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Control of the intensity of a bathtub vortex by acting
on the upstream flow
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Abstract — In a motor vehicle, the cowl box is a volume located at the bottom of the windshield. It collects
rainwater and drains it to provide clean dry air to the passenger compartment through the ventilation
system. When rainwater accumulates in the box, a bathtub vortex forms above the drain pipe. This vortex
sucks up air into the pipe and creates an air core that decreases the water drain rate in the pipe. This
increases the water level in the box and can cause a water overflow into the ventilation system. The behavior
of this bathtub vortex was experimentally studied using a simplified geometry representative of a real cowl
box. The inlet water flow rate was controlled and a capacitive probe measured the water level in the box.
The flow was studied using Particle Image Velocimetry to measure the velocity field around the vortex. The
flow pattern is described using these data. Due to geometry and inlet conditions, the upstream flow forces
the vortex counter-clockwise. It also shifts the vortex axis away from the drain axis. In this configuration,
the upstream flow is strongly asymmetric and feeds the vortex using less than half the width of the box.
Based on these observations, a device was tested in order to reduce the vortex intensity and consequently
the water level. Resulting velocity fields showed a better distribution of the upstream flow. The vortex
intensity decreased by up to 55% and the water level by up to 53%. While there was still a vortex with an
air core, the water level was therefore significantly reduced. These results are particularly interesting for
cowl box design: as this device can guarantee a lower water level, the cowl box depth can be reduced and

space can be saved.
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1 Introduction Nomenclature
This work focuses on the impact of the bathtub vortex D Drain hole diameter
phenomenon on the water flow inside the cowl box of a Fr  Froude number

motor vehicle. g Gravitational acceleration
In a motor vehicle, a cowl box is a volume located h Water level
at the bottom of the windshield (Fig. 1). It is designed H Average water level
to prov1d§ .clerfm fres.h air to the Heatlng, Vgntllatlon aqd Lo  Characteristic length
Air Conditioning unit (HVAC). It is also designed to avoid ! Box width
water ingestion into the HVAC unit, which can cause a .
. . . Qwi  Water inlet flow rate
variety of issues from passenger discomfort to the break- R R 1ds b
down of the HVAC unit. To achieve this goal under rain ¢ cynoids mumber
conditions, the cowl box has to collect the rainwater com- R Radius
ing from the windshield and drain it outside the car. The T Time
ventilation of the passenger cell is managed by the HVAC Uec  Characteristic velocity
unit which sucks up air in the cowl box. An airflow is U Radial velocity component
created and fresh air enters the cowl box through the top v Tangential velocity component
cowl grid (Fig. 1). The box is designed as a tranquilization V  Velocity vector

# Corresponding author:
azeddine.kourta@univ-orleans.fr

Article published by EDP Sciences


http://dx.doi.org/10.1051/meca/2015048
http://www.mechanics-industry.org
http://www.edpsciences.org

A. Kourta et al.: Mechanics & Industry 16, 605 (2015)

cowl top grid

Fig. 1. Sketch of cowl box.
(HVAC: Heating, Ventilation and Air Conditioning)

\

Fig. 2. Different regimes: (a) subcritical, (b) critical and
(c) supercritical regime.

chamber: the airflow coming from the top grid is slowed
down and the water contained in the airflow is collected
by gravity. The volume of water collected at the bottom
of the cowl box is drained outside the car by pipes in se-
cured areas to protect electronics or other water-sensitive
parts in the engine cell. The pipes are designed to guaran-
tee a drain rate greater than the rainwater inlet flow rate
to avoid an increase in the water level in the box. Due to
strong design constraints on other elements around the
cowl box, it is frequently difficult to use larger drain pipes.

As in a draining bathtub, a vortex appears above the
drain pipes in the cowl box. The presence of a bathtub
vortex can strongly damage the cowl box performance.

