PREPRINT: P. Moonen, B. Blocken and J. Carmeliet, Indicators for the evaluation of wind tunnel test section flow quality and
application to a numerical closed-circuit wind tunnel, International Journal of Wind Engineering and Industrial Aerodynamics, Vol.
95, pp. 1289-1314, 2007. (doi:10.1016/j.jweia.2007.02.027). © Elsevier 2007.

Indicators for the evaluation of wind tunnel test section
flow quality and application to a numerical
closed-circuit wind tunnel

Peter Moonen * @, Bert Blocken &, Jan Carmeliet @

(a) Laboratory of Building Physics, Department of Civil Engineering, Katholieke Universiteit Leuven,
Kasteelpark Arenberg 40, 3001 Leuven, Belgium.
(b) Building Physics and Systems, Faculty of Building and Architecture, Technical University Eindhoven,
P.O. box 513, 5600 MB Eindhoven, The Netherlands.

Abstract

The flow in a wind tunnel test section must meet high standards to obtain accurate and reliable
measurement data. Good flow quality demands a certain degree of spatial uniformity and temporal
steadiness of velocity and pressure. In this paper, a set of six new indices is developed and presented that
relate spatial aspects of the mean velocity field to flow quality. One index quantifies the degree of
uniformity of the velocity field and can be used directly as a flow quality indicator. The five other indices
are related to different types of deviations from spatially uniform flow; skewed flow and angularity (up-
flow and down-flow, swirl, cross-flow, diverging and converging flow). The indices can be used to
evaluate the flow quality in existing tunnels, to assess the impact of design modifications, as well as to
carry out CFD-based design of new wind tunnels. As an example, the indices are applied to assess the
impact of guide vanes and screens on the test section flow quality in a numerical closed-circuit wind
tunnel.
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1. Introduction

The vast amount of studies undertaken in wind tunnels and their importance for human life motivate the
high demands that are posed on test section flow quality. Examples of wind tunnel studies in Wind
Engineering are pedestrian wind comfort (Wu and Stathopoulos 1993; Richards et al. 2002), pollutant
dispersion (Saathoff et al. 1995; Meroney et al. 1999; Baker and Hargreaves 2001), wind-driven rain
(Surry et al. 1994; Inculet 2001; Blocken and Carmeliet 2004), wind energy (Neff and Meroney 1998),
wind loading on roofs and facades (Stathopoulos et al. 2002; Kumar et al. 2003; Chang and Meroney
2003; Kopp et al. 2005), wind effects on towers and bridges (McDonald et al. 2002; Gerges and Vickery
2003; Carril et al. 2003) and the stability of high-speed trains under cross wind (Baker et al. 2004).

Wind tunnel test section flow quality relates to temporal and spatial aspects of the flow. The amount
of tolerable unsteadiness depends on the nature of the application and is subject of discussion in literature
(Saric and Reshotko 1997; Reshotko and Saric 1998; Barlow et al. 1999). In this paper, only spatial
aspects of the flow (uniformity, skewed flow and angularity) will be addressed. Strictly speaking, spatial
uniformity is required in the entire empty test section of the wind tunnel: in each cross-section (i.e. in
each plane perpendicular to the test section centre line) and in the streamwise direction (streamwise
uniformity or horizontal homogeneity). The type of spatial uniformity required depends on the type of
application. A distinction is made between aeronautical wind tunnels and atmospheric boundary layer
wind tunnels. Aeronautical applications generally require a uniform flow field in the entire empty test
section (Fig. la), while boundary layer wind tunnel studies, where the lower part of the atmospheric
boundary layer has to be simulated, require “lateral” uniformity in the empty test section (Fig. 1b). Lateral
uniformity implies that (1) the direction of the mean velocity vector is parallel to the test section centre
line and (2) its magnitude is constant for each point along a horizontal line across the width of the test
section. In the remainder of this paper we will limit the discussion to laterally uniform flows as required
for Wind Engineering studies, but the presented methodology is applicable to entirely uniform flows as
well.

Deviations from spatial uniformity can have negative repercussions on the test results (Rae and Pope
1984; Barlow et al. 1999). A skewed flow for example (i.e. with a streamwise velocity that is not
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symmetrically distributed over the width of the test section) will cause the static pressure over the front
face of an object placed in the test section and the position of the stagnation point to be shifted. This can
have a significant influence on all measured quantities around the object.

