
RE-DESIGN OF A DRIVE SYSTEM FOR 

A LOW-SPEED WIND TUNNEL 

by 

TODD DAVID WALKER, B.S.M.E. 

A THESIS 

IN 

MECHANICAL ENGINEERING 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 

MASTER OF SCIENCE 

IN 

MECHANICAL ENGINEERING 

Approved 

May, 1998 



ACKNOWLEDGEMENTS 

Tf 
I want to thank and praise God who causes me to will and to act 

according to His good purpose. Thanks to Dr. Oler for all the support and 

understanding. Special thanks to Geoff Wagner for being so helpful and 

just being a "Jonathan" to me. Thanks to Lloyd who gave me an attitude 

adjustment in the Machine Shop. Thanks to all those in the shop, Norman, 

Tom, BiUy, Casey, and Tonshall. Thank you Earl for your last minute 

help. Thank you RocheUe for the snap shots. Boba, you were a great 

pioneer for me to follow. Lawrence, you kept me sane on my computer. 

Thanks to Bowers Plastics, Caprock Metal, and Dubose Automotive. Dr. 

Dunn and Dr. James, thank you. Mom, Lawrence, Dad, Brett and Matt 

thanks for making me who I am. Sandi, thanks for putting the finishing 

touches on this paper and on my life. 

11 



TABLE OF CONTENTS 

ACKNOWLEDGEMENTS ii 

ABSTRACT v 

LIST OF TABLES vi 

LIST OF FIGURES vii 

NOMENCLATURE viii 

CHAPTER 

1. INTRODUCTION 1 

1.1 History of Wind Tunnel 1 

1.2 Purpose of Wind Tunnel 1 

1.3 Texas Tech Instructional Wind Tunnel 2 

1.4 Previous Fan 4 

1.5 Objective 5 

2. LITERATURE REVIEW 6 

2.1 Governing Equations 6 

2.2 Wind Tunnel Power Requirements 6 

2.3 Duct Losses 8 

2.4 Fan Theory 11 

3. FAN DESIGN PROCEDURE 22 

3.1 Fan Efficiency Range 22 

3.2 Calculating Fan Efficiency 22 

3.3 Compressibility Effects and Stalling 23 

3.4 Pressure Rise Coefficient 24 

3.5 Annular Sections 24 

4. RESULTS AND DISCUSSION 26 

4.1 Power Out versus Average Test Section Velocity 26 

4.2 Average Test Section Velocity versus Pitch Angle 26 

HI 



4.3 Discussion of Results 27 

5. FUTURE STUDY 30 

REFERENCES 31 

APPENDIX: POWER FACTOR 32 

IV 



ABSTRACT 

The Thermal Systems Lab at the Texas Tech University Mechanical 

Engineering Department has an instructional wind tunnel. An 

improvement was made to the drive system of the tunnel so that the 

average test section velocity would increase. This involved the design and 

manufacture of a 2 ft. diameter fan as well as some modifications to the 

tunnel. The results were a 21% increase in the efficiency of the drive 

system and a 19 mph increase in the test section velocity. 

