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ABSTRACT

This dissertation is compiled on the study of Development and Improvement on
subsonic wind tunnel developed in Universiti Teknologi Petronas (hercin after is
called UTP). The objective of this study 1s to design and develop a new open circuit
subsonic wind tunnel that can operate under 11 m/s ~ 15 m/s. Basically, the project
was divided onto two phases. In Phase I, the scope of study was to cover the
literature review on theory regarding the sub sonic wind. The guidelines for the
design then were selected and compiled to engineer a new sub sonic wind tunnel that
meets the criteria given. The study in Phase I also covered the justification on fan
selection and proper contraction ratio. In Phase II, the air flow quality such as
turbulence intensity and velocity variations were investigated to verify the developed
wind tunnel. The scope of study in Phase II included the understanding of working
principle of hot wire anemometer as the tool needed to measure velocity and
turbulence intensity. The methodology of approach to achieve the objective started
from the literature review related to the airflow quality. Based 6n the literature
review in phase II, an experiment was conducted to determine the velocity variation
and the turbulence intensity in the test section. A constant temperature anemometer
as one type hot wire anemometer is being used throughout the experiment. The
result is obtained by using the Streamline/Streamware software. The sensor used for
the experiment was 1D(55P11-Gold Plated Miniature wire probe) sensor due to the
unavailable 2D(55P61-X wire probe) sensor during the experiment. . Based on the
results obtained, it showed that the velocity of air throughout the test section was
about 11 m/s ~ 12 m/s which meet the first objective of the project. The turbulence
level was quite low although exceed the constraint of less than 0.1%. This was
basically due to the absent of the honeycomb in the settling chamber. However, the
project can be concluded to be successful as it meet one of the design constraint

which to operate under 10 m/s ~ 15 m/s.
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CHAPTER 1
INTRODUCTION

1. INTRODUCTION
1.1 Background of Study

The study of this project mainly was to develop an open circuit wind tunnel in UTP.
The project was divided into two phases. Phase I of the project covered the
understanding of working principle of open circuit wind tunnel. Then the theories of
the designed were compiled in order to deliver a suitable opeﬁ circuit wind tunnel for
this project. Phase I also covered the justification of the drive system. Phase II of the
project began immediately after the wind tunnel was completely fabricated and
assembled. Under Phase II, the project was to determine the velocity in the test section
and also the turbulence intensity in three sections of the test section namely right,
middle and left side. The study also covers the experimental method to measure the

velocity variation and turbulence intensities in the test section.
1.2  Problem Statement

The main task on this project is to develop a sub sonic wind tunnel which follows the
following condition:

o The test section area must be 30 cm X 30 cm

o The flow speed in the test section in range of 10 m/s-15m/s

The term subsonic means that the wind tunnel will be operated below 0.3 mach or below

134 m/s.



1.2 Objective and Scope of Study

Generally, a wind tunnel is used to study aerodynamic properties of an object in a
stationary manner including pressures, forces, velocities, and vibrations. Currently,
UTP does not have a proper wind tunnel. Thus, for the ease of study, the existed wind
tunnel will be redeveloped.
Currently, UTP has a small scale wind tunnel with improper operating condition. The
main goal of this project is to redevelop a small scale wind tunnel which can operate
under 10m/s ~ 15 m/s for the use in UTP .By redeveloping this wind tunnel, hopefully it
can be fully utilize by the lecturers to visualize the flow characteristic to the students.
The other objective for this project was to determine the velocity variations and
turbulence intensity in the test section. The result of the experiment was being analyzed
so that further recommendation and improvement will be stated later.
Basically, the development of sub sonic wind tunnel will manipulate the pure
mechanical principles such as Fluids Mechanic, Heat Transfer and Computer Aided
Design. So, this project also will help us to integrate the knowledge on engineering,
management and financial principles.
This project is divided into two phase. Under phase I (August — November), this project
will cover the study and design over the function of each part in wind tunnel The
prototype of the wind tunnel will be constructed at the end of phase I.
The phase Il (January — April) of this project is to cover the study of the flow quality in
the test section. Basically, the study will involve the understanding over Hot wire
anemometer (CTA) and how to properly select the sensor and the experiment for
procedure in order to obtained an accurate results.

Gantt Chart for both Phase I and Phase II can be referred at Appendix A-1 and A-2



CHAPTER 2
LITERATURE REVIEW AND THEORY

2.1 Overview of Wind Tunnel

The wind tunnel actually a replacement of whirling arm and the first wind tunnel was
built by Frank H. Wenham (1824-1908), a Council Member of the Aeronautical Society
of Great Britain, in 1871.

Generally, the wind tunnel is used to study aerodynamic properties of an object in a
stationary manner including pressures, forces, velocities, and vibrations. Wind tunnel
offer a rapid, economical, and accurate means for aerodynamic research. It is widely
used in automotive and aeronautical fields to test the performance of objects such as car |
and plane wing.
Wind tunnel also is used for research, in which experiments are done to investigate the
microstructure of (turbulent) flows. Either by natural turbulence or by artificial |

generation, flow structures are analyzed in order to understand the flow system.



2.2 Wind Tunnel Classification

( Wind Tunnel )
I
C Open Circuit ) ( Closed Circuit )
I I
( Single ) ( Annular ) ( Double )

Figure 2.1 : Types of wind tunnel

Mainly there are two types of wind tunnel which are the Open circuit and the close
circuit wind tunnel. In a Closed Circuit wind tunnel, the air that passes through the test
section is drawn back into the fan and sent through the test section again and again.
Please refer to figure 2 . Close circuit wind tunnel can be divided by 3 types which are

single, annular and double return.
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Figure 2.2 : Closed circuit wind tunnel!

"Kas Kasravi, 19" August 2003, <http:// www. Kasravi/cmu/tech452/acrodynamics>



Here are the summary of the advantages and disadvantages of close circuit wind tunnel

Table 2.1 : Advantages and disadvantages of closg circuit wind tunnel

“Advantages

Disadvantages -

- In a well designed Closed Circuit wind
tunnel, some energy is recovered due to
constant ambient condition. A smaller

motor can be used.

- Closed Circuit Wind Tunnels are much
more expensive to build due to the
construction of the additional air return

system

- Closed Circuit Wind Tunnels are
completely enclosed, and so are shielded

from rain and cold weather.

- The air in a Closed Circuit Vertical Wind
Tunnel is full of dust and debris from
clothing, cushions, etc. This is constantly
recirculated, and 1s very difficult to

remove.

The project is more focused on developing small scale open circuit wind tunnel for this

project. In an Open Circuit Wind Tunnel, {resh air is drawn into the machine. The air

that passes through the test section is discharged from the machine. Please refer top

figure.

The term small scale wind tunnel or low speed meaning that the wind tunnel that is

currently develop will operate with speed less than 0.3 mach.
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Figure 2.3: Open circuit wind tunnel®

? Kas Kasravi,19" August 2003,<http:// www. Kasravi/cmu/tech452/aerodynamics>




Here are the summary of the advantages and disadvantages of open circuit wind tunnel.

Table 2.2 : Advantages and disadvantages of open circuit wind tunnel

_Advantages

Disadvantages

An Open Circuit Wind Tunnel is much
less expensive to build.

not accurate - prone to changes in
atmosphere and can require more power

Saving space

There may be dirt and insect coming
through the wind tunnel

Noisy due to fan.

Anti-turbulence
frireen

1 B 1§ &

"%,
Contraction
sedlion
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Figure 2.4 : Open circuit wind tunnel.




Basically, a wind tunnel consists of several parts which are a settling chamber, a

contraction cone, a test section, a diffuser and also a drive system. (Please Refer to

Figure 2.4)

The functions of each part in the wind tunnel are shown in Table 2.3 below.

Table 2.3 : Open circuit wind tunnel part and it function

Section

Function

Settling chamber Honeycomb

Straighten the air flow

Air screen filter

Filter dust and reduce turbulence effect

Contraction cone

To take a large volume of low-velocity air
and reduce it to a small volume of high-

velocity air. Venture effect.

Test Section

Models of wings or planes are placed in
the test section.

As airflow is brought to the desired |
velocity, sensors measure forces, such as

lift and drag, on the test article.

Diffuser

Where the air coming out of the test
section slows down prior to exhausting or |
recirculating. The air slows down due to
the shape of the diffuser. By reducing

power, the operating costs are reduced.

Extraction Fan

The drive section provides the force that
causes air to move through the tunnel.

This force normally comes from fans.




2.3 Small Scale Wind tunnel design rules

The research was continued to find the suitable design including the design size by

referring from the technical data and the books wrote by the respective peoples in this

area. Table below lists the general rules for the wind tunnel designed.

Table 2.4: Design rules for small low speed wind tunnel

Sections

Design rules

Settling chamber length

The settling chamber length of %5 times the
inlet diameter is often used. The screen
spacing (x) that equivalent to about 0.2 of
the settling chamber diameter performs
successfully. Also, the distance between
last screen and the contraction entry (z) has
also been found to be about 0.2 of the

cross sectional diameters.’

Contraction cone

Contraction ratios between about 6 and 9

are normally used at least for the smaller

tunnel >

In common practice, the recommended

length of the nozzle is , I, = 1 x inlet radius

Test section

The test section, which may be closed,
open, partially open or convertible. The
test section length to hydraulic diameter
ratio may be typically chosen to be 2 or

more4

* Mehta and Bradshaw, 1979, Design Rules for small low speed wind tunnels

* Jewel B. Barlow, 1999, Low Speed Wind Tunnel Testing, John Wiley and Sons



Diffuser

A diffuser of at least three or four test
section lengths. The typical equivalent
cone angle is range of 2 — 3.5° with the
smaller angle being more desirable. The
area ratio is typically 2-3, again with the

smaller values be more desirable °

2.4 Fan Selection

The fan for the wind tunnel system can be selected by using Fan Capacity Curve.

r_—__'hnm

e

-

l.uwa._ET'fgheeringT-:-d Box.com

Figure 2.5: Example of fan capacity dia,qram6

The system curve is plotted to our requirement and then compare it to the manufacturer

curve which will result to several fans that match up to our specification.

2.5 Material selections

* Jewe! B, Barlow, 1999, Low Speed Wind Tunnel Testing, John Wiley and Sons

® The Engineering Toolbox, 5 October 2003, http://www.engineering toolbox.com/hvac.htm



Basically, there are 4 general criteria that we need to consider in selecting
appropriate material for the wind tunnel, which are:
1. Performance characteristics, which selecting materials with suitable
properties
2. Processing characteristics, such as finding the suitable process to form the
material
3. Environmental profile

4. Budget, in term of material cost and processing cost
Basically, the main material that we had in mind to construct the wind tunnel with is

actually the wood. Overall frames and walls of the wind tunnel will be made of wood,

including the contraction’s walls and diffuser’s walls.

2.6 Air flow quality

2.6.1 Reynolds Number

The dimensionless Reynolds number is the primary parameter correlating the viscous

behavior of all Newtonian fluids.

Re= inertia force = pVl

Viscous force p (2.1)
Where V = velocity
P = density
1 = viscosity

1 =length.

10



Reynolds number indicates type of flow in test section of wind tunnel whether it is
turbulent, laminar or in the transition region. Turbulence is due to the nonuniformity
flow. The figure below shows the boundary layer growth and separation in nozzle-

diffuser configuration.
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core flow 1 Uix)
| - :
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__,._;rﬁ B i e - streamline
- ik b —— — —
- 34 REy T
- g i
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Favorahie Zero Adverse gradient )
gradient pradient (houndary iayer thickens}

Figure 2.6 Boundary laver growth I nozzle-diffuser configuration’

Figure 2.3 above shows that parameters such as pressure, area, velocity and gradient are
variables that change in values at different points or locations. Velocity increases when
approaching through the nozzle to the throat. Throughout the nozzle, velocity is
approximately constant. However, velocity decreases when approaching diffuser from
the throat. Velocity of airflow may influence turbulence level. For instance, low

velocity leads to boundary layer separation, and later leads to turbulence.

7 Frank, M. White, 1999, Fluid Mechanics, 4™ edition, McGrawhill International Editions, United States
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2.6.2 Turbulence Intensity

According to Osborne Reynolds (1895) rewriting the continuity and momentum

equation, the time mean « of a turbulent function u(x,y,z,¢) is defined by
- 17
U = — J u dt
T (2.2)

where T is an averaging period taken to be longer than any significant period of the

fluctuations themselves. The mean values of turbulent velocity is illustrates in figure 5

below. 8

Figure 2.7 Mean values of turbulent velocity

The measure of turbulent intensity is

1
't = T—j 2df # 0 (2.3)
0

However, each component of momentum equation, after time averaging, will contain
mean values plus three mean products or correlation or fluctuating velocities. It reduces

to the form of

¥ Frank, M. White,1999, Fluid Mechanics, 4™ edition, McGrawhill International Editions, United States

12
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From this equation, turbulent shear equation could be reduced in the form of

r=udh puy (2.5)
0y
Figure below shows the distribution of turbulent shear from typical measurements

across a turbulent shear layer near a wall. These experimental facts are useful for the

velocity distribution across a turbulent wall layer.

Quter
turbulent
layer

A ' —
Overlap tayer

Viscous wall layer

Figure 2.8 Typical velocity and shear distribution in turbulent flow near a wall’

For wind tunnel, the turbulence intensity in the test section without model should be
kept as lower as possible. Ideally, there is no turbulence occurred in the test section.
However, the turbulence level should be not exceed 0.1 % in order to maintain near zero

turbulence level !

? Frank, M. White, 1999, Fluid Mechanics, 4" edition, McGrawhill International Editions, United States

" Rafan,Nur Aidawaty,June 2003, Improvement on Subsonic Wind Tunnel in Universiti Teknologi
Petronas

13



2.7 Laser Doppler Anemometer and Hot Wire Anemometer working principles

The laser Doppler velocimeter sends a monochromatic laser beam toward the target and
collects the reflected radiation. According to the Doppler Effect, the change in
wavelength of the reflected radiation is a function of the targeted object's relative
velocity. Thus, the velocity of the object can be obtained by measuring the change in
wavelength of the reflected laser light, which is done by forming an interference fringe

pattern

crossover point ecel photo
measurement recelver
\ collection lenses  detector

volume) \ angle

PARTICLE FLOW
{(ENTO PAGE)

SO FYTEE

i
i

| signal outpuf
i wire

focusing

tens \A%

beam spitter —»-_g.'-'.

prism

faser ___,._]

Figure 2.9 : Laser Doppler basic operation'!

A laser power source is the essential part of a laser Doppler velocimeter (LDV).
Typically, a Helium-Neon (HeNe) or Argon ion laser with a power of 10 mW to 20 W is
used. Lasers have many advantages over other radiation/wave sources, including
excellent frequenc.y stability, small beam diameter (high coherence), and highly-focused

energy.

Laser Dopplers can be configured to act as flow meters or anemometers, by detecting

the velocity of reflective particles entrained within a transparent flow field.

" Engineering Fundamental, <www.efunda.com/designstandards/sensors/hot_wire/laser_dopppler_intro>

14



The Hot-Wire Anemometer is the most well known thermal anemometer, and measures
a fluid velocity by noting the heat convected away by the fluid. The core of the
anemometer is an exposed hot wire either heated up by a constant current or maintained
at a constant temperature (refer to the schematic below). In either case, the heat lost to

fluid convection is a function of the fluid velocity,

A" Hot-wire made by

\ Platinum or Tungsten

¢, F

Figure 2.10 : Hot wire anemometer' >

By measuring the change in wire temperature under constant current or the current
required fo maintain a constant wire temperature, the heat lost can be obtained. The heat

lost can then be converted into a fluid velocity in accordance with convective theory.

