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Wind tunnels are the aerodynamic laboratories which task is to enable high qual-
ity and stabile airflow in controlled volume, a test section, during run time, in or-
der to study the effects of streaming around various aeronautical or non-
aeronautical models (airfoils and bluff bodies with complex motorized or robotic
constructions). The main requirement that leads to quality and reliable meas-
urement results is a high flow quality in the test section: uniformity of the velocity
and pressure fields along and across the test section, low turbulence level and
low flow direction angularities or swirling. The knowledge of low parameters en-
ables the exchange of the scientific and technical information, comparison of the
experimental results from different wind tunnels and data scaling of the model to
the real scale. The turbulence intensity TI significantly affects the wind tunnel re-
sults and reduction of turbulence is of the highest importance for the quality
measurements. This paper presents the Experimental Aerodynamics Laboratory
of the VTI in Belgrade, the equipment and methods of turbulence measurements
in the test section stream and around different test models. Wind tunnel facilities
maintain equipment and devices for sampling, acquisition and data reduction for
various test types, from forces and moment measurements, over the pressure dis-
tribution measurements to the advanced measurements, followed with the appro-
priate flow visualization techniques. The modern instrumentation enables deter-
mine flow quality and its influence on tests and measurement results of static and
dynamic model characteristics.

Key words: wind tunnels, turbulence, aerodynamics, measurement,
flow visualization

Introduction

Implementation of the wind tunnels, for research and engineering, demands increas-
ing aerodynamic characteristic accuracy to achieve better energy efficiency and transportation
costs. An accuracy of the measured data in first depends on: testing flow quality, a test model
design and precision of the measuring equipment.

Successful aircraft design needs very precise behavior prediction. Experimental aer-
odynamics gives the most accurate prediction or confirmation of the calculated aecrodynamic
parameters for the models in various sizes and in different flow conditions.

This paper presents the Experimental Aerodynamics Laboratory (EAL) of the Mili-
tary Technical Institute (VTI) in Belgrade, the equipment and methods of turbulence investi-
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gation in the test section stream and around different test models. The special attention is paid
on description of flow quality and its influences on aerodynamic characteristic determination,
sources of flow perturbations in the test section, turbulence characteristics of wind tunnels,
modern equipment, and methods used in EAL for turbulent flow measurement and visualiza-
tion. The results obtained in a number of turbulence experimental tests in the EAL are pre-
sented and illustrated with numerous diagrams and photographs.

Turbulence in the wind tunnel

Wind tunnels (WT) and water tunnels are the experimental facilities for research on
the aerodynamic nature of scaled objects surrounded/submerged within an artificial free
stream flow of desirable characteristics and low level of turbulence, to simulate atmosphere
and obtain realistic results. Many factors influence measurements of the model aerodynamic
characteristics, still turbulence is a major unknown and most influential factor.

The flow quality parameter describing turbulence is the turbulence intensity (TI),
Tu[%]=u,,, /;, correlation between rms of stream longitudinal velocity fluctuations and
mean velocity.

The turbulence in WT is disturbing the boundary layer — deforming a shape, stabil-
ity, place of the transition and separation points, pressure distribution, and shock wave-
boundary layer interactions [3]. The reported turbulence levels [1-3] increased with the in-
crease of the WT Mach number (M) and unit Reynolds number (Re). The presence of turbu-
lence, under certain conditions, is even capable to impact the tunnel operation [2].

The turbulence of free stream impact may be longitudinal and normal to the stream.
In streamline direction, turbulence produces fluctuations of the dynamic pressure around the
model, while in normal direction produces fluctuations of the model position. Furthermore,
flow disturbance is composed from turbulence and noise [2]. Both velocity and pressures, as
time dependent variables, are present with a difference in dominancy of effects: the unsteadi-
ness of velocity is predominant in low speed WT and, in the contrary; pressure unsteadiness is
dominant at supersonic and hypersonic range [1]. Large closed circuit and continuous type
wind tunnels, like large subsonic WT of VTI produce a flow of small amplitude and low-
frequency fluctuations. Empirically obtained requirements for the flow quality [4] pointed out
that longitudinal fluctuations of velocity of 0.1% are considered as good flow quality proper-
ty, even for basic tests of boundary layer transition. About ’70s, several WT achieved very
low TI levels, just about 0.02% to 0.05% [5].

The most sensitive aerodynamic characteristics under turbulence have a blunt body
[6-8], especially sphere, thus it is used as a calibration standard for flow quality characteriza-
tion in a range of M up to 0.4 [8]. The influence of local initiation of turbulence over the
model with imperfections or roughness leads to a requirement of high quality model produc-
tion [8].

Sources of turbulence in the wind tunnels

Requirements of basic characteristics of the WT tests, Mrkalj [9], together with WT
type selection, Zotovic [10], in first defines the model, test section size and required flow
characteristics, while all parts have the goal to support and prepare flow and measurement
accuracy. Successful WT construction is a product of many compromises meeting acceptable
costs.