V 



LIST OF TABLES 

2.1 Ordinates of airfoil cross-section D 21 

3.1 Fan Design Procedure 25 

A.1 Test Section Loss Coefficient 33 

A.2 First Diffiiser Loss Coefficient 34 

A.3 First and Second Comers Loss Coefficient 35 

A.4 Second Diffiiser Loss Coefficient 35 

A.5 Third Diffuser Loss Coefficient 36 

A.6 Third and Fourth Comers Loss Coefficient 37 

A.7 Plenum Loss Coefficient 37 

A.8 Contraction Loss Coefficient 38 

VI 



LIST OF FIGURES 

1.1 TTU Instructional Wind Tunnel 2 

1.2 Fan with l-H hp motor 5 

2.1 Loss Coefficients for Honeycomb Materials 11 

2.2 Annular Sections 13 

2.3 Blade Element Theory 14 

2.4 Fan Profile D 19 

2.5 Airfbn Data 19 

3.1 i^proximate Fan Efficiencies for Various Advance and L/D ratios . .22 

4.1 Power Loss versus Test Section Velocity 26 

4.2 Test Section Velocity versus Pitch Angle 27 

4.3 Fan-straightener system 28 

A.1 Percentage Losses by Duct 39 

Vll 



NOMENCLATURE 

A local cross-section area 

Ab cross-section area of the boss 

Ae cross-section area at the exit of a duct 

Afan cross-section area at the fan section 

Ai cross-section area at the inlet of a duct 

Ao cross-section area at test section 

bhp brake horsepower of motor 

c chord length 

Cd drag coefficient 

ci lift coefficient 

Ct thrust coefficient 

Cx torque force coefficient 

deq. Equivalent diameter 

d local tunnel diameter 

D drag force 

dh hydraulic diameter 

or 
rotation, e = — 

u 

ER energy ratio 

FQ torque force 

f friction factor 

VIU 



gap between blades 

j advance ratio, j = 
2nr 

k loss coefficient 

kfan pressure rise coefficient through the fan 

kMESH loss coefficient through screen 

kRe loss coefficient due to Re5niolds number through the screen 

kw loss coefficient of turning vanes 

1 centerHne length of the duct 

L lift force 

M Mach number 

N number of blades 

n number of revolutions 

P total pressure 

p static pressure 

Q fan torque 

r radius to a point on a blade 

R total radius of fan 

Re Reynolds number 

Re dh Reynolds number based on the hydrauhc diameter 

Re REF reference Reynolds number for turning vanes 

T thmst 

IX 



u axial velocity at fan section 

V local velocity 

Vo Velocity of test section 

W relative velocity vector 

location on blade, x = — 

y NC/TCR 

\i absolute viscosity 

<t) blade incidence angle 

p density of the air 

9 expansion angle of diffuser 

CO swirl velocity 

V kinematic viscosity 

P pitch angle or expansion ratio 

oo zero angle of attack 

Tjfan fan efficiency 

APfan total pressure rise of the fan 

APioss total pressure loss in the tunnel 

Ap static pressure rise through the fan 



CHAPTER 1 

INTRODUCTION 

1.1 History of Wind Tunnel 

The idea of the wind tunnel was first coined about four-hundred 

years ago when Leonardo Da Vinci realized that the flow of air over an 

object was the same whether the air was moving over the object or the 

object was moving through the air. However, it was not until 1871 that 

the first wind tunnel was built in Great Britain, by Francis Wenham. 

Shortly thereafter, other tunnels were built in Austria, Russia and finally 

in the United States. The handful of tunnels that were built from 1871 to 

1900 set the stage for manned flight. 

In 1903, modem aviation was bom at Kitty Hawk, NC. Bicycle shop 

owners Orville and Wilbur Wright, were the first to have a controlled, 

powered airplane ffight. They credited their achievement to a series of 

tests done in a wind tunnel they had built. With the birth of manned 

flight, came a rapid advancement in the wind tunnel industry. For 

decades to follow, wind tunnels would be used to test all aircraft 

[Anderson, 1989]. 

1.2 Purpose of Wind Tunnel 

The purpose of a wind tunnel is to simulate airflow conditions in the 

ffight environment in an experimental setting. This provides a safe and 

economical way to test aerodynamic bodies. Wind tunnels are used for 

more than just airplane testing. They are now used for automobile 

streamlining, spacecraft re-entry, building loads and hehcopters. Wind 

tunnels provide airflow at all speeds ranging from subsonic (M < 0.4) to 

supersonic (M > 3). 

1 



1.3 Texas Tech Instructional Wind Tunnel 

Texas Tech University has a closed-circuit instructional wind tunnel 

in the Mechanical Engineering Department. The flow of air through this 

tunnel is subsonic (M < 0.4). This tunnel is useful for collecting 

aerodynamic data on small shapes and bodies. The test section has a 10.5 

X 15.68 inch rectangular cross section and is 3̂ 2 feet long. 

The operation of the TTU Instructional Wind Tunnel may be 

described by dividing it into nine sections as illustrated in Figure 

1.1. 
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Figure 1.1: TTU Instructional Wind Tunnel 

Section 0 is the test section where models are located for various 

aerodynamic measurements. This section of the tunnel has the minimum 

cross-sectional area and therefore, the highest velocity. The average 

dynamic pressure in this section, /2P^o » is used to scale the energy 

losses for the test section and the net energy losses for the complete wind 

tunnel circuit. 

Section 1 is the first diffuser section. The function of the diffuser is 

to decelerate the flow with minimum energy loss and the maximum static 



pressure recovery. Deceleration of the flow downstream of the test section 

is useful in minimizing the energy losses which are proportional to the 

average dynamic pressure in the other sections. 

Section 2 contains the first and second comers for the closed-circuit 

wind tunnel. The comers include the turning vanes which help to 

minimize the turbulence and losses produced by the 180 degree change of 

flow direction and also produce a more uniform velocity distribution at the 

comer exit. 

Section 3 is a rectangular-to-circular transition section required to 

mate to the circular fan housed in Section 4. Unlike all other sections of 

the wind tunnel, the fan provides a net energy gain. In fact the rate of 

energy addition at the fan is exactly equal to the combined rate of energy 

loss in all other sections. 

Section 5 is the third diffuser which provides additional deceleration 

of the flow. This section also provides a transition from a circular to a 

rectangular cross section. 

Section 6 contains the third and fourth comers in the circuit. As in 

section two, these comers contain turning vanes to facilitate an efficient 

change of direction for the flow. 

Section 7 is referred to as the plenum section. It contains 

honeycomb material to straighten or break up the largest turbulent eddies 

in the flow. The honeycomb is followed by one or more Gne mesh screens. 

The screens have two primary functions. First, they produce a flow 

resistance proportional to the local dynamic pressure which results in a 

more uniform distribution of the flow across the cross section. Second, the 

medium scaled turbulent eddies generated by the honeycomb are further 

broken into smaller turbulent eddies with scales on the order of the screen 

mesh size. These small scale eddies have a high viscous dissipation rate 



and decay rapidly downstream of the screens. The flow resistance of the 

honeycomb and screens in the plenum section are greater than any other 

section of the tunnel. The corresponding rate of energy loss, however, is 

minimized by decelerating the flow through the first and second diffusers 

so that the average velocity in the plenum is only 1/9 of the velocity in the 

test section. 

Section 8 is the contracting section. The flow is accelerated back to 

the test section velocity as the cross sectional area is reduced. 