Stepanyants and Yeoh [1] defined three different vor-
tex flow regimes. Subcritical vortices correspond to small
dents on the free surface (Fig. 2a), less than the wa-
ter height. When the vortex tip reaches the drain hole,
the flow is in critical regime (Fig. 2b). The supercriti-
cal regime occurs when a strong vortex creates an air
core extending through the drain pipe (Fig. 2¢) (see also
Recoquillon [2]). In the cowl box, the vortex is in super-
critical regime (Fig. 3). Part of the pipe section is occu-
pied by the air core, reducing the effective section used
to drain water. This flow characteristic reduces the water
drain rate and increases the water level in the box. This
can lead, in the worst case, to overflow into the ventilation
system.

The bathtub vortex is a common phenomenon in
daily life, but it is still not totally understood. Andersen
et al. [3,4] described the specific flow structure inside the
vortex. This structure was also observed by Echavez and
McCann [5]. These studies, like most of the work on the
bathtub vortex, focused on the subcritical and critical
regimes. Only a few contributions, such as the ones by
Stepanyants and Yeoh [1] or Forbes and Hocking [6], dealt
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Fig. 3. Vortex above a drain pipe.

with the specific case of the supercritical vortex. In the
cowl box, this supercritical regime decreases the draining
capabilities of the box and therefore needs to be investi-
gated.

A bathtub vortex has a negative effect on the capacity
of the cowl box to exit the flow and hence increases the
level of the flow inside the geometry. In order to limit
the negative effects of the bathtub vortex, it is important
to modify the internal geometry of the cowl box. One
device that can improve the exhaust capacity of the cowl
box is an adapted grid placed upstream of the exhaust.
In the present study, two different grids were tested and
interesting results were obtained.

2 Experimental set-up

An actual cowl box has a complex geometry and is
awkward to access. To be able to study the bathtub vor-
tex, a simplified cowl box was designed.

2.1 Simplified cowl box geometry

For better optical access, the cowl box is represented
as a Plexiglas parallelepiped 1.24 m long, 0.24 m wide
and 0.24 m high, corresponding to a full scale box (Figs. 4
and 5). A plane corresponding to the windshield is placed
on the top side with an angle of 35°. At the bottom of
this plane, a cowl top grid collects water flowing down
from the plane and lets it run into the box. On the other
side of the box, the drain pipe is located at equidistance
of each side wall. It has a length of 0.1 m and its inner
diameter is D = 26 mm. The edge between the bottom of
the box and the pipe has a rounded shape with a radius
of 10 mm.

The cowl box is placed above a buffer tank that stores
water and collects the flow coming from the box. A pump
takes water from the tank and provides it to the box
through a device creating a water layer on the windshield.
A flowmeter placed on the pipe between the pump and
the windshield measures the water inlet flow rate Q.
The flowmeter is designed to measure a flow rate from

0.3 to 37.6 L min~! with an accuracy of £0.37 L.min~!.
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Fig. 5. Photo of the experimental setup.

To monitor the water level h in the cowl box, a ca-
pacitive probe is placed on a side wall. The probe can
measure a water level up to 0.1 m with an accuracy of
+2 x 1073 m. Both flow rate Qi and water level h are
recorded at a frequency of 10 Hz.

2.2 Particle image velocimetry (PIV)

In addition to monitoring the water level and inlet
flow rate, Particle Image Velocimetry (PIV) was used to
measure the velocity fields in the vortex area. The PIV
device contained two Nd-Yag lasers producing two pulses
delayed by 900 us with a wavelength of 532 nm. The cam-
era used here had a resolution of 2048 x 2048 px. 200 pairs
of images were recorded. Water flowing into the cowl box
was seeded by nylon particles with a mean diameter of
4 pm. Acquisition and post-processing were conducted
with Insight 3G software by TSI.