For overcoming of the aecrodynamic problems caused by free stream turbulence, of
the major importance is the quality of WT design and details of calculations [11], in addition
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with numerical simulations nowadays, which have to give the optimal dimensions and power
supply that will produce the best flow quality and energy efficient facility. Afterwards, scaled
the pilot WT building and testing are following, and finally building of the WT with special
care and skills.

It may be resumed that main parts, that produce free stream turbulence are all the
parts at which the pressure difference or sudden cross-section changes occur. Sisojev [2, 12]
and Zotovic recommended the original calculation methods and applied it on the VTI wind
tunnels. Major sources of turbulence in subsonic tunnels are: collector, settling chamber, pro-
peller, corners and other devices.

At supersonic wind tunnels the turbulence intensity TI is decreased at the beginning,
because of downstream chocking, but with the increase of Mach number, for high Reynolds
numbers, turbulence intensity TI returns the path of increase [1]. Inside intermittent wind tun-
nels [1], the diffuser is producing intermittent flow separation, and further on transport com-
plex flow along the tunnel. Therefore, construction of the transonic WT [1] has to be made
with attention to sonic choke device design, screens, honeycomb, corners and acoustic baffles,
etc. The boundary layer transition and separation, as other flow phenomenon in the vicinity of
a mode, are in major induced by noise. Pope [13] summarized that in transonic regimes WT
produces a very high level of turbulence mainly because of the influence of reflected shock
waves from the walls, diffusion pulsations shocks inside the pressure regulator of the intermit-
tent wind tunnels.

Devices that intentionally create turbulence are used in testing with some of the pur-
poses: aerodynamic characteristics of model under different free turbulence, testing of a mod-
el with fixed roughness for comparison of results, testing of a motorized model, ground effect
testing, etc.

Turbulence measurements

Measurement techniques are selected according to the test velocity mainly. The im-
perative is to know the characteristics of the WT flow quality and the effects on measuring er-
rors [1, 9, 10].

Measurements of TI at low speeds are made by sphere models (force and pressure
type) [14], fig. 1(a), while with a velocity increase (over M = 0.4) the dominancy is taken by a
cone model, hot-wire/hot-film, fig. 1(b), and optical non-destructive techniques. For the aim
of validation, for different velocity ranges, tests in different techniques are overlapped. Hot-
-wire anemometer or direct measurement transducers are disturbing the flow and measures
collected high frequency fluctuations of velocity, temperature, and static pressure (noise). De-
vices that do not disturb the flow, with or without introducing particles are: Laser Doppler an-
emometry (LDA) (supersonic), Particle image velocimetry (PIV) (subsonic/supersonic). Es-
pecial contribution to revealing and understanding of turbulence phenomenon, both; large-
and small-scale gives flow visualization, example: large-scale turbulence by mesh, fig. 1(c).

Some turbulence reduction measures

Selection of type [10] and characteristics of future WT [9] and implementation of a
detailed WT design calculation for specific needs are major pre-building turbulence reduction
measures as well as development of a pilot wind tunnel. However, as possibly large test sec-
tion is favorable, also the optimal elongated design for cones, radial corners, composition of
the settling chamber items. Turbulence reduction measures might elongate the gross dimen-
sions of a WT so necessary field area, much more constructional materials and building time
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or power are needed. Again, costs led to compromises between construction and flow quality.
For instance, screens of meshes may multiply in several different design stages of reduce tur-
bulence gradually while producing decreased gross power loss in comparison to single screen
of dense strings, or the plates have replaced the screens since a quite similar effect [5]. The
wall perforation has double task — to prevent shock reflection and wall boundary layer suc-
tion. After building, turbulence reduction measures may be an addition, after existing settling
chamber, if such an assessment reduces turbulence yet unaffordable.

0.5um

1mm

(b)

Figure 1. Small-scale turbulence measuring devices (a) sphere model in VTI T-35
WT (b) hot-wire and (c) sketch of a screen with tufts in the test section
(for color image see journal website)

The walls, model support and model finishing treatment and cleanliness of the WT
tube in operation are also imperatives, both for preventing turbulence and for the test safety.
The overall WT walls should have aerodynamically smooth surfaces, connections without
significant convex details, covered concave or gap details, repaired small imperfections of
tube surfaces, in one — all details and configuration/measuring support devices (pressure
tubes, model part carriers and positioners etc.) that are not purposed for measurement should
be immersed into wall/support/model contours.

Unfortunately, the ones made an unrecoverable construction mistake, causing unac-
ceptable TI, cannot be repaired just moderate to a lower level or even leads to re-building. In
cases that specific required turbulence level is not reachable in a facility, it is sometimes bet-
ter even to change the facility.

