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ABSTRACT

An experimental study conducted in a wind tunnel on the mixing of moist air by a scaled wind turbine is presented. The experimental setup
allows us to generate stable stratification conditions with respect to relative humidity and temperature in a closed-loop wind tunnel. The flow
and its thermodynamic properties were characterized using a Cobra probe (a multi-hole pitot tube) and a sensor of local temperature and rel-
ative humidity, both used simultaneously to obtain vertical profiles. The flow and its stratification were measured downstream of a scaled
rotor at two different streamwise distances (1 and 10 rotor diameters) and two Reynolds numbers based on the diameter of the wind turbine
rotor (22 000 and 44 000, respectively). This was then compared to the inflow conditions. The wake mean structure and the humidity and
temperature stratifications of the flow are found to be affected by the presence of the rotor. In particular, the stratification was always smaller
one diameter downstream from the model (when compared to the empty test section case), and then was mostly recovered in the far wake
(10 diameters downstream). This effect depended not only on the streamwise distance, but also on the Reynolds number of the flow. Finally,
the bulk Richardson number Rb was found to be an appropriate parameter to quantify this effect.

I. INTRODUCTION

Over the last few years, wind energy research has experienced an
exponential growth worldwide. Consequently, it is an extremely active
research field that involves specialists from many different domains. In
particular, the study of the flow downstream of one (or several) tur-
bines has captured the attention of the turbulence community as it is a
complex problem that involves turbulent wakes, interactions between
them and their coupling with the background turbulent flow.
Measurements and numerical simulations have shown that the wake
of wind turbines has an impact on the spatial development of the
incoming flow as turbulent wakes enhance vertical mixing of momen-
tum, heat, and moisture. Given the complexity of the flow, many
numerical studies are performed using large eddy simulations,1–3

although it is still possible to model this flow via Reynolds-Averaged-
Navier-Stokes models.4 Field measurements require advanced experi-
mental techniques that allow us to quantify the wake properties for

both neutral and stratified conditions. For instance, some studies have
been performed with unmanned aerial systems,5 LIDARs6,7 and a
combination of power and meteorological measurements.8

In this context, climate change has also made spring freezes more
usual, affecting crops worldwide, particularly vineyards and orchards.
As expected, crops are strongly influenced by the climate and air prop-
erties.9,10 During these events, the moist air becomes strongly stratified
in humidity and temperature, generating at the surface thermody-
namic conditions that will eventually freeze and damage the crops. It
is therefore relevant for all these applications to have a better under-
stating of these stratified flows.

Previous experimental studies have shown that turbines are effi-
cient for mixing moisture, but only on field conditions. In these works,
measuring conditions are challenging and therefore there is a limited
capability of acquiring data. For instance, the freestream background
flow is heavily turbulent and unsteady. Studies on controlled wind
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tunnel conditions are therefore useful, as they open the possibility of
isolating the contributions of different parameters, such as the free-
stream flow velocity and the role of the stratification, to name a few.
Nevertheless, the study of these flows in wind tunnel conditions is
extremely difficult. The main challenge is to achieve a stable humidity
stratification while keeping a laminar incoming flow. On the one
hand, humidity injection may add momentum to the flow, therefore
producing a turbulent incoming flow. On the other hand, it is not evi-
dent how to generate a stable humidity stratification, as it will eventu-
ally saturate the air on the whole section. Performing scaled
experiments on wind turbines and wind plants has been done to
address fundamental questions around their interaction with the flow,
power output maximization and/or controlling of the wakes to name a
few, while some have touched on the subject of stratification.11–22 In
these experiments, velocity and/or power measurements are usually
the quantities of interest.

