounced pressure extrema encountered in the case with Ly = 16 mm and g = 61.9°
discussed in Sec. 3.2.1. The previously described changes in the extent of the pressure variations correlate with
the length of the impingement zone, which is here loosely defined as the region between the first right-hand
bend of the centerline to its full wall-parallel reorientation. Between the minimum and maximum dashboard
positions, the impingement zone grows roughly from 8-127/Ly ¢ t0 10-207/L 4 o5

Figure 8b shows the corresponding contours of normalized turbulent kinetic energy (TKE). With the span-
wise velocity fluctuations w’ not available in 2D2C PIV, TKE is estimated using a pseudo-isotropic assumption
[72]:

3 1,0 ’,0
k= (W) + ('), (2)

where u' and v’ denote the fluctuating velocities along the global x and y coordinates, respectively. The
highest TKE levels are present in the shear layers within the free-jet region. As the jet issues from the primary
duct, the inflectional velocity profile across the shear layers makes the flow susceptible to Kelvin—Helmholtz
instability, leading to growth of shear-layer disturbances and increased turbulence production. Discrepancies
between the inner and outer shear layer are attributed to two factors. First, higher TKE in the inner layer
(left of the centerline) right above the primary duct exit is the result of differences in the upstream boundary
layer development, cf. supp. Fig. 5b in the supplementary material. The internal flow field is governed by the
presence of a separation bubble on the right duct wall. TKE increases abruptly within the separated shear
layer and remains elevated after subsequent reattachment. Such a pattern is a strong indication of transition
to turbulence or at least substantial transitional breakdown and results in a bulkier velocity profile close to
the exit, compared with the thin boundary layer on the opposite side. Consequently, the emerging jet forms a
sharper left shear layer that is more susceptible to instability growth. Additionally, the highly unsteady merging
of the secondary and primary jet in this region contributes to the TKE. Further downstream the situation
reverses, as higher TKE is found in the outer shear layer due to asymmetric distribution of turbulent shear
stress between both sides. This finding aligns with PIV measurements of an inclined plane jet reported by Ruiz
et al. [73] and is amplified here by proximity of the inner shear layer to the windshield. Rapid deceleration
and turning of the flow in the stagnation zone are associated with an increase in normal strain and stresses,
which intensify turbulence [74]. As a result, a local TKE maximum develops that shifts toward either the
minor or major branch as a function of duct angle and dashboard position. Elevated turbulence intensity in
the stagnation zone and its displacement with the impingement angle were previously reported by Yoon et
al. [75] for an OPILJ. As the flow evolves into a wall jet, the highest TKE levels occur in the vicinity of the
outer-layer half-width and quickly decay towards the centerline and near-wall region, where vortical structures
are damped by the presence of the windshield.

Taking into account the deflection of the jet towards the windshield, stagnation point eccentricity for
transitional impingement of oblique jets can be approximated by [69]:

o« —2.15 (1-6/90°)
Ay = 8sinf (3)

A summary of the stagnation point eccentricity for the three duct angles discussed above is given in Table
4. Satisfactory agreement is found with Eq. 3 and literature values outside the sphere of influence of the
dashboard. Since Eq. 3 is limited to 30° < 0 < 90° and a literature search by the authors yielded no results for
6 =10.0° (8 = 45.0°), no comparison is possible for that case. Due to the partial attachment to the dashboard,
the eccentricity shifts significantly depending on the exact position of the dashboard and even changes sign.
Moreover, the wide spread in eccentricity with impingement angle, compared to the narrow range of values of
the relative stagnation point location x§/L,,, again emphasizes the dominant role of the Coanda-induced flow
attachment on the windshield side for shallow angles.

Figure 9 shows selected contours of time-averaged velocity magnitude and TKE for dashboard-attached flow.
Considering the settlement and acquisition time together, the jet remained in state db-B for 5 min total, which
highlights the potential for stable dashboard attachment outside the monostable regime. A cavity is formed
between the jet, upper plate and dashboard that is only partially illuminated due to the oblique incidence angle
of the laser light. Nevertheless, a region of recirculating flow becomes recognizable with increasing dashboard
position, in which the minor jet branch diverts from the stagnation point and is then entrained at the duct
exit. The sub-ambient pressure associated with this recirculation zone, together with the near-ambient pressure
in the backflow-dominated region resulting from the open setup, establishes a pressure gradient that promotes
dashboard attachment. On the upper part of the dashboard front, an acceleration region is present that becomes
weaker with increasing dashboard distance, suggesting a downstream drifting of the stagnation point along the
curved surface.

