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Hurricane winds destroy building and structures brase businesses and residents around
the globe. More than half of the United States’ydapon lives in coastal counties, and as that
proportion continues to rise hurricane researchimgkrease in importance well into the future.

In order to better design building, structural ergrs need methods to estimate the
damaging wind loads caused by extreme hurricandsvi@ne of the most common methods is
by using wind tunnels. This research project aionasstablish appropriate performance criteria
for a full-scale open atmospheric boundary layeBl(Awind tunnel that can replicate various
guasi-steady and turbulent flow states on low-pisiéding models up to 1:25 scale. In general
ABL wind tunnels can be used to research wind &ffea low-rise and high-rise structures,
curtain wall testing, air quality and pollutantgssion, snow dispersion, and wind infiltration
and exfiltration. The wind tunnel can create vatgurate structural modeling and be more
representative of actual failure modes and fatigBetter understanding the failure modes and
roof pressures of low-rise structures could leaddwancements in retro-fitting current buildings
and specific joint reinforcement for new constranti

Theoretical equations as well as empirical modefcurrent wind tunnel papers will be

used to create a viable wind tunnel design. Agerawing the current literature, a scale model
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will be created to test the validity of the propds@nd tunnel design. A method for testing the
wind tunnel head loss and pressure distributiohlv@ldeveloped in an attempt to compare the
actual results with the anticipated results fromliterature research. The culmination of the test

result comparison will be recommendations for &daale ABL wind tunnel.
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CHAPTER 1
LITERATURE REVIEW

Wind engineering is a field that has been evohaugr centuries. The first step in wind
engineering was over 350 years ago when Torrigelénted the barometer to measure air
pressure (Cochran 4). There have been many changeshe years, but at its core wind
engineering is based on using measurements ofl ag flows to predict the forces
transferred to engineered structures and macHhbreseighton Cochran from Cermak Peterka

Peterson, Inc. created a table listing some oitiprtant events that have led to wind

engineering as it is known today, See Table 1-1.

Year | Researcher Event

1643 | Torricelli Invents barometer

1687 | Newton Defines viscosity, laws of motion, calculus, Principia

1738 | Bernoulli Defines conservation of energy in fluids, Hydrodynamica

1755 | Euler Form mviscid equations of fluid motion

1806 | Beaufort Defines wind-speed i term of visible effects

1836 Collapse of Brighton Chain Pier by oscillatory motion

1845 | Stokes Formulates Navier-Stokes equations of fluid motion

1846 | Robinson Invents cup anemometer

1879 Collapse of the Tay Bridge in Scotland

1883 | Reynolds Dimensionless parameter that indicates onset of turbulence

1888 | Dines Invents pressure tube anemometer

1904 | Prandtl Develops the boundary-layer concept

1912 | von Kdrmédn Identifies vortex shedding in wakes

1914 | King Defines equation for cooling of hot cylinders

1928 | Fisher & Tippet Develop theory of extreme values

1934 Highest measured gust at Mt. Washington (370 km/h)

1935 | Taylor Develops statistical theory of turbulence

1940 | Rathbun Collected full-scale deflections on the Empire State Building

1940 Collapse of Tacoma Narrows Bridge by oscillatory motion

1954 | Cermak Builds first large boundary-layer wind tunnel

1954 | Jensen Formulates model scaling laws

1957 | Van der Hoven Compiles wide frequency range spectrum of the wind

1958 | Cermak Reynolds number mdependence in modeling boundary layer

1961 | Davenport Develops statistical concepts to wind loadings

1963 1" International Conference on Wind Effects on Buildings

1964 | Cermak & Davenport | First major bulding study in a boundary-layer wind tunnel —
The World Trade Center Twin Towers in New York City

1965 Collapse of three cooling towers at Ferrvbridge

1970 Term “Wind Engineering” coined

1974 | Eaton & Mayne Avylesbury House study m Britain

1976 | Deaves & Harris Develop mathematical model for strong winds

1979 | Melbourne Shows importance of turbulence i bluff-body aerodynamics

1986 Amarube Tekkyo rail bridge disaster in Japan

1984 | Holmes Defines wind-tunnel pressure tubing response characteristics

1987 | Mehta Texas Tech University Experimental Building 15 bualt

1988 | Robertson & Glass Silsoe Structures Building is built

1992 | Murakanmu 1" Computational Wind Engineering Symposium, Tokyo

Sources: Aynsley Vickery and Melbourne [1977], Britannica [1968], Cermak [1975]. Melbourne [1979],
Cochran [1992], Cook [1985]. Holmes [1984]. McWlurter [1986], Takagi [1992] and Timoshenko [1953]

Table 1-1. Important Events in Wind Engineering
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A large portion of wind engineering today reliesedily or indirectly on wind tunnels.
Wind tunnels are used for a variety of differersgs@ens such as their ability to test prototypes
early in design cycles, or because of their abibtyecord a large amount of data (Barlow 19).
Probably the most important aspect of wind tunrsetheir ability to accurate recreate the full
complexity of full fluid flow (Barlow 19). Wind tunels are especially used when testing new
designs and materials, such as the World Tradee€C&mtin Towers noted in Table 1-1; this is
because of their ability to simultaneously accdonwind interactions, aw well as material and
geometric properties. When testing new materiatsdasigns many times these interactions and
properties are not fully known, limiting the usefioite element analysis software.

Another reason why subsonic wind tunnel researstbleaome so prevalent is the number
of available wind tunnels both public and privdeure 1-1 shows some of the many subsonic
wind tunnels available here in the United Statdse(Worthey Connection). Like most
engineering projects each wind tunnel is uniquedesigned for a specific purpose, giving each

wind tunnel different sizes, speeds, and Reynolaimbérs.
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Speed Range Reynolds
Organization Wind Tunnel Test Section (ft) P g No.
(Mach No.) (per ft x 10 ®)
80 X 120 ft 80 x 120 0 to 100 kts 0-1.2
NASA Ames Research Center 40 X 80 ft 40 x 80 x 80 0 to 300 kts 0-3
12 ft Pressure Tunnel 11.3x11.3x28 0.05 - 0.55 0.1-12
14 X 22 Foot Subsonic Tunnel 14.5x21.75 x 50 0t00.3 0to2.1
12 foot Low Speed Tunnel 12 ft x 15 ft 0 to 77 ft/sec 0t0 0.5
NASA Langley Research Center Low-Turbulence Pressure Tunnel (LTPT) 7.5x3x7.5 0.05- 0.5 0.4 - 15.
20-foot Vertical Spin Tunnel 20 dia, 25 H 0 to 85 ft/isec 0.0t00.15
NASA Glenn Research Center - 9X15ft 9x15 0-02 0-14
Icing Research Tunnel 6x9 0-0.5 3.3
US Air Force Research Laboratories - SA.RL 10x7 0.20 - 0.50
Vertical Wind Tunnel 12 x 15 0 - 150 ft/sec 0-0.91
Naval Surface Warfare Center, Subsonic 8x10 20 - 275 ftisec 175
Carderock Division
US Army Aeromechanics Laboratory Army Aeromechanics 7 x10 0-0.33 0-21
0 - 215 knots
20x20 20x 20 0 - 100 knots (open-jet) 0-23
The Boeing Company BRAIT 5x8 0 - 150 knots (5x8)
4 x 6 (wlinserts) 0 - 250 knots (4x6)
9 x 9 Subsonic Propulsion Tunnel 9x9 0 - 200 knots
30 x 26 (#1) 14 -146 ft/sec (#1) 0-1
LSWT#1&2
Lockheed Martin 16 x 23 (#2) 29 - 293 ft/sec (#2) 0-2
8 X 12 8x12 0 - 293 ft/sec 0-1.7
IWT 4x25 88 - 308 ft/sec 0-2
Allied Aerospace Industries - Micro Craft LSWT 8x12 0-0.37 0-25
Research 2.5x 3.5 Max O = 60 psf 1.7
Northrop G
ortrop Brumman 7 X 10 7 x 10 Mach = 0 to 0.36 18
. 8' Octogonal x 16' long Mach = 0 to 0.90 4.5
Large Subsonic WT 10 x 15 x 31 Mach = 0 t0 0.45 2.6
. . . 18' Octogonal x 40' long Mach =0 to 0.26 1.6
United Technologies Acoustic Research Tunnel o Diameter Up to Mach = 0.65 26
Pilot Wind Tunnel 50" Diameter x 8' long Up to Mach = 0.35 4.6
4x6x8 Mach = 0.12 0.9
Allen G. Davenport Wind Engineering BLWT 1 7.2" wide x 6.45' high x 99' long Mach =0 to 0.045
Grou
P BLWT 2 15' wide x 12' high x 156' long Mach = 0 to 0.030
. . 7 X9ft 7x9 0-0.22 0-16
G Institute of Technol
eorgia nsiriie of rechnalogy Low Turbulence 3.5x3.5 73 ft/sec 0.5
. . o Upto2.25@
Massachusetts Institute of Technology Wright Brothers 7.5 x 10 Elliptical Up to 0.36 @ 0.25 bar 1.5 bar
University of Maryland Glenn L. Martin 7.75x11.04 0.0-0.3 N/A
Old Dominion University Langley Full Scale Tunnel 30 x 60 38 - 132 ft/sec 1
Texas A&M University 7 X 10 ft 7 x10 0-0.25 0-1.9
Virginia Polytechnic Institute Stability Wind Tunnel 6 x 6 0 - 275 ft/sec 1.5
University of Florida anechoic wind tunnel 2.43 x 3.67 x_6.00 ft 0-76m/s 3-4
University of Washington Kirsten Wind Tunnel 8x12 0 - 302 ft/sec 0-1.8
Wichita State University Beech Wind Tunnel 7x10 0 - 264 ft/sec 0-15