This study will focus on the technological means implemented to
mitigate frost. We will study the interaction of a stratified inflow with
the turbulent wake from a scaled wind turbine inside a wind tunnel.
The incoming flow studied is a laminar flow with a stably stratified
profile of humidity. While applications usually happen in situations
with turbulent incoming flows, to generate such a flow with stratifica-
tion in a wind tunnel is much more difficult than in the laminar case.
In the wind tunnel, small turbulence intensities (below 2%) can be
reached far downstream a turbulence generator (grids, jets, wakes,…),
but they all have a production range where intensities are very large
and would thus break the stratification. Nevertheless, a laminar
incoming flow presents some advantages: it allows us to isolate the
coupling between the turbulent wake and the stratified incoming
flows. The objective of the present work is then to quantify how the
rotor enhances the mixing of the moist air, and if it eventually can, on
some streamwise range, break the stratification and therefore avoid
freezing. This strategy has the advantage that would allow the pro-
ducers to avoid freezing while producing energy from a clean source.

In this work, an innovative experimental setup is proposed,
where humidifiers are located on the convergence section of a low-
turbulence closed-loop wind tunnel that is operated continuously.
This allows us to generate a stably stratified humidity profile while

keeping the flow laminar. A scaled rotor is then installed and local
measurements of humidity, temperature, and velocity are performed
at different vertical profiles for different streamwise locations. The
presence of a humidity stratification is found to modify the structure
of the turbulent wake. Furthermore, the turbine significantly enhances
mixing in the near wake. This study therefore shows the viability of
the study of mixing of different stratified scalars under controlled
wind tunnel conditions.

II. EXPERIMENTAL SETUP

Experiments were conducted in the Lespinard wind tunnel at
Laboratoire des �Ecoulements G�eophysiques et Industriels (LEGI),
Universit�e Grenoble Alpes (Grenoble, France). This closed-loop
tunnel has a 4m long test section, with cross-sectional dimensions of
0.75m� 0.75 m. Upstream of the test section, there is a convergence
section. This last section is also squared, with a surface contraction
coefficient of 12. The resulting dimensions of the whole equipment are
16.03 m in length, 5.05 m in height, and 2.60 m in width. For all the
operating conditions studied here, the turbulence intensity of the flow
(without any model added) stays below 0.2%.

Three humidifiers are placed upstream the convergence section
to generate moisture (see Fig. 1). They are commercial humidifiers
Taotronics TT-AH001 operated at a flow rate of 300ml/h using tap
water. The humidifiers have a capacity of 4 l each and can operate con-
tinuously for several hours. As they are located at the floor of the con-
vergence section and operated continuously, they generate a stable,
stratified, and stationary humidity layer. To achieve a stable stratifica-
tion, the wind tunnel is set to the required velocity with the humidi-
fiers activated at least 1 h before the measurements are taken to allow
for equilibrium within the loop. A part of the moist mass of air that
goes through the test section will already mix due to the turbulence on
the outer layer of the boundary layer (and the turbulent wake when
the model is present). As the wind tunnel is a vertical closed-loop, the
remaining moisture from the layer, due to its higher density and lower
velocity, will not be transported to the upper part of the tunnel. The
wind tunnel is nevertheless not isolated from the room (it has some
holes and exchangers outside the test section), and therefore the prop-
erties of the stratified flow depend on the room conditions, when

FIG. 1. Schematic of the experimental setup (not at scale). Three humidifiers (aligned on the z direction) are placed on the flow of the convergence section. Then, a Cobra
probe and a humidity/temperature sensor are place on a traverse system, also aligned in the z direction and at the same distance from the centerline of the rotor. A second
humidity/temperature sensor is located downstream, at the end of the test section (not shown in the figure).
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eventually a steady state is obtained. After we start the wind tunnel
with the humidifiers, the mass of air within the tunnel increases in rel-
ative humidity globally until equilibrium is achieved, and we did not
observe that the stratified layer increased over time, consistently with
these assumptions.