Turning to the TKE contours, noticeably higher turbulence levels are observed for the configuration with
zero dashboard distance. The strong streamline curvature over the front part in this case, with a distinct
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outer-layer TKE peak is consistent with reported behavior for turbulent wall jets over convex surfaces [76].
As the dashboard is shifted towards larger distances, elevated outer-layer TKE levels spread progressively in
the horizontal direction. This observation is revisited below in the discussion of maximum velocity decay and
half-width growth rates.

Figure 10 shows the centerline velocity, defined as

Ue = (IU]) (n,€ = 0), (4)

normalized by the maximum velocity at the duct exit U, =U, (n = 0), as a function of the streamwise distance.
For zero dashboard distance, the exit velocity is taken from the L, = 8 mm case due to the shadow caused
by the oblique light incidence angle. Data from Yoon et al. [77] for a plane wall jet (PWJ) and wall-attaching
offset jet (WAOJ) is included for reference. The windshield-attached flow in Figs. 10a, 10c and 10d displays
the typical WAOJ decay variation with a —1/2 slope in the free-jet region, followed by a local minimum in the
stagnation zone where the jet decelerates. Thereafter, the favorable streamwise pressure gradient (cf. Fig. 7)
results in acceleration as the jet is compressed in cross-stream direction and reorients into a 'wall jet. Ultimately,
mixing with ambient fluid and subsequent spreading cause the wall-jet centerline velocity to diminish again.

The potential core length is commonly defined as the distance from the duct exit, where the normalized
centerline velocity reaches 90% [78] after a noticeable plateau. This 90% threshold is indicated in Fig. 10 by the
light-red region. Compared to the reference, no plateau can be discerned in the present measurements as the
centerline already decays at the duct exit (note also the difference in abscissa scaling). This is attributed to the
conditioning of the jet by a contraction nozzle, yielding a nearly uniform exit velocity profile in the reference
experiments in contrast to the developing, non-uniform duct exit profile observed here (cf. supp. Fig. 5b).
For the specific case of zero dashboard distance, the elevated centerline velocity in the beginning results from
acceleration of the flow over the quarter-cylindrical dashboard front part.

Shortly upstream the local minimum, a faster decay is noticed for the cases in Fig. 10a and 10c, compared
to the cases with § = 80.6° in Fig. 10d, for which the local minimum is approached approximately at the
canonical free-jet decay rate of —1/2. The former configurations exhibit sub-ambient pressure and a pronounced
minimum in Fig. 7. One plausible interpretation is that the associated near-wall vortex formation contributes
to the centerline velocity decay by extracting momentum from the approaching jet in the pre-attachment
region. This is further supported by the steepest pre-impingement decay occurring for the configurations with
Ly =34mm in Fig. 10a and L, = 16 mm in Fig. 10c in view of their previous discussion.

In the wall-jet region, decay rates ¢ are indicated by the slopes of the dash-dotted lines and calculated from

power-law regressions in the form of
U. [ n )\ (5)
fjc ] Ld,eff ’

with data included in the ‘curve fit beginning from the onset of approximate self-similarity of the outer-scaled
mean velocity profiles (cf. Appendix C). Reynolds stresses were examined as a supporting diagnostic to ensure
that the selected values were not affected by strong development effects. Moreover, at finite Reynolds num-
ber, the profiles generally retain some Reynolds-number dependence, so exact collapse of all quantities is not
expected over any finite downstream interval [79]. Table 5 summarizes the decay rates for the cases of wind-
shield attachment. The calculated decay rates differ from the canonical wall-jet value of —1/2 predicted by
dimensional analysis, indicating incomplete self-similarity [80] in the jet near-field. Beyond the range of direct
contact with the dashboard, the measured decay rates are consistent with values reported in [70] for an OPIJ
with 8 < 45°. Depending, on whether the dashboard deflects the jet away from or toward the windshield, a
noticeably faster or slower decay is observed, respectively.