1.4 Previous Fan 

The flow of air in the tunnel is caused by a pressure rise in the 

return circuit. This pressure rise was provided by an eight-bladed fan 

which was powered by a VA horsepower electric motor with a maximum 

rotational speed of 1725 rpm (Figure 1.2). At the maximum rotational 

speed, the test section velocity was approximately 55 mph. At this speed 

the fan was only 18 percent efficient (Figure 4.1), which was far from the 

80-90 percent efficiency that wind tunnel fans usually operate at. The low 

efficiency was due to the fact that the fan in the tunnel was not 

manufactured for the specific purpose of a generating pressure rise in a 

wind tunnel. The fan was better suited for moving air from one large room 

to another. Therefore, a more efficient fan is needed to improve the test 

section velocity of the Instructional Tunnel. 



fan blades 

Figure 1.2: Fan with l-y2 hp motor 

1.5 Objective 

The purpose of this research is to design and manufacture a fan 

that uses the existing 1-̂ 2 horsepower motor and operates at 80-90 

percent efficiency. A hterature review is done researching previous work 

in duct losses and fan design. From the Hterature review, theory is 

selected which best predicts the design of the improved drive system for 

the TTU instructional tunnel. 



CHAPTER 2 

LITERATURE REVIEW 

2.1 Governing Equations 

The flow of air in a subsonic wind tunnel is assumed to be steady, 

incompressible and inviscid. The following two equations govern this type 

of flow: 

Conservation of Mass 

AV = const. (2.1) 

Conservation of Energy 

P2 ̂ ^P^z ) - (pi +^PV') = ^Ipy" - (2.2) 

These two equations determine the average pressure and velocity at any 

given point in the tunnel airflow. 

2.2 Wind Tunnel Power Requirements 

The change in total pressure through the components of a wind 

tunnel, excluding the fan, are expressed in terms of a section specffic loss 

coefficient, kj. The net loss in total pressure through all of the wind tunnel 

sections can be written as 

AP,„. =l|(p< +XpVf)-(p« +KpVe^)i =Zk,>^pV^, . (2.3) 

The velocities in each of the sections is related to the test section 

velocity through an area ratio so that 



^ 0 

AP,„.=Zk,XpV,^-^ =KpV«'Zk, 
K^iJ 

(2.4) 

or 

AP,OSS = X P V O K , (2.5) 

where K = J ] k̂  (2.6) 

By estimating the loss coefficient for each wind tunnel section, kj, the 

relation in Equation 2.6 is used to determine a single effective loss 

coefficient for the complete tunnel. 

The increase in the total pressure across the fan must be equal to 

this net total pressure loss across aU other sections of the tunnel. Since 

the fan section has a constant cross-sectional area, the fan jump in total 

pressure is equal to the static pressure jump across the fan, so 

- h APf.-AP,„^ = /2pVoK (2.7) 

In addition, the fan power or rate of energy addition from the fan 

must be equal to the rate of energy loss in the other tunnel sections. The 

rate of energy loss is equal to the volumetric flow rate through the tunnel 

times the net loss in total pressure, so 

^f«.POwer_loss = J ^PAQVQK . (2.8) 

This final expression determines the overall fan power requirement. 

A commonly used parameter to quantify wind tunnel performance is 

the ratio of energy flux in the test section to the rate of energy supply or 

power input to the fan. This ratio is given as. 



ER= ^P^°7° =^ (2 9) 
power loss K 

2.3 Duct Losses 

The loss coefficient for each duct is determined by finding the 

fiiction losses in each duct. 

2.3.1 Friction Factor 

The friction factor, f, is used to quantify the frictional losses in a 

duct. In 1935, Prandtl set up a relation between Reynolds number and 

friction factor for smooth pipes. 

1 
— = 2.01og Re, f 2 -0.8. (2.10) 
f2 

Newton's Method can be used to solve Equation 2.10, but Colebrook 11938] 

gives an approximation of the friction factor. This applies for Reynolds 

number greater than 100,000. In cylindrical pipe flow, 

f = ( l -81og^] • (2.11) 

If the duct is not cylindrical, Reynolds number is based on the hydraulic 

diameter which is 

4A 
d. = 

^ perimeter 

According to White 11986], the friction factor for a non-circular duct is 

f 0.64 Re, V' 
f = 1.8log , / " j . (2.12) 

V b.9 J 
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2.3.2 Constant Area Ducts 

According to Pope 11966], the loss coefficient due to friction in a 

constant area duct is 

k = — . (2.13) 

2.3.3 Diffusers 

The losses are two or three times greater in a divergent section than 

they are in a cylindrical tube. Therefore, a significant amount of the 

frictional losses come fi:om the diffuser. According to Eckert 11976], the 

loss coefficient of a diffuser is. 

k= - + O.6tan0 
V8tan0 J 

r A^\ 
1 -

d; 
V d S 

(2.14) 
e • 

where the half-angle expansion is 

Id, 
0 = 2 arctan 

eq. (#-0 2 L 

and the expansion ratio is 

A^ 

2.3.4 Contraction 

According to Eckert 11976], the loss coefficient of the contraction is 

k = 0.32-5^ . (2.15) 
Oh 



2.3.5 Comers 

Corners have losses caused by fluid rotation and the friction on the 

vanes. About two-thirds of the losses is caused by rotation and the other 

third by friction. According to Eckert 11976], the loss coefficient is 

( 

2 + 
^ logioRe ) 

\ 2.38' 

(2.16) 

kw =0 .15 for a 90 degree corner with a reasonable chord-to-gap ratio 

between 2-to-l and 4-to-l. If ROREF is 500,000, then the expression 

simplifies to the one given by Pope 11966] as 

( 

k = 0.10 + 
4.55 

^ 

V ( \2.38 
logio Rej ) 

(2.17) 

2.3.6 Screens and Honevcomb 

The loss coefficient for a mesh screen is 

k - k k (2.18) 

where, kRe = 1, at Reynolds number greater than 500,000. kMEsn = 1.6 for 

average circular metal wire [Eckert et al., 1976]. 