Figure 1-1. United States Subsonic Wind tunnels

It is customary to construct a model prototype winahel before the full-scale wind
tunnel to work out design problems early in theglesycle. In addition to being prototypes for
the final wind tunnel design these model wind tusimave been shown to produce very accurate
flow modeling results such as the"™cale tunnel used for National Aeronautics anctc8pa
Administration’s (NASA) Vertical /Short Take-Off naing (V/STOL) wind tunnel and the 10
scale used for th@erman-Dutch Wind TunnéDNW) (Barna 4). In his paper Barna even found

very accurate results in his testing  @@ale model tunnel. As part of this project & &6ale
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wind tunnel will be constructed. This model winael will be used to test the settling chamber
layout, honeycomb design, contraction design, astidection dimensions. The testing for this
design will focus on flow stability and uniformitg the test section as well as the maximum
attainable wind speed. The design consideratioddagout for this ABL wind tunnel are

discussed in Chapter 2.
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CHAPTER 2
WIND TUNNEL LAYOUT

Two main layouts considered for this wind tunne& @losed loop and open. In a closed
loop system the air is re-circulated, see Figulé\2in an open system the air is used only once

and released back into the surroundings, see FRyai (Tomia).
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Figure 2-1. Main Wind tunnel Layouts. A) Closed po8ystem, B) Open System
Both designs have their own advantages and diséalyes The open system has a much
lower capital investment, but requires larger neverful fans. The closed loop system
requires a larger capital investment, but usesgesgerful fans because the loop maintains the

net circuit pressure (Boyle 31). To recoup theahitapital investment of a closed system the
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wind tunnel would have to be utilized five or siayd a week for two or three shifts (Barlow 27).
While the wind tunnel is expected to be utilizednwltiple departments, it is not expected to
meet the high utilization requirements to makéniancially beneficial to use the closed system.
The open system has the problem with excessiaermpduction limiting the hours that it can
be run, however since this wind tunnel is not eigxto require utilization late at night this
should not be a problem (Barlow 27). The closedesysan be fitted with heat exchangers so
that it can be used for experiments that are teatpex sensitive or require thermal modeling.
Because most of the anticipated research woulth@t@mperature sensitive or need thermal
modeling it would be suggested to use the openitidesign to save on total costs. For the
research that is temperature sensitive the additimost of running heat exchangers would still
be minimal compared to the additional capital @jstonstructing the closed loop system. In
addition to the cost savings, one of the greateséfits of using the open system is that it is
capable of environmental modeling such as snow tmggeollution dispersion, and erosion
analysis, making the system very versatile. Siheentain purpose of this wind tunnel will be for
hurricane testing where the models may be testélltwe an open wind tunnel is preferable
because it is much less susceptible to damagerfrodel debris after failure (Barlow 102).
Finally, by using an open wind tunnel design smcée be used for instantaneous flow
visualization around structures.

The main components of the proposed wind tunnetder from intake to outlet are the
axial fan, plenum, settling chamber, contractiong gest section. This layout with dimensions

specific to this project is shown in Figure 2-2.
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Figure 2-2. Overall ABL Wind tunnel Layout A) Sitkew, B) Plan View, C) Cross Section A-
A

Axial Fans

There are many different fans that can be useldemind tunnel to achieve the required
dimensional similarity. Electric axial fans werdes#ted for their low cost and efficiency in
producing high wind velocities. The disadvantageshg axial fans is they impart a small
amount of tangential velocity that has to be reatifvith counter-rotational vanes and/or
additional flow conditioners. The cost of the adfled/ conditioning for the axial fan is much
less than the cost of blowers, which produce a mor®rm velocity distribution. Axial fan
speeds can be regulated either by adjusting tlaéiaoal speed or the pitch of the blades. It is

suggested that choosing a fan with adjustable stpineferred to fixed blades because it allows
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for a larger range of stable flow conditions anduees stalling problems (Barlow 103). For this
project however variable pitch fans for the modelld be prohibitively expensive, so fixed
blade axial fan were used; for the full scale wimanel it would be best to invest in variable
pitch blades to enable the most precise adjustmé&hesaxial fans selected are electric driven.
These electric fans have the advantage over thaibastion driven counterparts because they
have less fluctuations, lower operating costs, e shown to be more reliable in practice
(Patterson Fan Inc.).

Diffuser/Plenum

The wind tunnel diffuser/plenum section is usedettuce the wind speed velocity while
minimizing losses (Boyle 32). Using a diffuser/plem before the settling chamber decreases the
speed of the air flow for screens and flow straglets, thus minimizing the power losses
because the power losses through the wind tunaektated to the speed of the fluid cubed
(Barlow 91). For this wind tunnel design an equivdlconical expansion angle of six degrees
was chosen along with an area ratio of 2:1. Tmgeashould prevent boundary layer separation,
while decreasing the air velocity. According to Bar et al. the for most wind tunnel designs the
most efficient expansion angle is five degreesditamhal savings in expansion angles smaller
than this are lost by the additional frictionalafesses (Barlow 83). The total loss in the diffuse
section is the sum of the frictional losses aldsgurface area and the expansion losses (Barlow
74). Assuming constant material friction factor thetional loss can be calculated using
Equation 2-1:

Diffuser Frictional Loss Coefficient

1t
A% 8sing

K;=1 (Barlow 82) (2-1)
Where:
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K¢ = Diffuser Frictional Loss Coefficient f = Diffuser Friction Factor
Ar= Diffuser Area Ratio g = Diffuser Expansion Angle

The expansion loss equation is experimentally baselddepends on the diffuser cross
sectional area, and it equivalent conical angle @kpansion loss calculation used is from
Eckert et al. The total pressure loss in the défusas calculated by adding the frictional loss
factor with the expansion loss factor and multighliyy the density and speed squared in Equation
2-2 (Barlow 81-83):

Diffuser Pressure Loss

Dp, = (K, +K o))V’ (Barlow 82) (2-2)
Where:

pq = Diffuser pressure loss = Fluid density
K¢= Diffuser frictional loss coefficient V4= Diffuser fluid entrance velocity

Kex= Diffuser expansion loss coefficient
The minimum suggested diffuser/plenum length is@axmately the hydraulic diameter of
the settling chamber to minimize flow separatiod &sses (Barlow 81). For diffusers the
minimum length is calculated by Equation 2-3:

Diffuser Minimum Length

A*-1

L, =(R) (Barlow 81) (2-3)
tan(, )

Where:

Ly = Diffuser Minimum Length A= Area Ratio

R= Inlet Hydraulic Radius ¢ = Diffuser Expansion Angle

Settling Chamber

Immediately following the diffuser section is thdtbeg chamber. It is in the settling

chamber that the flow velocities are straightenedlfe to the center axis and made uniform.
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This is a very important section to smooth outgularities cause by the fan and minor
inconsistencies from expansion. In this proposesigtiethere are three turbulence mesh screens
and a honeycomb screen. The honeycomb is usechighden the flow with minimal losses. The
mesh screens are used to create a uniform velp@fie, it does this because the flow
resistance of the wire is proportional to the spsspehred, slowing the faster flow regions more
than the slower flow regions. By incorporating a caction following the settling chamber
fewer number of mesh screens are required in thiengethamber to achieve flow uniformity
(Bell and Mehta 3). It is suggested by Mehta anadBhaw that to straighten the flow without
impeding it there should be at a minimum approxetya25,000 cells in the honeycomb, which
for this wind tunnel correlates to a hydraulic ec@idmeter of 0.1713 inches (Barlow 91). For the
screen pressure loss calculations a screen mesi ¢dd.3 for average circular wire was
assumed and used in Equation 2-4 (Barlow 86).

Mesh Screen Loss Coefficient Equation

2

SS
Km = (K mesh)(ReS)(ss) + b2 (Barlow 86) (2'4)
Where:
Kn= Mesh loss coefficient Ss = Screen solidity
KmesmScreen mesh factor = 1.3 bs = Screen porosity

Re = Mesh screen Reynolds Number
Contraction

The contraction component of the wind tunnel inaesabke incoming fluid velocity while
minimizing pressure losses, flow separation, ang flariability. The wind tunnel design uses a
two dimensional contraction shape based on BellNeldta’s fifth-order contraction
polynomial. The fifth-order polynomial has beendisatensively in many wind tunnels and is a

very straightforward design without the need fortérelement flow analysis (Bell and Mehta
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14). The suggested contraction length range whemguke fifth-order polynomial contraction is
0.9 to 1.8; shorter contraction lengths causedfleit irregularities and long lengths caused
boundary layer separation and energy loss (BellMekita 15). Bell and Mehta’s fifth order
contraction equation used for this project is ideld as Equation 2-5.