Spatial flow uniformity is often documented by contour plots of velocity magnitude, static pressure or
temperature that are shown in one or more cross-sectional planes of the wind tunnel (e.g. Selig and
McGranahan, 2004). Other authors provide only numerical information in the form of a single mean value
and spatial standard deviation for the quantity for the entire cross-sectional plane. The first method allows
determining the presence or absence of skewness and angularity (up-flow, down-flow, cross-flow, etc.).
However, multiple sections are required to obtain a complete view of the flow quality in the entire test
section. Mean values and spatial standard deviations have the advantage that the flow in a specific (part of
the) cross-section can be characterised numerically, although important information can be lost (e.g. the
spatial standard deviation of the velocity magnitude in a cross section does not allow to distinguish
between parabolic and skewed velocity profiles). The existing techniques do not allow for a complete and
straightforward evaluation of test section flow quality. However, it is important to be able to quantify
wind tunnel test section flow quality and to assess and compare the impact of features such as
honeycombs, corner or guide vanes, screens, etc. for wind tunnel and flow quality optimisation.

In this paper, a set of six new complementary indices describing spatial uniformity and the different
types of spatial non-uniformity is developed and they are applied to evaluate the test section flow quality
of a closed-circuit wind tunnel. The flow fields are obtained by numerical simulations based on
Computational Fluid Dynamics (CFD). In section 2, first some definitions are formulated. Next, the
indicators for test section flow quality are introduced and their use is illustrated by a few straightforward
examples (section 3). In section 4, the indices are used to evaluate the flow quality in the test section of a
numerical closed-circuit wind tunnel and to assess the impact of adding guide vanes and a roughness
screen upstream of the test section. Finally, the proposed approach is discussed and some general
conclusions are formulated.

2. Definitions

In this section, a number of definitions are given that are used in the paper to characterise different
features of the flow field.

Uniformity implies that the mean velocity vector only possesses a streamwise component with the
same magnitude over the entire cross section (Fig. 2a). In reality, wall effects cause the velocity
magnitude to decrease in the boundary layer near the walls. Generally this effect remains limited and we
can still consider the flow field uniform (Fig. 2b). Several types of deviations from uniform flow can be
distinguished. The two main categories are skewness and angularity. The flow exhibits skewness if the
streamwise, lateral or vertical component of the mean wind velocity vector is not symmetrically
distributed over the width of the test section (Fig. 2c). Angularity refers to mean velocity vectors at an
angle to the test section centre line (Fig. 2d-¢). Two types of angularity are defined. In the first type, the
mean velocity vectors are parallel to each other but not to the test section centre line: the mean velocity
vector possesses a lateral and/or a vertical component. If a lateral component is present, the term ‘cross-
flow’ is often used (Fig. 2d). The vertical component is also termed ‘up-flow’ or ‘down-flow’ depending
on the direction of the flow. In the second type, the stream lines are not parallel to each other and are
symmetrically deviating from the test section centre line i.e. the flow is converging or diverging (Fig. 2e).
In reality, both types will be simultaneously present.

3. Indicators for test section flow quality

This section describes the definitions of the new indices developed in this paper and their application to
some simple theoretical examples.

3.1. Definitions

The definition of the indices is based on the fact that every function a(x) can be uniquely decomposed
into a symmetric and an anti-symmetric function:

a(x)=b(x)+c(x) (1)
where b(X) = b(—X) is the symmetric part and C(X) = —C(—X) is the anti-symmetric part. The

differences between the ideal, uniform flow pattern and the actual flow pattern can be described in terms
of symmetric and non-symmetric deviations (Fig. 2). E.g. wall friction causes a symmetric deviation,
whereas skewness is non-symmetric; cross-flow is symmetric (the flow angle is the same at both sides of



the axis of the wind tunnel), whereas converging or diverging flows are non-symmetric (the flow angle is
mirrored with respect to vertical centre plane of the wind tunnel). There are several ways to obtain the
unique symmetric and anti-symmetric component of the mean velocity data. In this paper, the
measurements at measurement points that are positioned symmetrically with respect to the vertical centre
plane of the wind tunnel are compared. The average of the two data values yields the symmetric
component. The difference between the average and the individual data values yields the anti-symmetric
component.

Based on this knowledge, we can introduce 6 complementary indices, one of which describes lateral
flow uniformity (2a) and fives others that describe different causes of lateral non-uniformity (2b-f):
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where the integral is taken along a line across the width of the test section (Fig. 3); X, Y and Z are the

streamwise, vertical and lateral coordinates; U , V and W are the streamwise, vertical and lateral
components of the mean velocity vector in X, Y and Z -direction; and R is the velocity magnitude.

