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ABSTRACT

A twelve-foot-long wind tunnel with a 9 x 16-inch test section has been constructed
at Sandia Laboratories to provide a low-speed, controlled test environment for the study
of atmospheric flows and other fundamental problems in incompressible fluid mechanics.
The facility is distinguished from other low-épeed wind tunnels by its simplicity of
design and flexibility of operation. Experiments involving the test section wall bound-
ary layers, particulate matter in the flow, or models mounted in the center of the test
section are easily accommodated by simple modifications to the interchangeable tunnel
walls and air intake sections. Complimenting this versatile facility are sophisticated
hot-wire and laser velocimeter instrumentation which provide measurements of mean-flow
and turbulent fluctuating velocities in low-speed flows of practicai interest. This re-

port describes the low-speed wind tunnel and its instrumentation in detail.
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I. Introduction

Since its beginnings a century ago, the field of fluid mechanics has been preoccupied
with problems in low-speed airflows. Current emphasis in this area centers upon atmos-
pheric winds and their interactions with surface objects, particulate matter, thermal
layers, moisture, and chemicals., The extreme complexity of the interactions makes it
impossible to model the wind flows mathematically without experimental guidance. Experi-
ments conducted in the atmosphere suffer from the fact that the winds are not steady in
either speed or direction. When unsteadiness is not germain to the experiment, it is
desirable to perform these studies in a low-speed wind tunnel, where the essential features
of the atmospheric winds can be reproduced in a controlled, repeatable environment. The
current interest in atmospheric fluid mechanics, coupled with the serious lack of care-
fully-defined experimental data to guide analyses, resulted in the construction of the
Sandia Laboratories Low-Speed Wind Tunnel described in this report. Subsequent sections
outline the physical characteristics of the facility, its performance, and the instrumen-

tation for making flow measurements.

IT. Description of the Low-Speed Wind Tunnel

A planform view of Sandia's Low-Speed Wind Tunnel is shown in Figure 1. The test
section is supported by a steel frame above the fan, mufflers, filter, and air velocity
damper sections. It is 12-feet (3.66 m) long, 9-inches (0.23 m) high, and 16-inches (0.41 m)
wide. Eight windows are positioned on both sides of the test section to provide complete
visual coverage of the entire test section, including the top and bottom wall surfaces.
The inner surfaces of the windows are mounted flush with the side walls so that flow dis-
turbances in the test section are minimized. ©Nine survey port stations are located in the
test section ceiling along the centerline of the tunnel, and off-centerline ports are also
available at several of these stations. These ports accommodate flow-field instruﬁenta-
tion, such as hot-wire provbes, and they may also be used as anchor points for models to
be mounted in the tunnel.

The airflow in the test section is generated by a faﬁ driven by a two-speed, 3 HP

electric motor located in the return section of the tunnel. The air velocity is controlled
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Figure 1. Planform View of the Low-Speed Wind Tunnel



by both the motor speed and the setting of a damper located downstream of the fan. Two
sections of mufflers reduce the noise level in the airflow. The turbulence level is re-
duced in the settling chamber by two stations of fine-mesh screens. However, some ex-
periments may require that the turbulence level be varied independently of the mean flow
velocity. To accommodate this requirement, a special section at the entrance to the test
section can be fitted with horizontal and vertical turbulence grid bars. A second
section can be modified to accept turbulence generators of different shapes. This capa-
bility is particularly important in the study of atmospheric flows, where both the mean
velocity and turbulent structure must be properly simulated in order to obtain meaning-
ful results.

The construction of the entire tunnel, particularly the test section, is modular to
permit easy access and to encourage the replacement of any standard component with a
specialized component needed for specific experiments. For example, the facility can
quickly be converted from an open-circuit configuration (as shown in Fig. 1) to a closed-
circuit configuration simply by inverting the elbow at the downstream end of the test
section, As a second example, the side walls of the test section have been divided into
four seétions, each of which can be replaced by special units for supporting models, in-
Jjecting particulate matter into the flow, or mounting additional instrumentation. The top
and bottom walls are constructed to give a smooth surface for wall boundary layer studies,
but roughness elements can easily be fastened to these walls to simulate the earth's

- surface or to thicken the boundary layer if better resolution of measurements is needed.
The standard walls can also be replaced with others which generate thermal gradients,
represent clusters of buildings, or provide a liquid surface instead of a so0lid boundary.
Particulate matter can be introduced in the test section, through the turbulence grid
bars, or at several locations in the return section. The simplicity of the tunnel
design makes it possible for such modifications to be made at low cost and with minimal
effort. This versatility is the principle reason why the facility is a candidate to con-
duct a large number of low-speed experiments above and beyond the scope of work originally

intended for this wind tunnel.



