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Abstract

Wind tunnel is an element or experimental device that plays an important role in the development of
aerodynamics. In general, there are two types of wind tunnels: open-loop wind tunnels and closed-loop
wind tunnels. Furthermore, based on the flow velocity in the wind tunnel, the wind tunnel can also
be categorized into several types: low-speed wind tunnel and high-speed wind tunnel, including
sub-sonic and supersonic wind tunnels. In this study it is used a low-speed closed-loop wind tunnel
type. The maximum atainable velocity of airflow in the wind tunnel is about 46 m/s with turbulence
intensity (TI) as low as 0.41 percent. The flow parameters that being evaluated in this study include the
velocity profiles and intensity of turbulence (TI) in some parts or sections of the wind tunnel. Pressure
measurements in the wind tunnel are performed using a Pitot tube connected to a calibrated pressure
transducer. The measured values of pressures are then converted into the fluid velocities and turbulence
intensities. The results show that the flow quality in the main test section of the wind tunnel is good
enough. The intensity of the flow turbulence on the inlet side of the test section is about 0.41 percent at
the centerline velocity of approximately 40 m/s. In some parts of the wind tunnel, turbulence intensity
is still relatively high, as in the small elbow outlet where TI is higher than 18 percent.
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the greatest loss is the diffuser located downstream of

In terms of construction, the wind tunnel is cate-
gorized into two types: (i) open loop wind tunnel and
(ii) closed loop wind tunnel. Open-loop wind tunnels are
widely used, both within research institutions, industries,
and in educational institutions. This open-type wind tun-
nel is simpler and easier to build. The closed-type wind
tunnel is relatively more complicated in its design, so that
the users of closed-type wind tunnels are not as many as
the users of the open type wind tunnels. In closed-type
wind tunnels, it can also be guaranteed better fluid flow
quality than flow quality in the open-type wind tunnels.
The quality of this flow includes the intensity of turbulence
and vibration of the wind tunnel construction.

In terms of power or energy consumption, the closed-
type wind tunnels are more efficient than the open-type
wind tunnels for the same capacity and test section area.
From some previous studies, it was shown that for a par-
ticular fan or blower type, the maximum capacity can be
obtained when a closed-type wind tunnel is used. This is
because the pressure loss in the open-type one is greater
than in the closed-type. Messina [1]] found that a particu-
lar fan in a closed-type wind tunnel is capable of generat-
ing a capacity of about 11 percent higher compared to an
open-type wind tunnel.

The main component of wind tunnel that generates
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the test section. The contribution of pressure losses to
the diffuser is more than 30 percent of the total pressure
loss. The component that contributes to the second largest
pressure loss is the elbows in the closed-type wind tun-
nel channel, which contributes up to approximately 16
percent of total pressure losses. Therefore, a study of pres-
sure loss in a wind tunnel design needs to be thoroughly
performed in order to obtain an efficient design of a wind
tunnel but capable of producing maximum flow quality.
There have been many studies of the wind tunnel design,
both open-type and closed-type, as shown in Lingdren and
Johansson [2]], Barlow et al. [3]], and Mehta and Bradshaw
[41.

In this study we examine the characteristics of the
airflow within a closed-type, or also frequently referred to
as closed-loop, wind tunnel, where analysis are focused
on the velocity profiles and intensity of turbulence in some
parts of the wind tunnel.

2. Methods

The experiment was conducted at the Fluid Mechan-
ics Laboratory of Mechanical Engineering Department, ITS
Surabaya. The main equipment of this experiment is a
closed-loop low-speed wind tunnel, where the air flow is
driven by an axial fan with input power of 4 kW with a mo-
tor speed of 2800 rpm. The resulting flow capacity is up to
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15000 m?/hr. With this large flow capacity, the maximum e Nozzle wall material : Fiber, 5 mm thick
airflow velocity that can be reached in the test section is )
approximately 46 m/sec. The turbulence intensity of the e Inlet height H; v : 770.5 mm

centerline test section is 0.46 percent at 32 m/sec. Figure

shows a schematic diagram of the wind tunnel used in o width W; n : 770.5 mm

this study. . .

The geometry of the honey comb, screen mesh, and o Outlet height Hy ca; : 300 mm
nozzle is simply shown in Figure[2] The nozzle is designed e Outlet width Wy sy : 300 mm
to produce a smoother flow when entering the test sec- '
tion. Smooth outflow from the nozzle can be aided by the e Nozzle length Ly : 1000 mm
addition of honey comb and screen mesh (screen mesh).