Bell and Mehta’s Fifth-Order Contraction Polynomial

Y(X) =H, -(H. -H,)[6(X)°-15(X')* +10(X’)°]  (Bell and Mehta 15) (2-5)

Where:
H; = Contraction height at inlet L = Contraction length
H; = Contraction height at exit X = X/L
X,Y,Z =Non dimensional stream wise
distance

The two dimension contraction was selected ovareetdimensional contraction because
it has less boundary layer flow separation and miies three dimensional variance (Doolan
1241-1244). According to Bell and Mehta, and suttsaéed by Doolan, the fifth order
polynomial is one of the optimum polynomial of thiees they tested because it has no flow
separation at either the centerline nor along tmaers, met minimum Reynolds number
requirements, and it creates very good flow unifoyrfBell and Mehta 15, Doolan 1244). The
pressure loss through the contraction/nozzle wigsileded using Equation 2-6:

Contraction/Nozzle Loss Coefficient Equation

L
K, =(0.32)(f,) D” (Barlow 98) (2-6)
ts
Where:
Kn= Nozzle loss coefficient Dis = Diameter of test section (Nozzle
fav= Average friction factor exit diameter)

L, = Nozzle length
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Test Section

The two main types of test sections are open avgkdl For purposes of this wind tunnel
design a closed test section will be used becapese t@st sections can have severe flow
instability problems and require extensive deslgwfmodeling and corrective measures
(Barlow 67). In addition to best model the ABLstextremely important to manage the
turbulence and boundary layer depth, which can bst mccurately done in a closed test section.
It is suggested that the test section be sizeeap khe blockage under 5%, and preferably under
3% (Moonen 702). If the model blocks more than 5%0% of the test section, then additional
corrections are usually required (Barlow 65). Tés section size was limited to minimize the
fan size required — the larger the test sectiodatger and more powerful the fans required to
create the same mean wind speed. For the fingjlésintables will be used in the test section
to change the directionality of the prevailing winwl the test models. The loss coefficient
through the test section was calculated using Eouat7:

Test Section Loss Coefficient Equation

© :M (Barlow 74-75) (2-7)
2)(Ry)
Where:
Kis= Test section loss coefficient L= Test section length
f = Friction factor Ris= Test section hydraulic radius

The approximate dimensions of the proposed windeltest section are 20’ wide by 6’
high and 120’ long. These overall dimensions wé@sen to fit within the building selected to
house the wind tunnel. The width was chosen tonatig for large scale low-rise building testing
up to the 1:25 scale without exceeding the sugdese-10% wind tunnel blockage limit. The

height of six feet allows for adequate headroomevetting up experiments within the tunnel.
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The length of the wind tunnel was designed to beadifteen test sections heights to allow for

adequate boundary layer development.
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CHAPTER 3
GOVERNING AERODYNAMIC EQUATIONS

This section describes the overall basic equatias which most theoretical wind tunnel
design calculations are based. There are many lumikated entirely to theoretical and empirical
equations for wind tunnels and it would be impreaitto describe all of these equations in this
report; such references include “Low Speed WindrEliTesting” by Jewel Barlow, et. al. and
"Low speed wind tunnel testing” by M.T. Boyle. $tfor this reason that the governing
aerodynamic equations have been shown in very riany form to explain the general ideas
behind the wind tunnel theories and calculations.

As with all Newtonian based problems the princigdésonservation of mass and
Newton’s Second Law hold true and can be usedlfpredict fluid flow throughout the wind
tunnel. The conservation of mass states that trss wfaa closed system will remain constant,
regardless of the processes acting inside theray3tee continuity equation uses the
conservation of mass to establish that from onatpoia closed system to another mass is the
same, see Equation 3-1.

Continuity Equation

%_{HQ. (rV)=0 (Barlow 4) (3-1)
Where:
= Change in fluid density - = Dot Product
= Change in time = Fluid density
N = Divergence V = Fluid velocity vector

For low speed applications, defined by Barlow aeesgjdess than 0.3 Mach, the fluid is
incompressible and simplifies the continuity eqoratiSee Equations 3-2 and 3-3 (Barlow 13).

The assumption of incompressible flow can be sadegumed because Atmospheric Boundary
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Layer (ABL) wind tunnels are almost exclusively raiow wind speeds below mach 0.3
(Barlow 13-14). The simplification of the ContinpiEquation with an incompressible flow is
shown in Equations 3-4 and 3-5. Using EquationtBe5average wind speed can be found in any
section of the wind tunnel.

Incompressible Flow Assumption for Low-Speed Appliations

7 -0 (Barlow 13) (3-2)
qit
N-V=0 (Barlow 13) (3-3)
Where:
= Fluid density A = Cross sectional area
V = Fluid velocity vector V = Average velocity of the fluid

Q = Mass Flow
Simplify for Average Two Dimensional Flow Using Eugrian Perspective

Qi=Q, (Auld, Srinivas) (3-4)
AV1=A5V, (Auld, Srinivas) (3-5)
Where:
= Fluid density A = Cross sectional area (See
V = Fluid velocity vector Figure 3-1)
Q = Mass Flow V = Average velocity of the fluid g (See
Figure 3-1)

N \/

Vi

-

Figure 3-1. Continuity Equation Figure
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By applying Newton’s Second Law of Motion to anmeéntal mass with respect to an
internal frame of reference with an ideal fluid endteady state conditions in a uniform velocity
field the classical Bernoulli Equation is derivadhe Bernoulli Equation (Equation 3-6) gives an
estimate of the overall velocity pressure relatiops throughout the low-speed wind tunnel
system; by incorporating frictional and local los&&to the Bernoulli Equation (Equation 3-7) it
can give estimations of overall system performaau specific pressures can be conducted
(Barlow 14):

Bernoulli Equation
1 ) 1 5 ..
pAS V2,2 P, 4 VE 42, (Auld, Srinivas) (3-6)

Bernoulli Equation with Added Frictional and Local Losses

P, +%er2 +Z,-h =p, +% Vi +Z, (Auld, Srinivas) (3-7)
Where:
p = Pressure Z = Elevation above datum

= Fluid density hs = Sum of Frictional and Local Losses

V = Average velocity of the fluid

For any fluid flow through a system the loss cardints for each section can be calculated.
These loss coefficients along with the velocityhad fluid in the section, found by using the
continuity equation, the known fluid density, ars$@aming incompressible subsonic conditions
(speeds below Mach 0.3), can be used to calcuiataverage pressure loss across the section,
see Equation 3-8. The total pressure loss is ckedlby adding up all of the individual section

pressure losses (Barlow 74).
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Pressure Loss Equation Using a Loss Coefficient

Dp= (K)(%)(r)(V)2 (Auld, Srinivas) (3-8)
Where:

L[p = Pressure loss = Fluid density

K = Loss Coefficient V = Average velocity of the fluid

The circuit energy loss is the energy lost throtighcircuit through expansion,
contraction, and frictional losses. It is estimatsthg the total pressure loss in Equation 3-9
(Barlow 73).

Circuit Energy Loss Equation

(K) ; (Q(r)(V)?

DE_ . = Barlow 73 3-9
circuit 550hp ( ) ( )

Where:

LCEiruit = Circuit Energy Loss(hp) V = Average velocity of the fluid (ft/s)

Q = Flow Rate(cfs) 550 hp = horsepower conversion

= Fluid density(slugs/)

Equation 3-9 is only an approximation, as it doasinclude thermodynamic losses (which
should be minimal) or account for the fan efficigndowever, it does serve as a good
theoretical minimum bound for error checking beeaw#th these losses the test results should

always be smaller than this calculated value.
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CHAPTER 4
DIMENSIONAL ANALYSIS

Dimensional Analysis of the main fluid mechanicsi@ipns of the Navier-Stokes
Equation and the Energy Equation lead to four nd@&mensionless coefficients used to maintain
flow similarity — Froude number, Reynolds numbegd¥d number, and Prandtl number (Barlow
9-15). The Prandtl number is usually neglectedimivtunnels because it mainly deals with the
temperature dependent aspect of a fluid, and iallysdoes not have a significant contribution;
see Equation 4-1 (Barlow 11). Mach number is usa@present the proportion of an object of
fluid’s velocity to that of the speed of sound, Spiation 4-2. In air at 26 and sea level the
speed of sound is 340.3 m/s, 761.2 mph, 1,225 k@IAncy 7). To be classified as a “low-
speed” wind tunnel it is generally accepted thatNMfach number must be below 0.3, making the
Mach number also not a significant flow similanigrameter. The Froude number is an
important flow similarity for systems where the dymic interactions between the model and
fluid cause unsteady boundary conditions becauséés into account the characteristic wave
propagation velocity, see Equation 4-3 (Barlow Bljce the main purpose of this project is
creating an ABL wind tunnel for low-rise structussting where there will be limited model
flexure the Froude number is not usually used ltaw fsimilarity. However, to be versatile the
wind tunnel will also be able to create stable #8osven at very low velocities for Froude
number similitude for testing high rise buildinggs.general, for applications where the geometry
is fixed and the dynamic interactions are neglestath as ABL wind tunnels for testing low rise
structures the most significant fluid flow similgrparameter is the Reynolds number (Barlow

11). The Reynolds number is based on the fluididgnsascosity, velocity, and the model’s

29



characteristic length, see Equation 4-4. The Ragwumber maintains the ratio of the inertia
force to the viscous force between the full sizacttire and the model.