Typically, the anemometer wire is made of platinum or tungsten and is 4 ~ 10 um (158

~ 393 pin) in diameter and 1 mm (0.04 in) in length.

Typical commercially available hot-wire anemometers have a flat frequency response’
(<3 ciB) up to 17 kHz at the average velocity of 9.1 m/s (30 ft/s), 30 kHz at 30.5 m/s
(100 ft/s), or 50 kHz at 91 m/s (300 ft/s).

2 Engineering Fundamental < www.efunda.com/designstandards/sensors/hot_wire/hot_wires_intro.cfm>

15



2.8 Hot Wire working principle

Consider a wire that's immersed in a fluid flow. Assume that the wire, heated by an
electrical current input, is in thermal equilibrium with its environment. The electrical

power input is equal to the power lost to convective heat transfer,

1Ry =h4y (T, — Ty )
where [ is the input current, R,, is the resistance of the wire, T, and 7y are the temperatures

of the wire and fluid respectively, 4,, is the projected wire surface area, and % is the heat

transfer coefficient of the wire.

The wire resistance R,, is also a function of temperature according to,
Ry = Rrer [1+a (T —~TRet )|

where is the thermal coefficient of resistance and Rge is the resistance at the reference
temperature Trer.

The heat transfer coefficient 4 is a function of fluid velocity vraccording to King's law,
h=a+b ‘vg.

where ¢, b, and c are coefficients obtained from calibration (¢ ~ 0.5).

Combining the above three equations eliminate the heat transfer coefficient A,

o IR
a+b vfm——AW(Twin)

_ 12Rget 14+ a (T —Trer)]
49 (B~ T7)

Continuing, the fluid velocity,

2 L WA
I RRef[l'f'“(Tw TRef)]ma b
A, (Tw—Tf)

Two types of thermal (hot-wire) anemometers are commonly used: constant-temperature

me

and constant-current.

The constant-temperature anemometers are more widely used than constant-current

anemometers due to their reduced sensitivity to flow variations. Noting that the wire must

16



be heated up high enough (above the fluid temperature) to be effective, if the flow were to
suddenly slow down, the wire might burn out in a constant-current anemometer.
Conversely, if the flow were to suddenly speed up, the wire may be cooled completely

resulting in a constant-current unit being unable to register quality data.

17



CHAPTER 3
METHODOLOGY/PROJECT WORK

3. METHODOLOGY/PROJECT WORK

3.1 Procedure Identification

The study is conducted in two phases. Phase [ is a literature review and planning for the
design and fabrication of the wind tunnel. Phase II is the improvement and testing
period to achieve the objective. The methodology flow chart of project work is show in

figure 3.4.

3.2 Phase I - Engineering Design Approach
3.2.1 Problem Definition

The client need was being defined and well justified before the planning of the project
begun. In this case, UTP was being considered as the client. The need and the constraint

of the project was been identified through the task given
3.2.2 Information Gathering

Then, the information regarding the project was obtained through library, interview with
technician and also from visit to the lab. The information also being acquired from the
éatalogues and brochures from the Internet. A visit to Universiti Sains Malaysia also

was made in order to get a clear picture of the wind tunnel.
3.2.3 Concept Generation

Under concept generation, the step involved was brainstorming. Group members
gathered together to evoke ideas. The mind mapping techniques was used to branch out
the idea from the main problems. Then, parts of the wind tunnel were decomposed and

being visualize through the assembly chart.

18



3.2.4 Concept Evaluation

The concept of the design was being evaluated using the guidelines from the expert that

recite their finding in journals and article over internet and books.

3.2.5 Design Configuration

In configuration design, the shape and the general dimensions of components were

established. The material used was also being selected under this stage

3.2.6 Parametric Design and detail Drawing

The attributes of parts identified in configuration design now being enhanced in this
stage. The design now also count the reliability factors and the tolerances use for the

design. The final drawing in CAD was done during this final stage

3.2.7 Fabrication

The fabrication of the prototype was done at the end phase 1, where mostly the
assembly and fabrication works has been done in the workshop by the guidance of
respective technicians. The fabrication involves for the wind tunnel was the sheet metal

and welding process.

3.3 Phase II- Identify type of experiment for air flow quality evaluation

The experiment to evaluate the air flow quality in the wind tunnel was being identified.
The experiment was being conducted with the aid of Hot Wire Anemometer (CTA)
which integrated with Streamline/Streamware software. Before the experiment can be
conducted, the probe stand is designed to hold the probe support so that the probe wire
will be at 90 degree against the airflow. In order to allow the probe holder going through

the test section, upper side of test section should be drilled. Three holes are drilled

19



in order to test airflow in three different positions, which allocate the left, center and
right side. The probe of hot wire anemometer should be placed perpendicular to the

airflow. The probe position in test section is shown in Appendix A-3.

Then, velocity of air and turbulence intensity in test section is measured using hot wire
anemometer. The reading is taken with several measurements at one specified point,
There are few points have been assigned in order to study the velocity profile and
turbulence intensity. The points assigned are shown in figure 3.1 below. The testing area
is 30 cm from the inlet, which is in the middle of test section as figure 3.2. The probe is
assigned at 7cm from the wall and the center is at 15 cm. The distance of probe position
assigned in test section is shown in figure 3.1. The experimental setup also is shown in

figure 3.3.

A
Y

! @ """" i @ """""" : @ 7 em

30 cm

| @@t e

I G T ) S syt 2em

7cm 15¢cm 23 cm

Figure 3.1 Probe position
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Table 3.1 Group of position

Group Position
Left side 1,2,3
Center 4,56
Right side 7,8,9

section

F'y
inlet y Test

v

—p
30 cm

Figure 3.2 Position of testing area from inlet of tesi section

Prob
holde Aest section

prob s

§

]

e
x L

airﬂy L7 ’

Figure 3.3 Experimental Setup'>

" Rafan,Nur Aidawaty,June 2003, Improvement on Subsonic Wind Tunnel in Universiti Teknologi
Petronas (pg 15)
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3.4 Turbulence Intensity method of calculation

One of the most important aspects of the flow quality in a wind-tunnel is the level of
turbulence intensity. During the design of the wind-tunnel, a lot of work was devoted to
ensure that the parts used for turbulence damping, such as screens, honeycomb and
contraction would work well,(see section 2.5). The measurement of the turbulence
intensity in both the streamwise and crossstream directions were made to verify the
quality of the design of these parts.

The turbulence intensity is defined as where Ix, Iy and Iz are the turbulence
intensities in the streamwise, the crossstream vertical and the cross-stream horizontal
directions, respectively, and U is the streamwise mean velocity.

For wind tunnel, the turbulence intensity in the test section without model should
be kept as lower as possible. Ideally, there is no turbulence occurred in the test section.
However, the turbulence level should be not exceed 0.1 % in order to maintain near zero
turbulence level. "

For this study, the steps taken by the previous student will be followed in order to
determine the turbulence intensity in the wind tunnel.

Turbulence intensity was obtained using two difference equation . First equation
defined urbulence intensity as the ratio of the RMS value of velocity component to its

mean value,

0.052 - Wz Tipe  Mean = 0.001
Fluctuated velocity

0016 - —
0.001 Iﬂl
-0.015 T 1[ '
0051 |

] | | [ ]
0046 F G2 0205 0507 0410 0512

Figure 3.4 : example of velocity reading

' Rafan,Nur Aidawaty,June 2003, Improvement on Subsonic Wind Tunnel in Universiti Teknologi
Petronas(pg 33)

'* Finn,E.Jorgensen,2002, How to Measure Turbulence With Hot Wire Anemometer, Dantec Dynamic
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Turbulence Intensity,l = Ynes (3.1

mean

Where ,

1 N
Umean= EZUI

1 N
Urwms = —E u-u,..)H"
RM (N—l - ( i mean) )

For Streamware/Streamline software, N = no. of samples

Second equation defines turbulence intensity,I as

5 5
i

I= 3.2

Uref 32

where reference velocity, Uref = ( U’mean + V’mean + W’mean )"

and
. ly—2 —2 —2 - - — )
kinetic energy, ke = 5 [u +v +w J where u, v, w are mean fluctuated velocity .

A sample calculation of turbulence intensities is shown in Appendix A-1 .
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The result obtained will be in term of velocity graph against distance at near wall and
across the test section. The comparison between the two methods were being analyzed

and compared.
3.5 Tool and Equipment

For this research study, the tool needed to measure velocity is hot wire anemometer. Hot
wire anemometer is the most well known thermal anemometer and measures a fluid
velocity by noting the heat convected away. Hot wire anemometer has high frequency

response.

v Hot-wire made by

\ Platinum or Tengsten

Figure 3.5 Hot wire anemometer'®

3.5.1 ot Wire Anemometer

'The hot wire anemometer used is constant temperature anemometer. The model of hot
wire anemometer is Flowpoint Velocity Measuring System with the software of
Streamline/Streamware. This model is a Dantec Dynamics product. The probe used is 2
dimensional which is more accurate compared to the 1 dimensional direction. The
maximum frequency response is 10 kHz. The typical velocity range is 0.15 to 100 m/s in
air or 0.03 to 10 m/s in water. All key flow parameters can be shown, in user selectable
units of measure, with real time graphical display. Mean velocity and turbulence

intensity are displayed immediately. The analysis is done by using software Streamline/

'% Engineering Fundamental, <www.efunda.com/designstandards/sensorsthot_wire/hot_wires_intro.cfm>
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Stream Ware Analysis. The steps taken to operate the hot wire anemometer are shown in

Appendix C-2. The components of hot wire anemometer are shown in Appendix C-3.

3.5.2 Probe selection

Probes are primarily selected on basis of

>

Y V.V ¥V V¥V Y Y

Fluid medium

Number of velocity components to be measured (1-, 2- or 3)

Expected velocity range

Quantity to be measured (velocity, wall shear stress etc.)

Required spatial resolution

Turbulence intensity and fluctuation frequency in the flow

Temperature variations

Available space around the measuring point (free flow, boundary layer flows,

confined flows).

3.5.3 Sensors

Probes are available in one-, two- and three-dimensional versions as single-, dual and

triple sensor probes referring to the number of sensors. Since the sensors (wires or fibre-

films) respond to both magnitude and direction of the velocity vector, information about

both can be obtained , only when two or more sensors are placed under different angles

to the flow vector|14]. This experiment was conducted using 1 D(55P11) sensor since 2 :

D sensor was broken and unavailable to be use.

Figure 3.6 : 1D sensors’’

" Finn,E.Jorgensen,2002, How to Measure Turbulence With Hot Wire Anemometer, Dantec Dynamic
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3.6 Software

The software used for both phases were summarized as below. CATIA
solution was used to produce the engineering drawing complete with the
dimensions. In second phase, Streamline/Streamware software was used to
analyze the data acquired from the hot wire anemometer. Microsoft Excel
was used to generate graph and to do calculations regarding turbulence

intensity and fluctuated velocity.

Phase 1
Table 3.2 : Tools needed in phase 1

Stage _ - Tools needed

Literature | PC equipped with word processing sofware and internet access, digital

camera

Design PC equipped with CAD especially CATIA

Phase 2
Table 3.3 : Tools needed in phase 2
Stage - ' Tools needed
PC equipped with word processing sofware and internet access, digital
Literature camera
implementation | Streamline/Streamware(Data Acquiring) , Microsoft Excel(Analysis)
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.0 Result and discussion
4.1 Technical drawing

Figure 4.1 below visualize the design engineered using the law that been quoted earlier
in Section 2. Details calculations for each part are listed below. The engineering

drawing generated by CATIA can be referred at Appendix A-4

03m

LYJK_Y_)\ ~ J N ~ A

45 0. }
0.45m 45 m 0.6 m 5 dm

Figure 4.1; Length of each section for designed wind tunnel

Legend

A = Settling chamber
B = Contraction cone
C = Test section

D = Diffuser
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Honeycomb

Screen
Screen
¥
4 ~~o
Airflow To test section
0.9m —_—
v 7
<«
0.02 002 .18 olrg
<o 045m - >
Figure 4.2: The arrangement of honeycomb and screens within the settling
chamber

Calculation for wind tunnel design (please refer to figure 4.1 and 4.2)

A) Settling chamber length
The settling chamber length of 2 times the inlet diameter is often used.
Inlet hydraulic diameter calculation (since the inlet is noncircular).

For given Contraction ratio, Cr =9

Inlet area, Aj, = Cr x (test section area)

=9x 0.09 m*
=0.81 m*
s0, hydraulic diameter, Dh = %
_ 4(0.81)
36
=0.9m

Settling chamber length, /,,=0.5x09m=0.45m
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The screen spacing (x) that equivalent to about 0.2 of the settling chamber diameter
performs successfully. Also, the distance between last screen and the contraction entry (z)
has also been found to be about 0.2 of the cross sectional diameters.
So, spacing between screens, x = (0.2) x 0.9m |
=0.18 m
also, known z =x

thus, z = 0.18 m (Please refer to figure 3)

Honeycomb size calculation
For maximum benefit, the cell {ength should be about 6-8 times its diameter. The cell size
should be smaller than the smallest lateral wavelength of the velocity variation
thoroughly 150 cells per settling chamber diameter'®
So, the cell size is equal by = 0.9 m / 150 cell per settling chamber diameter
= 6 mm per cell size

cell length=8 X 6 =48 mm’ 50 mm
The cell length should be approximately about 8 times of the cell size. From the
calculation, we had determined the cell size approximately 6 mm where will result of
the cell length of 50 mm. The cell size of 6mm is about the size of a common straw. So,
we decide to list the straw as one of the alternative to overcome the honeycomb price

problem in case we could not find additional fund to this project.

Figure 4.3: Honeycomb size

' Mehta and Bradshaw, 1979, Design Rules for small low speed wind tunnels
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B) Contraction cone
Contraction ratios between about 6 and 9 are normally used at Ieast for the smaller
tunnel **
In common practice, the recommended length of the nozzle is , [, = 1 X inlet radius
Since inlet Dy = 0.9 m,
So, inlet radius, r;, = 0.45 m
Thus, nozzle length, |, =1x045m

=0.45m

C) Test section
The test section, which may be closed, open, partially open or convertible. The test
section length to hydraulic diameter ratio may be typically chosen to be 2 or more, in
contrast to the shorter test sections earlier era tunnel*®
Dy, for test sectien = 0.3 m
L 5

h
Thus, s =2%x03m
=0,6 m

So,

D) Diffuser
A diffuser of at least three or four test section lengths. The typical equivalent cone angle
is in the range of 2 — 3.5 o with the smaller angle being more desirable. The area ratio is
typically 2-3, again with the smaller values to be more desirable®!
Diffuser length, /=4 0.6 m
=2.4m
Selected area ratio for diffuser, A, =3
Thus, Aexit =3 X Ag
=3x0.09 m
=0.27 m’

' Mehta and Bradshaw, 1979, Design Rules for small low speed wind tunnel
* Jewel B. Barlow, 1999, Low Speed Wind Tunnel Testing, John Wiley and Sons
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to find contraction angle, 6,

It = 027 m*

0.52m

It

so, contraction angle, 0 = tan™ { 52

(0.52—0.3)/2}

=2.62°

It

Figure 4.4: CATIA 3D Generated Desion
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4.2 Fan Selection

At first, the selection was made by using the air flow rate characteristic. It was because
the fan that on market can be bought by stating the air flow rate needed. Thus an
assumption that the flow rate for the fan must be equal to the flow rate in the test

section was made which is about :
0.09 m? x 15 ms™ = 1.35 m*/s or 81m*m. ( test section area x air speed)

But this assumption was not appropriate according to Mr. Shiraz, Thermal System
Design lecturer. According to him, by doing that, the function of the diffuser which
mainly to reduce the power needed to extract the air will be neglected.