Calibration and correction of the WT results

The WT measuring equipment (fig. 1) required for turbulence measurements is of
the highest level of accuracy, WT calibration tests are wide and times consuming, further-
more, some of the effects are still a subject of research. All this leads to increased costs. In the
practice, each WT has to be calibrated before putting into operation, as well after construc-
tional changes. Test section calibration is presenting the flow field quality, characteristics, and
parameters of flow along the test section over cross sections and providing the flow correction
factors for the aerodynamic measurements. The basic WT calibration data are as follows: dis-
tribution and fluctuations of static, stagnation pressure and temperature; magnitude, distribu-
tion, fluctuation and direction of flow velocity and turbulence and noise, by means of intensi-
ty, length and time scale, at different positions over the cross section of a test section. Com-
parison of the available standard models [13, 16] from different institutions leads to verifica-
tion and measures for adjustments and final validation of model aerodynamic characteristics
are obtained in flight test.

Corrections due to turbulence are incorporated in two segments of the test. Meas-
urements of flow parameters, in operating range, are corrected with data of all calibrated in-
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fluences for the empty test section, as are angularity, turbulent intensity, etc. [17]. A test is
usually compounded of a number of separated tares with the goal of subtraction of a number
of influences, for example of support system, with/without model propellers running, fig. 2(a)
[18], open/closed inlet model, fig. 2(b) [19], etc. Tests may be run in schemes with involved
mirrored configurations, fig. 2(c), use of the magnetic levitation, vertical free flight and simi-
lar, for mitigation of secondary effects.

Application of various test and correction techniques provide in high reliability of
the WT results for a number of verifications, especially for theoretical calculations and nu-
merical simulations because the flow quality at the research wind tunnels provides excellent
flow quality. Furthermore, the WT are used as a secondary calibration standard, for example,
testing of: a flow cell [20], an anemometer [21], a Pitot tube, etc.

(b)

Figure 2. Examples of model configurations and support systems

A good estimation of aerodynamic coefficients and stability and control derivatives
are of fundamental importance in the design and development process of an aircraft. Stability
derivatives have a strong influence on aircraft and missile response to maneuver conditions.
Generally, these coefficients and derivatives are obtained using theoretical methods and WT
testing. Turbulence causes variations, of random nature, in the angle of attack (), in the air-
speed (V), and in all other variables of the dynamic model [22-25].

Experimental Aerodynamics Laboratory in the VTI

The Military Technical Institute (VTI) in Zarkovo is the largest national institution
dedicated to the scientific and technical research. Since the establishment in 1946. it is con-
tinually developing. The Aeronautical Department employs state-of-the art installations for
designing and testing of the aeronautical and non-aeronautical models and devices [24]. Four
divisions provide a task of scientific and technical support to the industry and the organiza-
tions on a national and international level: Aircraft Design, Avionics, Experimental Aerody-
namics Laboratories and Structure Testing.

Significant clients of the VTI are: the Military of the Republic of Serbia, LAGG,
IPTN, UTVA, Serbian Railways, and Central Hydrodynamic Institute CAGI in Moscow, etc.
Wind tunnels are equipped with modern instrumentation, making possible various WT tests
and measurements of static and dynamic model characteristics. Workshop facilities are
equipped with CAD/CAM systems and CNC lathe and milling machines. VTI can also pro-
vide the complete design and building of wind tunnels, WT systems, and instrumentation for
various types of tests.

The growth of VTI as a design center in the field of experimental aerodynamics was
backed up by the development of WT facilities. The first WT was built in 1952. and the latest
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one was the T-38 Trisonic WT in 1986. The VTI facilities were used to support Galeb G-2,
Jastreb, Kraguj, Orao, Super Galeb G-4, Lasta and Super Galeb G-4M aircraft programs.

Wind tunnel facilities of the VTI

T-32 WT. Small low-speed wind tunnel is the oldest WT in use. It has a closed-
circuit with semi-open, elliptic, test section (1.8 m % 1.2 m, length 2.0 m). Driven by a DC
motor of 91 kW, with manual control and continuous regime, it is running up to speeds of
72 m/s, while unit length Reynolds number is up to 5 million/m. The main equipment consists
of external six-component balance, pressure and temperature transducers for flow and pres-
sure distribution measurements, smoke generator. Data acquisition and data reduction system
are available.

T-33 water tunnel. It is continuous close circuit tunnel, driven by DC motor of 91
kW and controlled manually. Maximal water velocity is up to 11 m/s and unit length Reyn-
olds number up to 10 million/m. Test section is octagonal, dimensions are 0.5 m % 0.35 m,
length of 0.5 m. It is equipped with pressure transducers, thermometers, 2-D LDA system, TV
system and other flow visualization devices.

T-35 WT. Large low-speed wind tunnel has a closed circuit of length 72 m and width
30.6 m, from the top, three changeable octagonal test sections of dimensions 4.4 m x 3.2 m,
length 5.5 m, with a cross-section area of 11.93 m’, forming a flow of excellent quality. Mach
number range: from 0.1 to 0.6 with fan only and atmospheric conditions, 0.6 to 0.8 with fan
and injector running simultaneously while pressurized up to 1.52 bar. The unit length Reyn-
olds number is up to 2.3 million/m. In continuous regime the WT is driven only by a fan, and
if the injectors are added as a power supply running time is bounded to 120 s at M = 0.8. Fan
drive is consisted of four AC motors of maximum continuous power of 7.2 MW, propeller of
23 variable pitch blades, rotating at 400 RPM. Injector system is fed with pressure up to 20
bars, through 8 nozzles in the tube. It is equipped with: six-component external TEM balance,
multi-component internal balances, Scanivalves for pressure distribution measurements, sta-
bility derivatives apparatuses for pitch/yaw/roll and translation measurements, air intake test-
ing rig, etc. Data acquisition and reduction systems are supported all the tests.