The losses caused by honeycomb are usually less than 5% of the 

total tunnel losses. Fig. 2:16 in Pope [Pope, 1966] gives some typical loss 

coefficients for honeycomb. 

10 
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Figure 2.1: Loss Coefficients for Honeycomb 

2.4 Fan Theory 

The objectives of the following presentation of fan theory is to: 

1- Establish a pressure-rise coefficient. 

2. Offer blade-element theory. 

dT 
3. Find the thrust in coefficient form. 

4. Find the torque in coefficient form, 

dx 

dQ, 
dx 

5. Find the efficiency in a coefficient form. 

6. Incorporate airfoil data and 

7. Determine the chord and twist of each blade section. 

2.4.1. Pressure Rise Coefficient 

As stated in the Introduction, the purpose of the wind tunnel fan is 

to create a pressure rise in the return leg of the wind tunnel. The fan 

imparts energy to the flow which in turn causes an increase in the 

absolute velocity. However, the Law of Continuity (Equation 2.1) for 

steady flow states that the average axial velocity cannot increase as long 

as the cross-sectional area is constant. Therefore, the energy imparted to 

the flow shows up as a pressure rise, by virtue of the Energy Equation 

(Equation 2.2). 

11 



The power added to the flow by the fan is the total pressure rise 

multiplied by the volumetric flow rate, 

Pout=AP,.„(Af^-A,)u. (2.19) 

The power added to the flow is also equal to the fan efficiency, m 

multiplied by the power provided by the electric motor, 

powerout = rif^bhp550. (2.20) 

From Equations 2.8, 2.18, and 2.19, the pressure rise coefficient of 

the fan is 

^^ Ti,,„bhp550 _ Ti,,bhp550Vo^ ^2.21) 

- p u ^ ( A , ^ - A , ) ^ p V . ^ u ^ 

The pressure rise coefficient is 

Tlf 1 _ -Ifan 
fan g j ^ 

^A - A ^ ' 
(2.22) 

where Afen is the area of the fan, At is the area of the boss and Ao is the 

area at the test section. 

2.4.2 Blade-Element Theorv 

For more detailed analysis, the fan section is divided into annular 

areas, 27n-- dr, as shown in Figure 2.2a. Dividing the fan section annularly 

splits each blade length into increments of dr. Figure 2.2b shows the 

descritization of each blade enabling the derivation of the thrust, torque, 

and efficiency, on an elemental basis. 

12 



Figure 2.2: Annular Sections (a) Incremented 
Fan Section (b) Descritized Blade. 

The elemental thrust, torque, and efficiency are found in a 

coefficient form. In coefficient form, all the results are expressed in terms 

of the pressure rise coefficient, k^n, the advance ratio, j , the blade location, 

X = r/R, and the rotation, e. These are all dimensionless coefficients. 

Coefficient form is advantageous because it eliminates units and reduces 

the number of design parameters. 

Figure 2.3 shows the cross-section of the blade element with the 

aerodynamic forces acting on it. The cross-section is an airfoil shape that 

produces lift and drag forces functionally related to the relative velocity 

vector and the associated angle of attack. dL is the elemental Lift, dD is 

the elemental drag, dFq is the elemental torque force, and dT is the 

elemental thrust. 

13 



The different velocity vectors shown in Figure 2.3 are the rotational 

velocity, 27inr, the axial flow velocity, u, and the swirl velocity, or The 

relative velocity vector, W, is the vector sum of the other three velocity 

vectors. 

The angle between the relative velocity vector and the chord line is 

the zero angle of attack, oo. The pitch angle, p, is the summation of the 

zero angle of attack and the angle of incidence, ^. 
dL 

STTnr 

Figure 2.3: Blade Element Theory 

2.4.3 Elemental Thrust In Coefficient Form 

The elemental thrust is the rise in static pressure times the 

elemental area. 

dT = Ap-27crdr. (2.23) 

It is divided by the dynamic pressure and the total area to get the thrust 

in non-dimensional form, 

14 



dT, Ap-27trR 2Apoc 

-pu'TtR' - p u ' 

where x = r/R, the location on the blade. To get the thrust in coefficient 

form, the total pressure rise of the fan is broken into the static pressure 

rise and the rotational pressure rise, respectively. 

APf«. = Ap + -p(oV^ (2.24) 

Dividing all the terms by the djmamic pressure, the static pressure rise 

through the fan in coefficient form is, 

1 •'^fan 
2 

where kfen is the pressure rise coefficient of the fan and e is the rotation of 

the flow. The elemental thrust in coefficient form is 

dT 
- ^ = (k ,„ -e^) -2x . (2.25) 

2.4.4 Elemental Torque in Coefficient Form 

The elemental torque is the elemental area times the dynamic 

pressure multiplied by the radius at the elemental area. 

dQ = 27rr • dr • pu • car'. (2.26) 

To non-dimensionalize the elemental torque, divide it by the djniamic 

pressure in the fan section, the total area of the fan section, and the radius 

of the fan to get. 