The configuration used here made it possible to mea-
sure the radial and tangential velocity components of the
vortex flow. Lasers were placed in front of the cowl box,
creating a horizontal laser sheet passing through the water
layer above the drain pipe (Fig. 6). Images were recorded
with a camera placed above the box. Due to the air/water
interface in the vortex core, the laser sheet is diffused.
Behind the air and the rear part of the vortex, a shadow

Fig. 6. Sketch of the PIV setup.

zone existed and there was not enough light to illuminate
particles. In this zone, errors of measurements were im-
portant. For this reason, only the front half part of the
velocity field was used for the analysis (upper part in the
figures).

These measurements were carried out in stationary
states. The testing procedure was as follows:

— t = 0 s: the box is empty. The pump is started and
water starts to flow into the box. The water level in-
creases. The water level and inlet water flow rate are
recorded.

— t &~ 200 s: the water level stabilizes.

— t =400 s: the water level is stable. PIV acquisition is
started.

Fluctuations in the size and position of the air core were
observed during the measurements. The amplitude of
these fluctuations was small compared to the size of the
air core. For each configuration tested, the 200 instant
velocity fields obtained by PIV were averaged. Only the
average velocity fields will be analyzed in this paper. The
average air core position can vary, depending on the flow
configuration. To facilitate comparison between the re-
sults of different configurations, the vortex frame was de-
fined as the reference frame: its origin is the vortex axis.

3 Results

In this paper, all the results presented were measured
at Qwi = 16 Lmin~'. The laser sheet was placed at 50%
of the average water level H.

3.1 Reference flow pattern

The bathtub vortex was previously studied experi-
mentally [7]. The results obtained provided a descrip-
tion of the bathtub vortex, the three velocity compo-
nent profiles, water height and the dimension of the air
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Table 1. Dimensionless parameters at Qwi = 16 Lomin~!.

Zone L. (mm) U Re Fr
Box H=1466 Quwi/(HI) 1100 0.035
Drain pipe D =26  4Q.;/(xD?) 13000
(a)
a4 O

HVAC

windshield

(b)

T
[Tl

X

Fig. 7. Flow pattern: (a) global flow pattern (top view), (b)
zoom on the drain hole area. The blue circle represents the
position of the air core.

core inside the vortex. The flow can be characterized by
two dimensionless parameters: Reynolds (Re) and Froude
(F'r) numbers. In fact, to respect kinematic and dynamic
similarity, two dimensionless numbers appear in the gov-
erning momentum equations in dimensionless form: one
in the viscous term and compares viscous to inertial
forces (Reynolds number), another one in the gravity term
and compares gravity to inertial forces (Froude number).
Models with the same geometry but different sizes and
with the same Reynolds and Froude numbers correspond
to the same fluid dynamic solution. These two numbers
are:

_Yele p,_ Yo (1)

R
¢ v gL,

These numbers are based on characteristic velocities and
lengths. Both numbers are computed in the box by us-
ing the average water level as the characteristic length.
In addition, the Reynolds number can be computed in
the drain pipe by using its diameter as the characteris-
tic length. The corresponding characteristic velocities are
reported in Table 1. Both velocities are computed by us-
ing the water inlet flow rate divided by the corresponding
surface. For the box this surface is equal to its length mul-
tiplied by the average water level. For the pipe it is based
on the diameter.

The dimensionless parameters in Table 1 show a lam-
inar flow in fluvial motion in the box. The flow becomes
turbulent in the drain pipe. These parameters were used
to compare the different configurations studied in this
paper.

The flow pattern is plotted in Figure 7, showing a top
view of the flow pattern and the drain hole area with the
position of the air core of the bathtub vortex.
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Fig. 8. Grids used in the cowl box: (a) Coarse grid 3 mm?,
(b) Fine grid 0.5 x 0.5 mm?.

The reference flow configuration has a pattern im-
posed by the water inlet condition: water flowing from
the plane passes through the cowl top grid and falls into
the box. It creates a flow toward the drain hole mostly
concentrated along the opposite side wall. This pattern
forces the vortex to flow counter-clockwise. In Figure 7b,
the upstream flow comes from the top right of the sketch.
It creates a shift in the vortex axis toward the bottom left
of the drain pipe axis.