T-36 WT. The small trisonic wind tunnel is of an indraft type with square test sec-
tion, dimensions of 0.25 m x 0.25 m, length 0.6 m, with changeable walls - solid or fixed po-
rosity perforated. It is driven by vacuum level of 0.1 bar. It is driven by vacuum tanks, MPR
pumping unit and air dryer. Operational M is from 0.2 to 1.1, and over at 1.56, 1.86, 2.48, and
3.24. The maximal unit Reynolds number is up to 15 million/m. Single test run duration is up
to 60 s. T-36 is equipped with: multi-component internal balances, side wall strain gauge bal-
ance, Scanivalves for pressure distribution measurements, Schlieren system, 2-D LDA sys-
tem, data acquisition and reduction system, too.

T-38 WT. The large trisonic is the youngest (1986.), and the only one that was not
designed and manufactured by national WT experts. The T-38 is of intermittent, blow-down
tunnel type. Drive consists of two five-stage compressors, compressor drive of 3.8 MW AC
motors, storage tanks of capacity 2600 m’ and pressurization up to 20 bars. Operational range
is from Mach number 0.2 to 4.0 (controlled by the flexible nozzle) while the unit Reynolds
number is: up to 140 million/m when 3D test section is in use and up to 62 million/m at M = 1
with the 2-D test section. The stagnation pressure range is from 1.8 to 16 bars. Run time is
from 6 s to over 50 s depending on the test conditions. The three test sections are available for
different operational ranges as follows: a) subsonic/supersonic with closed, solid walls, di-
mensions of 1.5 m x 1.5 m square, length 4.5 m; b) transonic 3-D closed test section with var-
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iable porosity perforated walls, dimensions 1.5 m % 1.5 m square, length 4.5 m, and c) sub-
sonic/ transonic 2-D closed test section with variable porosity perforated walls, dimensions of
1.5 m x 0.38 m, length 1 m. Flow quality/ regulation over Mach number is 0.5% and for stag-
nation pressure: 0.3%, while noise is treated by LEHRT requirements. Equipment is capable
of 3-D and 2-D force and moment measurements, pressure distribution, model dynamic deriv-
ative measurements [22-24] and flow visualization, consisting of: multi-component internal
balances, Scanivalves and electronically scanned integrated transducers for pressure distribu-
tion measurements, wake traverse system for accurate 2-D drag measurements, stability de-
rivatives apparatuses for pitch/yaw and roll measurements, air intake testing rig. The high-
speed system for data acquisition and data reduction is in use.

Equipment, methods, and some results of turbulence investigations in EAL

Hot-film anemometer

The hot film anemometer with constant temperature (CTA) is a modular type pro-
duced by TSI, consists of: linearized anemometer, model 1054B, monitor and power supply
modules, model 1051, RMS (DC) voltmeter, model 1076, hot-film and hot-wire probes; mod-
el 1232 wedge hot-film, model 1238 wedge hot-film 450 sensor edge, probe supports and ac-
cessories and FFT Analyzer. It is used for turbulence measurements in all WT in VTL

The intensity of the longitudinal turbulence (7u) in the T-38 wind tunnel, in a 3D
test section with flat walls, in the range of M from 0.2 to 0.8, is presented in fig. 3. [26].
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Figure 3. Longitudinal Tu in FN 3D test section in T-38 (1984)

LDA measurements of turbulence

Laser Doppler Anemometry (LDA) is an optical technique for measurements of ve-
locity and turbulence in gas, liquid, and mixing fluids, flame, rotating machinery, in combus-
tion, channels, chemically reacting flows, wave tanks, and wind or water tunnels. LDA sys-
tems are designed as compact or modular ones, with fiber optics or classical, for large dis-
tance and large area measurements or for micro applications [27-32]. The basic idea underly-
ing LDA is to measure the velocity of tiny particles transported by the flow. If these particles
are small enough, their velocity is assumed that of the stream and LDA provides a measure of
the local instantaneous velocity, the mean velocity as well as the turbulent quantities.

Three LDA systems are used in the VTI laboratories, the first is one component, the
second is two components LDA (separation of two components of velocity is achieved by po-
larization of He-Ne laser light). It can be used in a velocity range up to 300 m/s, measuring
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point up 0.6 m from the front lens, fig. 4(a). The third system is 3D LDA, designed for VTI
WT T-38 [33]. It is based on three colors of the Ar-Ion laser with 5 W power. The mirrors and
prisms direct the beams leaving the transmitters to a common probe volume, fig. 4(b), at a
suitable angle to resolve three simultaneous velocity components. This system is used for ve-
locity measurement up to 750 m/s at distance up 2.7 m.