The meeting ends up with a recommendation to use the Fan Capacity curve in order to .
determine the suitable fan needed. To plot the graph, the assumption made was not to ‘
neglect the pressure lost due to friction and velocity drop. (The static and the dynamic

pressure)

The equation involve is

P2 pl[@]
o1

Where P2 = dynamic pressure at exit of diffuser
P1 = dynamic pressure at exit of test section
Q1= Flowrate at exit of test section
Q2 = Flowrate at diffuser
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Graph 1 : Prassure vs Flowrate

180 7

160

140 131.06 Pa

120 4

100

[==]
L=
1

Pressure{Pa)

60
40 -

a 81 m*/min

20 30 40 50 60 70 80 90

Flowrate (m3/min)

Figure 4.5 : Fan System for the wind tunnel

The System curve will be suited with the manufacturer fan curve to determine the
suitable extraction fan needed to extract 81m3/m air flow rate from the test section. -
From the manufacturer curve, few fans will be listed. From there, the selected fan will -
be choose on several constraint which are:

1. Air flow rate characteristic — can extract air to the test section in range of 80 to :.

85 m>/min
2. Size — not bigger than 0.52 m X 0.52 m
3. Cost-—around RM 500

Second alternative is to buy the motor and blade from the second hand shop. By this

means, the cost can be reduced. But it will jeopardize the availability of the system.
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4.3 Material selection

The suggested material for the wind tunnel is summarized below

Settling chamber
Table 4.1: Materials use in seftling chamber
Parts Materials

Chamber Wall Plywood or aluminum sheet or
Zinc

Honeycomb Phenolic or Aluminum or Zing or
straws

Screens Nylon Mesh or Metal Mesh

Test section

Table 4.2: Materials use in test section and overall parts

Parts

Materials

Test Section Frame

Wooden Frame

Sides, Top And Bottom Panels

Plexiglas
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4.4 Cost

Table 4.3 below summarized the cost to fabricate the wind tunnel.

Table 4.3: Cost for constructing the wind tunnel

No. Description Purpose Quantity | Price (RM)
Construction
C plate (0.8 mm thickness) | Wind Tunnel Body 5 400

sheet

Wind Tunnel stand Support Wind Tunnel 200
Workmanship 400
Accessories
Straw Honeycomb 30 packets 9
Wayarmesh Screen ( 4°X3’) | Screens | 22
Perspex See through section | 40
Exhaust Fan Main driver 1 235
Specifications
Type : Single Phase
Size $20 "
Speed 1440 RPM
Flowrate : 95 m’/min
Y4 X % Bolts 1.3Kg 6.50
Glu & Blue Board ' 16.70
Total 1325.20

Unfortunately, the honeycomb was being vandalized during its construction in the

common room.
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4.5 Analysis on Low Speed Wind Tunnel

Designing parameter of wind tunnel is influenced by the achievable Reynolds Number.

From equation 2.1, the Reynolds Number is given by:

R=le
u

Where p = air density , 1.22 kg/m’

1 = viscosity , 1.8 x 10° N sec/m’

V = air velocity

| =test section length
Reynolds number is not appropriate to use for this study. It is because that to use this
equation, the length of the test section should be a constant while the speed is a variable.
The velocity should not be reduced since that lower velocity will leads to separation that
increase in turbulence. Because of different variable in the parameter that being studied,
it is concluded that the turbulence intensity will be determined experimentally using hot
wire anemometer instead of using Reynolds equation.
However, the max achievable Reynolds number can be determined using Reynolds

equation for given velocity and diameter in the test section.
4.6 Experimental Analysis on Wind Tunnel

The procedure to run the experiment was based on the manual of
Streamline/Streamware Software.(Setup can be referred at Appendix C-1, C-2 and C-
3) The velocity is displayed in term of fluctuated velocity. The graph of velocity for
each point is shown in Appendix D-1. Velocity profile when the distance is increased
can be obtained by plotting graph based on data for each point. Based on the velocity
reading obtained while running the experiment, a graph is plotted. As a result, the graph

shows the behavior of velocity when distance is vertically decreased in each side.
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Theoretically, velocity variations in the test section can be described in the figure 4.6

below,

/plates
——

Figure 4.6 : velocity distribution for the flow of a Newtonian fluid between two parallel
]gla’tes2 :

The equation to determine local velocities is given by

U =3V[1-(y/h)2]
2

Where U = local velocities, m/s

h=radius, m

y = distance from center, m
From the equation, the velocity variations in the test section would be theoretically
shape a parabolic form where a zero velocity is obtains near the wall for non-slip
condition and maximum velocity is obtained at the center of the test section. The

velocity variations in the test section are shown in the next page.

o Young, Donald F, 2000, A Brief Introduction To Fluid Mechanics, John Wiley and Sons

37



Point

Point

Veloclty Variation

4
3 4
2 4
1 4
0 T . T T .
11.55 11.8 11.65 11.7 11.75 11.8 11.85
Velocity {(m/s)
Figure 4.7 : Velocity variation on left side of test section
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Figure 4.8 : Velocity variations on middle side of test section
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Figure 4.9 : velocity variation on right Side of test section

The velocity variation at the left side shows that it is slightly increased when towards the

middle and decrease towards the bottom wall. At center of test section, the velocity
increases from top to the center of test section and slightly decreases towards bottom
wall. Finally, right side of test section shows an increase in velocity compared to other
portion. The velocity is dramatically increasing when towards center but nearly constant
when towards the top wall. This is slightly deviates from the theoretical behavior. This
might be due to the surrounding disturbances such as excess air and rough surface, The
velocity should be slower when flowing near the wall. However, the velocity variations
for 3 sides of the test section showed an identical pattern as can be seen through the

graphs above.
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Turbulence intensities will show the level of turbulence occurred in the test section. The
turbulence level was being determined using equation 3.1 and 3.2. Both equation yield

the turbulence level at each point and the comparison between two methods was plotted.

Sample calculation can be referred at Appendix B-1.

0.025

0.02

0.015 -

‘Turbulence Intensity
&
2

0.005 A

0 5 10 15 20

Distance From top to bottom

25

‘—O—Equation 3.1 —=—Eguation 3,2 E

Figure 4.10 : Comparison Between Result of Equation 3.1 and Equation 3.2 (Left Side)
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——Eguation 3.1 ~#—Equation 3.2 |

Fipure 4.11 : Comparison Between Result of Equation 3.1 and Equation 3.2 (Middle
Side)
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Figure 4.12: Comparison Between Result of Equation 3.1 and Equation 3.2 (Right Side)

From the graph plotted for each point and comparing the two methods, it can be seen
that there are differences in the result obtained. The value and the differences percentage

compare to the equation 3.1 was tabulated in table 4.4 betow.

Table 4.4 : Turbulence Intensitv for both method of calculation

Turbulence Intensity, | Difference
Point Equation 3.1 | Equation 3.2 (%)
1 0.014656 0.02018 37.69
2 0.009379 0.005088 45.75
3 0.006318 0.003753 40.60
4 0.007629 0.003715 51.30
B 0.004743 0.005251 10.70
8 0.004953 0.00591 19.31
7 0.013752 0.007622 44 .58
8 0.011864 0.010751 9.39
9 0.035324 0.010817 69.38
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Equation 3.1 relatively calculate the fluctuated value by average value of all fluctuated
velocity while equation 3.2 was calculated using the fluctuated velocity at only 5 point
of measurement. It was most likely equation 3.1 will derive more accurate result
compare to equation 3.2. the RMS value was obtained from Streamline/Streamware

software auto generated value.

0.45

0.4 4

0.35 -

0.3

0.25

Intensity

0.2 4

0.1 1

0.05 .\k u

o] 5 10 15 20 25
Distance From Top to Bottom, cm

[—#—Lett Side —=—Midcie side —&—Right Sitie |

Figure 4.13: Turbulence Intensities distribution in the test section

Comparing the turbulence level for each side, it shows that the highest turbulence level
is occurred at the bottom wall at right side of test section. This might be due to the
excess air in test section that is coming through the opening section of test section. The
poor design has somehow created an opening that might cause unwanted air entering to
the test section from side wall and not directly from nozzle. Nevertheless, the turbulence
level is shows a same value at the middle of each side of tests the section. In general,
turbulence is highly occurred near the wall, which is not theoretically correct. This is |
probably high due to the poor fabrication of opening wall at all three side of top, left and

right test section. However, turbulence is low at the center of the test section, which is .
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shown on the graph in figure 4.12. The turbulence level at the center is found to be
lower compared to the other portion in test section. Beside that, the turbulence level

occurred at the middle part of test section is around 0.005.

There is no benchmark for theoretical velocity profile to be referred. But as can be seen
from the figure, the turbulence intensity are much more likely the same at all point
except regardless point 9(bottom wall right side of test section). The velocity profiles
also shows that high speed can be obtained at the middle of the test section and much
slower at the wall as can expected theoretically. The overall turbulence intensity level
varies from 0.005 to 0.015. This values exceed the preferred turbulence intensities level
in the test section (<0.1%) due to the several factors such as the absence of the
honeycomb in the settling chamber, swirl wind from the fan and also the current

fluctuation from the source that might not stabilize the fan movement.
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CHAPTER 5
CONCLUSION AND RECOMMENDATION

5. CONCLUSION AND RECOMMENDATION
5.1 Conclusion

This project has met the objectives of the study, which were to design and fabricate a
subsonic wind tunnel in UTP, and also to obtain velocity in the test section in the range
of 10 n1/s~15 m/s for the given constraint of the test section dimension.

It was obvious that in order to obtain the desired velocity in the test section, a proper
consideration and justification on drive section must be made compared to the design of
other part in the wind tunnel.

In this project, the only failure was to obtain turbulence intensity level less than 0.1%.
As been mentioned before, the experiment of verification of the turbulence intensity
level was made in the absent of the honeycomb in the settling chamber. This was due
the lack of time to fabricate it by the team project and also other obstacle such as the
honeycomb being vandalized by the lack of attention during the process of fabricating it. |
However, the turbulence intensity level has shown that an acceptable distribution around

the test section which means that a well distributed flow occur in the wind tunne] itself,
5.2 Recommendation

Further study is recommended to prepare the better wind tunnel as well as to improve
the airflow quality. One of the approaches is to install the honeycomb to improve

airflow quality in the test section. A screen or a honeycomb also should be installed in |
the diffuser to reduce the swirl effect from fan blade rotation. The procedure to
determine air flow should be similar as experimentation conducted for current project
but can be conducted using 2D sensor to get more accurate result compare 1 D sensor
analysis. The experimental work should be done with the use of voltage stabilizer in

order to reduce the fluctuated current and lastly to acquired constant speed of fan.
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More point should be taken for velocity reading to determine the velocities variations in
the test section. It is because a velocity variation in the wind tunnel is a quadratic related
to the local velocities and not linearly related. By taking only 3 points a triangle shape of
velocity variations is obtained which does not agree theoretically with the expected
velocity variations shape between two plates. As been mentioned before,(see section
4.6), supposedly a parabolic shape is obtained from given local velocities taken in the
test section. So, 1t is highly recommended to take at least 5 or more points for each axes
x and y so that a more detail velocity variation shape can be determined.

Further study on the effect of honeycomb in local location in the settling chamber to
turbulence intensity level also can be conducted in the future. The distance between
honeycomb and the test section do give impact to the turbulence intensity level. As an

initiator, an article about it has been included in the Appendix E.

46



References:

Frank P . Bleir, 1998 , Fan Handbook, selection, Application and Design, Mc Graw Hill,

Frank, M.White, 1999, Fluid Mechanics, 4" edition, Mcgrawhill International Editions,
United States.p.447

Finn E. Jorgensen.2002, How fo Measure Turbulence With Hot-Wire

Anemometers, Dantec Dynamic
George E. Dieter , 2000, Engineering Design, 3" Edition, Singapore, Mc Graw Hill
Jewel B. Barlow, 1999, Low Speed Wind Tunnel Testing, John Wiley and Sons,

Mehta and Bradshaw, 1979, Design Rules for small low speed wind tunnels, The

Aeronautical Journal of the Royal Aeronautical Society

Rafan, Nur Aidawaty , June 2003, “Improvement On Subsonic Wind Tunnel

Developed In Universiti Teknologi Petronas™

David B.Deegaff, Jan 1999 ,
http://vk.stanford.edu/degraaft/thesis/appendices.pdf

Engineering Fundamentals, 12" Jan, 2004,

http://www.efunda.com/designstandards/sensors/hot wire/hot_wires_intro.cfm

Engineering Fundamentals, 12 Jan, 2004,

http://www efunda.com/designstandards/sensors/hot wire/laser doppler intro

47



Engineering Fundamentals, 12" Jan, 2004,

http://www.efunda.com/designstandards/sensors/hot wire/hot wires theorv.cfim

Kas Kasravi, 19™ August 2003,

http://www.kasravi/cmu/tech452/aerodynamics/windtunnel.htm

LDAPS, 5™ Aug 2003
http://1daps.arc.nasa. sov/curriculum/tunnel.html

The Engineering Toolbox, 22 October 2003,
http://www.engineeringtoolbox.com/hvac.htm

TRW Inc, 10™ August 2003,

http://www.observe.arc.nasa .gov/nasa/aero/tunnel settling.htm

48
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Planned Gantt Chart for Phase 11
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Using equation 3.1,

1
e )
3

Uref

Uref = ( U’mean + V?mean + W?mean )*?