The subscripts “sym” and “antisym” denote the symmetric and the anti-symmetric component
respectively. By taking the square of each velocity component, the occurrence of imperfections like
skewness or angularity is penalized and at the same time it is avoided that several anti-symmetric
contributions cancel each other. The denominator normalizes the result to a value between zero and one.

|§m is the index describing lateral flow uniformity. The definition is as such that the index equals

one for uniform flow, even in the presence of symmetric deviations of the streamwise wind speed
component (e.g. resulting from wall effects) since these imperfections cannot generally be avoided. The
drawback of this approach will be discussed later in this paper. Imperfections in the flow field, like
skewness and angularity, will lead to a lower value of the index of uniformity. The five other indices

quantify these flow imperfections. Lower values correspond to better flow quality. | v is a measure
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for the skewness of the streamwise component of the flow. |Sym is related to cross-flow, Iamisym to flow
. . . . v v
that is laterally converging or diverging. |sym acts as a measure of up-flow or down-flow. Iantlsym

indicates skewness in the vertical component of the flow. This quantity can to a certain extent be related
to swirl.

+a
Since J Ugm (X, Y, Z)Uantisym (X, Y, Z) dz =0, with a an arbitrary positive real number, it can
-a
be shown that the sum of all indices equals 1 (Eq. 3).
Lgm + Lanisym + Lim + Dintisym + Vaym + Vantioym = 1 3)

antisym antisym antisym



or

u o _ u v v w w
Isym =1- Iantisym - Isym - Iantisym - Isym - Iantisym “4)
This relationship states that the index of uniformity |§m equals one, reduced by all the contributions

resulting from imperfections in the flow field. The index of uniformity acts as an indicator of flow

quality. Good flow quality requires |;’, to be equal to one. Eq. (4) indicates that this can only be

m

obtained if all other indices - related to imperfections in the flow field - are zero.

3.2. Examples

In this section, the indices are applied in some straightforward examples to illustrate their meaning. For
simplicity, we will only consider velocity profiles along one horizontal line across the width of the test
section. A more complex example will be given in section 4.

3.2.1. Uniform flow

In a uniform flow field, all streamlines are parallel to the centre plane of the wind tunnel and all velocity
vectors have the same magnitude (Fig. 2a): Since the velocity distribution is symmetric with respect to the

centre plane of the wind tunnel, the anti-symmetric components equal zero. As a result: |SL;,m =1 and
|:misym = |;/ym = I;/ntisym = |¥)\fm = |Z\r/m3ym =0. In reality, friction near the wind-tunnel walls will prevent

this ideal flow field (Fig. 2b). The effect is generally marginal. When the velocity profile remains
symmetrically distributed the indices take the same value as in the case of ideal uniform flow.

3.2.2. Skewed flow
Consider the theoretical flow profile corresponding to Eq. 5 (Fig. 2¢):
R=U=a,+az (5)

where Z =0 corresponds to a point in the centre plane of the wind tunnel.
The symmetric and anti-symmetric components are:
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In Eqs. (7a) and (7b), B is the total width of the test section. 1Y and 1Y can be non-zero in this

sym antisym
situation, depending on the constants @, and @, . The other indices are zero since there is no angularity in

the flow field. If the symmetric component equals zero (8, = 0) the flow field is entirely skewed and the

index | :ntisym equals one, independent of the value of @,. If the average velocity in the test section is
u . o . u
non-zero (8, # 0), 1 antisym tends asymptotically towards one with increasing skewness, whereas | sm

tends towards zero. Fig. 4 shows the evolution of |§,m and |;Jmisym as a function of @, and B . Note
that |5L;,m + |:misym =1, independent of the values of @, and @, .