(a) (b)
Figure 4. (a) 2-D LDA in T-33 and (b) 3-D LDA for T-38

The LDA velocity and turbulence measurement in the T-33 water tunnel. The cali-
bration of water tunnel was made by the 1-D LDA system and compared with data obtain
from Primary Measuring System (PMS), Pitot tube and rake. The velocity and TI distribution
along horizontal and vertical line, crossing in tunnel axis, was measured. Special attention is
considered to measurements in the boundary layer. The results for two velocities 1 m/s and
4.5 m/s are represented in figs. 5(a) and 5(b) [34, 35], comparative calibration diagrams V
(m/s) and Tu (%) as the functions of numbers of motor rotation per minutes, and boundary
thickness measured by LDA in the water tunnel.
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Figure 5. Calibration of the water tunnel by LDA measurement around a hydrofoil
(for color image see journal website)

The velocity and turbulence distribution around the central profile has been meas-
ured by 2-D LDA. The results of measurements have been used as data for making the veloci-
ty vector diagrams shown in figs. 6a and 6b, together with diagrams of velocities and turbu-
lence intensities. The hydrofoil angle was and a = 25°, the free stream velocity V., = 5.32 m/s.
These results are used for definition of boundary conditions in CFD [34-36].

The LDA measurements in the T-38. The calibrating results of the T-38 trisonic WT
test section with 3-D LDA system are shown in fig. 7. Application of LDA in calibration of
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Figure 6. LDA velocity and turbulence measurements around hydrofoil in
T-33, V,, =5.3 m/s, a=25° (for color image see journal website)

the large test section has some advantages, but has disadvantages (expensive running time of
a large WT, a large measuring distance, decreasing light intensity with the 4™ power of the
distance, vibrations either of the wind tunnel, the tested model or the LDA system), too.

The operational application of the LDA instrumentation requires a fully automatic
measuring run, which includes a computer controlled traversing mechanism with high speed
and short time of data acquisition. To optimize that, the laser intensity as well as the aperture
of the receiving optics has to be increased. However, laser with a large power are non-stable
in Gaussian mode and optics with large apertures are very expensive. To avoid this disad-
vantage, achieve the necessary improvement in sensitivity, and reduce the amount of unwant-
ed scattered light, the forward arrangement can be used. Very often off-axis setups are pre-
ferred as long as measuring distance is not too large [37, 38]

Calibration of T-38 WT test section with 3-D LDA system, velocity and turbulence
data are presented in fig. 7. The dashed line is expecting value of the velocity and the plane
line is measurement values.
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Figure 7. (a) Calibration of T-38 test section with 3-D LDA system,
(b) longitudinal TI in T-38 WT determined by LDA measurements
(for color image see journal website)

Investigation of turbulence by pressure and force measurement

The turbulence factor, TF, for low speed wind tunnels, is a free flow correction pa-
rameter of Reynolds number, for obtaining an effective Reynolds number, and commonly
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spheres are used as standard test models. For the aim of validation of results, two types of
spheres are used: a drag sphere and a pressure sphere. Models of standard dimensions, glossy
finished [7, 14, 39, 40], made of wood, metal or plastic, are mounted in the test section, by
sting support preferably. Glossy finish and accuracy of shape are oblique for turbulence influ-
ence measurements because roughness or shape deviations are causing unknown errors in
readings and thus errors of turbulence factor. Drag sphere is subjected to force and moment
measurements, with interest in drag component, while the pressure-sphere model is subjected
to measurements of pressure coefficient, calculated from measured values of stagnation (by
one front orifice) and average base pressure (by four centered orifices).

Turbulence factor in T-31 WT (1957). Blower from the 1951. year was the very first
WT at the VTI (fig. 8) [39, 40]. Regardless, it was an open circuit wind tunnel; turbulence
factor was estimated by two pressure spheres. Results of calibration tests are shown in figs.
8(b) and &(c) for the cross section of the T-31 and 10 m downstream, and were TF = 1.57 and
1.9, respectively.
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Figure 8. (a) T-31 WT, (b) Pressure coefficient vs. Reynolds number of the T-31
test section entrance, (c) turbulence factor along distance from the test section

Turbulence measurement in T-32. Turbulence measurements were made of a metal
high polished pressure-sphere, diameter of 110 mm. The sphere was mounted on a one-leg
support and positioned for one cross section in five places in order to centre line of a test sec-
tion and similar over a three cross sections: at 550 mm, 460 mm from test section entrance
and at the test section centre line. The estimated turbulence factor for the WT is TF = 1.14.

Turbulence measurement in T-35. Measurements of the drag and pressure coeffi-
cient for estimation of the turbulence factor of the T-35 test section were done by a metal
glossy sphere. The sphere model was supported with a sting on model strut support system
(fig. 9) [14]. Drag coefficient vs. the unit Reynolds number is plotted in fig. 9(b), from where
the critical Reynolds number was found and used for obtaining the turbulence factor of the
T-35 wind tunnel, 7F = 1.03.