=11.599

kinetic energy, ke = %4(0.164367%)
=0.01351

Hence,

2 ¥
(3—(0.0135 )]

11.599

= 0.02018

4]
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Experimental Hardware Setup in Wind Tunnel

APPENDIX B-3

Probe Holder

Sensor
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APPENDIX C-2

Setup and Operation of Constant Temperature Anemometer (CTA) Flow Chart"

' Operatioll
]
!
Attach the probe to the probe support ! | Operate the wind tunnet
]
'
A 4 i
Attach the probe support to the probe cable : 4
; Run Online
v i Analysis
]
Attach the probe cable to BNC connectors . v
1
v i | Select types of output required
1
Attach the complete set of probe to the probe holder Set : l
_____________________________________ !
v Start online analysis
< Open StreamWare software) Data
setup A 4
\ Click right mouse bution
Create new project into the graph display and
select Auto-scale

A Select National Instrument
Select A/D Driver —————2» AT/PCI-M10-16E4

h 4

( Stop )

=»| Select type of probe
Y Select A/D Board
System configuration
Connect A/D board to CTA

A

[nitialize the hardware

————2>| Set o operate

3 ———| Run the CTA output %

Set overheat

b——3 | Set to standby

> Close

A

Insert min and max velocity

W

Set velocity calibration

——>>| Insert no of point and velocity format
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APPENDIX C-3

Components of hot wire anemometer

Compinar
Aremometer \\
CTA Signal Gonnector A/D
Pm\be F’ro\be Support  FProbe Cable \ Conditioner Box \ Board »”J.A"Mu*
\\1 \\, \
Senm Filler (Fain
Bridge oo

7=
CTA (
Appilcation fj
Sofiware

System Configuration to operate the hot wire anemometer

Hardware Setup
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Raw data ( in m/s)

_ Reading
Point 1 2 3 4 51 6 7 8 9
1 10.006889 | 0.016384 | 0.0081 | 0.003025 | 0.009801 | 0.036481 | 0.036481 | 0.080656 | 0.005184
2 10.000144 | 0.001024 | 3.6E-05]0.018769 9E-06 | 0.008836 | 0.037249 | 0.008649 | 0.000576
3 10.006889 | 0.016384 | 3.6E-050.003025 | 0.009801 | 0.008836 010.035721 | 0.005184
410.801025 | 0.016384 | 0.010404 1 0.001681 9E-06 | 0.008836 | 0.036481 | 0.035721 | 0.094864
510.006889 | 0.004225 | 0.010404 ; 0.001681 | 0.038025 | 0.008836 | 0.009216 | 0.080656 | 0.131769
V fluctuated Average | 0.164367 | 0.01088 | 0.005796 1 0.005636 | 0.011529 | 0.014365 | 0.023885 | 0.048281 | 0.047515
Vimean 11.599 11.835 11.713 11.666 11.806 11.709 11.707 11.8 11.635
Vrums 0.17 0.111 0.074 0.089 0.056 0.058 0.161 0.14 0.411
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Velocity Fluctuation on current wind tunnel

Position 1

Position 2

Position 3

[EX1 T d

JFAL I

e

nupE

10.62 [

el vs.Time Mean = 11330

10,12,

g meass e
i

FAL3

Il.3‘l'l'l llfiﬁ ¥ ﬂ‘ﬁ[lz

Time fsee] i
i

- [ ———
Uleal ve.Time Mean = 11.794
R Jod
28
o
nazaf
.38
Il 1 Il i
9545 Tz E 0307 (X1 1512
Time {eec)

12.06

1o

1

1154

1150

Ulcal vaTime Mean = 11,681

11.36,

Ao T TATE Tz

Time freq]

APPENDIX D-2



APPENDIX D-24

Position 4

Ulcal ve.Time Wean = 11,739
1205

b 11321

"

1164

nsef~

11,36 [31}3 0.20! 0. X k2

‘Time [sec]

Position 5

5 Uleal va.Time Mcan = 11.926

nar

1

izl

tLes[

1 ¢ L s |
.88 [ 0208 0537 TATO (2343

Tie (e

Position 6

NPT PERTER—

Ulcalyn Time Mean = 11681

1n.ear

1483

.62k

TLEE[

| ! { )
A [AL}3 (3 T3 (X1 a2

Time farg




Position 7

Position 8

Position 9

APPENDIX D-2

] i Uleal veTime Mean 11410
4 1418 !
E
i 1237
g
;L5
#
1w
FRYETd
69231
' y y
5116 TR 55 o307 TATH [X3H
Tltte wed]

Gk

Utesl veTime WEen 5 11681
| [

ERE: i o
%

11

I

u

4

nap

s |
Az, R (73 T 5] A T h12
Time fazd)

1536

1458

1299

1.2

0887

7.905

Ulesl veTime Msn0 n 11,527

| i L It )
L] 0107 [ 2311 0.30F 2410 0512

Time fsee)



Appendix E : Relevant Journals



sprinted from THE ABRONAUTICAL JOURNAL OF THE ROYAL AERRONAUTICAL Socigry, November 1979]

Technical Notes

Design rules for small low speed wind tunnels

R D. MEHTA and P. BRADSHAW




Technical Notes

Design rules for small low speed wind tunnels

INTRODUCTION
ven with today's computers, & wind wnnel is an essential
o in engineering, both for model tests and basic re-
arch. Since the 19303, when the strong effect of free-
rewm  jurbulence on shear layers became apparent,
nphass has been laid on wind tunnels with low Jevels
" turbulence and unsteadiness. Consequently most high
:rl"ormzmre wind tannels were desimned as closed-circult
{Fig. H{a); 10 zosure a controlled return flow. How-

s will be seen below, it is possible with care 1o
39 h:gh performance from an open-circuif tuanel,
us saving space and construction cost, 'Biower” tunneis
¢dith the fan at emtry 1o the tunnel, Fig. k) facilitate
rge changes in working seclion arsapgements; t© cope
ith the resulting large changes in operating conditions,
centrifugal fan is preferable 10 an axial ope. For ease
. changing working sections the exit diffuser is often
nitted from small biower tunnsls, at the cost of 4 pawer
ctor greater than unity. This paper concentrafes on the
of ymall Blower tunnels but most of the infor-
on ks applicable to wind tuppels in general.

A large open-circui? tunnel wowld be of rather incon-
mient dimensions, meinly I lengih, Also, an apen-
reutt minnel reguires enough free room around it so
ai the guality of the return flow s not affected signifi-
mily (remember that an open-cireuif tunnel in 3 room is
ally o clesed-cireuii tnnel with z pooriy-deésigned re-
o iggh The choive may also be resitricied by the maxi-
wm wvaiable blower size. A working secfion Re per
eire of more than zbout 3= WP (a speed of abowt
Ve~ is rare in blower funnels of whatlpver sive, and
ynmercial blowers capable of preducing such a speed in
section more than about 1 m? in area are also rare.

The main advantage of open-circuit tunnels is in the
ving of space and cost. They also seffer less from
mperatore changes (mainly because room valﬂme s
nnel volume) and the performance of a fan fitted at
& upstresm end I8 not affected by disturbed flow from
e winking -fection. One dizsadvantage of any open-
regit tunnel with an exit diffaser is that the pressure s
ways less than atmospheric and so spurious jets isane
omt holes left unpatched. although. this can be remedied
1 obstructing the wnnel outlel and cresting an over-
essure 1n the working section, The main advantage of
centrifugal blower, as distinet from an d®ial fan, is thar
performs well over & large range of loads (the whole
ate being at the same incidence and hence operating

the same lift coefficieny). The only advantage of a

=

iczion tunnef, with = centrifugal or axial fan at exit,’is

g dublous one that air coming from the tunnel room
ay be less disturbed than that comung from 2 fan,

It fs difffcoit and unwiss 1o Iay diven. firin Jesign -rudes
ainly because of the
pecially the wide variety of working-section configura-
s AR attempt Is made here to present design guide-

eronsutical Jowrpsl  Navember id 5. and HBragshaw

wide varfety of requirements and-

B D MEHTA and . BRADSHAW

lines for the main compenents of & wind tunnel-—the fan,
wide-afigle: diffnser, corier vanes, seitling chamber, con-
iraction and exit diffuser (Fig. 1) —based on data from
successful. desipns and some originel expenments. For
detwils-of -the data correlations see Mehta (1977) and for
compiete details of the experiments and design procedure
see Mehta (1978

2. FANS

2.3,  Axist flow fans

The usual myrangement in o closed-cireuit tunngl 'is; i
stator (“preerotation vanes”) upstream of the retor (the
fan proper), designed so that the swir at exif iz Zero.
in the case of ap opén-circult tunnél, swirl prasent in the
flow owt of the fan may be dissipated before the flow
reaches the imiake, but 2 remaining advanizge of pre-
rotation vanes is that the flow veloclty relazive o the fan
Blades iy Jorger than if the stator iz absent or located
downstream of the fan,

241, Farn solidity

The design procedure outlined by Bradshaw and Pank-
huorst. (1964) is still an adequate guide. The only serfouy
problemi foind in fan design that 3 not found in the
d#qzszn of swings for low-speed aireraft is the interference
e {hie - Bow fields of the blades. This interfersnce
dupendq ‘Tataly. on the- “solidity”, the. rativ- of blade chord
ti-ihie ghp botween  blades (weasured around the cireum-
feréficel - Providing that m., solidity- is less than unity

memumm-*ly, mterferem? is .sm"ﬂl enough 10 be zraated

uled ‘-Ae:mfo;?;. und dm.m
Is. arranged v - the same
i ingtead, The

5 Bratishaw,
-o'f{eg_e :-‘of- Srierce

Faper ’\f ?13
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i;wuw-J =oREvaing
Figurg 1{gi The main ramgnnen‘“c of & t‘ypwa! closed-
cirowit wind tunnel.
e uniforndy of the flow (which iz also improved by the
i screens . in the  wide-angle diffuser and the seitling
: o chamber),
R D S
[ N wtiusdE R

L : ; 2.2.7. Advantages over other fans
\‘\_.g_———»——-——m"‘”"‘“i Cengifugal blowers run with ressonable stendiness and
S R S ] efficiency- over a wide rangé of flow conditfons ife. vary-
ing tonnel- power fuclor) because the whaole wlade span
operates st-nominally the samie 3y cosffickent, The nulse
and pulsatiohs _generted. by a cenfrifugal bBlower are
.adequau:}v low, eyen At olf-design condifions, mnd the
wre  1pi The main components of a typical biower £ flow varies Jess with advasce ratio, L7/ Fribs

tumnel. {Not 1o seale.) in the namton of Fig 2. The swirl {exit vortex) wm-iutesa
) . . by a single-dnlet blower s alse independent of acivance
sign procedure for the whole length of the Blade it sy, édcinéeni an e tabio of rumr?‘[:a casing- mui‘)
sdrable to keep the solidity ai the root below onity by
wmiing the fan ona fentral nacelle whose manimuom
imeter 15 roughly half the fan dizmeter.

2232, Types of fmpeiler

The must commuan Yype-of blading is the mmw‘umf ALINE

aerofoil-type (Fig. 2): forward-facing is less efficient. 1f

the blower u’ﬁciency_ et too mnporlint, ihesy Bhades

cc-iﬁ : d-_swmd i the saime Wuy HE. COrt b t. né’:q‘;ﬂr
: il i
X hm ) mnre Lmucm l‘:l uies shape

foﬁ_ with. ﬁmze Lh]

A, Biode design .

dnl fan efficiencies are of the order of 903 so that
mirisation of losses 8 not wsually important,. -and the
sal procedure is to choose the blade 1ift coefficient o
gk 45 is safe, irvespective of hftfdmg ratio; valjes
B-3 1o 09 are tvpzc:d

3. Pre-retation vdnes

wredation voapes shouid be run at a Bif Lﬂeﬁlmem it
v far above that for maximum Dft/drag ratio-because
it wakes pass through the fan; to lmit the resulting
ise, the axial distince bebweer ™he frafling edge of the
wrotation vanes and the lending edge of the fan. blades
wld be at least 209 of the vane chord and ibe V'mmba.i
fan blades should be different from ihe wumber of
tes, Prorotdtion vane soldiies usuudly 2l into the
cade range. o
An aliernative to pre-rotation vanes for Hightty
ded fan s o set of stroighiener vanes dowrstream of
fan.

For detailed desigo rules for pre-rotation: vines,- fan
dex and straighteners see Hyadshaw and. :‘Pﬁn?:hurs:’i.
B, L '

Centrifugal biowers
nirifugal blowers are normally used to grive open-
suit wunnels from the upstrsam end: o blovier could
mstalied at the exit.instead but this has no. p;u.'tltul.ir
cantage.  Single-inlet bloweps could alse be y
ve return-cireeil tumnels by insfalling themi i <Gbg o
-gorners. Single-inder blowers are found 1o produoce-
tex-type flow {due to the asymmeudc positioning of . -ré
impelier} which would. aid- wall Gow ‘ltmchm&nf'in--tﬁé‘.‘_.-" i
feeungic  diffuser.  This wn‘iﬁemaﬂ for 1R :

.s‘;’!‘}‘rﬁu’m“‘be me-u_nf.ug omantis

AdFonauticnt Jaumyl  Novemiber FOFS




brayon mountings and connecited 1o ine wunpel with a jets and presumably smalgamating to form longitudipal

=xible coupling to reduce vibration, variices which persist through the contraction. The coali-
Doubie-inlet blowers {air entering the impelier from ton process s enhanced by varfitions in 5 {ie. non-
ath sidest tend o produce & uniformiy igtlined flow uniform weave) and by irfegilarities ju the screen shape
vithout 3 wortex) whick kes a Jonger distance fo re. ite. wrinkless. B iz therefore essential fo inspsct and
tuch to the battom wall downsmeam of the tongue. clean. wind. tannel seréeng regularty.
ne should therefore he more conservative in” desigaing
ide-angle diffusers for donble-nlet blowers 3.2, Determination of K :
On the whole, commercially available single-inlet (ratio of pressure drop to dynamic pressure}
wtrifugal blowers with backward-facing impellers are Althiptigh there i5 no whelly satigfacrory method, Wz'u,-
Jequate fer driving blower tunnels, hardf's (1933) formuls {K=6-3[1-3/49 Ud]ghi7

Once the maximum reguired fan static pressuare and where « % wire diameter, predicis the right trend, R.
Mume flow rafe have been estimated, the makers per- decreases with increasing speed up to about Ud/fr=
mmance charts can be consulted. Optimisation between 600, after which it is independen: of Re. CoHar's £1939)
ie efficiency, rp wnd required power leads o the formuta {K=09(1.- 8749 usually over-estimates K in
wwer cholee {sce section 1. the high Re limit. Ons necds to be more careful e pre

: dicting K-values for plagiic screens shnee,

SCREENS K=fi(f R, #.. . co-planatity ..
“ind tunnel screens are pormaily made of metal wires
terwoven o form  sguare or roctangular  meshes. where @ is angle of screen io incident flow. For =0 use

weens woven from pvlon or polvester threads are also
aw being used when the wind loads are pot expected o
: very high (UTS of aylon ~ 70, steel ~ 1100, bronze
S00-1T00 MNm? and E of nylop B 3, sfeel~.200,
ofize - ID0GNM™)L The zotion of the gauze i
zseribed in terms of two parameters: the pressuore drop
refficient, K =F£ {3, 8.8 asd the deflection coefflicient,

Ky= K cos™ 5, with m=1-0 for screens with S~ 06
and m o~ {+4 for B~ 0-3

34. Determination of x
fratio of -eutlet angle o inlet angle)
For o the form:

=f, (8, K, #), where f is the screen open-area ratio and A L B
it the flow incidence angle, measured from ths normal GENE  ¢!