Size and material nozzle is as follows: e Nozzle area ratio ARNoz»1e : 6.6

Notes:
1). Nozel, honey comb andscreens

6). Small elbow connector
2). Test sectionl

7). Diffuser 2
3). Diffuser 1 8). Test Section 2
4). Fan 9). Large elbow
5). Small elbow 10). Large elbow connector

5a). Small elbow

Figure 1. Schematic diagram of a closed-loop low speed wind tunnel

Honey comb Screen 1, 2, and 3

Figure 2. Honey comb, screen mesh, and nozzle construction.
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Velocity measurements are performed using a Pitot tube
connected with a pressure transducer that has been cali-
brated. Pressure transducer calibration is conducted using
an inclined manometer (inclined angle, ¢ = 15° ) filled
with red oil (SG = 0.827). Pressure transducer has a mea-
surement range of up to 5 inches of water column. The
differential pressure read on the pressure transducer is
then converted to velocity and then processed to obtain
local velocity values and local turbulence intensity. The
sampling rate is 25 measurement data per second and as
many as 500 data were used for turbulence measurements.

3. Results and Discussion

3.1. Velocity Profiles

The flow phenomenon in the symmetric nozzle at
ReDh = 4.68 x 10° can be seen in Figure [3] It is shown
that the velocity distribution of the experimental results
in the symmetric nozzle is expressed in non-dimensional
forms of velocity (u/U,,.,) and distance from the wall
(y/w1) for several streamwise dintances (x/L;). In this
case, L is the nozzle total length, w1 is the half width
of the nozzle at a particular cross-section, and x is mea-
sured from the nozzle inlet. The total length of the nozzle
(L) is 630 mm The value (u/U,,,.) is ratio between local
velocity magnitude in the prescribed cross-section to the
maximum u at the same cross-section.

From the velocity profiles, it can be seen that the
profiles show a high turbulent level of the flow stream,
indicated by almost uniform velocity profiles at all cross-
sections considered in this study. Although the profiles
show high turbulent level, the intensity of turbulence at
the nozzle exit is considered to be low, as will be described

1.0

in the next discussion. As shown in the figure, the develop-
ment of the boundary layer thickness is very small as fluid
flows from the nozzle inlet to the nozzle outlet (entering
the test section).

Figures [4ha to ¢ show velocity profiles distribution
in the wind tunnel main test section and three different
stream-wise locations x = 70 mm, 140 mm, and 250 mm,
where x is measured from the test section inlet. There
are four centerline velicities used to examine the veloc-
ity profiles, i.e.: 10 m/sec, 20 m/sec, 30 m/sec, and 40
m/sec. There freestream velocities correspond with the
flow Reynolds numbers, based on the test section hydraulic
diameter, Dj,, of 1.94 x 10°, 3.87 x 10°, 5.81 x 10°, and
7.74 x 10°, respectively. Hence, the flow can be consid-
ered as the high Reynolds number flows. Dash lines show
approximation profiles for power-law equation, at least up
to the edge of the boundary layer thickness (~ 2 cm). In
this case, the power-law profile can be expressed as:

u/Up = (y/8)"/° @)

where ¢ is the boundary layer thickness. Among
these three profiles, the profiles at x = 140 mm and 250
mm are having the best agreement with the power-law
equation as shown in equation 1, However, the profile
at the first x-location (x = 70 mm), the profile seems to
more appropriate if it is approximated with power slightly
higher that that of shown in equation |1, The power of
the equation for the profile is probably seems to be one-
seventh (1/7). This is indicated that the 1% profile is
flatter in the near-wall region campared to the 2"¢ and
the 37 profiles.

0.8
0.6
™ 0.4

0.2

0.0

-0.2 0.0 0.2

0.4

0o 08 1.0 1.2 1.4

x/L,

Figure 3. Velocity profiles at four cross-sections in the nozzle section the the closed-loop wind tunnel.
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Figure 4. Velocity profiles distribution in the wind tunnel main test section and three different streamwise locations: (a). 1%
point (x = 70 mm), (b). 2" point (x = 140 mm), and (c). 3" point (x = 250 mm).
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Figure 5. Velocity profiles at Rep,

Figure[5|shows the distribution of the velocity profile
in the small diffuser (part 3 in Figure , (U/U,,00) at
Repn= 3.86 x 10°. In this case, U,,,, has the same mean-
ing as Uy, that is the maximum velocity at the channel
centerline. From the figure it is seen that no indications of
flow separation on the diffuser wall. This shows that the
diffuser has a good performance in terms of flow control,
which responsible to the process of flow kinetic energy con-
version into the flow pressure energy of fluid flow through
the diffuser. Therefore, the performance of this diffuser is
good enough to be used in a wind tunnel.

The minor losses coefficient (K;), that is defined
as K1 = 2AP/(p(V;,)?) of this diffuser is approximately
0.21~0.26 within the Rep, used in the study. In this case,
Vin, is the fluid average velocity at the diffuser inlet. This
value is slightly different from the U,,,, or Uy. Overall,
the velocity profile distribution remains symmetry within
the flow domain. Based on the diffuser geometry, with the
opening angle (20) = 8%, as well as the ratio of the dif-

= 3,86 x 10° in the small diffuser.

fuser length to the inlet width (L/b);, = 5.0, this diffuser
is in the "no-stall" performance map region (see Figure[I).
It can be understood that the pressure loss in the diffuser
is mostly contributed by viscosity rather than by secondary
flow or flow separation.