Prandtl Number

nC

P = kp (Barlow 11) (4-1)

Where:

Pr = Prandtl Number C, = Specific heat at Constant Pressure

= Fluid viscosity k = Thermal Conductivity
Mach Number

%

M=— (Clancy 7) (4-2)
VS

Where:

M = Mach Number

v= Velocity of Object or Fluid

Vs = Velocity of Sound in Specified Medium
Froude Number

F = \/\I/:gz (Barlow 10) (4-3)

Where:
Fr = Froude Number | = Characteristic Length
V= Velocity of Object or Fluid g = Acceleration of Gravity

Reynolds Number

v (Barlow 11) (4-4)
m

Re=

Where:

= Fluid density
= Fluid viscosity
V = Velocity of the fluid
| = Characteristic Length
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To maintain exact Reynolds number similarity wordduire very high wind speeds,
which can undermine the incompressibility assunmtand/or high performance cooling and
pressurized systems to change the fluid propertadsof these solutions require significant
capital and maintenance investments. For the pegpoSABL structure modeling where almost
all of the models are sharp-edged the effects ghBleds number are relatively small allowing
for a relaxed Reynolds number similarity, savirgngdicantly on the costs of the wind tunnel.

For curved bodies critical Reynolds number simifeshould be attainable, but only for limited

sizes (ASCE 22).
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CHAPTER 5
OPEN ABL CALCULATION WORKSHEET

To design the atmospheric boundary layer wind tuarndicrosoft Excel macro “Open
ABL Calculation Worksheet” was created using engpircalculations from various sources. The
main source of calculations came friuow Speed Wind Tunnel Testimg Barlow, Rae and
Pope. This was an excellent source for the sizimbemergy loss equations for each section of
the wind tunnel. “Performance Requirements andimieary Design of a Boundary Layer Wind
Tunnel Facility” by Marshall was used for its hydlia radius equations, and “Contraction
Design for Small Low Speed Wind Tunnels” by Beltldiehta was used for the fifth order
polynomial contraction design. The macro Microdetel Solver add-in to perform iterations
for the friction factor for each section of the ABLnd tunnel. The Microsoft Excel Solver uses
the Generalized Reduced Gradient (GRG2) nonlinptamization code that was developed by
Leon Lasdon, University of Texas at Austin, andafllWaren, Cleveland State University
(Microsoft).

The Open ABL Calculation Worksheet uses a seriggvains to design an atmospheric
boundary layer wind tunnel. The “Givens” page & torksheet allows the user one simple
place to enter in all their constraints, See Fiditie The “Givens” page has suggestions based
on the literature research to assist the userfinidg the constraints. As a check conditional
formatting has been added to notify the user iirtbelected constraint falls outside the
suggested range. This is achieved by changingatéackground color from green to yellow or
red, depending on how far the value is from thegssted range. The macro will still run outside

of the suggested ranges, but just notifies the. édter the user is done entering the information
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they simply click the “Calculate” button and theematakes over calculating all the suggested

lengths, pressure drops, and energy losses.

Given Value [Given Value
Maximum Prototype Height (ft) 1.5 |Safety/Wire Screen Diameter: d,, (in) 0.125 Calculate [
Maximum Prototype Length (ft) 4 Safety/Wire Screen Cell Width: W, (in) 2.50
Model Scale 1/10 [Safety/Wire Screen Mesh Factor: Knesn (Suggested 1.3) 1.30
Maximum Fan Flow Q (cfm) 7,650 [Mesh Screen Mesh Factor: Knesn (Suggested 1.3) 1.30
Blockage Allowed (Max 10%, Safe 5%) 5% Mesh Screen #1 Wire Diameter: dy (in) 0.00748
Test Section Height: He (Min 6 ff) -M esh Screen #1 Cell Width: W, (in) 0.50000
Test Section Width: W (Suggested: 10ft - 20ft) 2 Mesh Screen #2 Wire Diameter: d,, (in) 0.00748
Test Section Development: L (ft) 10 Mesh Screen #2 Cell Width: W, (in) 0.37500
Maximum Circular Model Diameter (Suggested: 0.5ft) 0.5 Mesh Screen #3 Wire Diameter: d,, (in) 0.00748
Inlet Height: H; (ft) 3 Mesh Screen #3 Cell Width: W, (in) 0.26087
Inlet Width: W; (ft) 3 Honeycomb Cell Hydraulic Diameter: Dy, (in) 0.152
Diffuser Length: Lg 3.00 [JHoneycomb Length to Cell Diameter Ratio: Ln/Dp 13.12
E:::rsj;nA,;?ZaRSZS;,;A::?;gSESted 21lto4) 1.00 [Honeycomb Porosity: 1 (Suggested 0.8) 0.80

Figure 5-1. Open ABL Calculation Worksheet: “GiveRage

After clicking the “Calculate” Button the user eken to the “Calculations” page and
shown all the constants, references, conversignsgquations with their results for each section

of the wind tunnel. Figure 5-2 shows the firstigkfpages of output.

Constants References
= 1.70E-04 ft’ls 1. Barlow, Jewel B., William H. Rae, and Alan Pope. Low Speed Wind Tunnel Testing. 3rd ed. New York:
= 3.7373E-07 __Ib-s/ft’ W iley-InterScience, 1999.
= 0.002378 slug/ft 2. Marshall, Richard D., 1985, “Performance Requirements and Preliminary Design of a Boundary Layer Wind Tunnel Facility,”
1 mph = 1.466666667 fps National Bureau of Standards U.S. Department of Commerce Rep. No. NBSIR 85-3168.
1 hp =550 ft-Ib/s 3. Bell, J. H,, and Mehta, R. D., 1988, “Contraction Design for Small Low Speed Wind Tunnels,” NASA Contractor
1ft=12 in Rep. No. NASA-CR-177488.
1 cfm = 0.016666667 cfs
Given Conversions Value Equations
Flow Rate: Q (cfs) 128 1 cfm = 0.016666666667 cfs
Maximum Prototype Area (ft") 6 Prototype Area = (Prototype Height)(Prototype Length)
Maximum Model Area (ftz) 0.06 Maximum Model Size = (Maximum Model Area)(Model Scale) 2
Maximum Wind Velocity: V, (mph) 724 1 mph =1.46666666666666 fps
Test Section Area: Ay (t?) 1.2 Section Area = (Section Height)(Section Width)
Inlet Section Area: A, (ft") 9 Inlet Area = (Inlet Height)(Inlet Width)
Safety Screen Wire Diameter: d,, (ft) 0.010417 1ft=12in
Safety Screen Cell Width: W, (ft) 0.208333 1ft=12in
Mesh Screen #1 Wire Diameter: d,, (ft) 0.000623 1ft=12in
Mesh Screen #1 Cell Width: W, (ft) 0.041667 1ft=12in
Mesh Screen #2 Wire Diameter: dy (ft) 0.000623 1ft=12in
Mesh Screen #2 Cell Width: Wy, (ft) 0.031250 1ft=12in
Mesh Screen #3 Wire Diameter: d,, (ft) 0.000623 1ft=12in
Mesh Screen #3 Cell Width: W, (ft) 0.021739 1ft=12in
Honeycomb Cell Hydraulic Diameter: D, (ft) 0.012700 1ft=12in
\Wind Tunnel Specifications Value Equations Ref
Minimum Test Area (ft) 1.2 Minimum Test Area = (Maximum Model Size)/(Blockage Allowed) 1
Maximum Wind Velocity: V; (fps) 106 Vt= (Q)/(A) 1
Critical Reynolds Number: Re, 3.13E+05 Re = (V )(Circular Diamater)/( ) 2
Jet Power: P, (hp) 311 P =(0.5)( )A)(V) /(550hp) 1
Initial Pressure Drop:  p; (psf) 13.423 pi=(1/2)( XVa) 1

Figure 5-2. Open ABL Calculation Worksheet: “Cabltidns” Page 1 of 5
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The macro compiles the solutions for each of #atigns and then creates a series of
graphs to visually demonstrate the pressure digtab, the wind tunnel vertical cross section

and plan view, See Figure 5-4 and Figure 5-4.
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The Open ABL Calculation Worksheet is limited taeageturn Low Speed Atmospheric
Boundary Layer Wind tunnels with the layout in tbrsler: Fan, Diffuser/Plenum, Settling
Chamber, Contraction, and Test Section. It is hisided to a two-dimensional contraction
scheme using Bell and Mehta’s fifth order polynadnfizoolan 1242). This worksheet is based
on empirical equations, and should only be usegfeliminary design because it does not have
the accuracy or complexity of a finite element il

The worksheet’s limitations aside, using this maas@ base it can be easily modified to
use other layouts and contraction equations by fyiodi the equations in the calculation page.
As discussed later in this paper the results fioenQpen ABL Calculation Worksheet correlate
very closely with testing performed on the ABL mbdénd tunnel created for this project. This
makes this Open ABL Calculation Worksheet a vemgagle instrument for Atmospheric
Boundary Layer preliminary design and educatiore Tomplete worksheet with all the
equations and calculations used for this wind tumiecluded as Object 5-1. Open ABL
Calculation Worksheet (.xIs file 155KB).