3y the sereen. . )
wherg 4, ¥ are empiriesl constants, & o better NIt than

the rc‘:ii.r.!ﬂ" aepepted Torm:
A, Main effects " ! t

tior demiled explanalions see Mehia 1978) i1
creens make the flow velowity profiles more wniform by X LK
pposing a static presmre drop proportional to {peed®  Note that the refraciive-index of a screen {4} defined ax
nd thus reduce the boundary laver thickness so that the in oplics is equal to ] fe for small 4. ‘qu' larger 6 use

hitity w0 withstand a given pressure gradient is increased.
screen with a pressure drop coefficient of about 2 .
nearly afl variation in the longitudimal mean N [ e A..s o

slocity. A sereen also refradts the incident flow towards = TN L1an b peecit| O W1

e joes] pormal and reduces the turbulence itinsity in o L '
1e whale flow-field. For a given open-dren ratic, it is 05, Eand F are empirical consiants.
stter i pave a smaller mesh for the reduction of
re-exisiing turbulence. Plastic screens iend to vield a
wre wniform flow beyend the boundary Jdyer edge,
winly due fo the weaving properfies, and produce an
wershoot” in the velociiy profile near the edge, mainjy
wsed by screen deflection angle which is 2 maximirn
t the wall. In terms of tackling a given. pressure gradient”
r avoiding separation, this overshoot could be beneficial:

\r«lﬁ&a Su&,ghﬂbd for the Empmcai comstants, by some

: xi'rm:er ciepenés on ils geomeiry
- déﬁﬁe'c! by the" sire Ay, diffuser-angle (26), wall
2. Qpen-area ratio {3} ‘:'cnﬂmur ;md dlﬁuser cmsc‘sectmnai shupes.. Otber para-
fetul screens with very low B(~0-3} also prodoce an -~ }

vershuot but this is caused by streamiine inefination near
e boundary layer edge. Low §I<0-57) screens absd
roduce instabilities resulfing from & random coalition of -

& DackumtE &

Figure 2. Difiereor Impeller types wsed in centflf
blowars, - e

nearly constant. The design

eroaaulicki. Ui ~fdehia art Bregshaw 455



f these diffusers is well catered for by existing wmethods
e Cockrell and Markland, 19743

2. Wide-angle diffuser

his type s nonmally instailed betwesn the blower and

tiling chamber or between the fourth corner. and setfling
samber of & closed-cirour tanmel, the cross-sectional
rep increases so rapidly that ﬁcp‘lm’fﬂﬂ can ‘e avoided
aly by boundary layer control mde-mgk diffuser is
neans of reducing the ]engih far a given ares rafio
wher than effecting & pressure recovery; gererally the
at pressure rise through 2 screened wide-angle diffuser
negative but small,

1. Boundary lgyer control methods

he most popufar means of boundary layer control is
¢ installing gauze screens. A screen, besides removing
¢ dirget effects of layer growth snd mcipient separa-
m, gives the layer & pew leage of life. In a wide-angle
fluser it is better to use several screens of relatively
wull K {fess than zhoeut 1-5) because increasing & at
e station has litle effect on the skin friction at a
wion much  further downstream.  Othér types  of
undary layer conirol methods inclode splitiers, -stiction
s, frapped vortices, vortex generators and- vanes and
ty be preferable in diffusers with very severe feoiétries

=5, 26 > 5073 For a review see Mehla (1977).

2o Design charts

e four most Important parameters in o wide-angle
Fuser are 4, 28, X and n, where n is the Hiimber of
eens within the diffuser—this includes the screens in-
Bed at the miet and outlei. Data were collected from
er 3 hundred wide-angle diffoser designs, mostly
ceessfid” {po separmion, and uyniform ouvtlet fow with
acceptable turbulence level), and charts were plotted
° relevany purameters, from which design rules have
m derived. - In Fig. 3, A is plotied agsinst 287 the
ves enclosing successful c:snﬁguratinnb have an ap-
winvalely hyperbolic shaps. As » increases, ‘the. vertex.

wes to a higher vatue of 28 and, to a lessér extent; fo

igher value of A, thus. zmphmg 4 STOnger depéndence

requited #oon 26 Fipitre 415 . 3 piot of the- St of

ssure drop coefficients of all the screens, &, ¥
gl vs A. The sirajght line EF (d=1-14K 0 +1-0)

inded the maximum number of snccessful configura.
18,

3. Overdgll design procedure

- a diffnser design to operate successfully it tiwst lie o
lefr of the pelevant curve in Fig. 3, piving. the mi

m number of screens required n the dxﬁuser. and 4

igure 3. Design boundaries iar.diffi;séf's with scriuais

RET / !

Figure 2. Oveérsl pressive drop roafficians requiremerss

for g dsfz‘user with soreens.

must be fess-thar-(1-14 K -+ 1-0) ghving the mininm
required overall Préssure drop ceefficient. - A diffuser cd
figuration. satisfving both these curves  should. t
successfuily - pmwdad “ther certain other: design fdcior

kept in mind: g

flow: at the-inlet are dbviously béé_éﬁé.ialc'
th] Smee ;'Pﬂmwfww Th'c b‘a»m ruk 18710
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Techﬁical Notes

Design rules for small low speed wind tunnels

NTRODUCTION
with today's computers, a wind tunnel is an essential
in engineering, both for model fests and basic re-
h. Since the 19305, when the strong effect of free-
n turbulence on shear layers became apparent,
1asis has been laid on wind tunnels with low levels
rbulence and unsteadiness. Consequently most high
rmance wind tunnels were designed -as: closed-circuit
(Fig. 1(2)) to ensure a controlied return fiow, How-
as will be seen below, it is possible with care to
ve high performance from an opén-circuif “tupnel,
saving space and construction cost. “Blower’ tunnels
. the fan at-.entry to thie tunnel, Fig, 1Y facilitate
changes in working section arrangemenis; to cope
the resulting large changes in dperating conditions,
urifugal far is preferable to an axial one. For ease
hanging working sections the exit diffuser is often
ted from small blower tunnels, at the ¢ost of a power
T greater than unity. This paper concentrates on. the
. of small blower tunnels but most of the infor-
on js applicable to wind tunnels in general.
« large open-circuit tunnel would be of rather incon-
i dimensions, mainly in length. Also, an, open-
it tunnel requires enough frée room arcund it- so
the quality of the return flow is not affected signiﬁ«
¥ (remerber that sn open-circuit tunnel’in.a room is
y-a closed-circuit tunnel with a poorly-designed re-
leg). The choice may also be restricted by the maxi-
1 avdilable blower size. A working section Re per
e of more ‘than about 3 x [0 (a speed of about
0s~1) is tare in blower tunnels of whatever size, and
mercial blowers cipable 6f producing such: a-speed in
stion more than about' 1 m’ in-area are also rare.
“he main advantage of open-circuit fannels is in the
1g of space and cost.
serature chanpes (mainly because room volume 3
el volume) and the perforimance of a fan fitted at

upstream. end is not affected by disturbed flow from.

working section. Ornie¢ disadvantage. of any open-
ft tunnel with an exit diffuser is that the pressure is
.ys less than atmospheric and. §o spurious jets:igsue
1 holes Ieft unpatched, although this can be remedied

bbstructrng the toonel outlet and c:rcatmg an. over-

sure in the working section. The madin. advantage of
ftrifugal blower, as distingt from an axial fan, is that
srforms well over a large range of loads (the whole
e heing at the same incidence and hence operating
be same lift cocfficient). The only advantage of a
ion tunnel, with a centrifugal or axial fan at exit, is
dubious one that air coming from -the tunnel room
“be less disturbed than that coming from a fan.

1 is diffieudt and towise to lay down firm design:rules
nly because of the wide variety of requirements and
wially the wide variety of working-section configura-
5 An attempt is made here 16 present design guide-

meutical Journal November 1978 Mehte did- Bradshaw

They also suffer Jess. fromv

R.“D. MEHTA and P. BRADSHAW

lines for the main components of & wind tinnel—the fan,
wide-angle diffuser, ‘corner vanes, settling chamber, con-
traction and exit diffuser (Fig. 1)—based on data from
siuceessful -designs. and. $eme original -experiments. For
details ‘6f the data correlations see Mehta (1977) and for
complete details of the experiments and design procedure -
see Mehta (1978).

2. FANS

2.1. -Axlalflow fans

The ustial arrangement in @ closed-circuit tuunel is a
stator (‘pre-rotation vanes) upstream of the .rotor (the
fan proper), designed so that the swirl at exit is zero.
In the case of an ‘open-cireuit tunnel, swirl present in the
flow out of the fin may be dxsmpated before the flow
reaches the mtake, but' a remaining advaritage of pre-
rotation vanes is that the flow veloclty relative to the:fan
blades is larger than if the stator is absent or located

. downstream of the fan.

244, Fen solidity

The design procedure outlined by Bradshaw and Pank-
hurst (1964) iy still an adcquate glllde Thie only serious
problem found in fan design that is not found in the
design of wings for low-speed aircraft is: the interference
between the. flow fields of the bladés. This interference
depends mainly on the ‘solidity’, the ratio of biade chord
to the gap ‘Between blades (measured around the cireum-
fetence). Providing that the. solidity is less than unity
approximately, interference is sinall enough to be- treated
as a small ‘correction fo the performance of an isolated
aerofoil: for -higher sclidities. the flow cannot be adcur-
ately reiated to that round an isolated aemfoﬁ aud data
for cascades LroWs of aerofoﬁs manged m “the same

f Bradshaw,
thRient. of Aewneu!igg, !mpsﬁal Couege of Science
Aand Tecbnoloyy. Lom:lan

Faper No 718

443



4 bn b MOTON CDE. ANOLE mintuskR prL L e g
f 5 . oo - EHAMBER

EonTRACTe E ¥ 5CRtEny o  WINEFLOME.
e s il

Figure 1fa). The din components of & typieal ¢losed:
circult wing tunnel.

Honycor umforrmty of the. flow (Which is, also improved by the
m

’,;«féﬁii% i-i,m.m : the ‘wide-anigle diffuser and the settling
Tl = : i
sergee (e} L comeon sl S e

- “‘ “ditfuser

1te). The main components of & typigal blower
‘Atynnal. Nt fo scale.)

. ‘ , hy # smgie miet blower m'\aié'o :ndepcndant of ad’«:anca. '
procedure for the whole length of the blade it.is ratio (dependent on the ritio of roter o casmg idth):
ale to keep the solidity at the rost Below uruty by,

ing the fan on a céntral nacelle whose maximum

ter is roughly half the fan diameter. - 2.2.2. “Types of impsller -

" “The ‘Tmost camman ty a_of bladlng is the b.—mkward-facmg :
. , f;

Blade design

fan: efficiencies: are of the -order of $0% so thaz
isation &f losses 1s not -wspally important, and. the
procedure is to chaose the: blade Tift coefliciént:
high as is safe, jrrespective of 1ift/drag ratib; val
te 0-9 are _typmal

Prenm tatich vanes

iz 2) the ﬂow umferm;ty was -

ing, presumably beciuse these

. Teuding: o -incredsed mixing.
nce fevel in the outlet flow

r above that for maxxmum hft/drag ratx
vakes pass through the fan; to.limit the
the zxial distance between. the trailinged
tation vanes and the leading edge of the.
be at Jeast 704, of the vane-cherd and tbe b
{ blades $hoild be different from ‘the nu er of
Pre-totation, vane -solidities tssually Tall inio :the
€ Tange,
alternative to pre-rofafion vades for 4 Tightly
fan is A set of straightener vanes downstresmy of
1.
¢ detailed design rules, for- presotation: Vanes, fan
and straighteners. se¢ Bradshiaw and Pankhprest

Centrifugal ‘blowers 3 .
fugal blowers are. normally used to drive. open-
tunnels from the upstream #udi a blawer could
‘alled at the exit instead but this has: 00’ particdls
age. Sinigle-inlet blowers could also’ be used 'to
‘eturnscircnit. tunmels By installing them’ in . one of
rhets. Single-infet blowers dre:found to produce
type flow (dug to the: asymmetiic pesxt '
peller) which Wl wall flow attachment: in:
ngle diffuser, THis. compznsaiss for the T

Aeronautical dpirnal Novenber 1979




tion mownitinigs and connetted to the. runnel wﬂh E
de coupling to-reduce vibration,

vible-iiilet blowers (air entering the :mge:llea: fram
sidesy tend to produce a umiformly molined. fow

out & vortex) which takes a-loager-distance to re-

h to the bottom Wall downstreas of ilie’ ‘onge.

should therefore: be more congervative in- éesngmng
angle diffusers for dotble-inlét blowers.

n the whole, commercially: avaifable single-inlet
ifugal Blowers with backward-ficing impellers are
satefor driving Biower tunnels,

nee the maximum required fan sfatic pressure -and
ne flow rate have been estimated; the miakers pei-
nnce charm can be consu]wd Opﬂmrsatfon between

------

Br chmce {_lsee section 10

CREENS:

[ tutinel seréens are normdlly: made of metal wires
voven ‘to form square or rectangylar meshes.
ns woven from nylon -or poélyester threads are also
being used when the wind loads are not expscted: io
ary high (UTS of nylen. ~o 70, “steel ~ 1100, bronze
31100 MNm? and E of nylon B 3, steel=200,
te ~ 100 GNm™):.  The action of the gauze is
ibed in termis of two parametess:. the pressure drop
clent, K wf B R 8) and- the deflection oefficient,
: (8, K. §), where 31§ the screen open-area fatic sid
the flow incidence angle, measured from the normal
& sereei.

Main effects

ffor detdifed explanations see Mehta 1578)
@5 make the flow velocity profiles wmore- uniform by
sing a static pressure drop proportional te (speed)’
thus reduce the boundary laver thickness so that the
v to withstand g given pressure gradient-is increased,
Teen with a pressure ‘drop coefficient of about 2
ves neafly all wariation in the Tongil d’mal mean
ity. A screen also refracts: the incident. 1 low towards
oeal noemal aad reduces the tirbulence iitensity in
whole flow-fizld. For- a -given opeh-yes ratio, it is

¢t to bave a smaller .mesh for the rgducnon of

xisting thrbulencs: Plastic screens tend to yield a

¢ uniform. flow heyand the boundary layer edge,

ly due to the weaving properties, and. produce ai

shoot’ in the veloeity profile near thg: edge, mainly-
i by scréen defiection angle which iy maximum:

e wall. In-terms-of tackling & given pressure grad

roiding separation; this overshoot cotzfd be beneficial.

Open-sres ratio (8).
1 screens with: very lowﬁ(wa 3y aIso produce an
ihoot-but this-§s caused by streamlipe itrclination near

boundary layer edge. Low B(«0-57).serecns also
aeeé ingtabilities resulting from:a random coalition of

- g Gacnanerd poratdlr Sowss

e vang tinwer

jure 2, ‘Differant impeglier types used: in centrn‘ug ,

Blowers. -

aytical Jourmet -j‘ﬂ&#efﬂiﬁ’ér . Mkt and Bradihge

jets and presumably amalgamatmg to form Jonghudinal

vortices. which persist through the contraction. - The <coali-
fion process “is enhanced: by viriations -in £ e, nob-
piifform: weave) and by irregulaities in the: screen shape
fie. wrinkles). It is therefore essential to inspect and
clean: wind tunnél: screens regularly.