The model used for this work is a three-blade, horizontal axis tur-
bine. The setup is similar to a previous experiment performed on the
same facility.23 The rotor is based on the design of Odemark and
Fransson, employing a Blade Element Momentum scheme with
Glauert optimization.24,25 Rotor blade pitch is set at 6.5� to agree with
Odemark and Fransson and the rotor diameter was D¼ 12 cm. This
represents an experimental scaling of 0.001:1 compared to full-scale
turbines.26,27 The nacelle of the turbine is placed 50 cm downstream
the inlet of the test section (or 4.17D) at 18 cm (or 1.5D) height and at
the center on the spanwise direction. The mast used is a 1.27 cm
diameter circular cylinder.

Three-dimensional (3D) velocity time signals are recorded using
a Cobra probe manufactured by TFI,28 which is able to compute the
three fluctuating velocities ðu0; v0;w0Þ plus their mean (U, V, W) and
rms (u, v, w), where u actually corresponds to the standard deviation
of u0 values, with a temporal resolution of 1250 Hz. The acquisition
time is set to 60 s at the maximum sampling frequency. We remark
that the probe has a 4mm2 sensitive area, and therefore cannot resolve
the small scales of the turbulent flow.

Humidity is measured with a probe from Campbell Scientific,
Inc. (model CS215) at a sampling rate of 0.5Hz. It measures both
the relative humidity of the air (with a relative precision of 62%)
and its temperature (60:4 �C). Two of these humidity sensors are
placed in the wind tunnel: one at the same streamwise position as
the Cobra probe [that measures the relative humidity hi and abso-
lute temperature T(y)], as detailed below, and another one near the
floor (at constant height y ¼ 1:5 cm) at the outlet of the test sec-
tion (measuring in this case the relative humidity h0 and absolute
temperature T0 at that height). The second sensor can then be used
as a reference of humidity and temperature far downstream of the
wake. The position corresponds to more than 30 diameters down-
stream of the rotor.

Vertical profiles are measured at x=D ¼ 1 and x=D ¼ 10, with x
the distance between the probe and the end of the rotor. Two different
incoming velocities are tested: U1 ¼ 2:7 and 5:5m=s, that corre-
spond to Reynolds numbers, based on the diameter of the rotor, ReD,
of 22 000 and 44 000, respectively. For each U1 and x-position, a verti-
cal profile is performed between y ¼ 1 cm and y ¼ 44:6 cm that com-
prised at least 14 and up to 22 points. The spacing is not uniform, so a
better resolution could be obtained near the floor of the wind tunnel
and the centerline of the rotor. The Cobra probe and the humidity
sensor are used simultaneously during each profile. They are both
placed at the same vertical position y, symmetrically placed off-center
at 5 cm each (or D¼ 0.42). Table I shows relevant parameters for the
two Reynolds numbers explored. The accuracy of velocity measure-
ments is of 0.2 m/s and of 2 and 5mm for the y and x positions,
respectively. Considering the time required to activate the humidifiers
that required to physically access the convergent section and achieving
a stable and steady stratification, two profiles per day are measured on
average. Significant variations are not found in the averaged and rms
velocity profiles for the dry case when humidifiers are placed or not on
the convergence section [see Figs. 2(c) and 2(d)]. Nevertheless, this

could be caused by the moderate resolution from the Cobra on
velocity and our uncertainty in vertical displacements.

Figures 2(a) and 2(b) show the profiles of temperature and rela-
tive humidity with and without the humidifiers for the empty wind
tunnel. They were obtained at x¼ 1.20 m that corresponds to x=D
¼ 10 when the model is present. We can see to which extent the ther-
modynamic properties of air are constant when humidifiers are not
operated. When they are active, a humidity profile in y is observed
that also involves a variation in temperature. The first humidity and
temperature sensor, located upstream moves vertically with the cobra
probe, and hence the relative humidity hi and velocity time series are
registered at the same values of y. As detailed above, the second one is
located far downstream and not at the same streamwise position as
the other so it does not perturb the boundary layer nor the stratifica-
tion. It is placed at a constant height (y¼ 1.5 cm) and therefore can
also be used to quantify the steadiness of the stratification, as the values
of h0 and T0 should be constant at that location [Figs. 2(a) and 2(b)
show this is approximately verified]. To cater for variations of ambient
temperature and relative humidity between different days of the exper-
imental campaign, in the results section, the humidity stratification via
the ratio hi=h0 is quantified.