Figure 10b shows the centerline velocity decay for dashboard attached flow with a duct angle of 5 = 45°
and as a function of the dashboard distance. An overshoot in the centerline velocity is observed for the case
with zero dashboard distance. This variant exhibits the strongest impingement and subsequent streamline
curvature, since the emerging jet directly collides with the dashboard front and then makes a sharp turn onto
its top side. A pronounced stagnation point in combination with the radially increasing pressure necessary
to sustain the Coanda effect produce a favorable streamwise pressure gradient accelerating the jet. As was
noticed from the contours of velocity magnitude and is now expressed in the decay curves, the stagnation point
drifts downstream along the curved surface for increasing dashboard distance. At the same time the centerline
velocity progressively decays, leading to a weaker impingement, acceleration and peak velocity.

Similar to the windshield-attached states, decay rates in the wall-jet region reveal a clear dependence on
the upstream attachment process that is controlled here by the parameter L,. For large L, the extent of the
reattaching free-jet region together with the low-pressure pocket beneath the jet increase, so that more ambient
air is entrained, which is accompanied by more significant decay and growth rates [81]. This aligns with the
more energetic outer layers in the TKE contours for these cases in Fig. 9b. Enhanced turbulent mixing results
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Fig. 9: Normalized time-averaged velocity magnitude (a) and turbulent kinetic energy (b) contours for
dashboard-attached states in mono- and bistable configurations. == Outer half-width. == Primary jet centerline.

in a more rapid growth of the outer shear layer, which in turn causes a faster centerline velocity decay, as
the jet momentum is redistributed over a wider cross-stream extent. To support this view, outer half-width
growth rates in the wall-jet region are determined. Analogous to the decay rates, growth rates x are expressed
as exponents of power-law regressions to the wall-jet half-width variations shown in Fig. 11:

o X

() )
Ld,eff Ld,eff
A reference slope corresponding to the linear growth predicted by classical asymptotic theory for plane free
jets and wall jets is included. Data is included in the curve fit beginning from the onset of approximate self-
similarity of the outer-scaled mean velocity profiles (cf. Appendix C) with Reynolds stresses as a complementary
measure. The jet sustains approximate linear growth in the pre-attachment and impingement region up to
M Lae /= 9 for all cases. Afterwards, sublinear outer-layer spread is seen in the wall jet. In alignment with
the previous observations, growth rates in this region become progressively faster with increasing dashboard
distance. An overview of the determined decay and growth rates for dashboard attachment is given in Table
6. Stronger decay and growth, together with enhanced entrainment [82], reduce jet throw, thereby weakening
the Coanda effect, which is in accordance with the increased probability for early detachment with increased
L, and 8 mentioned in Sec. 3.1.

Half-width variations for the inner and outer shear layers of windshield-attached flow are provided in

Appendix D. It is interesting to note that in the pre-attachment region (ranging from 7/L, . ~ 8 for Ly = 0 mm
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Fig. 10: (a) Normalized maximum velocity variation along the streamwise direction for the windshield-attached
states with low primary duct angle shown in Fig. 8. (b) Dashboard-attached states (cf. Fig. 9). Data from
Yoon et al. [77] of a plane wall jet (PWJ) and wall-attaching offset jet (WAOJ) is included for reference. (c)
and (d) Windshield-attached states with increased primary duct angle (cf. Figs. Bla and Blb, respectively).

Table 6: Exponents of the
power-law regression to the
centerline velocity decay ¢
and outer half-width
growth x for
dashboard-attached states
shown in Fig. 9.