Object 5-1. Open ABL Calculation Worksheet (.»lse 155KB)
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CHAPTER 6
CONSTRUCTION

Axial Fans

The total pressure gradient that must be produgdtidofan was calculated by summing
the individual component pressure losses of eactiosethroughout the entire system. The
minimum flow from the fans required to achieve tbguired test section velocity was calculated
using the following equation based on the ContinaftMass:

Minimum Fan Flow Required

Flow Rate = (\)(A)

Where:

V;= Maximum test section wind velocity tFATest section cross sectional area

The fan selected for this project is a 26 inchrfaanufactured by Patterson Fan Company,

Inc, see Figure 6-1. The propeller is 26 inchediameter and consists of three blades of
galvanized aluminum each angled at 18 degreesefBatt Fan Inc.). For the preliminary testing
the propeller operates at a standard 1800 rpme(Batt Fan Inc.). The fan can be manufactured
to use a variety of voltages ranging from 115V,\226r 277V (Patterson Fan Inc.). Since this is
a model wind tunnel versatility is very importafibhe 115V was selected because it is more
readily available in the United States so thatviired tunnel can be setup in a variety of different
buildings for demonstrations. The 115V model us&d iotor amps and 12.4 running amps of
power to run the 1 horsepower motor (Pattersonlf@). The maximum flow is estimated at
7650 cfm creating velocities in excess of 575 featsecond without any backpressure,
exceeding the minimum flow requirements of the nh@ded tunnel; an estimated flow pattern
is show in Figure 6-2 (Patterson Fan Inc.). Fas greliminary design the fan was not equipped

with a speed regulator, but could be for futuréingsto regulate the wind speed in the test
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section. The fan was permanently mounted on a stéanch was attached to the table by bolts to
ensure a very sturdy base to minimize vibrationsotal of three tables were used, the fans and
settling chamber on one table and the test seotidhe two other tables. By using separate

tables vibrations from the fan were not transfetethe test section and instrumentation.

W Table Bas€

Figure 6-1. 26 inch High Velocity Patterson Fan

28" High Velocity Fan Ar Fow Pattem

WA 1 G e s L 3 A

Above velocities shown in feet per minute.

Figure 6-2. 26 inch High Velocity Fan Air Flow Rah
Diffuser/Plenum

For this project the minimum size fan that wouldguce adequate flow was 26 inch

diameter, and the settling chamber was selectbd &4 inches by 24 inches square, so a plenum
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was used to change the circle to a square. Sipt&nam was used there was no expansion loss
coefficient, but there still was frictional loss@ie plenum was constructed of 3mm Sintra PVC
24" x 36" sheets because it is easily bendablgdey and resilient enough to withstand the
wind tunnel forces. A template from two pieces lyiypod was created with the fan diameter on
one side and the settling chamber 2'x2’ squareherother. It was then attached with 2x4’s so
that the centers aligned. Eight holes were drilemlind each shape and clothes hangers were
strung to create the three dimensional plenumF8gee 6-3. A heat gun was used to then form
the Sintra boards around the clothes hangers,imgeasmooth and constant plenum shape. The
plenum was then attached to the settling chambeg liguid nails adhesive and rivets, See
Figure 6-4. Rivets were used because unlike scoewslts they do not protrude into the wind
tunnel causing flow irregularities. After initiabastruction all of the corners were sealed with
silicone caulking to minimize exfiltration and #fle overlaps were taped with foil tape. Foil tape
was used in place of duct tape because of its s)agoth surface minimizing losses and flow
irregularities, as well as its increased longeviidye plenum was finally attached to the fan using

a combination of foil tape to minimize losses andtdape for structural strength.

40



Figure 6-3. Plenum Construction Template

Molded

Sintra Board

Plenum
Liquid /

Nails

/ Silicone
Rivet /v
Settling

Chamber

\

Foil Tape
A p

Figure 6-4. Plenum Construction: A) AttachmenthaRivets and Liquid Nails B) Weather
stripping with Silicone Caulking and Foil Tape

Settling Chamber

Price quotes from three metal manufacturing comgsapiaced the total cost for a
fabricated honeycomb between $1,000 and $1,400t@kes and shipping and handling.
Because of budget constraints the honeycomb wasect®dy hand using thin red drinking
straws, which were 0.1524 inches in diameter, mgdtie minimum requirements set by Mehta
and Bradshaw. The straws were held in place wghlion of ElImer’s glue because of its low
cost, long setting time, non-reactivity with theasts, easy cleanup, and ease of application. First
a settling chamber was created from 2'x3’ finisipégtes of %" sandply attached together with
metal angles. A piece of cardboard was cut to hiage of the settling chamber to create a
uniform flat surface to place the drinking strawsiast. The cardboard was covered with wax

paper to minimize the sticking and placed perpandicto the walls. Next thousands of 8 inch
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long thin drinking straws were cut into 1.5 inchdéhs using a cutting template. Each of the
35,000+ straws was then hand placed one at a tirm@ow with two rows of glue on top. The
honeycomb was reinforced by placing 3/4" inch lifidh thick Aluminum rod midpoint to
midpoint across the chamber vertically and horiatiyt The total material cost for hand
constructing the honeycomb out of straws and glas approximately $75 (See Table 6-1) for
an estimated savings of over $1,000.

After the honeycomb construction was finished tlesimwas installed. For this design
wire diameters of 19 gauge (0.0359 inches diametith) cell widths of %2” inch to give a
uniform flow with minimal loss. This wire cell wids and diameter were well within the
suggested mesh required according to Doolan. Ipdper Doolan increased mesh densities until
flow the exit plan uniformity was at an acceptaeheel. It was found that the 150x20x20 cells in
the X, Y and Z directions mesh was sufficient toamuplish that acceptable level in his
investigation (Doolan 1242).

The mesh was cut to be approximately 1 inch ovedsso that the edges could be stapled
to the inside of the settling chamber. One meshplexsed before the honeycomb and two were
placed after the honeycomb. A picture of the cotepleettling chamber with the mesh screens
and honeycomb can be seen in Figure 6-5. The é@ations of the mesh and honeycomb

within the settling chamber can be seen in Figude 5
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Figure 6-5. Completed Settling Chamber with Homeyb and Mesh Screens
Contraction

The contraction for the model wind tunnel was carded by first creating a template. For
this project the length of the nozzle is equah hieight of the settling chamber to minimize the
flow non-uniformity without boundary layer sepaoatior too much energy loss. The Bell and
Mehta fifth order polynomial was plotted in Micrds&xcel and printed to scale. The printout
was then attached to plywood and used as a guidbdalothes hanger holes. 2x4’s were
attached and clothes hangers were strung betwedwthboards, See Figure 6-6. The Sintra
boards were then molded to the form using a heatcgeating the top and bottom sections of the
contraction. The sides were created by attachiagéper template to two Sintra boards and
cutting the pattern using a jigsaw, See Figure 6AlRthe contraction pieces were attached to
both the settling chamber and the test sectiorgusicombination of rivets, liquid nails, foil tape
and duct tape, See Figure 6-7B. The top of thestgion was attached to the contraction using

only foil tape so that the top section can be remgan the future for research.
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Figure 6-6. Contraction Template

A B

Figure 6-7. Contraction Construction: A) Side Gamstion B) Completed Construction
Test Section

The test section side walls for the model wind irere constructed from 1/4” thick cast
transparent Plexi-glass to allow for easy modelféowd viewing; this is especially important if
smoke is used for streamlines viewing. The tedi@®top and bottom sections was constructed
from 3/4” sandply to minimize costs. The bottom araks of the wind tunnel were attached by
riveting 1 In. x 1/16 in. thick Aluminum angle taeh of the pieces. Liquid nails was also used

for additional structural rigidity. All of the inde corners and joints were then sealed with
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silicone caulk to minimize roughness and flow ibgtey. The top piece had the Aluminum

angle and weather stripping attached to its edfes top of the test section was temporarily
attached using yellow tie downs to the bottom addssto allow for its future removal for
additional research in boundary layer creation. Bdttom section can been seen being caulked
in the foreground of Figure 6-8A, with the top sectlaying upside down with the angles
attached in the background. Supports were createside the test section vertically along the
wind tunnel’s centerline. The supports were cre#tah 4x4's set vertically and reinforced
horizontally by 2x4’s as shown in Figure 6-8B. 2x#ere run parallel to the test section bottom
between the 4x4’s to create stable base. The sigopere glued and screwed to the table using

4" decking screws for increased stability and rityid

A B

Figure 6-8. Test Section Construction: A) Caulkinggrior Corners B) Reinforced Support and
Tie Down

Completed Wind Tunnel

The total construction of the wind tunnel took oggrear from January 2008 when the
project literature review started to April 2009 withe paper was completed. Most of this time

was spent constructing the honeycomb. Constructidghe honeycomb took 12 hours a day for
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three months. The first month consisted of cutthrey35,000+ straws to length and preparing the
settling chamber walls. The next two months wataltisg the 35,000+ straws in the wind

tunnel housing. It took such a long time to inske@tause before installation two beads of glue
had to be placed and each straw had to be inspectadke sure both ends were not cold fused
together from the cutting. Placement add to the ticause of the need to minimize the
infiltration of the glue into the straw openingsdan properly align all of the straws parallel to
the centerline. It took one 12 hour days to cutiasthll all the pieces of the test section, ane on
12 hour days to create the templates and moldetigoss for the plenum and contraction. By
constructing each section ahead of time final abfetook only one 12 hour day, which
consisted mostly of building the proper supportd weling and centering each of the sections.