15 



Af^ dQ 
dQc = ^ . (2.27) 

-pu^-TcR^R 

Then, substitute Equation 2.26 into Equation 2.27 and get the elemental 

torque in coefficient form, 

dQJdx = 4x'e. (2.28) 

2.4.5 Efficiencv in Coefficient Form 

The efficiency of the fan system is the power out of the fan divided 

by the power in 

power out 
r]^=- ^ — , (2.29) 

power in 

where powerout = Ap̂  (A^ - A^)u and powerin = 27mQ. On an incremental 

basis, the efficiency of the fan is 

AP. „ • 27crdr • u 

This equation for efficiency is acceptable as long as the efficiency is 

constant over each blade section of the fan. Recalling Equation 2.24, the 

power out becomes 

power_ out = APf̂  • 27crdr • u + - pco ̂  r̂  • 27irdr • u. (2.31) 

Substituting in the elemental torque and the elemental thrust from 

Equations 2.23 and 2.26, respectively, 

power_out = u- dT + -codQ. (2.32) 

16 



Replacing the numerator in Equation 2.30 with the power out fi*om 

Equation 2.32 the fan efficiency is 

udT + ^odQ 

^ - - ^ 27mdQ • (2.33) 

The numerator is separated to get the fan efficiency into coefficient form, 

udT, 1 CO 
Tlfan = -^ , ^ p + - - — . (2.34) 

27rndQ -R 2 27in 

J dT, 1 ej 

Finally, from Equations 2.25 and 2.28 the efficiency in coefficient form is, 

%„=f^. (2.36) 

2.4.6 Incomorating Airfoil Data 

To bring the airfoil data into the design procedure, aerodynamic 

coefficients used for a conventional airfoil are substituted into the 

equations for elemental thrust (Equation 2.23) and elemental torque 

(Equation 2.26): 

dT = -pW'-cdr.NC, (2.37) 
2 

d Q ^ N C . j p W ' c d r r (2.38) 

where W = u/sin(t), N = number of blades, and c is the chord length of the 

blade section. The values for thrust coefficient and torque force coefficient 

are 

C, = Ci cos(t) - Cj sin ̂ , and 

17 



C^ = Cj sin(|) + ĉ  cos(|), (2.39) 

respectively. The elemental thmst in coefficient form, using the thmst 

coefficient is 

dT, yC. 
- r = - ^ , (2.40) 
dx sm (|) 

where y = NC/TTR. The elemental torque in coefficient form using the 

torque force coefficient is 

dQe yxCx (2.41) 
dx sin^ (|)' 

Substituting the thrust and torque in coefficient form from Equations 2.40 

and 2.41 into Equation 2.35, the fan efficiency becomes 

From Figure 2.3, 

tan(|) = —,— = r^ =^, \ ..• (2.43) 
^ 1 , 1 ©r u 7C ^ 71 f 1 ej) 

27mr--or imd-- 7—nd 1 - - — 
2 2 u nd 7c \ 2nJ 

From Equations 2:39, 2:40 and 2:41 

j f L 'A . l e j r I q 
TTVD %J 2 TTV 2% 

^^'-~ L i 1 ej 
— - + 1 - - — 
D:r 271 

(2.44) 

Equation 2.44 is used to find L/D. With the knowledge of L/D and 

the value of Reynolds number, airfoil data for a wing with an infinite 

aspect ratio is used. The assumption of an infinite aspect ratio is made 

possible by the fact that the blade is endplated at the root and has a small 

clearance at the tip. 

18 



A typical airfoil shape for a fan blade is flat-bottomed because of the 

ease of manufacture. Contour D is shown in Figure 2.4 accompanied by its 

characteristics for infinite aspect ratio in Figure 2.5. 

Figure 2.4: Fan Profile D [Pope, 1966]. 
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Figure 2.5: Airfoil Data [Pope, 1966]. 

To use the data in Figure 2.5, a working Reynolds number needs to be 

established. The following six steps approximate Reynolds number: 

1. Approximate the lift coefficient ci corresponding to the initial L/D from 

the airfoil data. 
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2. Find the thmst in coefficient form —^ = (k - e') • 2x 
dx ^ 

3. Solve for yCt fi-om ^ = - ^ 
dx sin <|) 

4. Find y 
J approx 

yc. 
Cupp«,x C0S(|) * 

TiRy 
5. Find the approximate chord, c approx 

approx ~ -VT 

- f P / ^ - ' - ^ 6. Find Re = % cW, where W = 
M̂^ ' sinij) * 

2.4.7 Chord and Twist of Blade Section 

After getting the Reynolds number in Step 6, find new data for ci, Cd, 

and Oo. The zero angle of attack is used to find the pitch angle at each 

blade station, 

p = ̂  + ao. (2.45) 

Then repeat steps 4,5, and 6 to get the chord lengths for each station, 

0 = "^%. (2.46) 

The chord length is multiphed by the ordinates in Table 2.1 to form the 

dimensions of each blade section, dr. 

20 



Table 2.1: Ordinates of airfoil cross-
section D 

Distance from 
the leading edge 

0 

0.0125 

0.025 

0.05 

0.075 

01 

015 

0.2 

0.3 

0.4 

0.5 

0.6 

07 

0.8 

0.9 

0.95 

1 

i_E.rad 

T.E. rad 

Height above 
flat undersurface 

00135 

0037 

0.0538 

0.078 

0-0925 

0103 

0.1174 

a i25 

0.129 

0.1269 

a i22 

0.112 

0.096 

0.074 

0.047 

0.0326 

0.01 

0.0135 

0.01 
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CHAPTER 3 

FAN DESIGN PROCEDURE 

3.1 Fan Efficiency Range 

The first step in the design is to establish a range of efficiencies at 

which the fan can operate. This range is estabhshed using the advance 

ratio, j = u/nd along with a typical L/D ratio as shown Figure 3.1. 