Lg;in mm ¢ X
0 -0.26  0.32
14 -0.30 0.43
18 -0.33  0.54
24 -0.29 0.65
28 -0.31 0.68
30 -0.35 0.68
40 -0.38 0.61

t0 MLy &~ 15 for Ly = 14mm), outer growth rates decline with increasing dashboard distance, whereas the
inner shear layers grow at similar sublinear rates irrespective of L or the primary duct angle 5. An explanation
for this behavior is the constraining effect of windshield proximity, which limits the shear layer development
and attenuates its downstream growth. Growth rates in the outer half-width of the wall jet have not been
determined under windshield-attached conditions because too few data points were available for regression,
owing to the oblique jet exit angle relative to the boundaries of ROI 2.
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3.3 Statistical Analysis of Bistable State-Switching

Proper orthogonal decomposition (POD) was applied to the instantaneous PIV velocity fields to extract the
modes associated with bistable state switching. Following the classical POD framework [83], the fluctuating
velocity field, U'(x,t) = U(z,t) — (U(x)), is represented as a finite sum of orthonormal spatial modes and
corresponding temporal coefficients,

U/(mat) = Zak(t) ¢k(m)7 (7)
k

where ¢, (z) denotes the k" spatial mode and ay(#) its temporal coefficient. The modes are ordered according
to their kinetic energy content, so that the leading modes describe the dominant large-scale flow features.
Since in PIV applications the number of spatial degrees of freedom is typically much larger than the number
of snapshots, the snapshot POD method of Sirovich [84] is commonly employed. In this approach, an N x N
temporal correlation matrix C is formed from the ensemble of IV fluctuating snapshots, with entries Cj; =
Y~ (U'(x,t;),U'(,t;)), where C;; measures the inner-product (denoted by (,-)) correlation between the
snapshots at times ¢; and ¢;. The eigenvalue problem CvF) = X\, v is then solved, where \j is the k*®
eigenvalue and v®) is the corresponding eigenvector that provides the weights for reconstruction of the k™
POD mode from the snapshot ensemble. The associated temporal coefficients are obtained by projecting the
fluctuating velocity fieldsonto the POD basis. In the present study, these temporal coefficients are used for the
statistical characterization of bistable state switching.

Figure 12 summarizes the results of the statistical analysis applied to two ssw states at different duct angle
and dashboard distance, respectively. Recall that these switching states are encountered at the boundaries
of the monostable parameter range in Fig. 5a. Figure 12(a;) shows the temporal coefficient a} of the POD
switching mode normalized by its respective RMS value for a duct angle of 8 = 45.0° and dashboard position
of Ly = 32mm, plotted against dimensionless time 7 = ¢/T. On the right, the associated probability density
function (PDF) is depicted. The average dwell time is defined as T' = 1/~ Ziv A;, where A; denote individual
residence intervals. A moving-average filter with a window size of 10 samples was applied to the time series and
a threshold band of'30% of the minimum and maximum values was chosen to count single switching events.
A clear bimodal separation is visible in the coefficient variation and PDF with a change of sign between state
transitions, providing a suitable switching indicator. As an additional verification that the analysis captures
the relevant switching dynamics and is not polluted by intra-state fluctuations, the eigenvalue spectra were
compared to those of neighboring single-state configurations (not shown). In the quasi-steady cases, the leading
mode contains only about 3-8% of the total fluctuation energy (depending on whether windshield or dashboard-
attached flow is considered) and the energetic content is distributed over a large number of modes. In contrast,
during bistable switching the energy of the leading mode increases to about 50%, which indicates that the
dominant contribution stems from the global relocation of the jet between the two states.

For this parameter set, the jet alternates between complete windshield and dashboard attachment. Visual
comparison with the instantaneous PIV snapshots in Fig. 12(a4) links negative and positive coefficient values
with the former and latter state, respectively. From the dwell times and PDF an asymmetry between both states
is noticed that is also expressed within the time coefficient amplitudes. Since POD measures the distance from
the global mean flow, the coeflicient is biased towards the more frequently encountered windshield-attached
flow.
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The state switching appears to be random, with no distinct peaks identifiable in the power spectral density
(PSD) estimate in Fig. 12(ag). The PSD was calculated using Welch’s method [85], as implemented in MAT-
LAB’s pwelch function, with the signal divided into two segments of 50% overlap and a rectangular window
applied to each segment. The resemblance of the time coefficient variation to a random telegraph signal (RTS,
black curve in Fig 12(a;)) is reflected in the PSD in the form of a so-called Lorentzian spectrum. This char-
acteristic shape is defined by a low-frequency plateau and a subsequent decay with a —2 slope at moderate to
high frequencies. Figure 12(as) shows the associated dwell time survival function P(7). This histogram repre-
sents the probability for individual dwell time intervals A,;, i.e. the times between state-switching events, to be
longer than time 7. Despite the few captured transitions, the correspondence with the exponential distribution
e~ 7 suggests a memoryless Poissonian process [86]. This means that the probability for a switching event to
occur at any given moment is independent of the time already spend in the current state, which is consistent
with random, noise-driven transitions [16].