3.2.3. Cross-flow

Consider the theoretical flow profile corresponding to Eq. 8:

U=a,
V=0 ®)
W=c,+¢z

where Z =0 corresponds to a point on the centre plane of the wind tunnel.
The symmetric and anti-symmetric components are:
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The index of uniformity is given by:
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First a velocity field with uniform lateral velocity as shown in Fig. 2d (C, # 0; C, = 0) is considered. In

this case |Sy is nonzero and increases with increasing values of C,, indicating that this index acts as a

m
w
|

(relative) measure of flow angularity. Taking the arcsine of /1

yields an approximate value of the

average flow angle with the centre plane of the wind tunnel. Next, the situation with anti-symmetric
lateral velocities as shown on Fig. 2e (C, =0; C, # 0) is considered. This corresponds to a flow with

w

converging or diverging flow lines. The magnitude of Iantisym

increases with increasing non-parallelism
of the flow lines with respect to the centre plane of the wind tunnel. In both cases, the index of uniformity
|;;m is smaller than one (Eq. 10a), indicating the lower flow quality. Fig. 5 shows the evolution of |;’§m
and I:il\rlltisym

skewness and up-flow or down-flow are absent.

u
|
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remain zero, since there is no

4. Application for a numerical closed-circuit wind tunnel

In this section, the indicators are applied to assess the impact of some geometrical features on the flow
quality in the closed-circuit Jules Verne wind tunnel facility. First, the wind tunnel facility is briefly
described, next the numerical simulation methodology is summarised and finally the influence of the
presence of guide vanes and of a roughness screen on the flow quality in the test section is evaluated.

4.1. Wind tunnel facility

The configuration of the thermal circuit of the Jules Verne wind tunnel is shown in Fig. 6. Fig. 6a is the
plan view. Fig. 6b and c are a longitudinal and a lateral cross-sectional view. Fig. 6d is a photograph of
the nozzle, screen and guide vanes. The different sections of the wind tunnel are briefly described,
starting from the test section and moving in the downstream direction. Numbers are used to refer to the



different features. A more detailed description of the tunnel can be found in Gandemer (1992) and in
Moonen et al. (2006).

The test section (1) has a rectangular cross-sectional area of W x H= 10 x 7 m? and a length of 25 m. A
sudden contraction (2) connects the downstream end of the test section to a 180° turn (3). The turn has a 6
x 7 m? rectangular cross-section at the outlet of the test section, which gradually widens to 7 x 7 m? at the
fan-straightener section. Upstream of the fan there is an abrupt transition (4) from the rectangular to a
circular cross-section (diameter 6.2 m) to take the flow into the fan. Flow straighteners (5) are present
downstream of the fan blades to remove the swirl generated by the fan. Behind the fan-straightener
section, there is a smooth transition of the cross section from circular back to rectangular (7 x 9 m?) by
means of a small-angle diffuser (6). At the end of the diffuser, a heat exchanger is installed (7). The
second 180° turn (8) gradually reduces the cross-sectional area to 6 x 9 m2 At the end of the turn, two
horizontal and six vertical guide vanes (9) are present to force the incident wind flow to be approximately
parallel to the test section centre line and to increase the flow uniformity across the test section width.
However, both measurements and numerical simulations show that the upper horizontal guide vane and
the outer vertical vane generate a significant amount of turbulence in the test section (Moonen et al.,
2006). Immediately downstream of the vanes, a screen (10) can be installed to generate vertical wind
speed and turbulence intensity profiles that show a certain degree of similarity with those found in an
atmospheric boundary layer (see Fig. 6¢, d). Note that this screen is not a permanent feature of the wind
tunnel. The adjustable nozzle (11) provides a contraction from the cross section at the end of the second
turn (6 x 9 m?) to a cross-sectional area that can range from 6 x 5 m? to 6 x 3 m? This contraction is
realized by suddenly lowering the height of the ceiling over a distance between 3 to 5 m and by raising
the floor level by 1 m. Downstream of the contraction, a (very) short set of roughness elements is
positioned (L x W =4 x 6 m?), consisting of densely spaced cubes of 50 mm height (12). At the exit of
the nozzle, the wind flow discharges into the larger test section (1).

4.2. Methodology

The approach developed by Moonen et al. (2006) is used to investigate numerically the influence of
specific wind tunnel features on the test section flow quality. The authors showed that for this particular
tunnel, it is required to model the entire wind tunnel to reliably reproduce the flow conditions of wind
speed and turbulence intensity in the test section by means of CFD. The methodology was validated for
the thermal circuit of the Jules Verne wind tunnel, both for the case of an empty wind tunnel and for the
case in which a block-type building is placed in the test section. It consists in modeling the entire wind
tunnel with sufficient detail (Fig. 7a). Earlier research has shown that it is not required to model the
geometry of the fan-straightener section in detail and that it can be replaced by a fan boundary condition
to which a pressure jump is applied. The particular choice for the pressure jump determines the operating
point of the wind tunnel and hence the flow rate through and the pressure losses in the tunnel. Usually
two calculations are needed. The first calculation uses an arbitrarily chosen value for the pressure jump
and allows determining the system characteristic of the wind tunnel. Based on the knowledge of this
characteristic and the desired operating point, the correct value for the pressure jump can be determined.
This value is used for the actual calculation. This methodology is applied in combination with the indices
presented in section 3 to study the impact of the guide vanes (subsection 4.3) and the roughness screen
(subsection 4.4) on the flow quality in the test section.