Figure 2 shows that the stratification remains significant up to
y � 25 cm, and therefore the bottom and top tip from the rotor lay
within it. It also expands far beyond the boundary layer, that has a thick-
ness of around 5 cm, at x ¼ 10D, as shown in Figs. 2(c) and 2(d). It can
also be observed that both temperature and humidity are not linearly
stratified, but rather present a jump. While these conditions present
some differences from the atmospheric turbulent boundary layer, they
do represent other realistic flows, such as de katabatic boundary layer.29

We also quantified the virtual temperature of the fluid that
accounts for changes in humidity following an isentropic process. It is
defined as

Tv ¼ Tð1þ 0:61rÞ; (1)

where r corresponds to r ¼ ee=ðP0 � eÞ and T to the absolute temper-
ature [as shown in Fig. 2(b)]. P0 is the absolute pressure in the wind
tunnel, e ¼ 0:622 is the ratio of gas constants for dry air to that for
water vapor, and e is the partial pressure of the vapor. It is defined as
e ¼ esHR=100, whereHR stands for the relative humidity, and is equal
to hi in our case. es is the saturation pressure, deduced via the
Clausius–Clapeyron equation,

es ¼ e0e
ðL=RvÞð1=T0�1=TÞ;

L is the latent heat of vaporization (L¼ 2500 kJ/kg for water),
e0 ¼ 611Pa is the saturation pressure at T0 ¼ 273:15K, and finally
Rv¼ 461 J kg�1K�1 is the ideal gas constant for water vapor.

TABLE I. Experimental parameters at x=D ¼ 10 for the empty test section and both
cases studied. ReD corresponds to the Reynolds number based on the disk diameter,
ReD ¼ U1D=� (with � the kinematic viscosity of air). The freestream velocity U1

was estimated from the highest point of the profile (around 45 cm) above the floor.
The freestream turbulence intensity u1=U1 was estimated at the same location.

Case ReD U1ðm=sÞ u1=U1

1 22 000 2.73 0.005 0

2 44 000 5.46 0.002 5
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Profiles of Tv without the rotor are shown in Fig. 2(b). We see
that the virtual temperature follows an opposite trend than the relative
humidity, but shows a similar stratification. In fact, the increasing
trend observed on Tv is due to the increase in absolute temperature
with height. The contribution of HR to the variation of Tv is around
20% the contribution of the temperature, and on the opposite direc-
tion (for the increasing value of y, humidity decreases while tempera-
ture increases, modifying Tv accordingly). In Sec. III, we will show this
parameter can be used to quantify the stratification.

To check that the profiles are stationary and in equilibrium (sta-
ble in time), Fig. 3 contains signals of the relative humidity as a func-
tion of time for both sensors at y¼ 44.6 cm (or y=D ¼ 3:72) and
7.5 cm (or y=D ¼ 0:63) at the highest Reynolds tested. All profiles are

relatively stationary in time, despite the presence or not of the humidity
stratification.

III RESULTS

Figure 4 contains results at the highest tested velocity,
ReD¼ 44 000. Figure 4(a) provides the vertical profiles of hi=ho,
the HR at the probe in the traverse with respect to the one placed
in the outlet of the section. Results are presented in this way as
the absolute values of the HR may change for measurements per-
formed on different days. In all cases, an evident stratification in
humidity and virtual temperature is observed [Fig. 4(b)]. We do
not report results at x=D ¼ 1 below 10 cm (y=D � 0:83) because
on that range the air was saturated in humidity and air condensed