ITI. B8tandard Instrumentation for the Low-Speed Wind Tunnel

The versatility of the low-speed wind tunnel design has been matched by the wide
range of flow-field measurements which can be made using instrumentation developed
specifically for this facility. Many techniques, such as the measurement of temperature
and pressure, are standard in their application and need not be described in this sec-
tion., Of greater interest is the veriety of information which can be obtained by the

skillful application of hot-wire anemometer and laser velocimeter instrumentation.

A, Hot Wire Anemometry

The hot-wire probe is a small-diameter (0.004 mm) tungsten wire supported at its
ends by slender prongs. The wire is maintained at a constant temperature (usually 100-
200°C above ambient temperature) by an electronic feedback network. As the air velocity
passing over the wire increases/decreases, the feedback network must operate at higher/
lower power levels to keep the wire at a constant temperature, The relationship between
flow velocity and power to the wire (or, more accurately, the relationship between wire
Reynolds number and anemometer bridge voltage) is the basis for operation of this diag-
nostic technique. Because the wire is small, it can respond to fluctuations in velocity
with frequencies up to 50 kHz. This makes the hot wire ideally suited for use in tur-
bulent flows or measurements of laminar instabilities, where both mean flow velocities and
fluctuating velocities are desired.

Measurements with a single hot-wire probe of mean-flow and fluctuating {(rms) velo-
cities in the direction parallel to the tunnel centerline can be performed routinely in
the low-speed wind tunnel. Before a hot wire is used in the facility, it is calibrated
in laminar flow over the full range of velocities that it will encounter during subsequent
testing. Calibration points (wire Reynolds nunber vs bridge voltage) are fed into a
computerized data reduction program where a curve is fitted to them. A cubic folynomial
is used for the calibration curve (rather than the linear fits cited in the literature)
to improve the accuracy of measurements made in highly turbulent flows and at very low
velocities. Mean-flow velocities are obtained by using the calibration curve in conjunc-
tion with measured mean-flow anemometer voltages; the computer program performs these

calculations and adds any necessary corrections for thermal losses to solid walls.



Fluctuating (rms) velocities are computed in a similar manner using rms voltage measure-
ments. Additional information on turbulent velocities, such as frequency content or
autocorrelation measurements, can be obtained using either analog instruments or com-
puterized frequency analysis techniques developed at Sandia during the past year.l

Figure 2 illustrates the variety of information which was obtained in the turbulent bound-
ary layer flowing over roughness elements mounted on the floor of the low-speed wind
tunnel.

B. The Laser Velocimeter

The laser velocimeter (LV) is an optical instrument which provides non-interfering
measurements of particle mean and fluctuating velocities. The LV implemented at this
facility utilizes two wavelengths emittéd from a L-watt argon-ion laser for the simul-
taneous measurement of orthogonal velocity components. A schematic diagram of the two-
wavelength ("two-color") LV is shown in Fig. 3. The fringe-mode optical arrangement re-
quires that each wavelength individually be split into two equally intense beams which
are focused at the "point" of interest in the flow. Because the two beams are coherent,
they will interfere constructively and destructively to form two sets of superimposed
orthogonal fringe structures in the measurement volume. As small particles (submicron to
micron in size) which are carried by the flow pass through the orthogonal fringe patterns,
the scattered light will vary in intensity as the particle moves from the bright to dark
portions of the fringe pattern. The two-wavelengths of this scattered light are then
separated by an optical filter and focused on separate photomultiplier (PM) tubes. The
frequency of the electronic signal from each PM tube is directly proportional to the
corresponding velocity components of the particle. Successful measurements of particle
mean-flow velocities have been made with this system in the low-speed wind tunnel.

Tt has been experimentally established that micron-sized (and smaller) particles will
faithfully follow a low-speed flow of this type. Thus, it is possible to measure ac-
curately all of the mean and fluctuating flow velocities, in addition'to the particle
velocities. This enables the LV system to be used as an alternative to the hot wire
for acquiring all neceésary flow field information in cases where the presence of the hot-

wire probe may introduce errors in measured velocities.