For each configuration a different computational grid was generated. Suitable grids were obtained
based on grid-sensitivity analyses and consisted of about 1.2 10° hexahedral cells. The majority of the
cells was situated in the region surrounding the nozzle section. The three-dimensional Reynolds-
Averaged Navier-Stokes (RANS) equations and the continuity equation were solved using the
commercial CFD code Fluent 6.1 (Fluent Inc. 2006). Closure is obtained by using the realizable k-
turbulence model (Shih et al. 1995). Near-wall modeling was performed using non-equilibrium wall
functions (Kim and Choudhury, 1995). Pressure-velocity coupling was taken care of by the SIMPLEC
algorithm (Vandoormaal and Raithby, 1984). Second order pressure interpolation was used. The QUICK
discretization scheme was used for the convection terms of the governing equations and the equations of
the turbulence model (Leonard, 1979).

4.3. Guide vanes

Four different configurations are investigated. The first one is the reference configuration in which no
guide vanes are present. This configuration is compared to three others: with only horizontal vanes, only
vertical vanes and a combination of horizontal and vertical vanes, respectively. The investigation of chord



length, curvature, orientation and other parameters determining the performance of the vanes is outside
the scope of this paper. In all configurations, a roughness screen with blockage ratio of 8.5% is present in
the nozzle (Fig. 6¢, d). The blockage ratio is defined as the fraction of the cross-sectional area that is
obstructed by the object.

4.3.1. Reference case: without guide vanes

Fig. 8a shows contours of the dimensionless velocity magnitude in a horizontal plane at 1.80 m height
(left) and the vertical centre plane of the test section (right) for the case without guide vanes. The values
are made dimensionless with respect to the streamwise wind speed at 2.1 m height at the inlet of the
nozzle. Some remarks on the flow quality can be made. From the horizontal section, it can be seen that
the velocity profile is not symmetric with respect to the vertical centre plane of the test section. The
asymmetry results from the high curvature of the supply duct. It can be assumed that cross-flow is
present, although this is not clear from Fig. 8al. The vertical cross-section (Fig. 8a2) shows the increase
of the velocity magnitude with height induced by installing the roughness screen. However it is seen that
the velocity profile is not stable: it changes along the length of the test section. Given the geometry of the
nozzle, a certain amount of up-flow and down-flow will be present.

The region that is studied by means of the flow quality indicators is indicated with a dotted line in Fig.
8b. Note that the sides and the top of the actual test section have been excluded from the analysis in order
not to include the separations in these zones and to provide a fair picture of the flow quality. The index of

uniformity |§m is plotted in Fig. 9a as a percentage value. The flow quality is non-uniform: it decreases
with increasing distance in the test section. Based on Fig. 8al one might arrive at the opposite conclusion.
The apparent contradiction can be explained by the fact that wind profiles taken along the width of the
test section show approximately the same skewness, but that the average velocity in the region of the
analysis is higher at the inlet of the test section than at the outlet. As a result, the skewed velocity profile
is less pronounced at the inlet, and hence flow quality is judged to be higher.

The five indices describing the deviations from uniform flow are applied to obtain a more detailed
view of the test section flow quality. The intercomparison of the indices in Fig. 10 shows that skewness is
most pronounced (up to 5%) whereas angularity (up-flow/down-flow, swirl, cross-flow,
converging/diverging flow) is quite small (generally below 1%). Each index is analysed in more detail
below.

u
antisym

Fig. 10a quantifies the skewness ( | ) of the velocity profile that was qualitatively indicated in

Fig. 8al. The index plot provides additional information because it can be seen that the relative skewness
increases with increasing distance from the inlet of the test section and that the maximum relative
skewness of the core flow is found at approximately 1.5 m height.

Fig. 10b quantifies up-flow or down-flow by means of |;/ym . Although all values are quite low, the

highest values are found in two regions. In the region in front of the inlet, this is related to the down-flow
resulting from the specific nozzle geometry (the vertical reduction of the cross-section with 45%). The
second region is situated at the top of the second half of the wind tunnel test section. This corresponds to
up-flow, originating from the difference in height between the nozzle (Sm) and the test section (7m).