The turbulence factor, TF = 385000/Reica represents the ratio of the critical Reyn-
olds number of a sphere in free flight and a critical Reynolds number obtained for the wind
tunnel. Reiica) Was agreed to be defined as Reynolds number under which drag coefficient of
the sphere takes the value C; = 0.3. An effective Reynolds number, Reetecive = TF-Re, used in
testing of different other models, is the corrected value that bridged the flow condition in the
test section to free flight. TI could not be obtained by the sphere test and for its determination
a hot-wire measurements have to be added. Force and hot-wire measurements are determining
a function of TI with the critical Reynolds number for sphere. TI is increased while Reynolds
number is decreased.

Optical methods for turbulent flow investigation

The three principal optical methods for turbulent flow investigations are: shadow,
Schlieren, and interferometry. Optical methods are contactless and very sensitive to little cha-
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Figure 9. (a) Cp at T-32 test section, (b) C, sphere in the
T-35 test section (for color image see journal website)

nges of flow properties. Optical methods make possible to visualize and determine aerody-
namically flow parameters in total volume of the test section (density, pressure, flow velocity,
M, show location of shock and expansion waves, nature and transformation of a boundary
layer, an interaction of different effects in complex flow fields and so on) [41-44].

The base arrangement of all optical methods consists of a light beam which passes
through such a set of windows and through the flow field. Each ray of the light beam is dis-
turbed somehow depending on the inhomogeneous distribution of refractive index in the fluid.
The simultaneously alterations occur: the ray can be deflected from its original direction and
the phase of the disturbed ray can be shifted with respect to that of the undisturbed ray. The
first phenomenon is related to shadow and Schlieren methods, and the second with interfer-
ometry. The shadow method visualizes only fields in which the second derivative of refractive
index (density) is not uniform and is not zero. The Schlieren method visualizes the field with
non-uniform light propagation direction, i. e. the field with constant density gradient. Interfer-
ometry is capable to visualize the changes in refractive index, i. e. the changes of density.
This method makes possible to evaluate quantitative density measurements.

The possibilities of optical methods, for turbulent flow visualization, have been ex-
panded within a wide range due to the innovation of the optical laser. Laser light is highly
monochromatic and coherent with high-energy concentration. The laser light sources have
successfully been able to conventional optical visualization systems, but they have led to the
development of completely new methods, e. g. holography and holographic interferometry.

Optical devices

The WT in EAL have optical devices for flow visualization. (Holographic interfer-
ometer with parallel beams is at the same time a Schlieren and a shadow device. The schemat-
ic diagram of the experimental setup is shown in fig. 10. The ruby laser (Apollo model 22,
E=3J,t=30ns,/.=1m)(2) is used as a recording light source, while 6 mW He-Ne laser
(3) is used for interferometer setting and reconstruction of holograms (9). The Hg lamp (13),
small mirror (14), horizontal knife-edge (15) and still camera (16) are the different parts be-
long to Schlieren device with Z-shape. The large concave mirrors (D = 300mm, F' = 2750
mm) (6) are for both systems. The shadow effects are recorded without second large mirror
(6). Instead of it, there is the still or video camera. Laser and Hg lamp are both used as light
sources for shadow technique. Some mirrors, beam splitters and lenses are used for laser
beams directed, enlarged, collimated and focusing (4, 5, 7). The lasers, and all other mechani-
cal and optical components, are fixed on the adjusting platform (1) with height equal to the
height of the WT axis (11). It passes next to knife-edge, causing a bright patch at screen (16).
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Figure 10. (a) Scheme of optical device, (b) elements of Schlieren
system in T-38 (for color image see journal website)

The intensity of it may be used to determine the magnitude of the refractive index or density
gradient, which produced the light deflection.

The main holographic interferometer performances are: detection range of refractive
index is 107 to 10™, accuracy of refractive index measurement is 10~ and optical field diame-
ter is @ = 900 mm.

Visualization of turbulent flow

Optical methods

The following photos show visualization images of local turbulent flows, with dif-
ferent optical methods [41, 42, 45-47]. Figure 11 shows a visualization of supersonic flow
around 2-D, 90° edge nozzle, Prandtl-Meyer expansion fan at the sharp end of the nozzle at
M., = 1.56: a) shadow, b) Schlieren, and c) holographic interferogram. The turbulent bounda-
ry layer and turbulent area in expansion fan are more visible in shadogram and on
interferogram than in the Schlieren image.

(b)
Figure 11. Visualization of Prandtl-Meyer expansion fan
(for color image see journal website)

Very interesting example of flow visualization is made in the vicinity of tunnel wall
perforations. Many transonic tunnels are operated with performed walls in the test section. A
number of investigations have been performed to determine how the flow in the test section is
affected by the presence of the perforation.