3 4 5 6 7 
Local advance ratio, > = ^ 

8 

Figure 3.1: Approximate Fan Efficiencies for 
Various Advance and L/D ratios [Pope, 1966]. 

In addition to the range that is established, it is also good to keep the fan 

efficiency below 90 % to account for any error that might have occurred in 

determining the tunnel losses [Pankhurst, 1964]. 

3.2 Calculating Fan Efficiency 

The major part of the research involves the use of a spreadsheet 

program called "Power Factor." 'Tower Factor" provides maneuverability. 

Each time the target velocity at the test section is changed, the pressure 

drop of the tunnel and the efficiency of the fan change as weU. This 
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enables the variation of the test section velocity until the efficiency falls in 

the range estabhshed in Figure 3.1. 

For the TTU Instructional Tunnel, the goal is to maximize the speed 

of the tunnel, therefore a 90 % efficiency is used. For this fan efficiency 

and a t5T)ical L/D = 30, the advance ratio should fall between j =1 and j = 8 

according to the data in Figure 3.1. 

At 90 % efficiency, the velocity at the test section is 98 mph or 143 

ft)s. According to the Law of Continuity (Equation 2.1), the axial velocity 

at the fan section is 76.89 ips. Recalling that n = 1725 rpm and that dfen = 

2.03 ft., the advance ratio is 

76.89(fps) _^^ 

28.75(rps)-2.03(ft) 

This value does fall in the range of j from 1 to 8. Therefore, a 90 percent 

efficiency is a suitable value for the fan to operate at. 

3.3 Compressibflity Efiects and Stalling 

Before moving on, the fan should be checked for compressibflity 

effects and stalling. Compressibflity effects could lead to an abandonment 

of the theory thus far presented. 

If the velocity at the tip of the blades exceeds 550 ^ s , then the fan 

section wiU encounter compressibflity effects. For the TTU Instructional 

Tunnel Fan, the velocity at the tip of the blades is V̂ p̂ = 27mR = 186(fps). 

This is weU below the value for compressible flow, therefore, the equations 

for inviscid and incompressible flow are suitable for the fan section. 

The fan cannot be susceptible to stalling either. To guard against 

stalling, check the sohdity (c/h) at the root. It should not be higher than 

1. 
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For the TTU Instructional Tunnel Fan, the sohdity is 0.65 at the 

root which is below the allowable solidity of 1 [Pankhurst, 1964]. 

Therefore, staUing should not be a problem. 

3.4 Pressure Rise Coefficient 

Moving on, the test section velocity and the efficiency are used 

together to find the pressure rise coefficient of the TTU Instructional 

Tunnel Fan. The energy ratio is 

1 { 
-0.00237 
2 

;|?).U4(ft^).M3.733(f; 

and the pressure rise coefficient is 

K -̂.̂  — 
0.90 ̂ 2.14(ft)^ 

6n 4_9Q = 0.64 
^ .^(f t )^ 

This is useful for determining the rotation, e, and the coefficient form of 

the thrust, —-^, later on in the analysis, 
dx 

3.5 Annular Sections 

Now that the values for the design of the fan as a whole are known, 

it is necessary to make the analysis a httle more involved by spHtting the 

blades into increments of dr, per Fig. 2.2. For the TTU Instructional 

Tunnel Fan, each of the blades is divided into five blade stations starting 

at the root, x = 0.6, and traversing to the tip, x = 1.0, where x = r/R. The 

remaining steps are tabulated below: 
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Table 3.1: Fan Design Procedure 
Blade Section 
X = 

j = 
e = 

]/% = 

l/2*ej/7i = 
L/D = 
tan<|) = 
(j) (degrees) = 
dTe/dx = 
sin (j) = 

sin % = 

yCt = 
cos ^-

Ci approx.= 
y approx. = 
c approx. = 
W = u/sin<|) = 
Re approx. = 

Cl = 

Cd = 

(Xo = 

P (deg.) 
Ct = 

y = 
c (ft) = 
c(in) = 

1 
0.6 

2.17 
0.25 

0690 
0.085 
17.714 
0.754 

37.027 
0695 
0602 

0.363 
0.252 
0798 
0.385 
0820 
0.442 

127.996 
360071 
0.390 

0.021 

-2.000 
35.027 
0.299 
0.797 
O430 
5.157 

2 
0 7 
1.86 
021 

0592 
0.062 
19.194 
0.631 

32.254 
0.833 
0534 

0.285 
0237 
0846 
O410 
0.684 
0.369 

144.429 
339109 
O410 

O021 

-1.900 
30354 
0.336 
0.663 
0357 
4650 

3 
0 8 
1.63 
018 

0518 
O048 

20.855 
0.544 

28.534 

0969 
0478 

0.228 
0221 
0879 
O420 
0.599 
0323 

161.360 
331639 
0420 

0.020 

-1.500 
27.034 
0359 
0584 
0315 
4140 

4 
0 9 
1.45 
016 

O460 
O038 

22.633 
0.478 

25.561 
1.103 
0431 

0186 
O205 
O902 
0.430 
0.529 
0285 

178.639 
324322 
0.430 

0.020 

-1.200 
24361 
0.379 
0517 
0279 
3.630 

5 
1 

1.30 
0 1 5 

0414 
0.030 

24.492 
0.427 
23.136 
1.235 
0393 

0154 

0191 
0.920 
0.450 
0.461 
0.249 

196.168 
310172 
0.480 

0.019 

-1.000 
22.136 
0434 
0.483 
0261 
3.128 

The chord is used to determine the thickness and contour of the 

blades in conjunction with the data in Table 2.1. The ordinates for the 

root blade section are connected with the ordinates for the tip blade 

section. This forms the length of the blades. The blade undergoes a twist 

from root to tip, but connection of the ordinates is still linear. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Power Out versus Average Test Section Velocity 

Following the manufacture and design of the fan, the tunnel was 

operated with the new fan in place. The blades were set at p = 35 degrees 

to reach the predicted test section velocity of 98 mph. However, the fan 

only managed a test section velocity of 69 mph. Figure 4.1 shows that at 

this speed, the fan adds only 0.50 hp to the flow. This is only 33 percent of 

the total power available from the motor. 