An increased number of state transitions was found for a parameter set of 8 = 55.9° and L; = 20 mm,
with the average dwell time decreasing to 7' = 5s compared to 7' = 21.68s in the previous case. For this
configuration the jet changes between partial and full dashboard attachment. The more symmetrical PDF in
Fig. 12(b;) indicates that bias towards any state in unsteady configurations is sensitive to the precise parameter
values. The state-switching regime likely occupies a finite band in parameter space, with small variations
shifting the relative residence probability of both states. As the switching rate increases, the agreement with
the exponential distribution in Fig. 12(bs) improves significantly, thereby reinforcing the arguments presented
earlier. The slight deviation in the high-frequency slope of the PSD from —2 can be explained by the finite
transition time between states, compared to a theoretical RTS that does not experience inertia and relaxation.

In Fig. 12(a; ), an asymmetry is seen in the transition times between states, with the windshield-to-dashboard
transition occurring rather rapidly compared to its counterpart. Figure 13 displays the switching mode together
with the secondary mode extracted from the POD. This mode is interpreted as a measure for the relaxation
dynamics within each state and is therefore referred to as the relaxation mode. The time coefficients in Fig. 13a
reveal that the relaxation mode remains nearly inactive during the windshield phase, peaks during switching
and enters an active phase during dashboard attachment. This pattern suggests a more stable attachment to
the windshield with random bursts of dashboard attachment in between. The spatial structure of the relaxation
mode in Fig. 13b shows that it extends over the region right above the dashboard, which indicates a gradual
separation of the jet until transition towards the windshield.

4 Conclusions and Outlook

A generic, parameterized pseudo-2D defrost test rig was presented to investigate the occurrence of flow attach-
ment associated with the Coanda effect in automotive windshield defrosting under conditions representative of
passenger vehicles. Through systematic variation of the defrost duct angle and the distance between the duct
exit and a simplified dashboard, parameter ranges associated with distinct jet-attachment regimes were iden-
tified, enabling the construction of a qualitative state map. Within this map, both quasi-steady configurations
and unsteady configurations exhibiting stochastic switching between dashboard- and windshield-attached flow
were observed. For low-to-moderate duct angles and moderate dashboard distances, a finite parameter range
was identified in which only fully dashboard-attached flow was encountered. Furthermore, the experiments
demonstrate that attachment to the windshield or the dashboard may persist for identical operating conditions
over extended periods of time. Hence, bistability is confirmed as a physically relevant feature of automotive
defroster flows.

A combination of pressure measurements on the windshield surface and particle image velocimetry provide
a consistent physical characterization of the flow field. For windshield-attached flow at shallow duct angles,
the measured pressure distributions display the characteristic signature of Coandi-dominated wall-attaching
jets, including sub-atmospheric pressure upstream of attachment, a pronounced minimum and peak pressure in
the stagnation region and subsequent pressure recovery in the wall-jet region. With increasing duct angle, the
pressure field transitions toward a more impingement-dominated behavior. In all cases, the dashboard position
was found to modify the pressure distribution substantially, shifting the location and magnitude of the pressure
extrema and thereby altering the effective jet inclination and impingement strength at the windshield. Because
the local Nusselt number distribution is reflected in the surface-pressure distribution, these effects are directly
relevant to the windshield defrosting performance.

The mean velocity and turbulent kinetic energy fields confirm that dashboard proximity modifies the pre-
attachment development of the jet and the subsequent wall-jet evolution in the near-field, thereby directly
affecting the quality of windshield coverage. For windshield-attached flow, the centerline velocity decay
depended on the dashboard position, with a deflection of the jet away from or towards the windshield being
associated with a noticeably slower or faster decay, respectively. For dashboard-attached flow, the centerline
velocity generally decayed more rapidly with increasing dashboard distance, while the outer half-width exhibited
a stronger downstream growth, indicating enhanced jet spreading along the dashboard.
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Fig. 13: (a) Normalized temporal coefficients of the first two dominant POD modes of random state-switching
with § = 45° and Ly = 32mm (1: switching mode, 2: relaxation mode).(b) Corresponding eigenfunctions.