The figs. 12(a)-12(c) report on test performed in T-36, with a single slanted slot in
the bottom plate of the test section, for M,, = 0.83. Flow direction is from right to left. The
slanted slot was used because it had been reported that such geometry would considerably re-
duce the perturbation of free flow. The disturbances originating from the slot are expressed by
distortions of the parallel fringe system. A concentration of fringes indicated the formation of
a pressure wave. The interferogram however, shows that the disturbance from the slot is not at
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all negligible and reaches even beyond the axis of the test section (to about 60% of the test
section height).

S

Figure 12. (a-c) The flow in the WT test section with wall perforation (slanted
slot), (d-f) Two dimensional model of rocket nozzle with barrier in T-36
(for color image see journal website)

The prediction of the flow separation in supersonic nozzle is important for designing
an efficient nozzle—deflector configuration. Test of the complex flow in the two-dimensional
supersonic nozzle with the deflector by three optical methods, performed in T-36 WT, shows
again the significant advantages of these ones in comparison with classical methods.

The method of holographic interferometry has special advantages when complex,
turbulent flows are tested, e. g., flows around a deflector, in the vicinity of the shock wave.
Visualization indicates strong interaction of the turbulent boundary layer with the oblique
shock wave in the divergent part of the nozzle, figs. 12(d)-12(f). The area behind shock wave
is turbulent. The flow visualization results have served as a base for validation of numerical
methods and results. The theoretical and experimental values of Mach number in the expan-
sion area are in good agreement My, = 2.15, My, = 2.13.

Non optical methods for turbulent flow investigation

The investigation of the turbulent flow through 2-D straight profile grid (with three
profiles), the test carried out in the VTI water tunnel (T-33), include measurements and visu-
alization [45, 47]. The flow visualization was performed using air bubbles. They were inject-
ed into the flow at the distance of about 1 m in front of the model, with special device. Figure
13 shows the flow field visualized by different quantity of air bubbles, around the hydrofoil
with angle a = 25°. Velocity of free stream was V,, = 5.32 m/s [36].

Recent developments indicate that smoke visualization in wind tunnels, one of the
oldest flow visualization techniques, will continue as an important experimental tool in the
study of complex turbulent flow dynamic phenomena.

Improvements in generation and injection of smoke as well as in lighting (laser as a
light source), in image processing (the use of computers) have continued to increase the scien-
tific value of this method. Figure 14(a) shows the smoke line in the small smoke tunnel, gen-
erated by the vaporization of paraffin; fig. 14(b) shows the flow around an airplane model
visualized by TiCl drops in T-32 WT.
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(a) (b)
Figure 13. Turbulent flow around hydrofoil visualization in T-33
(for color image see journal website)

Figure 14. Smoke visualization, (a) in a small smoke tunnel, (b) in WT T32

The oil film or dots on the model surface enables to obtain, quickly and easily, a pic-
ture of flow pattern on the surface of the model placed in a WT [41]. The especially mixture
is prepared of an appropriate oil and a fine pigment (Al,O3; TiO,, powder, fluorescent dye,
coloring pigments, graphite). The technique allows observation of the laminar and turbulent
lines, or separation and reattachment regions if the flow field at the body surface. Figure 15
shows the visualization with TiO, and oil on the surface around three, vertical cylinders fixed
on the plate in T-35 for V= 50 m/s, positioned at different angles of attack.

Figure 15. Flow visualization around cylinders fixed on the plate in WT T-35

Results of turbulent flow — numerical simulations
validated by measurements

Sphere model in T-35. For the purpose of validation of the applied methodology of
numerical simulations of turbulent flow around the sphere model, numerical simulations were
done for the rough model of sphere exposed to turbulent free flow. Validation was made by
comparison with tests of sphere model prepared for visualization, in the T-35 WT [14]. Dur-
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ing flow visualization the emulsion was dried, photographed and the measurements of drag
were completed. In the numerical simulations, conditions of the model were assumed while
flow conditions from calibration were used and extended. In fig. 16 a sample for comparison
of WT visualization with TiO, emulsion and flow around a rough sphere from numerical sim-
ulations is shown.

The 2-D supersonic nozzle. 2-D numerical
simulations by solving the Reynolds-Averaged
Navier-Stokes equations with standard two-equation
turbulence model was used for design of 2-D thrust
vectoring nozzles. Three different meshes were used,
a coarse mesh (25976 cells), an intermediate mesh
(48084 cells) and a fine one (95732 cells). The mesh-
es are structured except in the divergent part of the
nozzle, where structured part is next to the wall, oth-
erwise the mesh is unstructured. After making the

Figure 16. T-35 WT: rough sphere
visualization vs. CFD
(for color image see journal website)

numerical models of nozzles with different deflectors
at the exit, the comparisons of the calculation and ex-
periment were made. The differences of the experi-

mental and numerical visualization occur due to two
reasons. The first is the strong interaction of the shock wave and separated boundary layer,
and second the flow in the 2-D thrust vectoring nozzle is essentially three-dimensional [45].
The numerical visualization, using Mach number, pressure contours and velocity
vectors for two dimensional, supersonic nozzle with deflector can be seen in figs. 17(a)-17(c),
deflector has a,; = 100° and 4, = 43 mm. The visualization by optical methods of this nozzle is
presented in figs. 12(d)-12(f).
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Figure 17. Numerical flow visualization, and contours of (a) iso-Mach number (kg/m®),
(b) iso-pressure, (c) velocity vectors
(for color image see journal website)