3.3 Daterminatian ol
{ratia of pressiira dm' ‘4o dynaric pressure)
Althiotigh there is no. wholly: safisfactory method, Wieg-

hardt’s {1993} formnla {K =675 [T —B7 3 [Wd! /3;,}-2«‘3} '
© where d is wire diameter, predicts the right trend; K

decredases with mcreasmg speed Up to about UdjBy=
60D, -after, which ‘It is. independent of Re. Collars (1939)
formula {K =091 —F/85} usually over-estimates K i
the high Re limit. One needs 10 be more careful in pre-
dicting K-valués: for plastic: sCreens: since;,

K=f{B.Ra8 ... c:_t:)»piana:itif N B

where @ is ingle of sereen to indident fiow. For g 3£ 0-use

K=K cos™ §, with m=1-0 for screens with B.~0-6
and wi~ 14 for o~ 03
34, Determination of ¢ .
(raﬂo of-f et angte to inle% angle)

For & the Torm':

o . B 3
where A, B are empirical- constants, is a befter fit than
‘the generally accepted form:
il
JUEE)

Note. that: the refractive index of & screen () defined as

3 E)

.in. opfics. s equdl to 1/a for small g, Por lirger & use

Ciaz= %’-;tan’“i (R %Se_é“ﬁ{ - ] ELFHY

D
W (1F Ky
€, D, E-and F are empirical constants,

VaIues suggestad for: the emp cal ‘constants, by: sonie
imited experiments: {Mehta, 1978) rarey A=0066; B
C =068, D=0+62, E=1-0, F=1+5,

Ao eampi&tz analysis of the How: through screens
san be found $n- Mehta: (1978):.,

. cf:mna! shapes. Other paza-
nditigns, boundary. layer control
separation: could alsa :kﬁ?&ct

; r.:tmied :mgie
(for hest ﬁow stea.dmess,

herwice thie-- /pressure: recom-y .
: d,:therefore; sor dioes the mnnei
nearly constant. The deSIgn

pres



ese ditfusers is well catered: for by existing metheds: . T
Sockrell and Markland, 1974).

Wide-angle diffiser

type is normaity. nstaifed between the Bldwer and
ig chamber or between the fourth corner and settling
ber of a ‘closed:cirenit mnnel, the erossssectional
incréases $0 rapidly. that saparauon can-be avoided ' e
by boundary layer contrél. A mdz-angla diffriser is 1 mssesstut
ans of reducing the length for a given area ratio I
© than effecting a pressure recovery; generilly the e :
ressure fise through. # screene& wide-aniple - diffuser-
Ative but small.

AR g
Brundary laysr contrdl methods
nost. “popular teans of boundary layet donitrol s
stalling gauze scréens. A écreen, besides removing
irect effects .of layer- growth and incipient Separa-
sives the layer a new leage of life. In 4 wide-angle
T it is befter to use several screens of relatz\reiy
K. (less than about 1-5) because incréasing X at
tation has- Hitle -¢ffect on the skin friction .4t a
much further downstream, Other types of
aty. layer control etheds include splitters,. suction
frapped vortices, vortex genetators and -vines: and
s preferable in diffusers with ‘very severe: peomdicies
5, 28> 50°). For a review vee Mehta -(1-9?77}.

Des;gn chart!

rare A, 26 K dand n where h is the nmnber of Figuré 4. Overall | ﬁres:sm‘e drop coef&c:snt requlremsn'és

| within the diffuser-—this includes the scresps ib- : for g diﬁ“sm’ with-scrgens.

at the inlet and outlet, Data were collécted. fiom :

1 hundred wide-angle diffuser designs, -mostdy

sful” (no separativn, and. uniform Gitlet fow -with-

eptable turbulence leviel). and charts were plotied: : :
Y

eer?\l;:‘.ii paﬁm%tgr 5,3 frfimmw;g?mgei:g:mgﬂezs&h:;: successfully pmwded rhaf certzun Othﬁl‘ des:gn factars
enclosing successfill configurations have an ap- kept im wiind: '

ately hyperbolic: shape: As n increases; the vertex:

to & higher valtie of 2§ #nd, to a lesser exir:m, 1o

¥ valite of A, thus: xmpiymg a sironger :

nre& non 28. Fighre 4 s a plot of the ¥
¢ drop. ceefficiénts. -of 41l the screens, K,
v$ A. The straight line EF (d i= 114K

i the maximim numbar of ‘siiceessful conﬁgara~

Werdl destgh procedure - :
tiffuser design to operate successfully it st it to
of the relevant curve in Fig. 3, giving 1]
umber of screens required in. the diffus

ke
w 2 754
¢ 3. Deslgr boundaries for diffisere i



Cross-sectiondl shape: Most wide-angle diffusers have
-either rectangular or square cross-sections for. ¢ase
of construction and. since pressure recovery is not too
important, It is advisable to fillet the cordery in
small tunnels, whose designs aré: likely ‘to be more
adventurcus; to feduce the risk of large regiong of
flow separation.

v Comparison and verification -of design riles

se design rules compare well with those proposed by
ie et al (1957), Schubaver #nd Spangenberg-{1948) and
ire and Hogg (1944). This is to be expected because
i designers have used these rules; evidently the rules

successful, but they inay be donservative, The pregent

s also compare well with some experiments and test
s, details of which can be found in Mehta.(}???),
pugh: there is evidence that the rules are not inflexible.

CORNER VANES :

n some open-citcuit tunnels have corners, say 1o
sct the efffux from a horizontal tunnel upwards to
we draughts. Rules for the: design of vanes for .50°
ters are uncontroversial and probably rather con-
ative, Thin sheet metal vanes are used on all but the
est tunnels and, even in the latter, thick aerefoil-
iori vanes are used for strength rather than aero-
amic advantage. The ratio of the gap, /i, between
15 (measured from leading edge to leading edge) to
chotd, ¢, should not exceed about 0:25; the vané lift
ﬁczent is 2h/c. Usual practice is to make the vife as
rcular arc, with ghort straight extensions at leading and
ing edges for ease of rolling or pressing. The trailing

t is aligned parallel with the axis of the downstream.

and the leaditg edge is set at @ positive ‘angle of
lence’ of 4° to the axis of the upstream leg. This
rigement has superficial logic but differs from estab-
'l eascade-design practice, and recently: Ermshaus and
dascher (1977) have successfully used a hodograph-

tion design which hids a #Aegative angle of incidence

ae leading édge and over-turns st ffie trailing edge so
the included angle is 105% instezd of the conven-
al 86°. It'is not clear whethér a significantly higher
can be used with-this design.

Che pressure. drop through - thin: vanes of standard
Y desipn is estimated by Bradshaw and Pankhurst
4) to be about 1-2 (Uefv)~* times the: dynamio
sure.

HONEYCOMBS

leytombs are effective for removing swirl and lateral
n velocity variations, as long as the flow yaw angles
riot greater than about 10¥. Large yaw angles ‘cause
honaycomb cells to “stall” which reduces their effective-
besides:increasing the pressure loss.

Reduction of turbulence

incidental effect of honeycombs -8 to-ireduce “the
vlence level in the flow. Essentially, the lateral
ponents of turbulence, like those of mean velocity,
inkibited by the. honeycomb cells and almost complete
hilation is achieved in a length eguivalent to about
b cell diameters. Honeycombs thémselves shed small
» turbilence, the level of which is fonnd to:be higher
1 the cell flow is laminar than when it is turbulent:

is attributed. to 2 basic instability of the laminar near
e5. Note that the cell flow in most wind tunnel
swycoribs is: laminer and so Lumley and McMahion's
7). analysi§, which -assursés’ turbulent flow, will.not
y. With a laminar cell flow the ner reduction. is
test for the dhortést honeycomb (i.oehrke and Naagﬂa

rautical Journal  Movembar 1979 Ma"ﬁtai ang[_ﬂ'ruds’hi“n_‘!v‘

sabout, 25,000, cells).

1976). It turns out that the shéar iayer ipstability in.the
near wake has a strepgth propertional to the shear. layer
thickness and so for the longest honeycomb, the ratio of

‘turbilence . generated -to’ that stppressed -is greatest,

8.2. Optimum: cell size

For maxirmum -overall benefit the cell length should be
about. 6-8 times its diameter. The. céll. size should be
smaller than the smallest lateral wavélength of the velocity
variatign (roughly 150 cells per settling chamber
‘diameter’, e 25000 -iotal, are adequate) The ¢éross-
sectional shape of the heneycomb cells is usually

-hexagonal, but sometimes square or tnangular, the shape

being «chosen mainly for ease in construction. Iimpreg-
nated paper honeycombs are -wdequate for small tunmels.

- Aluminivi honeyeombs made for aireraft. sandwich ¢on-

struction have more precise dimensions than paper Honey-
combs and are to be preferred for high performance
tonnels and large tunsels whgre the Wind foads may be
expected 1o be high: The cells of 21l homeycombs are

“often partly obstruotéd by burrs which cun be fatigued
-off with'an air hdge,

7 SET—Tt!MG -cHAmaeris

' :éonsists of .a honeycomb (with
dlowed by scréens, the .number and
K-value depending on the turbulence level requirements.

:lf severe yaw or swirl is expected in the flow from the
- mde-ang‘ie diffuser, 4 is advisable to install one screen

upstréam of the honcycomb 5o that the flow angles are

- redced. A screen with K =15 reduces yaw and swirl

angles by-a factor of about 0+7 for swirl angles of about

C40°% The honeyveomb should be -installed some way~
_ ddwnsir;eam of ‘the wide-angle diffuser exit, so that the
- flow static pressures and angles have had a chance to
_become more uniform: Sinee screens with small g:(less
‘than ‘about 0-57) tend to produce instabilities; presurrigbly

in the form of Jongitudinal vortices, at least one screen

" with ‘a Jarger B (>>0-57) should be used {in the most
downstream position)” if a teuly two-dimensional boitdary
: :Iayer 15 requited in.the working section. Another alterna-

tive is 1o place the honeycomb downstream of the screens
but this at best resilts in a rise in thé turbilence level and

" is not recommended i general.

72, $pacing between screens. .

_There dre two unpcrtant propemes o consider :

(i) For the pressure. drops _ﬂn:ough the screens to. be

completely mdcpenflent the: spacing should be such
that the static pressure has. fully: recovéred from the
perturbation:  before rcachmg the  next sereen
(i.e dp/dy=0}

i (i) For full' benefits ﬁcm the turbulence-reduction point

of view, the minimum spar:mg should be of the order
of ﬂ:e large energy conta:mng eddxes

It has been found that a4 screen combmatlon with a

‘spacing . equivalent to-about 0-2 scttimg chamber: dia-
| ‘meters . performs < §u
‘hetween the last screen-and the contraction. eptry has also

been fmmd to- ‘be about 0-2. cross-section: diameters. If

esstully.,. The optimum distance

“much: shorter significant distortion of
screet may, be’ expected.. On the
ce, or for that matter the -veraH
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instat!anon of ::t:mponents

More

§ necessary. swhen tackmg o1 plastxc screms since’

being hore flexible, ‘tend to, wrinkle along . the. lines
sion.. The hongycomb:i§ tsually just pu
n frame, A useful arrangement for:sinall tapnels is
1 the wide-angle diffuser; screen frames and, con-
m on 2 table and chimp them by drawbbolts, so that
s can. be withdtawn, easily, On’ iﬂrger sunmgls; 1t is
ble to equip the settling chamber. .(and ‘wide-angle
'r} components, with . castors, for eas ~of removal.
in turinels Thadé of thetal ot COnCrete; . the. sereens:
srmally ‘installed in séparate frames which can be
‘awn from the tanel for cleaning or replacement.

DNTRACTIONS
tractiony

icreases: the mean velocity which altows:the Honey-
siiby and soresds: to, be placed in @ low speed regmn,
ws reducing pressure losses,

educes both mean and Auctuating velocity variations
va srradler fraction of the average velodity,

e most important sngle parimeter in dat.primmng_

effects is ¢, the confraction ratio. The faetors of
ion, as derived by Batchelor (1§70) fm' e§>’i

component mesn velocity: 1/¢

st Wecomponent Digan velocity:

«omipoinent rms intensity : 1/2¢ {3 (11:4(:3 — 1
T wogOnIponent rias fntensity: (39442,

Factor of reduction: of percentage velocity variation
n by multiplying the above expressions by 100/¢).

¢ design of 2 contraction centres on the production:
naform and steady stream at u;s ﬂuﬂet, and reqmms.

b w111 be such that separatwn is: ]ust avo
it non-uniformity is-equal to the matimum tolerable
for a given application (typically ii‘% veIaa:ty
on oitside the boundary 1ayers) e

Cnntracﬁon lengths
ivrays possible to avoid separatign,in the confraction
king it very lorg, but this réstlts i 4 mcrease of
length, cost.and -exit boundary, 3

Contraction ratio o
the power factor comtrib .
1 chamber varies as 1/c% large r:o:m*aauon ratios
ivantageaus But la,rge coma:act

ms of noise and separation near ‘the ends. Thersfors,

ition ratios between about 6 and 9 Al normaﬂy

1 least for the smialler tnnels.

o s T sectionat ahape

ear (e walls tends 16 1]
:omers of T puly aF |

_ " on tunnels ‘used for boundary:
tted into-

corner. ﬁﬁats, but rapid termmatmn of these i ﬁm '

working section: must beavoided..
Two-dirnenstorial contractions-dre somaatzmes pxsfm&é'

workinig section is wide but. shallow. However;” if the

Boutidary: layers ate thick: the plane wills ténd o develop

strong. se@andary flows. -Algo, 2:D contractions reguire
about 259 miore
pressum distribidtion as &x:rsymetmc' Origs..

8.4. ‘Walt shape

a_@;phganon of frial-and-error

__porfant except :a_ear th_e-
ntour. shape is much-more
ons.  In general the wall
parallel sections so smioothly

. e 1d and. second -deriviitives of ‘the
SUrve: are Zero (or vety small) at the ends.

9 WORKENG SEGTi ONS

al éxperlmemer Blawea: t:t:mnels

sectiong(with and. thoﬁt exit ﬁusers)

The flow out of 2 contraction :often takes: & d;sta.nce ';_ '

=% .diimeters - befbre the

ﬁqmvalem: to aboi
ire; fedu QW an accepfabie

imesh lengths befor i
These requuements cfte

dyer stodies; ‘where the. -

gth to: attain ‘the satire uriformity of .

muires the estabhshment of

e 1@35 at the-natrow end, and -

- gmickestaeks - eat avc a :

gl Joiiinal Navsm&a’?_ 1979



dth-to-height ratio fess thari unity, although the ratio
jodel bresdth to tubnel breadth must still be keépt
| to minimise interference.

ESTIMATION OF TUNNEL POWER FACTOR
ng decided the sitze and configuration of a wind
el, the next design step is to estimate fhe tunnel
w factor, A (equal to H/ip U4, whers H is the
. input power and subscript o refers to working sec-
conditions) se that the fan and drive ‘Gmit can be
ted. It is difficult, but in fact not essential, to estimate
sower faetor very accurately; adequaté extra power
be installed to cope with a variety of model or
ling section configurations, not. known in advance.
he pressure’losses in a wind tinnel are-due to diffuser
5, resistive components such as screens, and friction
hé tunrie! walls. The total pressure loss e to each
sonent can be estimated :separately, and then summed
divided by the blower efficiency v, typically 0- 8, to
the tunnel power factor. Typical valdes for a tinnel
ar to that shown in Fig 1(8) are given below.

Losses due to skin-friction.

nAAlm‘i‘p Uz ( ) J‘C,-—d:i’,

where S is the duct locsl perimeter -and remember-
ing that the area ritio is the reciprocal of the véloeity
ratio. Tt is normal]y only. necessary 1o estimaté skin
friction losses in the working section (4/A4,=1).
Those in the diffusers are normally accounted for
in the efficiency and the .other components do not
contribute significantly.

Therefore, ANy~ CSLfA, where L is the work-
ing section length, Fypical valve: oAk ~0-07,
assuming G, ~ 0-003.

Losses due t6 screesis, honeycomb and corner-vanies.

A, 13
‘H:AM:K-[“ZJ -

Se for a tunnel with four sereens (two in the wide-
angle diffuser with A4/4,—=4 and 6 respectively)

each with X =1+5 {for U=35-10 m/g), and 2 honey-

comb with K'=0-3 we have, taking c=8, typical
value: mAA,=0-18 (the screen at 4§A,=4 contri-
butes © 39 :

Loss.of tofal head in the exit diffuser.