The combination of Fig. 10c and d shows the presence of a limited amount of swirl in the flow field.
Examination of the flow field confirmed that a spiral or helicoidal flow pattern develops in the bent flow
channel. The presence of the roughness screen causes a decrease of the wind speed in the lower part of

the tunnel, and shifts the core of the helicoidal flow upwards. Y reaches a maximum value at the

antisym

position of the core of the helicoidal flow (+3m). The higher values of |;A; at about 2 m and 5 m height

m
in the first part of the test section correspond respectively to the top and the bottom of the helicoidal flow.
Fig. 10e indicates lateral divergence or convergence ( I;Arlnisym ). The test section can be roughly divided

into two parts. In the first 16m of the test section, the wind flow is diverging due to the difference in
width between the nozzle (6m) and the test section (10m). In the remaining part, the wind is converging
again to enter the 180° turn leading towards the fan.

4.3.2. Horizontal, vertical or both types of guide vanes

Fig. 8b-d summarizes the CFD simulation results in terms of the dimensionless velocity magnitude. The
calculations seem to indicate that adding the horizontal vanes has a slightly negative influence on the flow



pattern in the test section: the level of asymmetry increases a little bit and the jet at the top of the inlet is
somewhat more pronounced. The white colour at this position indicates that the dimensionless wind speed
reaches higher values than the maximum value on the colourbar (2.1). But the overall effect seems to
remain limited (Fig. 8b). Adding vertical vanes (Fig. 8c) changes the appearance of the flow pattern: the
velocity magnitudes become more symmetrically distributed over the width of the test section. It can be
assumed that the angularity will be lower, but this can not be concluded from Fig. 8c. The combination of
horizontal and vertical vanes (Fig. 8d) results in a flow pattern that seems to be less skewed in the first
half of the test section and more skewed in the second half

n for the four different configurations (Fig. 9) reveals that

Comparing the index of uniformity |SL;,
adding horizontal guide vanes to the reference situation without vanes has a considerable negative impact
(Fig. 9b): the flow quality decreases significantly. Adding the vertical vanes on the other hand has a very
pronounced positive effect (Fig. 9¢). This situation is slightly better than the combination of horizontal
and vertical vanes (Fig. 9d).

A detailed view of the impact of the different configurations on the flow field in the test section can be
obtained from the 5 indices describing flow imperfections. Comparing Fig. 10 and Fig. 11 reveals that the
influence of horizontal guide vanes on test section flow quality is larger than the contours of velocity
magnitude from Fig. 8 suggest. Especially the skewness increases (from 5 to 13%), whereas the other
indices become only slightly higher. Contrary to what might be expected, the horizontal guide vanes in

this wind tunnel do not suppress up-flow or down-flow ( |;/ym ). These observations indicate that the vanes

are too short and their intermediate distance is too large.

The positive influence of adding vertical guide vanes can be analysed by comparing Fig. 10 and Fig.
u

12. The contour plots of |antisym

shows that the amount of skewness is significantly reduced (from 5 to

1%). Also, as expected, flow angularity is reduced, especially cross-flow ( |¥¥m ). Up-flow is still present
v

sym
lateral convergence/divergence of the flow-field is mainly determined by the difference in width between

nozzle and test section width at the inlet, and between the width of the test section and of the bend
w
antisym

in the upper half of the test section, but the situation has certainly improved (I, ). Since the general

towards the fan at the outlet, the influence on | is limited.

The situation with horizontal and vertical guide vanes (Fig. 13) is slightly worse than in case only
vertical guide vanes are present as was also indicated by Fig. 8.

4.4. Roughness screen

Three different configurations of the roughness screen are investigated: a configuration without screen
and two configurations with screen, with an average blockage ratio of 8.5% and 12.5% respectively. The
screens consist of wooden slats with dimensions 50 x 25 mm that span the entire nozzle width (Fig. 6¢-d).
The top bar reaches about 2 m above the ground of the test section. The number of bars is dependent on
the desired blockage ratio and the spacing is linearly increasing with the height. Horizontal and vertical

guide vanes are present in all calculations.

iy - Fig. 14
compares skewness maps for the three different screens. It is observed that an increase in blockage ratio
causes a decrease in skewness from 2% to 1%. Note however that the intention of this screen was to
generate vertical mean wind speed and turbulence profiles that are similar to those in the lower part of an
atmospheric boundary layer, If it were a wire-mesh screen the influence on flow quality is expected to be
much more pronounced.