Figure 6-9 shows the completed ABL wind tunnel vatth of its sections.
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Figure 6-9. Completed Wind Tunnel

The final total cost for the wind tunnel constroaticame to $1,855.71 under budget. This
number slightly underestimates the total cost efABL wind tunnel construction because there
were some additional items such as duct tape argvsdhat we used and that are not easily
accountable. A complete breakdown of the major camepts of the ABL wind tunnel is

included as Table 6-1.
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Shipping
Purpose Cost Per and/or
Material (unit) Unit Number of Units Taxes | Subtotal Suppliers
JFan
26 Inch High Velocity Fan (each) | $790.00] 1 | $166.50] $956.50]http://www.pattersonfan.com/

Settling Chamber
Test Section Top/Bottom

3/4" x 4' x 8' Sandply (each) |  $45.87| 2 |  $5.73] $97.47]Home Depot

JHoneycomb Section

[s" Red Drinking Straws (5,000 ct) | $30.21] 2 | $0.00]  $60.42|http://www.instawares.com/
IMesh section

19 guage 1/2" mesh fence (36"x10) | $14.47] 2 [  s$1.81] $30.75[Lowes

Test Section Side Panels
9" x 48" - Clear Acrylic Plexiglass

Sheet - 1/4" Thick Cast (each) $14.80 5 $14.58 $88.58|http://www.estreetplastics.com/
|Plexiglass Cutter (each) $5.00 1 $0.31 $5.31|Home Depot

Contraction/Plennum Sections
3mm Sintra PVC 24" x 36"

x 3mm (10 sheets) $167.40 1 $21.81] $189.21|http://foamboardsource.com/

|Milwaukee 1220 Heat Gun (each) $19.99 1 $1.25 $21.24|Home Depot

|Reinforcing

1In. x 10 ft., 1/16 In. Thick Angle,

Aluminum (each) $20.94 4 $5.24 $89.00|Home Depot

3/4" In. x 8 ft., 1/16 In. Thick Rod,

Aluminum (each) $19.57 1 $1.22 $20.79|Home Depot

1.5" Angle Brackets (4 pack) $7.85 2 $0.98 $16.68|Home Depot

Adhesive

|Liquid Nails Project (each tube) $1.57 5 $0.49 $8.34|Home Depot

|Rivet Tool (each) $19.91 1 $1.24 $21.15|Home Depot

|Rivets Long (50 pack) $4.96 2 $0.62 $10.54|Home Depot

|Rivets Medium (50 pack) $5.19 2 $0.65 $11.03]Home Depot

|EImer's Glue (gallon) $15.59 1 $0.97 $16.56|Office Depot

Caulk Gun (each) $9.99 1 $0.62 $10.61|Home Depot

\Weatherstripping

Silicone Caulk (each tube) $4.97 4 $1.24 $21.12|Home Depot

\Weatherstripping (17' Length) $9.89 2 $1.24 $21.02|Home Depot

|Base

6' Wood Table | $50.00] 3 | $9.38] $159.38]|Office Depot
Grand Total $1,855.71

Table 6-1. ABL Wind Tunnel Materials, Costs, angfliers
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CHAPTER 7
MODEL WIND TUNNEL TESTING

Testing Setup

The wind tunnel testing was conducted using thiewohg materials: Series 100 Cobra
Probe by Turbulent Flow Instrumentation, a TFI ifgee Unit with cords, a laptop computer
with internet access, a traverse, two screw clampgod base, 3 feet of reference port tubing,

tape measure, drill, and infrared thermometer,FSgere 7-1.

B
Figure 7-1. Cobra Probe Testing Setup: A) CompBje3etup Probe Close-Up

49



Cobra Probe and TFI Data Acquisition Software

The following is a description of the Series 10@oProbe from the manufacturer
Turbulent Flow Instrumentation:
The Cobra Probe is a multi-hole pressure probepimatides dynamic, 3-component
velocity and local static pressure measurementsahtime. The Probe is capable of a
linear frequency-response from 0 Hz to more th&h2 and is available in various
ranges for use between 2 m/s and 100 m/s. It casune flow angles in a £45° cone, all
six Reynolds stresses and allows calculation ofrofiigher order terms. Probes are
supplied fully calibrated and ready to use.
The Cobra Probe consists of a connector, main breflstrence pressure port, stem, and
head, See Figure 7-2 (Turbulent Flow Instrumentatibor this testing the manufacture supplied
small plastic tube was placed over the referenessure port and run away from the wind tunnel

to ensure an outside reference pressure that vedeated by the wind tunnel.

Figure 7-2. Cobra Probe Layout
The Cobra Probe is a very versatile instrumentithaapable of simultaneously recording
many different flow attributes: Mean Reference Bues, Mean Flow Speed, Pitch Angle, Yaw

Angle, Static Pressure, U, V, W, Minimum and Maxim¥elocities, Turbulence Intensities,
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Reynolds Normal Stress, and Reynolds Shear Sfrassieadings are based on the axis system
noted in Figure 7-3 (Turbulent Flow Instrumentajidn the test section the X-direction is the

longitudinal component, the Y-direction is the saarse component, and the Z-direction is the

vertical component.

Figure 7-3. Cobra Probe Axis System

The Cobra Probe Manufacturer also included them data acquisition software that was used

for this testing called “TFI Device Control,” Segé&re
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7-4

Figure 7-4 (Turbulent Flow Instrumentation).

For the ABL wind tunnel testing fluid propertiesttemperature was based on an infrared
thermometer pointed at the wind tunnel, and therbatric pressure was found online from the
Gainesville Airport weather station, located a felacks from the testing site. The temperature
ranged from 23X to 26.4C, and the barometric pressure remained constdifi’al67.9 Pa
throughout the testing. The sampling options wetensth the sampling time at 120 seconds

sampling at 5,000 hertz and outputting at 2,50@zher
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Figure 7-4. Cobra Probe TFI Device Control Data&uisition Software
Testing Method

The Atmospheric Boundary Layer wind tunnel wasaesh the following locations as
shown in Figure 7-5. Tests were conducted at tileo€each section: fan, plenum, and settling
chamber to see the changes in turbulence and rpead selocities. Tests were conducted at one
foot intervals along the test section at both 3 @& 5 3/8” inches from the bottom to ensure
that the test section has minimal turbulence aeddst flow. Testing was conducted vertically at
the end of the test section to estimate the véicdile of the wind tunnel. Testing was also

conducted transversely at the end of the testaetti also ensure flow uniformity in the
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transverse direction. Finally the first testingdtion at the beginning of the test section was re-

tested for quality control.

Figure 7-5. ABL Wind Tunnel Testing Locations: Byngitudinal Locations B) Vertical
Locations

To minimize testing irregularities a testing methwas established and followed for all the
testing locations. After setting up the initial TBata Acquisition constraints noted above the
following steps were repeated for each testingtiona

1. Drill a hole in the wind tunnel at the testing Itioa and duct tape over any previous

opening from previous test.

2. Clamp the traverse in place and set it to the gpate height and location along the

wind tunnel using a tape measure (without modifytmg grip on the Cobra Probe)

3. Use the infrared gun to input the current wind ®irtemperature into the TFI program.

4. Update the output filename in the TFI software.
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5. Click the “Zero” button to re-zero the probe anlbalprocess to completely finish
before proceeding to next step.

6. Turn on the fan and allow it to warm-up for approaiely 60-90 seconds.

7. Click the “Start Sampling” button and allow the gram to finish recording the data.

8. After the program is done recording turn-off tha &and repeat Steps 1-8 until all tests
are completed.

Quality Control

Numerous precautions were taken to minimize oatsifluences. The first and most
important quality control method was having two jplegerforming the testing at all times. This
limited the number of typographical and testingmoeterrors by having a second pair of eyes
reviewing the testing. All the testing was compietiee same day using the same Cobra Probe,
computer, software, wind tunnel, and setup. In @aldi by testing it all on the same day the
outside temperature and barometric pressure rech&amty constant. The testing was conducted
in an enclosed warehouse with one roll-up dooyfapiened, this minimized influences of the
outside wind while not limiting the airflow arourlde wind tunnel. The wind tunnel was setup
on a table in the center of the warehouse to erthateghere was ample open space for air flow
on all sides, in front, and behind the wind tunm@limizing flow irregularities. The fan was
installed on a separate table from the test seatimmmizing the effect of vibrations on the
instrumentation during testing. The testing heigidse accurately maintained by using a tape
measure for each testing location. The Cobra Pnasecalibrated at the manufacture and
validated against a hotwire anemometer two weekiged-or each test the temperature was
updated and the barometric pressure was found agmmgfessional weather station located a
few blocks away. A 3 foot tube was used on the @ébobe to allow it to read the mean

reference pressure away from the wind tunnel'air influence. The Cobra Probe was re-