1.8 
1.6 

- 1.4 
• 1.2 
5 1 
® 0.8 
""0.6 

0.4 
0 2 

o • » 
20 40 60 80 100 120 

Test Section Velocity (mph) 

Figure 4.1: Power Loss versus Test 
Section Velocity. 

4.2 Average Test Section Velocity versus Pitch Angle 

To utilize more of the power provided by the motor, the pitch, p, of 

the blades was adjusted to various angles. Plotted in Figure 4.2 is the test 

section velocity for various pitch angles. 
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Figure 4.2: Test Section Velocity versus 
Pitch Angle. 

The velocity was maximized at p = 45 degrees. This was 10 degrees off the 

design point of P = 35 degrees . At p = 45 degrees, the fan produced a test 

section velocity of 74 mph. According to Figure 4.1, the power out is 0.6 hp 

for this speed. This is 40 percent of the power available from the motor. 

4.3 Discussion of Results 

After maximizing the velocity at the test section, it was evident that 

the predicted velocity of 98 mph and fan efficiency of 90% were not 

reached. The maximum test section velocity of 74 mph is a 37% 

improvement, but stiU short of the target speed. The 40 percent efficiency 

is short of the 90 percent of the power that could have been used from the 

motor. 
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The primary reason for the inefficiency of the fan is that it is not a 

fan-straightener system as shown in the in Figure 4.3. Shown is the fan 

with a nose cone upstream of the fan, a fairing downstream of the fan, and 

straightening vanes attached to the fairing. 

The addition of a contoured nose cone would have decreased 

blockage at the fan section and enabled an increase in the axial flow 

velocity, u. 

The addition of a fairing would have prevented any kind of 

separation caused by abrupt expansion of the axial flow area after the fan. 

There were not straightening vanes following the fan. The 

installation of straightening vanes would have aided in the static pressure 

increase caused by the fan. 

Figure 4.3: Fan-straightener system. 

Another reason for the inefficiency of the fan was that there was 

probably not uniform flow at the exit of the 1̂ * and 2°'̂  comers going into 

the fan. Therefore, the advance angle, (t>, was probably off changing the 

optimum pitch angle, p. 

Another possibiHty for the lower than expected test section velocity 

is that there was an error in finding the frictional losses in the tunnel. 

According to Pankhurst [1964], there may be a 10 percent error in finding 

losses. 
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Finally, Figure 3.1 shows that the efficiency drops rapidly at j = 1. 

With the advance ratio at the design point being 1.3, the advance ratio feU 

below 1.0 for the test section velocity at 74 mph causing a rapid decrease 

in efficiency. This could be avoided by slowing the fan down. 
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CHAPTER 5 

FUTURE STUDY 

Some ideas for future study and improvement would be: 

To design a nose cone to be attached to the hub of the fan. The nose 

cone would have to rotate with the fan, therefore it would have to be 

axisjmametric. 

Develop a fairing to house the motor and diffuse the flow from the fan 

plane to a point where the flow could avoid separation. Pankhurst 

[1964] mentions that the fairing should be at least three times long as 

it is wide. 

Develop a straightener system composed of vanes that would attach to 

the stationary tail shrouding. The vanes help harness the energy 

added to the flow. Pope's design implements straightener vanes. The 

addition of straightener vanes would not be hard to implement in this 

design procedure since it follows the design of Pope [1966]. 

Develop a more uniform flow at the fan. This could be accomplished by 

adding more turning vanes at the 1̂ * and 2"*̂  comers. Also, a vector 

analysis of the velocity vector leaving the turning vanes combined with 

the pre-rotation vector at the fan could straighten out the flow. 

Install pressure taps at the inlet and exit of each duct and find the 

pressure loss coefficients experimentally. 
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APPENDIX 

POWER LOSSES 
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Table A.1: Test Section Loss Coefficient 

Test Section 
test section velocity 

pi 
cross section width 
section height 
aspect ratio 
section area 
equivalent diameter 
hydraulic diameter 
kinematic viscosity 
section length 
Reynolds Number 
friction factor 
section loss coefficient 

98 mph 
3.14 

15.69 in. 
10.50 in. 

1.49 
1.14 ft^2 
1.21 ft. 
1.05 ft. 

1.572E-04 
42.31 in. 

3.22E+06 
0.01 ft. 

0.0346 

143.73 ft/s 

1.31ft 
0.88 ft 

3.53 ft 
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Table A.2: 
Coefficient 

First Diffuser 
test section velocity 

pi 
cross section width 
section height 
aspect ratio 
section area 
equivalent diameter 
cross section width 
section height 
aspect ratio 
section area 
equivalent diameter 
expansion ratio 
section length 
hydrauhc diameter of inlet 
velocity inlet 
hydrauhc diameter of exit 
velocity exit 
expansion angle 
Reynolds # inlet 
Reynolds # exit 
friction factor inlet 
friction factor exit 
loss coefficient 
loss coeff. scaled by test section 

First Diffuser 

98.00 mph 
3.14 

15.69 in. 
10.50 in. 