UlU,

10

L0

0.8

0.6

0.4

0.2

MEAN-FLOW AND TURBULENT FLUCTUATION VELOCITY DISTRIBUTIONS

0.5

O N A

o N

HOT WIRE ANEMOMETER RMS OUTPUT - VOLTS

o N (=T V]

o

o

e

HOT WIRE SIGNAL DATA

2
M LAMINAR SUBLAYER; yly ~0.0002
2 -
INTERMITTENT ZONE; yly ~0. 0005

REGION OF MAXIMUM

TURBULENT INTENSITY, yly ~0.0020

LA ll i LI lll I LI ll] ! LB
SYMBOL U
- 04
— — 0.3
| — ‘/ UZIU
MEAN-FLOW VELOCITY TURBULENT VELOCITY
- PROFILES / FLUCTUATIONS,  _{ ¢ 7
- STATION 7, x = 2.965 m 01
25 x 25 mm grid at x = -0.16 m
— ROUGH-WALL TURBULENT BOUNDARY LAYER
L1l Lol R L 11111119
0. 001 0.01 0.1 1.0
yly

SIGNAL IS WEAKER, CONTAINS
HIGHER FREQUENCIES; y/ye = 0.0340

’ At At ' INTERMITTENCY AT BOUNDARY
LAYER EDGE; ylye = 0.9500
+— ~ FREE-STEAM SIGNAL; ylye = 1.050

Figure 2. Hot-Wire Measurements in a Turbulent Boundary Layer.



T

PHOTOMUL\TIPLIER TUBE

v Vv
INTERFERENCE FILTER VELOCITY
DICHROIC MIRROR @Y
LENS 2

LOW SPEED WIND TUNNEL \ LENS PINHOLE

PHOTO-
MULTIPLIER
TUBE

MIRROR

|~ 48804
| —— 5145 A

Figure 3. Schematic Diagram of a Two-Color Laser Velocimeter.



The random arrival time of a particle and the possible presence of several particles
in the measuring volume requires sophisticated data validation and processing schemes. The
electronic signals from the PM tubes are validated by a Thermo Systems Inc., Model 1094 Signal
Processor which provides a digital output of the velocity. These digital data are then
automatically recorded by the DACS to obtain the statistically significant number of measure-
ments required for this technique.

IV. Demonstration of Facility Performance

The first flow-field measurements in the low-speed wind tunnel were made to determine
the extent to which the facility fulfills the intended objective of providing a controlled,
repeatable airflow for research in atmospheric flows and basic incompressible filuid mech-
anics. Such an investigation was made using'the hot-wire anemometer, as described in
Section ITIT. Measufements of mean-velocity, flow uniformity and two-dimensionality, free-
stream turbulence levels, and the effect of turbulence generators on the flow were carried
out during this developmental phase of the low-speed wind tunnel.

By adjusting the fan motor speed and the setting of the damper mechanism, the mean-
flow velocity in the test section can be varied nearly continuously from O to 50 mph
(22 m/sec). Surveys indicate that the flow velocity is constant to within 1 percent both
vertically and horizontally across the test section. None of the velocity settings impose
undue stress on the motor or damper, so these velocities can be sustained indefinitely.
Higher velocities are possible using test section geometries with smaller cross-section
areas. With the dampei wide open and only the motor speed control used to set the free-
stream velocity, typical mean-flow velocities achieved in the test section are 31 and 50 mph
(14 ang 22 m/sec). At any velocity setting, the tunnel is allowed to run for approximately
an hour before data are acquired so that the air temperature in the test section is sta-
bilized.

The free-stream turbulence level, as indicated by rms measurements of the axial com-
ponent of velocity fluctuations (Vqﬁrl was measured at several test section survey sta-
tions (x) with and without turbulence grid bars located 6 inches (0.16 m) in front of the
entrance to the test section. With no grid bars, the measured rms velocity fluctuations

were approximately 1 percent of the mean-flow velocity (U) for U = 14 m/sec and U = 22 m/sec.
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This ratio was observed to be independent of the test section survey station, implying

that the screens in the settling chamber are successful in eliminating most of the turbulence
before the flow enters the test section. With the turbulence grid bars in position, the
measured free-stream turbulence level near the entrance to thé test section was much

greater than the "no grid" turbulence level, but it decreased monotonically to the "no

grid"” turbulence level at a tunnel station of 81 inches (2.1 m). Downstream of this

station, the grid bars had no effect upon the free-stream turbulence level. These results
indicate that the mechanisms for generation, development, and decay of turbulence in an
isotropic, homogeneous flow can be observed within the length of the test section of this
wind tunnel.