Proper orthogonal decomposition of the instantaneous PIV snapshots was used to extract the dominant
switching dynamics in the unsteady parameter configurations. The leading mode captures the global relocation
of the jet associated with transitions between dashboard- and windshield-attached flow, while the corresponding
temporal coeflicients reveal the stochastic nature of the switching events. The statistical analysis indicates that
the switching process is consistent with approximately Poissonian behavior, supporting the interpretation of
the observed dynamics as random transitions between coexisting attractors.

From an engineering standpoint, the results underline that the dashboard cannot be treated as a secondary
detail in defroster design. In this respect, the present study provides a controlled experimental benchmark for
future CFD validation, including a simplified yet representative geometry, well-defined inflow conditions and
documented flow regimes. Potential for future investigations is seen in the influence of other key design factors,
such as the dashboard geometry, windshield inclination angle and flow rate of the secondary jet. Furthermore,
it remains to be determined whether the bistable jet attachment is coupled to the upstream flow development
within the defrost duct, since existing findings indicate that such an interaction may be physically relevant.

The potential for bistable flow attachment has direct implications for the assessment of the predictive
qualities of simulation methods used in the development process of modern defrosting systems. A detailed
numerical study of the presented setup is therefore planned.
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A Flow Field Topology of Dashboard-Attached States
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Fig. A1l: (a) Mean velocity component (u) with § = 45.0° and Ly = 24 mm, averaged over 100 PIV samples
indicating the existence of a large-scale vortical structure downstream of the dashboard in case of state db-A,
resulting in an area wide redistribution of tracers within the measurement plane. (b) Schematic depiction of the
global flow topology and detailed view of local streamline distribution in the lower region of the windshield. B:
Backflow, D: Downwash, E: Entrainment, S; | So: Stagnation point, S3: Saddle point, U: Upwash. (c) Contours
of the second invariant of the anisotropy tensor near the windshield base.

25



Examination of the seeding particle distribution during the experiments provided an initial indication of the
occurrence of two distinct dashboard states within the region of spontaneous dashboard attachment in the state
map (cf. ba), referred to as monostable region. Figure Ala depicts this situation exemplarily for Ly = 24 mm
and 8 = 45°. For db-B, the intermittent jet boundary contrasts sharply against the tracer-poor background,
which is not the case for db-A due to the widespread redistribution of DEHS particles. Since the laboratory
ventilation system counteracts the continuous accumulation of DEHS in the room and the particle image may
vary randomly between the two states, the particles can only originate from the jet itself. In case of db-A,
contours of the time-averaged streamwise velocity component reveal the existence of a stagnation point (S1)
on the windshield surface, where the backflow diverges and is partially deflected in the positive z-direction.
This stagnation point is caused by an upwash zone (U), noticeable just within the bounds of ROI 1. Contrary
to this, no such features are present for db-B and the backflow (B) is oriented approximately parallel to the
windshield (as evident from the vector directions). Such a flow topology is likely produced by a large-scale
vortical structure located downstream of the ROI chosen for our experiments (cf. Alb) , the exact structure
of which can therefore only be hypothesized. The recirculated air separates from the windshield surface (D),
thereby leading to the formation of (U) and (S;) as air is flowing in to balance the corresponding low pressure.
Part of the flow diverging from (S;) in negative a-direction is then entrained again into the jet. In contrast,
the backflow for db-B originates from ambient air beyond the windshield and therefore exhibits a significantly
lower particle density. The Coanda jet is not redirected and leaves the visible area without coming into contact
with the windshield.

A second separation zone is found from the PIV results in the area near the windshield base, as indicated
by the streamlines in Fig. Alb. Where the backflow collides with the secondary jet, a saddle point (S3) is
formed at the outermost point of the separation zone, which in the case of db-B encloses a pair of counter-
rotating vortices, accompanied by the development of another stagnation point (Ss). For db-A, this zone is less
pronounced, so that (S3) is shifted closer to the windshield and no stagnation point is present including only
a single identifiable vortex.