Figure 6] shows the velocity profiles (U/U,,,,,) an the
inlet side of the small elbow (section 5a in Figure[l)), at
two Repy,. Parameter (r —r1)/b = 0 is the location at the
inner radius of the elbow, while parameter (r —r1)/b=1
is the location at the outer radius of the elbow. It is shown
that there is an acceleration of flow at the outer radius of
the elbow. This is due to the influence of the other small
elbow located at the upstream side of the elbow that is
being evaluated (Section 5 of Figure[T). Since the distance
of elbow 5 and elbow 5a is quite close, the effect of elbow
5 on elbow 5a cannot be avoided. In subsequent studies,
this un-uniformity of the velocity distribution is minimized
by the addition of the guide vanes inside the elbow.
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Figure 6. Velocity profiles at the inlet section of the small elbow at two values of Repy,.
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3.2. Turbulence Intensity

The velocity fluctuations in the centerline of the wind
tunnel main test section (no. 2 in Figure (1)) for the three
axial locations are shown in Figure[7p to[7fc. These three
locations are at the nozzle exit, at the middle of the test
section, and at the outlet of the test section or the inlet
of the small diffuser, respectively (see also Figure[I)). The
turbulence intensity in this case is calculated using the
following equation:

Urms
T = = 2
o 100 2)
Urms - (U/ (t) - U)Q (3)

where:
U,ms : root-mean square of the fluctuating velocity (m/s),
U : mean velocity, m/s, and
U’ : instantaneous velocity (t), m/s.
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Figure 7. Velocity fluctuations in the centerline of the wind tunnel main test section.
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Figure 8. Velocity fluctuations at the large elbow outlet, U = 3.61 m/sec, with TI = 39.3%.

Figure [/a shows the velocity signal at the inlet of the
test section, with average velocity (U) of approximately of
40.6 m/sec., with its turbulence intensity of approximately
0.410 m/sec. At the second section (Figure ), the data
were taken at slightly different average velocity, that is
40. 2 m/s with its turbulence intensity of 0.407 m/sec.
The distance between section (1) (the velocity signal as
shown in Figure[7) and section (2) (the velocity signal
as shown in Figure [7p), is approximately 70 mm, with
constant value of cross section. Based on these data, we
can see that the quality of the average velocity and the
turbulence intensity in the test section are considered to
be very good.

Next, Figure [7|(c) shows the velocity fluctuation in
the end of the test section. At this section, the average
velocity of approximately 32.7 m/s and the turbulence
intensity is about 0.49%. At this section, it was intension-
ally that the data were taken at different average velocity
to show the consistence of the value of the turbulence
intensity in the test section. It was shown that, although
there is slightly increase in the turbulence intensity from
0.410 m/sec to 0.490 m/sec, at the inlet and at the outlet
of the test section, respectively, the increase is to be small.
The slight increment in this turbulence intensity is due to
the lower value of the average velocity at the end section
(32.7 m/s) comparing to the inlet section (40.6 m/s). Fur-
thermore, all values of the turbulence intensity in the test
section (< 0.5%) is considered to be very small and the

2

airflow in the test section is very good in quality.

This turbulence intensity is considered quite low for
the size of wind tunnel in general. This indicates that the
process of flow re-laminarization occurring in the wind
tunnel nozzle (component no. 1 in Figure[1) is quite suc-
cessful. Based on information obtained from Cebeci and
Smith [5], wind tunnel with this turbulence intensity can
be categorized as good enough for wind tunnel in general,
even if the intensity value is not as low as 0.2%.

Furthermore, Figure |8 shows the velocity fluctuation
at the large elbow inlet (component no. 9 in Figure (1)),
with an average velocity (U) of approximately 3.61 m/s,
with its turbulence intensity of about 39.3%. This turbu-
lence intensity value is very high at this location, which is
the result of the effect of the presence some components
at the upstream side of this location. These components in-
clude large diffuser (component no. 7), two small elbows
(components no. 5 and 5a), and the axial fan (component
no 4). The increase of turbulence intensity is also as the
results of the lower average velocity at this location.

The measurement of velocity fluctuations is also per-
formed in several other axial locations in the wind tunnel,
as at the outlet side of the small diffuser, at the outlet
side of the small elbow, and at the outlet side of the large
elbow. However, the plots of the velocity fluctuations are
not shown in this paper, but the values of turbulence in-
tensities (TT) are presented in the table as shown in Table

itk

Table 1. Turbulence intensities at several centerline locations in the wind tunnel

Location

Turbulence Intensity (TI, %)

Test section
Small diffuser inlet
Small elbow outlet

0.41 (Repy, = 7.9 -10°)
0.49 (ReDh =58- 105)
1865 (ReDh =1.8- 105)

5.31 (Repy, = 3.6 - 10°)

Large diffuser outlet
Large elbow outlet

13.97 (Repy = 3.1-10°)
39.30 (Repp, = 1.8 - 109)
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