FIG. 2. Vertical evolution of air relative humidity (RH) for different cases (a). Vertical evolution of the absolute (T) and virtual (Tv) temperatures for the same cases (b). Red
symbols correspond to the humidifiers activated (labelled as H in figure’s legend) and blue to when they are deactivated (respectively, NH). In both figures, circles correspond
to the measurements taken by the second humidity sensor (ho) placed at the exit of the test section and at fixed height of y¼ 1.5 cm. In all cases results correspond to
ReD¼ 44 000. h0 and T0 correspond to values takes by the probe at the outlet of the test section while hi and Ti to the one placed in the traverse system. Local velocity deficit
ðU1 � UÞ=U1 (c) and turbulence intensity u/U (d) for both values of ReD studied.
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on the probes. Therefore, within this range, a plateau was already
reached for hi=h0 and Tv, as both temperature and relative humid-
ity remain constant. At this ReD, the stratification is always pre-
sent when humidifiers are in operation. The stratification at
x=D ¼ 1 and x=D ¼ 10 is found to be qualitatively different when
compared to the empty test section.

Figure 4(c) shows the normalized velocity deficit ðU1 � UÞ=U1.
We can see the structure of the wake when the model is present,
and in all cases the presence of the boundary layer (it is remarked
that the measurements with no model have been done at the same
streamwise position that corresponds to x=D ¼ 10). Typical turbu-
lent near and far wake characteristics are observed for the

FIG. 3. Temporal evolution of the relative humidity for air without (a) and with (b) the humidifiers activated. Results correspond to ReD¼ 44 000.

FIG. 4. Results obtained at ReD¼ 44 000. Ratio of relative humidity hi=h0 (a), relative temperature Tr (b), local velocity deficit ðU1 � UÞ=U1 (c) and normalized Reynolds
stresses, turbulence intensity and kinetic energy [(d)–(f), respectively]. In all cases, solid lines correspond to the humidifiers deactivated and the dashed ones to the opposite
situation. Blue lines correspond to an empty test section (no model), and red and black to vertical profiles at x ¼ 1D and x ¼ 10D, respectively.
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Reynolds stresses [Fig. 4(d)] and the local turbulence intensity
[Fig. 4(e)]. As the Cobra probe also resolves the full velocity vector,
values for the full kinetic energy K0 ¼

1
2
ðu2 þ v2 þ w2Þ are

reported [Fig. 4(f)]. The measurements of the mean and rms veloc-
ity for the non-stratified case are consistent with those reported by
Smith et al.23 for tracer particles.

Interestingly, an effect in terms of the mean wake structure is also
found. Particularly at x=D ¼ 1, the turbulence intensity and normal-
ized kinetic energy are smaller when a humidity stratification is pre-
sent. For instance, at the centerline these parameters are 36% and 53%
smaller, respectively. Also, a smaller effect of 8% is observed for the
velocity deficit. Furthermore, this effect seems to disappear in the far
wake, at x=D ¼ 10. For the latter distance, some differences are also
appreciated, yet the interaction with the boundary layer developed at
the floor of the wind tunnel does not allow us to draw further
conclusions.

Figure 5 shows the same analysis but for the lower Reynolds
number of ReD¼ 22 000. A stratification in humidity and virtual tem-
perature remains. Nevertheless, in this case, the trends observed in the
shape of the mean wake are inverted, as the presence of humidity
seems to increase the velocity deficit, turbulence intensity and normal-
ized energy of the wake. While in Figs. 5 as well as Figs. 4(d)–4(f),
results normalized by the local mean velocity U are reported, when
normalizing with U1, the trends remain unchanged.

The stratification can be then quantified in terms of the virtual
temperature via the Br€unt–V€ais€ala frequency,30 defined as

Nref ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g

T0

@TvðyÞ

@y

s

; (2)

with g being the acceleration of gravity. Table II shows the values of
Nref for all conditions studied. It is confirmed that the flow has a strong

FIG. 5. Same as Fig. 4, but for results obtained at ReD¼ 22 000.