55



zeroed before each test to minimize changes thgthaae occurred moving the instrument
between test locations. The grip attaching the E&tvobe to the traverse was kept the same to
minimize changes in the rotation of the Cobra Pratetive to the wind tunnel centerline, which
could affect the Yaw and Pitch, See Figure 4-2. fEimewas turned on for 60-90 seconds before
testing to make sure that the fan has achieveadptspeed and flow had equalized. The fan was
also plugged into its own outlet to minimize vokagariations. Finally, at the end of all the
testing the first test location was re-tested dneddata correlated with the original output very

closely, demonstrating testing precision.
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CHAPTER 8
RESULTS AND RECCOMENDATIONS

Results

The complete model ABL wind tunnel testing resalis be seen in Table 8-1. Overall
results from the model ABL wind tunnel showed refally constant velocities with minor

turbulence.
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89

Mean Barometric Mean Mean Pitch Yaw Velocity
X-Location | Y-Location | Number of good | temperature | pressure reference Flow Angle Angle Pstatic U \% w (m/s) Turbulence Intensity (%)

Testing Locations (in) (in) samples (T) (Pa) pressure (Pa) | Speed | (degrees) | (degrees) | (Pa) | (m/s) | (m/s)| (m/s) | Min | Max | Overall | luu | Ivv | lww
Positionfan 0.00] 23.38] 204,109 (68.0%) 26.4] 102,167.90 9.21 -7.4 36.1] 178.6] 7.16] 5.31] -1.32 0] 17.8 17.6] 17.5] 17.9] 17.4
Positionplennum 36.00 23.38| 70,737 (23.6%) 26.4] 102,167.90 0| 10.2 -1.3 44.4 171 7.15] 7.04| -0.425| 2.19| 18.8 15.1] 12.7] 13.6] 18.4
Positionsettlingchamber 72.00| 21.38] 299,959 (100.0%) 25.8| 102,167.90 0l 419 3.5 17.1] 139.3] 3.97| 1.19] 0.254| 1.37| 6.22 9.57| 11.9] 10.3] 5.2
Test Section: 5 3/8" from Bottom
Position1t 96.00 5.375] 300,032 (100.0%) 23.9] 102,167.90 0| 14.9 0.9 -13 13.4] 14.5| -3.34] 0.223] 12.2| 17.2 3.97| 2.14| 4.25| 4.97
Position2t 108.00| 5.375] 300,032 (100.0%) 23.9] 102,167.90 0| 14.7 2.6 -16.7 16.6] 14.1] -4.21 0.67] 11.2| 17.6 3.76] 2.5[ 3.75] 4.71
Position3t 120.00] 5.375/ 300,032 (100.0%) 25.6] 102,167.90 0] 1438 1.9 -17.2 15.9] 14.1] -4.38| 0.487| 11.9] 17.2 3.44| 2.48| 3.38] 4.23
Position4t 132.00| 5.375| 300,032 (100.0%) 25.6] 102,167.90 o) 14.9 0.9 -14.2 13.6] 14.4| -3.64| 0.233] 12.3] 17.1 3.19] 2.45| 3.05| 3.89
Position5t 144.00] 5.375/ 300,032 (100.0%) 25.6] 102,167.90 0] 151 4.5 -17.8 10.8] 14.3] -4.59] 1.18] 12.6] 17.3 2.86] 2.34| 2.76] 3.39
Position6t 156.00| 5.375| 300,032 (100.0%) 26.1] 102,167.90 0| 15.4 2.8 -17.3 5.5] 14.7] -4.56] 0.748] 12.8| 175 2.65] 2.22| 2.61| 3.05
Position7t 168.00| 5.375] 300,032 (100.0%) 26.1] 102,167.90 o) 15.5 3.4 -15.7 3.1] 14.8] -4.18 0.92] 13.2f 175 2.51] 2.23| 2.51| 2.77
Position8t 180.00] 5.375/ 300,032 (100.0%) 26.1] 102,167.90 0] 157 0.8 -12.7 -1.9] 15.3] -3.44| 0.229| 12.9| 17.6 2.43| 24| 2.35| 2.54
Position9t 192.00| 5.375| 300,032 (100.0%) 26.4] 102,167.90 o) 15.7 3 -17.7 -2.6] 14.9| -4.76] 0.821]| 13.1] 17.5 2.42| 2.53| 2.33] 2.4
Position10t 204.00 5.375/ 301,056 (100.0%) 26.4] 102,167.90 0] 157 1.8 -16.3 -3.7 15| -4.4] 0.503| 3.02| 17.6 3.23] 4.35| 2.63] 2.32
Position11tc 216.00 5.375| 300,032 (100.0%) 25.8] 102,167.90 0| 15.4 3.6 -7.6 -1 15.3] -2.05] 0.973| 12.5| 17.5 2.66] 3.17 2.51| 2.2
Test Section: 5 3/8" from Bottom
Position1lb 96.00, 3.38| 300,032 (100.0%) 23.9] 102,167.90 0] 1438 3.7 -11.2 16.7| 14.4] -2.87] 0939 12| 17 3.61] 1.89| 3.94] 4.46
Position2b 108.00| 3.38{ 300,032 (100.0%) 23.9] 102,167.90 0| 14.8 3.4 -17.3 15.3| 14.1] -4.41] 0.885] 12.1] 17.2 3.29] 2.15| 3.42| 4.02
Position3b 120.00| 3.38{ 300,032 (100.0%) 25.6] 102,167.90 0| 14.9 4.5 -18.3 15.2| 14.1| -4.67 1.17] 12.2] 17.1 3.01] 2.22f 3.15| 3.5
Position4b 132.00] 3.38| 300,032 (100.0%) 25.6] 102,167.90 0 15 1.7 -14.5 12.1] 14.5] -3.77] 0.441| 12.7] 17.3 2.83| 2.24| 2.99| 3.16
Position5b 144.00| 3.38{ 300,032 (100.0%) 25.6] 102,167.90 o) 15.2 4.5 -18 9.4] 14.4| -4.68 1.19] 12.1} 175 2.67| 2.28| 2.76] 2.92
Position6b 156.00] 3.38| 300,032 (100.0%) 26.1] 102,167.90 0] 153 3 -17.4 4.7] 14.6] -4.59| 0.807| 12.1] 17.5 2.8] 2.79] 2.88| 2.73
Position7b 168.00] 3.38| 300,032 (100.0%) 26.1] 102,167.90 0] 153 3.1 -16.5 1.2 14.6] -4.33] 0.815[ 12.1] 17.2 3.06| 3.37| 3.08] 2.67
Position8b 180.00| 3.38{ 300,032 (100.0%) 26.1] 102,167.90 o) 15.4 2.4 -13.3 -2.7 15| -3.53 0.63] 11.9] 17.6 3.24] 3.89| 3.04| 2.69
Position9b 192.00] 3.38| 300,032 (100.0%) 26.4| 102,167.90 0] 154 1.3 -17.6 -4.9] 14.6] -4.64| 0.347| 12| 17.6 3.41] 4.13| 3.21| 2.74
Position10b 204.00 3.38{ 300,032 (100.0%) 26.4] 102,167.90 0| 15.4 2.1 -16.4 -4.7| 14.8| -4.34| 0.552| 12.2| 17.6 3.42| 4.15| 3.28| 2.65
Position11bc 216.00 3.38| 300,032 (100.0%) 25.8| 102,167.90 0] 151 2.7 -8.1 -1.3 15[ -2.13| 0.714| 11.3]| 17.4] 3.51| 4.49| 3.15] 2.61
Re-test Position
Position1b2 96.00| 3.38| 300,032 (100.0%) 26.4| 102,167.90 0l 147 2.8 -15.1 16.1| 14.2] -3.84| 0.728| 12.5] 17.4 3.76] 2.02| 4.08| 4.64
Test Section Vertical Profile
Position11bc075 12 0.75] 300,032 (100.0%) 25.8| 102,167.90 0] 125 2.2 -8 -2| 12.3| -1.74] 0.469| 7.64| 17.6 7.04] 9.89| 5.67| 4.3
Position11bc125 12 1.25{ 300,032 (100.0%) 25.8] 102,167.90 o) 13.4 2.4 -10.9 -2.2| 13.1] -2.52| 0.543| 7.95| 17.5 6] 8.14| 5.18] 3.88
Position11bc200 12 2.00| 303,104 (100.0%) 25.8] 102,167.90 0] 143 0.7 -11.1 -3.1 14] -2.76] 0.178| 10.1] 17.6 4.85] 6.35| 4.33] 3.41
Position11bc 12 3.38{ 300,032 (100.0%) 25.8] 102,167.90 0| 15.1 2.7 -8.1 -1.3 15| -2.13] 0.714| 11.3| 17.4] 3.51] 4.49( 3.15| 2.61
Position11bc400 12 4.00] 300,032 (100.0%) 25.8] 102,167.90 0| 15.4 1.7 -9.9 -2.7| 15.1| -2.66] 0.455| 12.3] 17.4 3.03] 3.71f 2.82| 2.42
Position11tc 12 5.375| 300,032 (100.0%) 25.8] 102,167.90 0| 15.4 3.6 -7.6 -1 15.3] -2.05] 0.973| 12.5| 17.5 2.66] 3.17 2.51| 2.2
Test Section Horizontal Profile
Position11tl 5.25 5.375/ 300,032 (100.0%) 25.8] 102,167.90 0] 158 3.7 -9.8 -2.1] 15.5| -2.68] 1.01] 12.3| 17.4 1.94| 2.18] 19| 1.7
Position11tc 12 5.375/ 300,032 (100.0%) 25.8| 102,167.90 0] 154 3.6 -7.6 -1| 15.3| -2.05| 0.973] 12.5| 17.5 2.66| 3.17| 251 2.2
Position11tr 18.75 5.375{ 300,032 (100.0%) 25.8| 102,167.90 0] 155 -2.4] -7.9 -1.8{ 15.3] -2.12| -0.657| 11.8]| 17.6 3.15] 3.84 3| 2.45