1.49 
1.14ft.^2 
1.21 ft. 

22.63 in. 
22.63 in. 

1.00 
3.55 ft''2 
2.13 ft. 
3.11 

143.25 in. 
1.05 ft. 

98.00 mph 
1.89 ft. 

31.53 mph 
4.42 deg. 

9.59E+05 
5.55E+05 

0.01 
0.01 

0.0593 
0.0593 

Loss 

143.73 ft/s 

1.31ft 
0.88 ft 

1.89 ft 
1.89 ft 

11.94 ft 

143.73 ft/s 

46.25 ft/s 
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Table A.3: First and Second Corners Loss 
Coefficient 

41st and 2nd Comers 
section width 
section height 
section area 
section aspect ratio 
comer turning vane radius 
comer turning vane chord 
number of turning vanes 
height of both comers 
length of section 
nominal section velocity 
Reynolds # section 
loss coefficient 
loss coeff. Scaled by test section 

22.63 in. 
22.63 in. 

3.55 ft.^2 
1 

12.5 in. 
0.75 ft. 

5 
5.85 ft. 

35.13 in. 
31.53 mph 

2.2E+05 
0.32 
0.03 

1.89 ft. 
1.89 ft. 

1.04 ft. 

2.93 ft. 
46.25 ft/s 

Table A.4: Second Diffuser Loss 
Coefficient 

Second Diffuser Loss Coefficient 

diameter of inlet 
section area inlet 
velocity inlet 
diameter of exit 
section area exit 
velocity inlet 
length of diffuser 
expansion ratio 
expansion angle 
Reynolds # inlet 
Reynolds # exit 
friction factor inlet 
friction factor exit 
loss coefficient 
loss coeff. Scaled by test section 

2.06 ft. 
3.33ft''2 

33.66 mph 
30.00 in. 

4.91ft''2 
22.83 mph 

112.25 in. 
1.47 
2.70 deg. 

6.47E+05 
5.33E+05 

0.01 
0.01 

0.04693 
0.006 

49.37 ft/s 
2.50 ft. 

33.49 ft/s 
9.35 ft. 
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Table A.5: 
Coefficient 

Third Diffuser Loss 

Third Diffuser Loss Coefficient 
diameter of inlet 
section area inlet 
velocity inlet 
section width 
section height 
aspect ratio 
section area exit 
equivalent diameter exit 
hydrauhc diameter exit 
section exit velocity 
length of diffuser 
expansion ratio 
expansion angle 
Reynolds # inlet 
Reynolds # exit 
fiicti-on factor inlet 
friction factor exit 
loss coefficient 
loss coeff. sealed by test section 

2.50 ft. 
4.91 ft^2 

22.84 mph 
33.13 in. 
33.13 in. 

1.00 
7.62 ft'^2 
3.11 ft. 
2.76 ft. 

14.71 mph 
112.25 in. 

1.55 
3.76 deg. 

5.33E+05 
3.79E+05 

0.01 
0.01 

0.044 
0.0024 

33.50 ft/s 
2.76 ft. 
2.76 ft. 

21.58 ft/s 
9.35 ft. 
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Table A.6: Third and Fourth Comers 
Loss Coefficient 

3rd and 4th Corners 
section width 
section height 
section area 
section aspect ratio 
corner turning vane radius 
comer turning vane chord 
number of turning vanes 
height of both comers combined 
length of section 
nominal section velocity 
Re5niolds # 
loss coefficient 
loss coeff. scaled by test section 

33.13 in. 
33.13 in. 

7.62 ft. ^2 
LOO 
7.13 in. 
1.07 ft. 
9.00 

80.50 in. 
40,25 in. 
14.71 mph 

L47E+05 
0.33 
0.01 

2.76 ft. 
2.76 ft. 

0.59 ft. 

6.71 ft. 
3,35 ft. 

2L58 ft/s 

Table A.7: Plenum Loss Coefficient 

Plenum 
width of section 
width of section 
area of section 
section aspect ratio 
section length 
number of screens 
loss coefficient 
loss coeff. scaled by test section 

33.13 in. 
33,13 in. 

7.62 ft'^2 
1.00 

14.00 in. 
1.00 
1.82 
0.04 

2.76 ft. 
2.76 ft. 

1.17 ft. 
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Table A.8: Contraction Loss Coefficient 
Contraction 
section width inlet 
section height inlet 
section area inlet 
aspect ratio inlet 
equivalent diameter inlet 
hydrauhc diameter inlet 
section width exit 
section height exit 
section area exit 
aspect ratio exit 
equivalent diameter exit 
hydrauhc diameter exit 
contracton ratio 
inlet velocity 
length 
Reynolds # inlet 
friction factor inlet 
Re5niolds # exit 
friction factor exit 
loss coefficient 
loss coefficient scaled to test section 

33.13 in. 
33.13 in. 

7.62 ft^2 
LOO 
3.11ft. 
2.76 ft. 

15.69 in. 
10.50 in. 
L14ft. 
1.49 
1.21ft. 
1.05 ft. 
6.66 

21.58 ft/s 
40.00 in. 

3.79E+05 
0.01 

9.59E+05 
0.01 
0.01 

0.0002 

2.76 ft. 
2.76 ft. 

1.31 ft. 
0.88 ft. 

14.71 mph 
3.33 ft. 
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Figure A.1: Percentage Losses by Duct 
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