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ABSTRACT 

Design and construction features of a wind tunnel constructed 

for the purpose of studying fundamental flow problems associated with 

the atmospheric surface layer or any applica tion involving lOt'-' air speeds 

with heat and/or mass transfer are discussed. Characteristics of the 

wind tunnel are as follo~s: 

1. Test section size 6 x 6 ft by 72 ft long 

2. Turbulence intensity (minimum) -- 0.001 to 0.005 

3. Mean velocity range -- 1 - 100 ft/sec 

4. Mean velocity variation across test section -- + 1 

percent of center velocity 

5. Mean velocity steadiness -- + 1 percent of velocity setting 

6. Streamwise pressure gradient -- adjustable to zero 

Completed portions of the wind tunnel are illustrated by 

appropriate photographs. 
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I. INTRODUCTION 

An experimental study to determine the effects of a negative 

vertical temperature gradient upon the turbulence structure of a turbu-

lent boundary layer was initiated at Colorado State University in 1953 

under Contract AF 19(604)-421. This study was conducted in a low velocity 

wind tunnel havinB a working section 6 x 6 x 24 ft. Air at speeds from 

6 to 35 ft/sec were forced across a smooth, horizontal plate (6 x 12 ft) 

placed in the floor of the Norking section which could be heated to 125 ° F 

above the ambient air temperature. The primary object of the study was 

to yield data on the diffusion characteristics of a heated turbulent 

boundary layer that could be used to determine the effect of a lapse 

upon the diffusion characteristics of the atmospheric surface layer. 

Even though much useful data where obtained from the study (Refs. 8 and 

1), the range of the critical parameter -- A Richardson number -- achieved 

did not include values large enough to include the most interesting and 

common values encountered in the atmosphere. 

In 1956 Contract AF 19(604)-1706 was initiated in an effort 

to design and construct a wind tunnel facility capable of attaining 

values of the Richardson number comparable 1-1i th those commonly found 

in the atmospheric surface layer. By creating such a facility research 

could then be pursued •.~hich vJ ould relate vertical temperature gradients 

produced by heating or cooling the wind tunnel floor to the mean velocity 

distribution function and the eddy diffusivity for mass, heat and 

momentum. In order to achieve the desired range of a Richardson number 

or Froude number, a wind tunnel with a long test section was designed 
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to attain a boundary layer up to 2 ft in thickness and a floor heating 

system capable of maintaining a boundary temperature 250° F acove the 

ambient air temperature at lo1v air speeds near 6 ft/sec. 

In conjunction \vith the design and construction of the new 

wind tunnel facility an experimental program was conducted to determine 

some of the effects upon the diffusion of heat and momentum from a plane, 

rough, heated boundary. The data were obtained in an effort to evaluate 

the design requirements of the new wind tunnel and to yield fundamental 

knowledge in an unexplored area of heat transfer phenomena. Results 

of this study appear in Ref. 2. 

This report has three primary objectives. These are: 

1. To discuss the design criteria for the new wind tunnel 

facility. 

2. To discuss and describe the various design features, and 

3. To discuss plans for further development of the facility. 

Each of the three objectives are pursued separately in the following 

sections. 
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II. DESIGN CRITERIA 

In this section the considerati ons leading t o a final working 

design for the new wind tunnel and heated boundary are discussed. The 

areas for consideration may be classified as a general plan-incluJing 

wind tunnel type and dimensions; aerodynamic characteristics; drive 

characteristics; and boundary thermal characteristics. Basic references 

used as a guide for the design are Refs. 3 and 4. 

Wind Tunnel Type 

A low-speed, recirculating wind tunnel with the following 

features is ideal for the creation and subsequent study of thick turbu-

lent boundary layers wi th density stratification created by heating: 

1. Closed throat test section 

2. Adjustable walls or ceiling 

Low-speed (1-100 ft/sec) is desirable \~ith the range 1-50 ft/sec for 

studies of mixed free and forced convection flows with the higher range 

50-100ft/sec available for creating flows predominately of a forced 

convection nature. Recirculation of the wind tunnel air stream by means 

of a return duct provides several advantages over a non-recirculating 

tunnel. These advantages are as follow: 

le Good control of the air stream velocity distribution 

as it enters the entrance section preceeding the test 

section. 

2. Provides immunity of the air stream to surges which may 

be caused in a non-recirculating system \~hen doors and 

windows of the sheltering building are opened and closed. 
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3. Dust and debris in the air stream can be reduced to 

relatively low values and controlled. 

4. Greater air temperature and air humidity stability exist 

and their control is possible by introduction of air 

conditioning equipment. 

A closed throat working section is necessary because of the long surface 

required to develop the desired boundary layer thickness and to produce 

a minimum possibility for disturbance of the flow. Use of a long closed 

test section requires that some means be provided to control the longi-

tudinal pressure gradient. This can be accomplished by providing a 

ceiling or walls with provisions for adjustment to permit a gradual 

change in cross-sectional area. 