The more distinct recirculation zone is associated with earlier separation of a less energetic backflow from the
surface of the windshield in the case of state db-B. This observation together with the pronounced stagnation
point (S2) suggests an increased pressure in that region compared to db-A and therefore a stronger negative
pressure gradient from the windshield toward the dashboard, which is‘more capable of sustaining the Coanda
effect across parameter changes that lie outside of the monostable region. Figure Alc shows contours of the
second invariant of the anisotropy tensor, defined as:

(ujuj) 1

Here, u; denotes the fluctuating velocity component along direction ¢, b;; is the deviatoric part of the Reynolds-
stress tensor normalized with the turbulent kinetic energy k and d;; is the Kronecker delta. The quantity
IIgD provides a-measure of the magnitude of anisotropic turbulent stresses irrespective of coordinate-frame
orientation and is used here to emphasize differences in the local flow topology near the windshield base area
between db-A and db-B. It is evident that the structure of the dashboard-attached flow in the case of parameter
configurations outside the monostable range (L, = Omm and L, = 40 mm) corresponds to that of the state
defined as db-B. Besides the clearly recognizable separation zone of db-B, a local increase in turbulent shear
intensity is noticed above the merging point of the primary and secondary jets in case of db-A. With the saddle
point (S3) shifted upwards compared to db-B, the more pronounced parallel alignment of the secondary jet
and stronger backflow cause the turbulent momentum transport to become increasingly directional. Outside
of the monostable region, this pattern has not been found, which coincides with the observation that db-A is
unstable for these parameter configurations, as described in Sec. 3.1.

Although two-dimensionality of the flow field was assessed by spanwise displacement of the laser sheet
during the experimental investigations in this study (cf. supp. Sec. 3), a definitive statement about the global
three-dimensional structure of the flow at any given time during the occurrence of the two dashboard states
is beyond the capabilities of 2D2C PIV. This makes it impossible to unambiguously determine the underlying
cause of the observed behavior. Nevertheless, we would like to outline a possible scenario at this point.

We assume that the flow essentially remains attached to the dashboard across the entire span for db-B, but
becomes three-dimensional for db-A, with part of the jet being attached to the dashboard near mid-span, but
regions of windshield attachment occurring closer to one or both side walls. In this case, reduced pressure in the
area enclosed by the primary jet and the windshield would cause air from nearby dashboard-attached flow to
be deflected towards the windshield and drawn into the low-pressure region, thereby leading to the saturation
with tracer particles within the ROI. As the partially windshield-attached flow may not be stable over time,
stochastic perturbations in the flow would trigger occasional attachment to the dashboard, in correspondence
with the random transitions between db-A and db-B. Indications of this might be reflected in the asymmetric
flow pattern found during the two-dimensionality assessment shown in Fig. 11b of the supplementary material,
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where the jet exhibits noticeably weak dashboard-attachment at the location z = —250 mm. However, since the
individual spanwise positions were examined in sequence, it is not possible to draw any conclusions regarding
the influence this has on the flow in the center plane.
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B Mean Velocity and Turbulent Kinetic Energy Contours for
B = 61.9° and B8 = 80.6°
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C Jet Cross-Stream Profiles of Mean Velocity and Second-Order
Turbulence Statistics
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Fig. C1: Normalized first- and second-order velocity field statistics in the outer layer of windshield-attached

states with 5 = 45°.
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Fig. C2: Normalized first- and second-order velocity field statistics in the outer layer of dashboard-attached
states with 8 = 45°.
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Fig. C3: Normalized first- and second-order velocity field statistics in the outer layer of windshield-attached
states with 5 = 61.9°.
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Fig. C4: Normalized first- and second-order velocity field statistics in the outer layer of windshield-attached
states with 5 = 80.6°.
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Outer and Inner Half-Width for Windshield-Attached States
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Fig. D1: (a) Normalized outer half-width of the windshield-attached states shown in Fig. 8. (b) and (c)
Increased primary duct angle (cf. Fig. Bla and Blb, respectively). (d)-(f) Inner half-width (free jet region)
(same cases as (a)-(c)). The curves are shifted for visibility by integer powers of 3/2 with respect to the lowest
curve.
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