Many experiments in atmospheric flows reduire that mean velocity profiles be "tailored"
to give shear stress distributions that would not normally exist in a boundary layer growing
on the smooth test section walls. In other instances, it is desirable to artificially
thicken the wall boundary layer while preserving the non-dimensional velocity profiles and
turbulent intensity distribution. Both objectives can usually be accomplished by placing
a special grid at the entrance at the test section and iterating on its shape until the
desired flow field is obtained in the test section. As an example of how this process
works, an experiment was conducted in the low-speed wind tunnel to thicken a rough-wall
boundary layer on the test section floor, Figure L4 shows the shape of the fins which were
used as a "first guess” in the iteration process. The fins were installed immediately
downstream of the turbulence grid bars at test section station 0.0 m. The plastic packing
material, whick was glued to the normal test section floor to serve as roughness elements,
is also shown in the photograph. The roughness elements are in the shape of domed cylinders
at right angles to the tunnel floor. They are 9 mm in diameter, 5 mm in height, and are
surrounded by six other elements whose centers are separated by 11 mm. Single-wire
measurements of mean-flow and fluctuating velocities were made at tunnel station 2.965 m
(116.7 inches) at two free-stream velocities. Additional measurements were made to de-
termine the two-dimensionality of the boundary layers, the effect of surveying in a
"trough" between roughness elements rather than on a "peak", and the effect of the

turbulence grid bars on the profiles. In the plots presenting the results of these sur-
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veys, the distance from the wall is represented by v and boundary layef edge values are
denoted by the subscrlpt e. -

Mean-flow'velocity surveys (Fig. 5) show that the fins are successful in doubling
the thickness of ‘the boundary layer without altering the non-dimensional velocity distri-
butionrappreciably. Hence, in experiments where ohly the local‘medeling ef the mean
velocity profile is required, this fin configuration is entirely adequate, However, the
turbulent velocity distribution does not scale properly as the beﬁhdary iayer isrfﬁickened
by the fins. This is because most of the turbulence convected downstream from the fins
has died out, leaving only the turbulence generated by shear stresses near the wall (as
in the:"no fins" configuration). In many instances, these differences in distribution of
turbulence between the "fin"-and "no fin" configurations are not critical, and this fin
configu}ation cah; tﬁerefere,ibe ased wifhout any changes in shape. If these differences
are impertant, the fin geometry would have to be altered to produce a higher;level of tur-
bulence at boundary layer 1ocations farther from»the wall. Variable mesh -screens, rough-
wall fins, and air injection techniques can be used either singly or in combination to make
any necessary adaustments 1n the flow. - ‘ ‘ A - =

Surveys at tunnel station 2.965 m showed that the turbuleace grld bars have no effect
on either the mean-flow velocity profile or the fluctuating velocity distribution. Figure
6 shows the results for a conflguratlon without fins at low speed; these results are typical
of the data obtained at high speeds and with or without fins. At x = l.7h§ m (68.7 in),
the grid had a negligible effect on mean-flow velocities -and on fluctuatiné'velocities
when the fins were installed. Without the fins, the distribution of turbuleat intensity .
did not depend upon the presence of grid bars in regions of the boundary layer where the
generatlon of turbulence by shear stress is much stronger than the turbulence convected
downstream from the grid bars. Near the edge of the boundary layer;'theJconvected tur-
bulence is stronger than the shear-induced turbulence, leading £§ small increases in
turbulent intensity when the grid bars are installed. As was observed in the free-stream,
the levei of gfid-induced turbulence at the boundary layer edge increases when surveys
are made,at locations nearer to the grid bars.

The results of hot-wire surveys at 0.05 m and 0.10 m (1.97 and 3.9%4% in.) off of the

test section centerline are compared with centerline velocity data in Fig. 7. The mean
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Figure 5. The Effect of Fins Upon Boundary Layer Profiles.
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THE EFFECT OF A GRID UPON THE MEAN VELOCITY PROFILE
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velocity profiles are nearly identical across the outer 95 percent of the boundary layer,
indicating that the flow can be considered two-dimensional at this survey station.
However, large differences in profile shape are observed near the wall; these are due to
differences in the position of the hot-wire sensor relative to individual roughness
elements. Such irregularities are to be expected (due to the definition of a "rough"
wall), and are of no concern in experiments investigating atmospheric flows.

V. Summary

A twelve-foot-long wind tunnel with a 9 x 16-inch test section has been constructed
at Sandia Laboratories to provide a low-speed, controlled test enviromment for the study
of atmospheric flows and other fundamental problems in incompressible fluid mechanics.