T-33 water tunnel. Numerical simulation of the flow through straight profile grid is
made in Fluent 6.1 program. The results of flow simulation are compared with experimental
results. Geometry is modeled (Unigraphics 18.0 program) for grid profile angles of slope, cor-
responding to the angles in the experiment: 0° and 25° [46]. The boundary conditions are cor-
responding entirely to the state in water cavitation tunnel during the experiment. For the defi-
nition of the boundary conditions, it was very useful the fact that the turbulence level in the
area in front of the hydrofoil grid was measured during the experiment.

Number of elements in the generated computational grids varies in the range from
285000 to 386000. The k-¢ standard model for turbulent stresses is used for 0°angle of slope,
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and k-¢ realizable model for 25°. Converged solutions for integral quantities of interest were
obtained after 550 iterations for 0° angle of attack and mass residuals 10”. For 25° angle mass
residuals are 10, and 20 iterations are used for each temporal sequence. The enhanced wall
functions are used for turbulent boundary layer. The velocity vectors and path lines around
hydrofoil are shown in fig. 18.
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Figure 18. (a) Velocity vectors for hydrofoil (b) path lines
(for color image see journal website)
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Cone in supersonic flow at T-38. The experiment was performed with M., = 1.5, 1.7,
and 2.0. The calibration model was cone-cylinder, 6, = 15°, / = 300 mm base @ = 160 mm,
l. =160 mm. The images of holographic interferograms are the bases for determination of
Mach number M,, in free stream flow. The maximum difference in the Mach number deter-
mination by Primary measuring system and by holography is 5.3% and average 2.4% [47, 48].
Experimentally, the density of flow behind the shock wave is determined with an accuracy of
2.4% in regard to theoretical, and 3.6% in regard to numerical one.

Numerical simulation of flow was performed by ANSYS FLUENT software. Figure
19(a) shows the composite experimental and numerical image of flow iso-density lines around
model cone-cylinder for M, = 1.474. Figure 19(b) shows Mach number @, for nominal
M,, = 1.5. The measured angle of the shock wave from holographic interferograms is between
44.5° and 48.5° that gives M., from 1.4 to 1.49. The average value of O, ., = 46.5°.
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Figure 19. The experimental and numerical results in T-3
(for color image see journal web-site)

Conclusions

One of the most complicated areas under discussion in many areas of science and
engineering is turbulence. Many authors study the unwanted effects of turbulence on the re-
sults of WT tests over the world.

The main aim of this paper is to present the EAL of the VTI in Belgrade, the equip-
ment and methods of turbulence investigations in the WT test section stream and around dif-
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ferent test models. The role of turbulence in obtaining a spatially and temporary uniform
steady stream of air across and along the test section of wind tunnels is considered. The turbu-
lence has a major importance in flow quality of WT and can excite uncorrected results in ex-
perimental investigations in WTs. Turbulence causes a variation of pressure, Mach number,
density and temperature distribution, the variation of pitch and yaw components of flow angu-
larity, boundary layer change near the walls, noise and the behaviors of vortexes in the test
section. The most important sources of turbulence in WT are analyzed, as well as some turbu-
lence reduction measures.

WT in VTI have turbulence intensity below recommendations by international
standard for WT good flow quality. The modern instrumentation in VTI, enables determine
flow quality and its influence on measurement results of aecrodynamic and dynamic stability
model characteristics. In this paper, some test results, involving turbulence, performed in VTI
WTs are illustrated with diagrams and images.

The VTI WTs were used for testing models for the Ministry of Defence, to support
development of aircraft programs: Galeb G-2, Jastreb, Kraguj, Orao, Super Galeb G-4, Lasta
and Super Galeb G-4M and missile models: ATM Osa, ATM Zolja, ATM Bumbar, SSM
Oganj, SSM Orkan, ASM Grom, marine models of ships and weapons, non-aeronautical
models and a number of models for foreign customers.
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Nomenclature
. . D — optical field diameter, [m]
Tu — turbulence intensity, [%] : — time, [s]
M — Mach number (= v/a), [-] x — spatial coordinate, [m]
Re B Reynglds number (= pve/u), [-] y — spatial coordinate, [m]
Vo — velocity, [m/s] E — total energy, [J]
TF — turbulence factor, [-]
D — diameter, [m] Greek symbols
Regiicar — critical Reynolds num. (= pve/u), [— a — angle of attack, [°]

Refreciive — effective Reynolds num. (= pve/u), [-] Qaelector— deflector angle, [°]
Cq — drag coefficient, [-] e, — angle of the shock wave, [°]
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