Some vortices are subject to strong position fluctu-
ations. This effect, called “vortex meandering” [8], is a
major difficulty for experimental measurements. Here the
vortex shows only small amplitude fluctuations compared
to the shift of its axis. The average shift is 1 mm on the
x axis and 3 mm on the y axis. As the vortex frame is
used as a reference, this shift has no effect on the data
analysis.

These results show the characteristic pattern of the
reference flow. The upstream flow is asymmetric and has
a strong influence on the vortex flow since it imposes the
position and direction of rotation of the vortex.

3.2 Grid controlling the upstream flow

To improve the capacity of the cowl box to evacuate
the water and hence not exceed the safety limit, we de-
cided to add a grid upstream of the exhaust hole. The
function of the grid is to better homogenize the upstream
flow and delay the air core of the bathtub vortex. Two dif-
ferent grids, a coarse and a fine one, were tested (Fig. 8).
The coarse grid with cells of 3 x 3 mm? was in a metal and
the fine grid with cells of 0.5 x 0.5 mm? was in scourer
(sponge) and was 6 mm thick. Both grids have the same
length equal to the width of the box and a height of
50 mm. The height of the grid had to be at the least
50 mm. In this case, its upper side was higher than the
interface between water and air in all cases and hence did
not affect the water.

By using a coarse grid, a 1 mm difference in the water
level between upstream and downstream was observed.
This difference was 10 mm with the fine grid.
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Fig. 9. Parametric study of the grid position.

L |
50 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
a
40+
E
E
T 30| ff e T e T
20 Hp K AT
Without grid
: : 2~ Grid at 620mm
L T S s 370mm
| ‘ — 120mm
] ‘ 60mm
0 ‘ i : :
0 200 400 600 800
t(s)
Fig. 10. Water level in the cowl box for different grid
positions.

Considering the velocity as having a uniform dis-
tribution (computed by using the flow rate) and using
the Bernoulli equation, the pressure loss obtained was
AP = 9.8 Pa for the coarse grid and AP = 97 Pa for
the fine one.

3.3 Parametric study of the grid position

To determine the optimal position upstream of the
pipe, four different positions of the grid were tested
(Fig. 9). Figure 10 gives the water level obtained for the
four cases. The water level decreased with the upstream
position up to 120 mm. Beyond this position the level did
not change. The most efficient position, therefore, was
when the grid was placed 120 mm from the drain pipe.
This position of the grid corresponds to the case for which
the drain pipe is at the center of the square cavity de-
limited by the three box walls and the added grid. The
reference length to be used for similarity criteria seems to
be the width of the cowl box (I = 240 mm in the present
case). [ is also twice the distance between the drain pipe
axis and the wall box behind the hole.

To study the performance of the coarse and fine grids,
the grid was positioned upstream of the hole, 120 mm
from its axis (Fig. 11).

Figure 12 shows the water level in the case without
the grid and in the two cases with each grid. In each case
three measurements were made. For each configuration,

=q
24- e

240 mm

Fig. 11. Grid position used to compare the two grids.

0 260 460 660 860
t(s)

Fig. 12. Water level versus time : (a) without grid, (b) with
coarse grid, (c) with fine grid.

Table 2. Froude number with and without grid at Qwi =
16 Lmin~".

Case H (mm) Fr
Reference 46.6 0.035
Coarse grid 34.6 0.055
Fine grid 21.9 0.109

the water level was computed by averaging the three mea-
surements in the range 200 < t < 880 s. The values ob-
tained were 46.6 mm in the reference case, 34.6 mm with
the coarse grid and 21.9 mm with the fine grid. They cor-
respond to a decrease in the water level of 25.7% for the
former and 53% for the latter. The use of the grid had a
beneficial effect as it decreased the water level in the cowl
box.