The facility is distinguished from othei low-speed wind tunnels by its simplicity of design
and versatility of operation. It may be operated at any mean-flow air speeds between O

and 50 mph (22 m/sec), and the capability exists for generating different turbulence levels
and velocity distributions in the test section. Experiments to study fundamental problems
in atmospheric fluid mechanics and boundary layers, wakes, and turbulent flows can be
conducted with the tunnel in the closed-circuit configuration. The long test section

is ideal for studying the thick boundary layers on the tunnel walls or the development and
decay of turbulent eddy structure in a free shear layer. In the open-circuit configuration,
the tunnel may be used to study the dispersal of small particles in the atmosphere. In
either configuration, the test section walls may be modified to accommodate specific
experimental requirements for surface roughness, temperature, particle injection, and model
mounting.,

Flow-field instrumentation for the low-speed wind tunnel includes sophisticated mean-
flow and fluctuating velocity measurement techniques in addition to traditional pressure
and temperature diagnostics. A single-channel het-wire anemometer has been used success-
fully to record both time-averaged and turbulent velocities in the tunnel wall boundary
layer, and development of a dual-channel system for measuring Reynolds stresses is under-
way. For measurements of particle velocities in atmospheric flows, a two-component laser
velocimeter (LV) is available. Both the hot-wire anemometer and the LV can be inter-

faced to a mini-computer data acquisition system for rapid, accurate interpretation and
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analysis of the data. The same mini-computer will be used to control the LV optical
bench for automatic traversing of the flow in the test section,

After performing simple experiments to validate the laser velocimeter measurements,
the low-speed wind tunnel will be used to study the deposition and resuspension of parti-
culate matter in the earth's boundary layer. DParticle deposition and resuspension may be
important processes governing the dispersion of pollﬁtants downwind of a pollution source.
Unfortunately,.most techniquese')+ for predicting deposition and resuspension rates are
empirical and are not based upon an understanding of the fundamental physical processes.
The objectives of this work will be to observe the basic mechanisms for particle transport
near the surface, and to correlate measured deposition and resuspension rates using para-
meters which characterize the transport mechanisms. At first; simple turbulent boundary
layer flows will be used as the deposition/resuspension enviromment. Hot-wire surveys
will define the flow field and LV measurements will define the particle motion. Once a
model of particle deposition and resuspension is generated, the flow in the low-speed wind
tunnel will be tailored to simulate the earth's boundary layer. The response of the
particle motion to these additional flow field complexities will lead to improvements in
the deposition/resuspension model.

The low-speed wind tunnel may also be used to examine fundamental problems in fluid
mechanics, such as turbulent mixing in isotropic, homogeneous flows. Previous investi-
gations of turbulent mixing were conducted using only the hot-wire anemometer. The mixing
process could be observed by the hot wire only if different gases were used in the experi-
ment. Difficulties were encountered in generating the same scale of turbulence in each
gas while maintaining isotropy and inhomogeneity in the mixing region. However, experi-
ments in the low-speed wind tunnel will use the laser velocimeter to circumvent this pro-
blem. With the LV, the same gas is used everywhere; the mixing process is studied by
seeding part of the flow with particles and using the LV to observe the particles as they

mix with regions where no particles were introduced.

20



VI. References
Clark, B. L. and Croll, R. H., "Digital Spectral Analysis and Filtering of Dynamic
Data," ATAA Paper No. 75-212, AIAA 13th Aerospace Sciences Meeting, Pasadena, Calif.,

January 1975.

Bagnold, R. A., The Physics of Blown Sand and Desert Dunes, Methuin and Co., Ltd,

London, 1954,

Chepil, W. S,, "Transport of Soil and Snow by Wind," Meteorological Monographs, 5,

pp 123-132, 1965.

‘Schmel, G. A., "Resuspension of Particles from Roads by Vehicular Traffic,"

Atmospheric Environment, 7, pp 291-300.

21



DISTRIBUTION:
1110 L. R. Hill

1111 W, D, Weart
1150 J. R, Bannister
1650 W. L. Stevens
1710 V., E. Blake
1720 A. W. Snyder
1721 R. E, Luna (10)
1721 P. E. McGrath
1721 B. D, Zak
5000 A. Narath
Attn: J. K. Galt - 5100
E. H. Beckner - 5200
J. H. Scott - 5700
L. M. Berry - 5800
5251 C. A. Trauth
5252 W. J, Whitfield
5600 A, Y. Pope
Attn: R. C, Maydew

5640 K, J. Touryan
Attn: T. A. Green - 5641
R. A. Hill - 5642
J. K. Cole - 564l

5644 A, J. Russo (5)

5645 R. H. Croll (5)

5645 C, W. Peterson (10)
5710 G. F. Brandvold

5825 P. H. Holloway

5842 R, M. Elrick

8252 P, K. Lovell

8333 C. W. Robinson

9330 A, J. Clark

3141 Central Tech File (5)
3151 W, F, Carstens (3) For ERDA/Tic (Unlimited Release)
8266 (2)

22