The roughness screen has the largest influence on the amount of skewness (|

5. Discussion

In this paper, the quality indicators were used in combination with CFD data. CFD provides data at
every position in the numerical wind tunnel. They can also be used with experimental wind tunnel data,
although this requires quite a large number of measurements at different locations in the test section.

In the definition of the index of uniformity, no differentiation is made between ‘uniform’ and
‘symmetric’ flow fields. This is motivated by the fact that wall effects are unavoidable and cause a
symmetric deviation from the ideal uniform flow field. In general wall effects remain limited, and hence,
the symmetric deviations do not adversely affect flow quality. However, in case these wall effects do not



remain limited or, more generally, in case arbitrary symmetric deviations occur, this is not detected by the
index of uniformity. Although it could be stated that this type of non-uniformity is less likely to occur, the
possibility should be born in mind when applying the indices. A possible way to detect symmetric
deviations is to define an additional, variance-like quantity:

J(Usym (%,Y,2)=Ugn (X, y))2 dz
J'Rz(x, y,z)dz

where szm (X, y) is the average value of U sym (X, Y, Z) along a horizontal line across the width of the

IAU

am(XY)= (11)

AU

test section. For an entirely uniform flow field, | oym Will be zero. Symmetric deviations like wall effects

will result in a higher value of |§,Lnjl .

Besides the spatial variation of the velocity vector, also other quantities (e.g. turbulence intensity) can
be investigated. For vector quantities it is sufficient to replace the velocity U by the quantity under
investigation. For scalar quantities (e.g. temperature) the full set of indices reduces to two complementary
indices.

The use of the indices is not restricted to the detection and quantification of lateral (non-)uniformity.
By integrating over the height of the test section (dy) instead of the width (dz) in Egs. 2a-f we obtain a
new set of formulae that can be used in a horizontal cross-section (zx-plane). The combined information
of quantities in a vertical and in a horizontal longitudinal cross-section gives information about the three
dimensional skewness, angularity and the like.

The indices can be redefined by including a weighting or windowing function W(X, Yy, Z). For the
index of uniformity (Eq. 2a), this yields

Iw(x, y,2)Ug (x,y,2)dz
- jw(x, y,2)R*(x,y,z)dz

The definitions of the other indices can be altered in the same way. The function W(X, Yy, Z) allows

lgm (X, Y) (12)

focussing on a specific region of interest by assigning higher weights to that region. If the same weighting
function is used for all indices, it can be shown that Egs. 3 and 4 still hold.

An important issue is the choice of threshold values for the different indices. Clearly, the index of
uniformity should be as close to one as possible. Which level of imperfection can be tolerated depends on
the application and is subject of further investigation.

6. Conclusions

A set of six new complementary indices for the evaluation of the spatial flow quality in wind tunnel test
sections has been developed, presented and applied The first index quantifies spatial uniformity, while the
other five indices are related to spatial imperfections in the flow field: skewness (one index) and flow
angularity (indices for: up-flow/down-flow, swirl, cross-flow and converging/diverging flow).

The application of the indices to the thermal circuit of the Jules Verne wind tunnel indicated that they
allow a detailed analysis of the flow quality in the test section. They can be visualized for the entire test
section on a single graph and can provide useful information that can not directly be obtained from
traditional velocity contour and vector plots or from numerical mean values and spatial standard
deviations. In particular, the impact of adding guide vanes and a roughness screen in the nozzle was
investigated. The indices showed that the vertical guide vanes reduce both skewness and angularity and
therefore yield significantly higher flow quality. The current configuration of horizontal guide vanes was
found to have a slightly negative impact.

The indices developed in this paper are applied in the design and optimization of the boundary layer
wind tunnel of the Laboratory of Building Physics, K.U.Leuven. The authors hope that the indices will
also be found useful in the evaluation and optimization of test-section flow quality in other wind tunnels.
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Symbol list
B Total width of the test section m
G, Volumetric flow rate m?/s
k Turbulent kinetic energy m?/s?
R Magnitude of the mean velocity vector m/s
U,V,w Average mean velocity components in streamwise, vertical and lateral

direction m/s
w Windowing or weighting function -
X,Y,Z Streamwise, vertical and lateral Cartesian co-ordinates m

€ Turbulence dissipation rate m?/s?
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Figure captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1:

10:

Required flow fields in wind tunnel test sections: (a) entirely uniform flow for aeronautical
applications and (b) laterally uniform flow for Wind Engineering studies.