MAk=(1 "".??n) [ L= ( fi:,,t)] !

where. 7 is the diffuser efficfency. This is a loss dus
to the ‘inefficiency ~of the diffuser iy transformlng
kinetic emergy into’ ‘pressure. energy’ and, is caused
by boundary layer growth ‘and non-uniformity of
the flow. The efficiency of &, WJde-angIe diffuser
with screens iy generally negative but Ap is small, -
For a conical diffuser with A~.2-5 and 26~.5¢,
Cockrell. and Markland (1974) suggest ny=0" -8, bui
this mdy be lower for diffusers with Fectamgulir
cross-sections, typical value: HAky= 0 25 ‘for
Np=0-7 and A =2-5.. i

wiical Journal Wovernber 1978 Mehts and n_B,raiﬁsfxaiv-

) skexts-wmdkanal des Instituts

(iv} Loss of total head at the exit of an oper-sitcult
mnnel o
In an open-circuit tusinel, the amount of kinetic
energy-lost 4t the exit and dissipatéd into-heat, adde

to the total Josses.

4 4 2

A
NAN = | el
'r) ‘ Aimt
[=1 for bli}'wcr' tunnels with no exit diffuser],
typical “value: pA¥,=016 for A=2-5
'{'herefore the ‘estimated overall tunnél power factor,

A= %-A;l\p_f Nex0-825 for the tunnel considered
(with an exit diffuser}, taking % =10-8.

Onee the tunnel power factor has been estimated and
the required fan static pressure rise determined, one can
set. about the selection of 'the optimum fan size. The
dynamic pressure rise throtgh 4 blower is nsually ignored
and can be thought of as-a.safety factor in the calculations,

The fan outlet flow will-be least turbulent when the fan
is' operating near maximum efficiency. Fan efficiency is.a.
function of the dimensionless flow rate; the pressare rise
coefficient 15 a (weak) fomction of the dlmensmnless flow:
raté also, so that zéquiring -maximum eiﬁcmncy-
specifies; both dimensionless flow rate and ‘pressurg. ‘Tise
coefficient. So for .a given required flow rate and pres-.
sure nse, two equahons are obtained which can be solved
to give the fan size and- optimum- operiting rpm. In
practice thie manuﬁactm'ers performance charis should
be searched for a fan. size (and rpm) piving near maxi-
muin cfficiency for the required fiow rate -and pressure
rise.
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REDUCTION OF TURBULENCE IN WIND TUNNELS

Br Hyer L. Deroan

SUMMARY

f nonmathematical outline i given of modern
fo the naturs of the effect of turbulence, and their
n the desirability of designing wind funnels for
large turbulence. Ezperimente made on e par-
ind tunnel for the purpose of reducing the tur-
re described, fo Wlustrate the influence of cerfain
n the magnitude of the turbulence. Adoderate
in the size, shape, and wall thicknese of cells
neycamb were found to have little effect. The
of & room honeycomb af the entranes was also of
ie in reducing the turbulence. The turbulence
I with increasing distance between the honey-
{ the measuring etation. A further decreass was
by using a largs area reduction in the enfrance
h the honeycomb af the extreme enirance end.
easurements of turbulence were made by the use
2 and also by the use of the hot wire anemometer
bed in Reference 6. The present work was con-
ith the cooperation and finaneial assisiance of
mal Advisory Commitiee for Aeronautics.

INTRODUCTION

1bject of turbulence is one of great interest in
of aerodynamics, and many investigations are
ess in the aerodynamical laboratories of the
1 various aspeets of the subject. The recent
‘onsl cooperative messurements inaugurated
te auspices of the National Physical Labora-
3reat Britain heve shown thet turbulence is &
f considerable importance in defermining the
sting on bodies in an ajr stream, and the chief
. of the day is whether it iz desirable to have
small turbulencs in wind tunnels.

eecognition of the effect of turbulence in wind
xperiments came about somewhat as follows:
16 year 1911, Eiffel (reference 1) measured the
tance of a sphere in his newly constructed
inel and published the value of the rosistance
1t as 0.181 A yeur later, F&ppl of the Aero-
» Institute at Gottingen (reference 2), in a
gon of results with the Eiffel Laboratory,

8 ooafficient aquels the fores divided by the prodnet of sross-sectionsl
pelly pressors. |

stated thet Eiffel’s published value was obviously in
error, probably a misprint, and that the true value was
0.44 or nearly three times as great. KEiffel replied that
the published value was correct and made further
experitients on spheres of different diameters at several
wind speads which showed certain anomalous features,

now familiar fo students of aerodynamies.

The first clue to the explanation of the discrepaney

‘was given by Wieselsberger (reference 3) who showed
‘that he could obtain results in the Géttingen wind
tunnel similer to those obtained by Eiffel. He accom-

plished this by producing a disturbance shead of the
ephere by placing an open-mesh screen across the air
stream in front of the sphera, or by placing & wire ring
on the surface of the sphere in a plane perpendicular
to the wind direction. By these and numerous other
experiments it has been established that the air resist-
ance of a sphere depends not only on the diameter of

. the sphere, the speed, density, and viscosity of the air

but also on the turbulence of the air stream.
Another type of body for which widely varying results

.have been obtained in differeni wind tunnels is the

streamline body exemplified by theairplanestrutand the

“pirship hull. Values obtained at the National Physical
Laboratory for the resistance of sireemline bodies

appeared to be on a lower level then values obtained
af the wind tunnel of the Washingion Navy Yard, and

‘the nature of the scale effect was quite different. In
11923 the Neational Physical Laboratory began the
.eireulation of two airship models for comparative tests

in a large number of the wind tunnels of the world.
The results in the United States wind tunnels (refer-
ence 4) show variations of 50 per cent {from a mean
value and it has recently been shown by experiment
(reference 5) that these differences are due to differ-
ences in the turbulence of the geveral wind tunnels,
While these two examples illustrate the large effecta
of turbulenee in wind tunnel experiments, the dis.

“eovery of the effect itself is much older. Osborne

Reynolds (reference 6), in his study of flow in pipes,
records the first obsarvations of the effeet. For a
sufficiently small Reynolds Number (product of the

- mean speed by the diameter divided by the kinematic

viscosity), the flow in a pipe is laminar and fakes place
557
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in aceordance with the laws of hydrodynamics for the
steady flow of e viscous liquid. At large Reynolds
Numbers, the flow is eddying and the movemsnts of
finite “moler’” messes of the fluid as well as move-
monts of gingle molecules transfer momentum from
one layer of the fluid to another, In a definite expari-
mental arrangement, the transition from one régime
of flow to the other ocours at a definite value of the
Reynolds Number, irregpective of the individual values
of the speed, diameter of the pipe, and viscosity and
density of the fluid. When a disturbance (turbu-
lence) is present in the incoming flow, the value of the
critical Reynolds Number is found to depend on the
magnitude of the disturbance, decreasing as the tur-
bulence increnses until a certain lower limit is reached,
beyond which further increase of turbulence hes Lttle
effect. The turbulence in the incoming flow may be
produced by objects placed nesr the entrance of the
pipe, by honeycombs across the pipe, or by the shape

of the enfrance itself. The resistance coefficient of a

pipe is & function of the turbulence as well as of the
Reynolds Number, and for a eertain renge of Rey-
nolds Numbers the effect is very large indeed.

The information now sveilable on the. effect of !

turbulence clears up many puzzling discrepancies in
wind tunnel results, and indicetes that no standardiza-
tion of wind tunnels can resulf until a standard value
of the turbulence is adopted and methods are known
for controlling the turbulence in a given wind tunnel.
The title of this paper suggests that the turbulence
in wind tunnels should be as small aa possible, & view
that is not at ell unanimously accepted, and the
object of this paper is to present the arguments for
and sgainst this view and to indicate by experimenis
on a particular wind funne! how a small turbulence
may bo secured.

The turbulence in a given wind tunnel has far-
reaching effects on the results of measurements made
in that tunnel. Not only will the value of the force
coefficients at & given Reynolds Number be dependent
on the value of the turbulence, buf the whole nature
of the variation of the foree coefficient with Reynolds
Number (1. e., the scale effect curve), on which the
extrapolation o full scale depends, is governed by the
amount of the turbulence. .As iz well known, the
soale effect on an airship model in & wind tunnel of
large turbulence shows a coefficient decreasing as the
Reynolds Number increases, whereas in & tunnel of
small turbulence the coefficient is much lower and
usually incresses with incressing Reynolds Number
at the higher Reynolds Numbers. While the effecta
of turbulence are large only for certain types of bodies,
it is reasonably certain that an effect is present in all
cases, although often its magritude is extremely smell,
Under these circumstances the importance of know-
ing the value of the turbulence in every wind tunnel
experiment is obvious.

COMMITTEE FOR AERONAUTICS

Modern views s to the naturs of the effeot of tur~
bulence,—As a background for the discussion of the
relative advanteges and disadvantages of hamng amgll _
or large turbulence in wind tunnels, it is necessary
to outline briefly the modern conceptlon of the nature
of the effect of turbulence. The views here pre-
sented hardly have the status of a well-developed
theory, and some of the details may ba subject to
controversy. The outline, however, is beliaved fo be
substantielly correct, and reprosents a combination
of the contributions of many investigators including
Prandtl, von Kérmén, Burgers, and others.

The starting point is the boundary layer theory of
Prardtl. It had long been noted that in a large part
of the field of fiow of air or water at modarately large
Reynolds Numbers, the dissipation of energy is negligi-
ble and therefore that the effects of the viscosity of the
; fluid are negligible. Thers must, however, be some_
E effect of viscosity on the flow, else thers would be no

drag. Tt occurred to Prandtl fo assume that the
effects of viscosity are confined to a thin layer or
skin closa to the surface of the body and to introduce
this assumnption in the general equations of motion
of & _viscous fluid. The result is a series of equations
. giving the velocity distribution in the layer, the
thickness of the layer or equivalent parameter, and
the skin friction on the surface when the pressure
distribution along the body is known. The results
of this theory have been abundantly confirmed by
experh‘nenf; for parts of the layer not too far from the
point of origin at the nose or Ieading odge of the body.

Two phenomene intervene to make the formulas
invelid for the entire boundary layer. The first is the
phenomaenon of separation, which takes place when the
pressure outside the layer increases downsiream.
| The fluid particles near the wall are dragged along by
the friction of the neighboring particles but are re-
tarded by the pressure. As the boundery layer
thickeps the retarding effect becomes prodominant
and finally causes a reversal of the flow. The raversal
of flow, on account of the consequent accumulation
of fluid, separates the flow from the surface, as observed
on cylinders, and on airfoils at large angles of attack.
The onset of separation is predicted by the equations
of Prandtl, but the phenomena. following the ocour-
rence of separation introduce wide deparfures from
the assumptions on which Prendtl’s equations are
derived.

The second phenomenon not centemplated in the
basic assumptions is the onset of eddying flow in the
boundery layer. The flow deseribed by Prandtl’s
equations is laminar. Momentum is transferred from
one layer to another by the motions of single molecules
whose total effect iz integrated in the viscosity coef-
ficient. The experiments of Burgers and his pupil
v. d. Hegge Zijnen show that the flow becomes eddying
and that so long as the turbulence of the approaching




REDUCTION OF TURBULENCE IN WIND TUNNELS

is nof altered, the transition occurs when the
1z Number formed from the speed at the
of the boundary layer and the thickness of
mdary Iayer reaches a certain critical value.
itical value depends, however, on the tur
- of the approaching stream, decressing as the
kee increases.

»nset of eddying flow in the boundary layer, if
1g before separation of the layer, modifies the
of separation. In the eddying motion thera
re thorough mixing of the air particles, and the
action of the outer layers on the inner layers
he surface of the body) is greater. The air

boundary layer is thus ensbled to flow farther’

en adverse pressure gradient and the process
wretion is delayed. The delayed sepsration
d by the eddying motion in the boundary
responsible for the great variation of the drag
mt of spheres and cylinders in the crifical
The hastening of the onset of eddying flow
boundary layer is responsible for the effect of
nee on the air resistance of spheres.
preceding matters are presented in a more fech-
wnner in reference 5, which includes a detailed
tion to spheres and airship models. It should
:d here that the mechanism of the breskdown of
iinar boundary layer and of the effect of tur-
y is not yet fully understood. The =zuthor
3 that the machanism is essentially the same as
curring in. the phenomenon of separation, and
e breakdown would not oceur if thers were no
tion of the air speed at the edge of the boundary
The observed finetuations of speed at & fixed
nay be taken as an indication that at any one
ere are variations of speed along the outer edge
boundary layer. With the speed variations
rill be associated variations of pressure, and in
ions where the speed is decreasing, the pressure
i increasing, The megnitude of the pressure
15 depends on the amplitude and frequency of
sed fuctuations, increasing as either increases.
mfficient distance froma the leading edge, the
158 of the boundary layer will be such that there
& reversal of the direction of flow near the sur-
those places where the pressure is incressing
ream. Larger speed fiuctuetions bring larger
e gradients and an eardier reversal of flow. It
very probable that such & reversal would give
the formation of eddies. This theory has not
been subjected fo any methemstical check, and
discussed in another paper.
nell tarbulence desirable?—In the light of this
tion of the sction of turbulence, the question
8 o the amount of turbulence that is most to be
., in wind funnel experiments. At the large
ds Numbers encountered in full-scele airplanes
ships, the flow in the boundary layer is bound to
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be eddying over most of the body since the critical
Reynolds Number is'reached at & comparatively short
distance from the nose. In wind-tunnel experiments,
the flow in the boundary layer is likely to be laminar
over most of the surface, especially ¥ the furbulence is
small. This difference in the charecter of the flow in
the boundary layer often gives rise to large differences
befween force coefficients observed for the model and
for the full-scale body. For example, the angle of
attack st which burbling (i. e. separafion) occurs on
airfoils, especially thick eirfoils, is often much smaller
for the model.