TABLE II. Br€unt-V€ais€ala frequency and bulk Richardson numbers estimated for all cases studied. The virtual temperature variation between y ¼ 3D and y¼ 0 is also shown for
reference.

Case ReD Rotor (yes/no) x/D Nref ðHzÞ Tvðy ¼ 3DÞ � Tvðy ¼ 0Þ(K) Rb

1 22 000 No 10 0.43 1.89 2.4 �104

2 22 000 Yes 1 0.30 0.90 0.044

3 22 000 Yes 10 0.40 1.60 0.096

4 44 000 No 10 0.40 1.61 1.5 �104

5 44 000 Yes 1 0.30 0.90 0.002 1

6 44 000 Yes 10 0.39 1.51 0.002 7
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stratification, with a value of Nref � 0:4Hz for an empty test section
and subsequently the rotor mixes efficiently the moisture at x=D ¼ 1.
At x=D ¼ 10, the effect is much smaller, vanishing at the largest
Reynolds studied.

The stratification is quantified via the Bulk Richardson number.
It is defined as31

Rb ¼
gDTvDy

hTviðDUÞ2
; (3)

where DT; Dy and DU are defined as the increments between y=D
¼ 1:5 (that correspond approximately to the maximum velocity
deficit) and y=D ¼ 3 (that is always outside the wake). hTvi is then the
mean temperature in the range 1:5 < y=D < 3. Using this parameter,
the stratification that arises from the wake shear profile is therefore
quantified, taking into consideration the temperature variations.
Results are also shown in Table II. As expected, when no model is pre-
sent, large values of Rb are observed which should tend to infinity if the
flow was fully homogeneous in the wind tunnel section. Small values of
Rb < 1 are obtained when the rotor is present, showing the presence of
a regime where buoyancy is relevant in the flow. Furthermore, once
more we appreciate differences with ReD, as the bulk Richardson num-
ber is one order of magnitude larger with respect to the largest value of
ReD. For all cases, when the rotor is present, Rb is below the critical
value of Rbc ¼ 0:2.32,33 Above this value, turbulence may develop and
maintain against stabilization through stratification effects.

IV. CONCLUSIONS

The main objective of this work is to present a new experimental
setup that allows us to obtain a stable humidity stratification in a wind
tunnel. Here, a strategy that involves placing a series of humidifiers on
the wall of the convergent section of a wind tunnel allows us to gener-
ate such stratification, while keeping the flow laminar (for an empty
test section).

It is demonstrated how this experimental setup can be applied to
a relevant problem for the environment; the mixing of moist air by a
wind turbine. In the near wake, one diameter downstream, mixing is
significantly enhanced and the stratification is less important.
Furthermore, the structure of the mean turbulent wake is also signifi-
cantly modified. These results show an important dependency on the
Reynolds number ReD.

Finally, the bulk Richardson number Rb is found to be an appro-
priate parameter to quantify this effect. Below a critical value of around
Rbc ¼ 0:2, the effect of virtual temperature stratification tends to
deflect the mean wake downwards, toward the floor. A similar defor-
mation is observed for the turbulent kinetic profile, contrary to what
would be expected for a stably stratified boundary layer for a regime
characterized with a Br€unt–Vais€al€a frequency of about N¼ 0.4Hz.

Despite the interest in the results presented, this work remains a
first approach to the problem and further research is needed to explore
the utility of this new experimental configuration. For instance, a study
that includes profiles at more values of ReD and x/D could shed some
light on the evolution of the humidity profile. It is of particular interest
how results will vary for larger values of ReD, closer to those found in
applications. The tip speed ratio of the rotor used in this work and the
size of the tunnel limited the values of ReD explored in the experi-
ments. Furthermore, while only using three humidifiers, it is possible

to use a larger number, and get a better control of properties of the
stratification profile in the wind tunnel.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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