Top row: Definition of different types of flow: (a) ideal uniform flow; (b) symmetric flow
resulting from wall friction; (c) skewed flow; (d) angularity (cross-flow or up-flow); (e)
angularity (diverging or converging flow). Situations (c), (d) and (e) are to be avoided.
Second and third row: decomposition of the original flow field into a symmetric and an
anti-symmetric component.

A component of the mean velocity vector is integrated along a horizontal line across the
width of the test section to obtain a value for the corresponding index. In this way, the
quality of the three dimensional flow in the test section can be shown on a two-dimensional
graph.

U
antisym

U
sym

Dependency of | (left) and | (right) on the characteristics of a linear flow field.

a, is the average wind speed over in the cross-section, @B determines the amount of

skewness.

w
antisym

W
sym

Dependency of | (left) and | (right) on the characteristics of a linear flow field.

C, is the average wind speed over in the cross-section, C,B determines the amount of

skewness.

a) Plan view, (b) longitudinal cross-sectional view, (c) lateral cross-sectional view and (d)
photograph of nozzle, screen and guide vanes of the thermal circuit of the Jules Verne wind
tunnel facility. The different sections and features of the wind tunnel are indicated with
numbers. All dimensions are given in meter.

(a) Geometrical model of the Jules Verne wind tunnel facility used for the CFD
simulations; (b) Computational mesh at the surface of the guide vanes and screen; (c)
Geometry of the guide vanes (horizontal cross section); (d) Mesh around the guide vanes
(horizontal cross section).

Contours of dimensionless velocity magnitude in a horizontal plane at 1.80 m height (left)
and in the vertical centre plane which of the test section (right) for 4 different situations: (a)
no vanes; (b) only horizontal vanes; (c) only vertical vanes and (d) horizontal and vertical
vanes. The region that is studied by means of the flow quality indicators is indicated with a
dotted line in Fig. b. Dimensionless wind speeds higher than 2.1 are coloured white (see top
of nozzle).

Contour plots of the uniformity index |5L;/m for 4 different situations: (a) no vanes; (b) only

horizontal vanes; (c) only vertical vanes and (d) horizontal and vertical vanes. The index is
given in a vertical plane parallel to the test section centre plane The coordinate system is
depicted in Fig. 6.

Contour plots of 5 flow-quality indicators for the configuration without guide vanes. They
are given in a vertical plane parallel to the test-section centre plane: (a) I;Jntisym (skewness);

\

(®) Iy (up-flow or down-flow); (c) I}

antisym

W
sym

w
antisym

(swirl); (d) |

(converging or diverging flow). The coordinate system is depicted in Fig. 6.

(cross-flow); (e) |
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Fig. 11:

Fig. 12:

Fig. 13:

Fig. 14:

Contour plots of 5 flow-quality indicators for the configuration with only horizontal guide
u

vanes. They are given in a vertical plane parallel to the test-section centre plane: (a) |antisym

\
sym

\%
antisym

W
sym

(skewness); (b) |
I w

antisym

(up-flow or down-flow); (c) | (swirl); (d) 1, (cross-flow); (e)

(converging or diverging flow). The coordinate system is depicted in Fig. 6.

Contour plots of 5 flow-quality indicators for the configuration with only vertical guide
u

vanes. They are given in a vertical plane parallel to the test-section centre plane: (a) |amisym

(skewness); (b) |;;m (up-flow or down-flow); (c) |;/misym (swirl); (d) |;A;m (cross-flow); (e)

|Z¥msym (converging or diverging flow). The coordinate system is depicted in Fig. 6.

Contour plots of 5 flow-quality indicators for the configuration with horizontal and vertical
guide vanes. They are given in a vertical plane parallel to the test-section centre plane: (a)
|;Jmisym (skewness); (b) |;/ym (up-flow or down-flow); (c) |Zmisym (swirl); (d) |;Aylm (cross-

w
antisym

flow); (e) |
6.

(converging or diverging flow). The coordinate system is depicted in Fig.

u
antisym

for roughness screens with a blockage ratio of (a) 0%, (b) 8.5% or (c¢) 12.5%. The
coordinate system is depicted in Fig. 6.

Contour plots of | in a vertical plane parallel to the centre plane of the test-section
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Test section centre plane

Test section centre line

Figure 1
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Test section centre line
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3D test section

2D-graph

Figure 3
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