The first suggestion which oceurs to anyone receiving

this information for the first time is to build wind
tunnels with a high degree of turbulence, so that eddy-
ing flow will be established throughout most of the
boundary layer. 1tis assumed that this procedure will
give at small Reynolds Numbers a flow more Iike the
flow of & nonturbulent air stream at Iarge Reynolds
Numbers than is the low which is obtained at the same
small Reynolds Numbers with small turbulence. Or
it mey be argued that turbulence is always present in
the atmosphere and thet this condition should be
represented in the model experiments, It has been
claimed for several wind twanels that the turbulence in
them is exactly that of the atmosphere, because of the
agresment of extrapolated model coefficionts with full-
scale coefficients in & few cases. This is a specious
argument, for the turbulence in the atmosphere is a
highly varieble quantity, and at any one place is
different at different times. Furthermore, because of
the effect of turbulence on ths form of the ‘‘scale-
effect” eurve, it I possible to obtein the same exira-
polated full-scels value from meoedel values observed
in different wind tunnels, aven when the model values
differ widely, For example, if the drag of an sairship
model is measured in & highly turbulent wind tunnel,
the drag coefficlent will be found to decreese with
increasing Reynolds Number, and the extrapolated
value for the full-scale Reynolds Number will be con-
giderably lower than any of the measured values. If
the drag of the same model is measured in a wind tunnel
with small turbulence, the drag eoefficient will be found,
to be lower than in the highly turbulent wind tunnel
and the variation with Reynolds Number will be small.
The fullscale value will then be assumed the same as
the measured value, and it may happen that this value
sgrees closely with the fullsecale value exirapolated
from the turbulent wind-tunne] observations, '
The argument: for the use of wind turnels with large
turbulence is based on & great simplificetion of the
sctual phenomens, a simplifieation which is helpful
at the beginning of & study of the problem, and is useful
to nontechnical readers, but which often leads to
misunderstanding. The words “laminar” and “eddy-
ing” are used to distinguish between two general types
of flow as rough classifieations, but all ““eddying” flows
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re not identical; furthermore, different parts of one
nd the same boundary layer having eddying flow ere
ot identicel. The gkin friction per unit ares, the
hickness, and the velocity distribution vary from
oint to point. The classification of flows into laminar
nd eddying is only a very rough and general classi-
cation; there is always & transition region between
he two, in which the flow ean not be unembiguously
ssigned to either classification. Thus while in a very
eneral way, an increase in turbulence has sn effect
imilar to the effect of an increase of Reynolds Number,
. detailed exemination (see for example reference )
hows that the resemblance is only superficial.
Wieselsberger (reference 7} presents the arguments
or & small turbulence as follows. “It has not yet
ieen definitely ascertained as to whether, in the case of
xperiments with models, the turbulence is an advan-
age under all circumstences and has the same effect
s the increasing of the Reynolds Number, since the
aformation on this subject is still (1925) insufficient.
t is quite conceivable, however (and this possibility
aust be taken into account), that, in certain cases, the

ir stream is affected by the turbulence in quite a -
ifferent and perhaps undesirable manner. Besides,
e often have to fest in the wind tunnel full-scale

bjects, such as rediators, spars, and landing gear
arts. In these cases, a turbulent stream would give
.wrong idea of the actual relations. A turbulence-free

ir stream is also necessary for testing and celibrating
natruments (for example, air-speed meters). Lastly,

t may be remarked that a nonturbulent flow is very
esily rendered turbulent to any desired degree by the
aterposition of & screen of wire or thread, if required
ar certain experiments, while the reverse is not sp

asily accomplished, We see, therefore, that the
weference must unquestionably be given a wind tunnel

rith as emooth an sir flow as possible.”

Little needs to be added to this clear statement. It
mphasizes again that turbulence is an important
actor, whose velue needs to be known. -The adoption
f small turbulence as an ideal to be sought in the
esign of wind tunnels does not preclude the possi-
ility and desirability in many csses of carrying on
xperimenta with a large turbulence.

The measuremsent of turbulence.—In the preced-
g discussion the word turbulence has been used,
rithout precise definition, in the genaeral sense of any
eparture from the ideal conditions of steedy and uni-
s flow. In the absence of more complete knowl-
dge of the mechanism of the breskdown of laminar
ow end the onset of eddying flow, no completely
atisfactory definition can be given. At any point in
1e air stream, the speed varies with the time in a very
regular manner, about some mean value, V. At any
istant the speed differs from the mean value by an
mount AV, which varies from instent fo instant.

|
|

Let us form the average value, dV, taken without
regard to sign, in accordance with the definition

[= l T T
- v \/ 7], AV d&
where £ is the time and T'is & time interval which is
large in comparizon with the period of the fluctuations

of speed. dV is nothing more than a particular kind
of avearage velue of the deviation of the spoed from

3
its mean valve, V; 1/2 p dV, p being the density of the
air, is the amount by which the kinetic energy of the
air exceeds whet it would have been had the velocity
been constant and of value V. In reference 5, the

quantity gvzwas defined as the turbulence, and it was

shown thet the forces on spheres end streamline models
can bé correlated with its value.

1,0 =
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g \.\’ Amphher disfortion. L1y
'\
2
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5 0
.? ‘ Compensateg ' o~
8 .
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FiGoex 1—Relative sensitivity of hoj-wire ansmomelar {o perlodic variations in
spoed, 'The curves apply to the apparatos desarihed in N. A. O. A. Techniesl
Repart No, M2, and the one of chiaf Infarest Is that Iabeled componsated, The
uppermost curve indioates the loss due o distortion In the amplifier; the remalntng
losa {2 dus to dalsots of the compensating ofrealt, The lower carve shows the re-
sponse when no compensation ia introdaced

The turbulence wes measured by a hot-wire ane-
nometer and associated apparatus. The sensitivity
of such apparatus to variations in speed is constiant
up to & frequency of 100 per second, and then decreases
rapidly, somewhat as shown in Figure 1. (Conse-
quently, when used in a stream containing variations
of widely different frequencies, its indicstions refer
mainly to the variations having the lower frequencics.)
This ¢urve was determined by the method of refer-
encs §. . .

The considerations at the end of the section on
"Modern views as to the nature of the effect of tur-
bulence” lead to the conclusion that fuctuations of
high frequency are more effsctive in causing breakdown
of the lammar flow than are those of low frequency, and
it has been suggested by other investigaiors that the
frequencies of importance are much higher then 100
cycles per second, The correlation of the force
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rements with the mean amplitude of fluctuation
asured is, then, to be regarded as indiceting
' that both the forees and the mean amplitude of
equency fluctustions vary with the ‘“real”
ence. This interpretation may be the correct
As yet, we have no experimental evidence for or
t it. Experiments are now in progress at the
1 of Standerds, and elso in Holland (reference
an attempt to extend the frequency range
determine the “spectral distribution” of the
tons.
surements on spheres have often been used as a
dive method for the comparison of the tur-
e in different wind tunnels. It was suggested
wence 5 that sphere results be expressed by
the Reynolds Number for which the drag
ent of the sphere is 0.3. For the experimental
o be described in this paper, both methods of
ing turbulence have been used, namely, the
method, and that of the hot-wire anemometer,
ription of wind tunnel and modifications.—The

lar wind tunnel selected for experimenis on -

duction of turbulence was the 54-inch wind
of the Bureau of Standerds, which wes known
3 a fairly larga turbulence. Vhen the measure-
were begun, the tunnel was in the condition
ed in reference 5 and ss shown in srrange-
{0.1 on Figure 2. The features to be noted are
atively smell and sbrupt ares reduction in the
¢ cone and the presence of an upstream honey-
n the straight porfion of the tunnel. In ar-
ent No. 2 a honeycomb of paper tubes 1 inch

ieter and 4 inches long was installed in the room

o the tunnel inlet. This honeycomb was &
te of the one already in place at the exit end.

wmgement No. 3 the upstream honeycomb in-

aight portion of the tunnel was removed. In

sment No. 4 an upstream honeycomb of round |

if galvanized iron 3 inches in diemeter end 12
‘ong wes installed as far upstream as practicable.
wgement No. 5 the upstream honeycomb of
round cells wes removed and replaced by e
omb made of paper tubes 1 inch in diameter and
8 long. In arrangement No. 6 the enirance
35 completely rebuilt. The entrence was made
1l in cross seetion, 10 feet between opposite
and & honeycomb of 4-inch square eells, 12
long, was placed immediately at the entrance.
trance was plsced in the plene of the room
omb slready in place. It will be noted that
‘erences between arrangements 1, 2, 3, 4, and
1 the honeycombs alone, whereas arrangement
s & radical change in the form of the entrance

RESULTS

drag of a sphere was measured for & number of
sds ab each of the positions designated as up-
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stream, working section, and downstream in Figure 2,
except for arrangement No. 3 where only the up-
stream and downsiream runs were made. For ar-
rangements 1, 2, 4, and 5 a 5-inch sphere was used,
whereas for errengements 3 and 6 & sphers 8.6 inches
in diameter was used. Thesameexperimental arrange-
ment.was used for both spheres, namely, that shownin
Figure 4 of reference 5 for the 8.6-inch sphere, &
downsiream spindle suspended by 4 wires arranged in
2 Vs, with a shielded counterweight from & fifth wire.
The drag was computed from the downstream deflec-
tion of the system and the weight. The drag of the
spindle was measured with the sphere detached but
supported in front of the spindle. The results are
expressed in the usual manner as a plot of the drag
coeffieient, O, against the logarithm to base 10 of
the Reynolds Number, R.

F
al:ﬂ_l_ Ve
i 2°

g=Y2

where F iz the drag force, D the diameter of the
sphere, V the air speed, ¢ the density of the air, and »
the kinematie viscosity of the air. The results for the
six arrangements are given in Figures 3 to 8, inclusive.

It was suggested in reference 5 thet the eritical
Reynolds Number for a sphere be defined as the value
of the Reynolds Number at which the drag coefficient
is 0.3. The values so obtained from the curves shown
in Figures 3 to 8 ars given in Table I,

Table L also contains the turbulence ss megsured
by the hot-wire anemometer. The velues given ere
the mean fluctuetion of the speed at & given point
expressed es s percentage of the mean speed. Each
valusé represents the mean of fwo or more ruos, eech
run consisting of observations at 6 fo 10 speeds.

For éxample, the value for arrangement 4, upstream,

namely, 1.6, is the mean of the following results for
6 runs, 1.67, 1.8, 1.61, 1.77, 1.28, 1.51. The value
for the fifth run, 1.28, is the mesn of the following
values, 1.55, 1.28, 1.10, 1.27, 1.27, 1.26, 1.45, 1.28,
1.28, 1.22, 1.27, while thet for the fourth yun, 1.77,
is the mean of 1.64, 1.87, 1.78, 1.88, 1.80, 1.72, 1.75,
snd 1.73. As stated in reference 5, the values for a
given run are in general more consistent among them-
selves than the values for different runs. ‘The averages
are given only to the first decimal place and it is
balieved fhat they are correct to +02.

The information in the teble needs to be supple-
mentfed, especially for arrangements 3 and 5. The
sphere results apparently indicate thet a tunnel
without & honeyecomb is the lesst turbulent. The
observations in Figure 5 do not, however, tell the
complete story. The drag of the sphere varied in
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very interesting menner, the sphere moving in
rks from ome position of equilibrivm fo another.
‘he observations represent the condition prevailing
i the longest time. It is believed thet the turbu-
mce is very smell in general, but that frequent
isturbances sweep through the tunnel and break
own the laminar flow in the boundary layer of the
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there. The taking of observations was difficult and
me-consuming., The same behavior was indicated
v the hot wire. Here, however, the period of the
yparatus was go great (30 seconds or more) that the
w velues were never recorded. The sphere suspen-
on was such that its period was only a fow seconds,
id the fluctuations could be more accurately observed.
he operation of the tunmnel in this condition was
und to be impractical,
A great deal of difficulty was also experienced with
rengement & as indicated hy the scattering of the
sults in Figure 7, especially for the upstream posi-
m. The trouble was found to be due in part to
otion of the honeycomb under the action of the
ind, The paper tubes forming the honeycomb were
wally glued together and additionel bracing was pro-
ded but the trouble never disshpeared ‘completely.
‘e consider this honeycomb, or any type of honey-
mb which changes position or deforms, to be com-
etely unsatisfactory. The hot wire value for the
'wostream position with this arrangement is con-
lered unreliable, It is based on a single run faken
st before trouble developed with the amplifier and
rough an oversight no further measurements were
ide in this position.
Some of the meesurements on arrangement 1 (fig. 3)
w show & large spread. This arrangement has
vays shown a peculiar kind of unsteadiness of flow
which the speed as recorded by a Pitot fube drops
' several per cent for periods es long as 15 to 30 sec-
ds. Celibration runs have shown individue! values
the ratio of the Pitot-static head to the static-plate
ad differing from the mean by as much as 4 per cent
d mean deviations for 15 or 20 readings of as much
1.5 to 2 per cent, so that a large number of runs
d to be made to secure s precision of 1 per cent,

This behavior was in marked contrast to that of
arrangement 6. The fluctuations of the manometers
for arrangement 6 are reduced to a fraction of those
observed for arrangement 1. Maximum deviations in
celibration runs are ravely as much as 1 per cent, and
mean deviations are only 0.3 per cent.

The observations in Table I give new data on the
calibration of & sphere as an instrument for meesuring
turbulence. The dais, excluding the points marked
“b,” which have already been discussed, are ploited
in Figure 9, together with the two points for the other
wind tunnels at the Bureau of Standards as given in
reference 5. All of the points fit a smooth curve
(slightly different from that of reference 5) within the

-geeuracy claimed for the observations. Six of the

thirteen points are near the estimated maximum devi-

ation and lend a little support to the view that iho fre-

quencies of the fluctuations may be of importance.
The effect of the various modifications on the turbu~

. lence may be seen from Table I to be as follows: Tho

addition of & room honeycomb af the enirance gave a
measurable but small reduction in turbulence. The
complete removal of the honaycomb gives the least
turbulence, but the flow is subject to temporary dis-
turbances following each other in rapid succession,
which mske cperation in this condition impractical.
Arrangement 4 gives some reduction, but as shown in
Figure 10, the reduction is entirely due io increasing
the distance from the honeycomb. Arrangement 5
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gives results substantially identical with arrangement
4, From Figure 10 it appears thet the value of the
Reynolds Number when O, for the sphere is 0.3 in
the upstream position of arrangement 4 is somewhat

high, a result also indicated by the hot-wire value.

Arrangement 6 gives considersble improvement. A
large part of the effect (at least half) is again dus to
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nereased distance from the honeyeomb as ghown
gure 10, ‘The remainder is probably to bs attrib-
to the lower initial infensity produced by the
: speed &t the honeycomb.

CONCLUSION

e turbulence in the Buresu of Standerds 64-inch
tunnel at & fixed distance from the heneyeomb
106 greatly reduced by modifications of the diam-
wall thickness, or shape of the honeycomb cells
o addition of & room honeyecomb. Working at a
er distancs from the honeycomb or moving the
yecomb upstream is effective in reducing the tur-
wce. The uss of a large avea reduction in the en-
e cone with the honeyeomb in the slow-speed
n gives en additionel reduction of turbulence and
rreatly improves the geners] operating econditions.
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TABLE I—REYNOLDS NUMBERS WHEN Ci FOR
SPHERE IS (.3 FOR THE SEVEBAL ABRANGE-
MENTS, IN ORDER OF INCREABING VALUES OF R
(DEGRIﬁABING YALUES OF TURBULENCE),

Beynolds | Av
Arrangement !’:rnmh Mag'-na
enl sphere | v
ﬁl;uhm
50.3 cent)

1, npetzeam 1 182000 2.3
3, opstresma oo T60000 o]
1, woeking ssedien. oo —— | t3ge000 | L8
&, UPETEAI o e e ee v e mmwame—— LTO00 i L3
2, working Beotont e oo | 175000 -
4, npgtreant, 178000 1.6
£, working Eeeti0Ra e rmmmene - 189000 L2
[ NS T — 20D L2
g’. dOWnRtreAm,. oo e[ 1 206000 ‘1)'. ?5
4, downskream..... 5000

downstreaml. 230000 L0
4 dnwmtreem&.ﬂ.ﬁ... 230000 5 k %

working S2etiom mm e cemnaim — 240000
8, downaleeA e, e 28000 (X%
8 dowpstreatm e o] 281000 | SO.B-L4
8, opsiream. 838000 | €0.8-1.4

lmmmmﬂxbﬂrmmikemsummhmm been
addad.mdthucnnu

l Oml from Figureq,
1 Omitted from Fim:u. aﬂaﬁe.