The results presented here were all obtained for the
same inlet water flow rate Qv = 16 L min—!. As flows were
in stationary state, the drain rate equaled the inlet water
flow rate, leading to the same Reynolds numbers for the
3 cases. Due to the decrease in the water level, the Froude
number in the box increased with the grid. However, the
results in Table 2 show that the flow remained in fluvial
motion for the 3 cases.
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Fig. 13. Velocity magnitude and stream lines: (a) without
grid, (b) coarse grid, (c) fine grid.

605-page 6

u(m/s)

1
e
wn

0.2
0.25 |- :
- 1 without grid |
0.8 Feaaamnuainanads With coarse grid ,,,,,,,,,,,,,, :
o : : With fine grid 10.02m/s
o 5 5| o pepn [wig pils wo J poow fog 5
4 20 40 60 80 100 120
X (mm)
L L T
- (b)
0.3 .
0.25
0.2
2 015 -
E }
> 01p
0.05 |-
0 - :.. 5 . e
o | =——=— Without grid
0.05 & ; Coarse grid
-~k 1 i Fine grid +0.02m/s
_01 L L L L i Il L L . L L L . L L L i L L L i L L L I
) 20 40 60 80 100 120
X (mm)

Fig. 14. Velocity profiles: (a) radial component u, (b) tan-
gential component v.

The use of the grid significantly decreased the water
level. In order to characterize the grid effect, it is impor-
tant to analyze the flow. For the same water level, the
flow pattern was analyzed by using PIV. These measure-
ments provide flow visualizations and velocity profiles.
In Figure 13 the iso-surface of velocity magnitude and
streamlines for the three cases are plotted. In case (a),
without the grid, there were as many upstream as down-
stream streamlines (though in opposite directions). With
the coarse grid, the upstream flow tended to become par-
allel and to flow over the drain hole. On the bottom part
of the box with respect to the hole, the reverse flow was
blocked by the upstream flow. This distribution led to a
concentration of the velocities around the vortex, whereas
on the periphery of the vortex, the velocities were weaker.

With a fine grid that induces a greater pressure loss,
the upstream flow was more uniform and was distributed
across the whole width of the box. The flow was strongly
opposed to the reverse flow, thus concentrating the max-
imum velocities around the air core.
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Fig. 15. Circulation I" with and without grid (m?.s™').

Figure 14 shows the velocity component profiles. For
the radial component, it can be seen that with the fine
grid, little change was obtained. With the coarse grid a
substantial change can be observed. The maximum in-
creased with the grid and moved toward the axis. For the
tangential component, the grid effect can be clearly ob-
served. With the grid the tangential velocity component
decreased and then moved toward the vortex axis.

To evaluate the intensity of the vortex, the circulation
I' can be computed by integrating the velocity over a
closed contour C:

r:fvnz (2)

‘_/') is the velocity vector.

As PIV provides two-dimensional velocity fields, it is
possible to compute I over a circle of radius r concentric
with the vortex:

F:/ud@+/vd@ (3)

—-Tr —-r

Circulation was computed for a range of circles with
12 mm < r < 120 mm. The circulation increased with r
and tended to a constant value for 60 mm < r < 100 mm.
For > 100 mm, it decreased due to the boundary effect.
The maximum value of the circulation, reached in the
range 60 mm < r < 100 mm, is presented in Figure 15 for
the three cases. The circulation decreased with the grid
and this decrease was greater with the fine grid than with
the coarse one.

4 Conclusions

In this work the cowl box water level and its connec-
tion with the bathtub vortex were studied. To optimize
the cowl box water exhaust, a control was applied to de-
crease the air core of the vortex by adding a grid inside the
box. Two grids were tested. Experimental measurements
show that both grids significantly improved the cowl box
water exhaust. The optimal grid position corresponded
to 120 mm from the drain pipe axis. With the fine grid
this improvement was better than with the coarse grid.
In this case, the water level decreased by up 53%. At the
same time the intensity of the bathtub vortex and the di-
ameter of the air in its core decreased strongly (by more
than 50%). For this control system, a patent application
(FR2985689) has been filed. The solution to use grid in-
side the cowl box is retained by Renault to be probably
used in the future cars.
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