Table 8-1. Model ABL Wind tunnel Testing Results




Figure 8-1 shows the mean wind speeds recorded #hentest section. The overall wind

speed at 3 3/8 inches above the bottom had angerdeviation of 0.20 and a mean of 15.15 m/s

and followed a generally increasing trend. The declion wind speed at 3 3/8 inches above the

bottom had a slightly larger standard deviatio®.@8 and a mean of 14.55 m/s following a

generally increasing trend. The Y-direction wineéesgp at 3 3/8 inches above the bottom had a

larger standard deviation of 0.67 and a mean 8B-8&1/s, and followed a constant trend. Finally

the Z-direction wind speed at 3 3/8 inches aboeedtittom had a larger standard deviation of

0.21 and a mean of 0.77 m/s, and followed a congtamd.

Overall Mean Wind Speed measured along the
length of Wind Tunnel Model
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Figure 8-1. ABL Test Section Mean Wind Speed: Agell Mean Wind Speed B) Mean Wind
Speed in X-Direction C) Mean Wind Speed in Y-DireotD) Mean Wind Speed in

Z-Direction
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Figure 8-2 shows the mean turbulence intensitiesrded along the test section. The

overall turbulence intensity at 3 3/8 inches abibvebottom had an average deviation of 0.46%

and a mean of 3.01% and followed a generally dsargdrend. The longitudinal turbulence

intensity at 3 3/8 inches above the bottom hadnaparable standard deviation of 0.41% and a

mean of 2.62% following a generally increasing tkehhe transverse turbulence intensity at 3

3/8 inches above the bottom also had a similadstahdeviation of 0.50% and a mean of

2.92%, and followed a negative trend. Finally tleetical turbulence intensity at 3 3/8 inches

above the bottom had a larger standard deviatidn8#% and a mean of 3.32 m/s, and followed

a decreasing trend.

Overall Turbulence Intensity measured along the
length of Wind Tunnel Model
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Figure 8-2. ABL Test Section Mean Turbulence: Ae@ll Mean Turbulence B) Mean
Turbulence in X-Direction C) Mean Turbulence in Yr&tion D) Mean Turbulence
in Z-Direction

According to Marshall “turbulence nominal values0db and + 1 percent have been
adopted as performance criteria for intensity abtlence and velocity non-uniformity,
respectively” (Marshall ix). All of these turbulemintensities and mean flow non-uniformities
are outside of this range, but are relatively smoatisidering the accuracy of construction and
testing. Since the probe was lined up paralleh&édenterline of the test section by hand any
angle from parallel would affect the relative compnts in the X and Y directions. That
hypothesis seems to be supported by the relatinstant nature in the Y-direction plot, and the

relatively high negative value — at each locatios probe recorded part of the actual X-

component of wind speed as Y-component. Since tbenZponent is so small those readings are

probably because of turbulence or general testimgntainty. Because of the budget constraints
all of the joints were cut by hand, the fifth-orgedynomial was cut by hand, and most
importantly the honeycomb was constructed on saavtime by hand, all of which can lead to
these relatively small, but significant turbulermee flow non-uniformities values. For the full-
size wind tunnel additional mesh screens coulchtreduced, or even the addition of counter-

rotational vanes if the longitudinal turbulencesimsity values are still out of range. It can also b

seen from Table 4-1 that before the settling charttiamount of “good” steady data changed

from 68% and 28% to 100%, and the overall turbutentensities dropped from over 17.6% to
under 4% demonstrating that the settling chambesigisificantly improving the flow quality. It

is important to note that the reason why the chamgéhe transverse and vertical turbulence

intensities are not as pronounced as the longitldsrbecause the longitudinal turbulence has an

“unsteadiness, which can originate from the faaromtermittent boundary layer separation,
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(and) is usually in the form of a low frequencyiiaton which mainly contributes to the
measured streamwise fluctuation” (Bell and Mehta 3)

Finally, the vertical profile was found by takingadings at various locations at the end of
the test section. Figure 8-3 shows the non-dimesieertical profile of the model ABL wind

tunnel.

Velocity Profile at End of Test Section

Height (in)
w

0.8 0.85 0.9 0.95 1 1.05
U/Uo

Figure 8-3. ABL Velocity Profile at End of Test@&@ien
Recommendations

There were many problems that came up during thetoaction of the ABL wind tunnel.
All of these problems were solvable by working aiddial hours, but this significantly pushed
back the completion date of the project. The oabtimeline for the project, which included
float time for standard construction problems, wakave the project completed within 12
months by the end of December 2008. Problems Wwéthbneycomb and delivery of materials
severely delayed the project making it take ovembiths.

The issue that caused the most problems was theybomb. Because of the prohibitive
cost of a manufactured metal honeycomb the preyastforced to construct one by hand, which

took many more hours than anticipated. The firebfam was finding an efficient method for
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cutting the 35,000+ straws. After trial and ertoe tost efficient method was to bundle
approximately 30 straws with a rubber banc andrayithe bundle using a guillotine style paper
cutter. A template for the length was created layngding a level at the desired length so that the
straws could be pushed flush against it and cus fibwever caused the unexpected problem of
cold fusing. Because of the large amount of stramgsthe dulling of the cutting blade the paper
cutter would squish the straws together while ngttcausing approximately one out of every
five straws to be temporarily joined together. Tiwisblem of cold fusing was easily solved by
squeezing on the ends of the straws with one’fitigs. Again however this added yet another
step and additional time to the honeycomb consbmctlt was anticipated that during straw
placement a very efficient process would be folmd,none was. All the methods tested of
placing groups of straws and the gluing the togetitber caused the glue to close the ends of
the straws, for the straws not to be parallelpottiie straws not to be completely coated with
glue, causing them to break apart for one anotiemnwplaced in air flow. In the future it would
be recommended to first have a much larger budgttat a fabricated honeycomb could be
used.

Another issue was to ensure uniform steady fldwfahe surfaces and transitions had to
flow smoothly. This caused a problem with usinges@ or bolts, which could penetrate the
ABL wind tunnel and lead to irregular flows arouth@ protrusions. The solution to this was to
use a combination of rivets, tape, and adhesiagtéech the components without any protrusions.

Also to ensure a uniform steady flow the wind turalso had to be built within extremely
limited tolerances. Without the benefit of machiabkricated pieces that are usually found in
wind tunnels additional time and effort was reqdite keep the dimensions and contraction

shapes close to the calculated requirements.
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To a lesser degree the anticipated delays witlemahdelivery and items being out of
stock also delayed the project. The Patterson éimedy was held up for over a week because of
flooding problems in Tennessee.

One positive recommendation for future projecthéat the time spent pre-assembling
each section and pre-testing the Cobra Probe sasgphificant amount of time. The assembly
and testing phases were both completed in threg daych faster than the three weeks
originally projected.

Conclusions

In conclusion, the model ABL has been designedgudie Open ABL Calculation
Worksheet created for this research project. ThenO§BL Calculation Worksheet is based on
empirical and theoretical equations and servespaslaminary design for Atmospheric
Boundary Layer wind tunnels. The overall desighofeked general suggestions and requirements
stipulated by the literary resources. The wind &inwmas tested using the Cobra Probe from
Turbulent Flow Instrumentation. The testing resatiewed that the turbulence intensities and
mean flow non-uniformities were out of the suggeéstnge, and this can mostly be attributed to
the budget constraints and the limitations of ttimpigical and theoretical equations. Overall this
project exceeded its original intention of proviglia viable ABL wind tunnel design by
providing a worksheet that can calculate desigameters for a wide variety of ABL wind
tunnels, and by establishing a model wind tunnal tan be used for hurricane research. Using
this model ABL wind tunnel and the Open ABL Workeh&uture researchers can optimize the
wind tunnel design for full-size implementationpseday furthering hurricane research and

optimistically saving lives.
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BIOGRAPHICAL SKETCH

| am very interested in geotechnical, hurricanggatton, and low rise structures. My
favorite classes have been Geotechnical Enginedfiydraulics, and Reinforced Concrete
Design, mostly because | really enjoy the uppeistin classes where you see real world
applications of engineering theory. These classaly differentiate what the theory is and how
it differs in practice. | have been especialleneisted in geotechnical areas because of my
current job in the Solid Waste Department at J&graunds. Hurricane Research has always
been important to me, being born in Louisianaofelhg the events of Hurricane Katrina further
reminds me of the importance of Hurricane reseaktirricane research can help make people
around the world living in coastal areas much safessibly saving countless lives over the

years.