Wind Tunnel Size and Components 

With the availability of a building having the dimension of 

160 x 60 ft by 35 ft clear height to house the wind tunnel, the overall 

dimensions of the wind tunnel were essentially limited to something 

less than those of the building. Of course, the possibility of extending 

the tunnel to outside the building is possible, but not economically 

feasible with the funds available to accomplish the task. 

The main components of the wind tunnel may be broken down 

into the following sections: 

1. Entrance section 4. Test section 

2. Screen section 5. Power section 

3. Contraction section 6. Return diffuser section 



The entrance sec::tion dimensions are determined primarily by the 

test section dimensions and the requirement tha.t the contraction ratio be 

at least 6 ~le Furthermore, if the tunnel is designed as a non-rec irculating 

system, the entrance sec:tion must pro-,ide a faired lip to allow entrance 

of the air with a minimum of disturbance (sepa~ation). The entrance 

section of a non-recirculating system requires some type of dust filter. 

If a low- level of turbulence is desired in the ambient air stream 

of the working section: the scale of turbulence of air passing through 

the entrance section should be r ed uced before flowing through the contractiono 

This is accomplished most easily by passing the air through several fine 

mesh screens placed in serieso This section of screens should precede 

the following contraction sectior.. by a distan:::e. sufficient to permit 

a major portion of the fine scale turbulence to be di~sipated. 

The contraction section preceding the test section has the 

major function of shaping the air stream entering the test section so 

that the stream has a unifoY:m velocity distribution with the exception 

of a very thin boundary layer region near the walls ~ Another function 

of the contraction section is t0 promote dissipation of the turbulence 

in the air stream 1:>'/ elongation of the vertex filaments. This initial 

low level of turbulence has the advantage of providing an air stream 

in which the turbulence level in t he test section can b~ adjusted to 

vario~s levels by introduction of grids at the test section entrance. 

Desirable charac teristics of the test section ~e t.~-s following 

lo Sufficiently large to pe.rmi t worke rs to enter and work 

in ease and to prevent interaction of t he boundary l ayers 

formed on the floor and ceiling~ 



2. Simple in construction so that individual portions of 

the test section may be readily moved. 

3o Have large viewing windows along the tunnel walls. 

The power section characteristics should include adequate power 

to attain the velocity range desired, simple and stepless speed control 

throughout the speed range, stable speed at a desired setting, easily 

operated, and simple to maintain. Components of the power system - fan, 

mo t or, support vanes should be assembled to provide the least amount 

of disturbance to the air fl01o.~ and the least amount of mechanical disturb-

ance in the systeme 

Aerodynamic Characteristics 

Essential aerodynamic characteristics of the wind tunnel pertain 

to the level of turbulence in the test section flow, the distribution and 

range of mean velocity over a cross-section of the test section, steadiness 

of the mean stream velocity , boundary layer development, and streamwise 

pressure gradients Acceptable specifications for these characteristics 

are as follows: 

1~ Turbulence intensity -- 0.001 - 0.005 

2o Mean velocity range -- 1 - 100 ft/sec 

3. Mean velocity variation across cross-section --! 1 percent 
of center velocity (with exception of boundary layer regions) 

4~ Mean velocity steadiness -- + 1 percent of velocity setting 

5n Boundary layer development 
6 ft/sec mean velocity 

up to 2 ft thickness at 

6. Streamwise pressure gradient -- adjustable to zero 
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Boundary Thermal Characteristics 

A sect i on of the t-vi ml tunnel floor should have provisions for 

heating. The length heated and t emperature rise above the ambient air 

stream temperature must be adequ<l te to achieve a Richardson number 

at low values of U (1 - 5 ft/sec) and a thermal boundary layer thickness 

approaching th e value of 15 • 

The heating system should be designed as a composite of small 

elements each element being removable and controlled for heat output 

adjustment. Electrical heating elements must have the desired characteristics 

of flexibility, simplicity and economy of installation and operation. The 

elements should be arranged to enable the aerodynamic surface being heated 

to assume a uniform temperature t'rith a variation of + 2° F. 
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III~ FEATURES OF THE DESIGN 

The designs chosen for various elements of the wind tunnel are 

described and discussed in the following sectionse 

Gross Characteristics 

The ove r all features of the wind tunnel are shown in Figs. 1, 

2 and 3$ Because of limited funds and space within the building a non-

recirculating system wc-.s adop ted. In the system shown which is centered 

in t he enclosjng room ( 40 x 60ft in cross-section), the room serves as 

a return duct . This arrang ement i s somewhat less than optimum because it 

does not afford Gontrol of the entrance flow, dust or disturbances. The 

air is drawn dowmTard into the entrance section; passes through a set of 

screens, the contraction section, the test section; and is then discharged 

in a vertical jet after flowing through the propeller or power section. 

The 111ind tunnel structure has an overall length of about 148 ft 

and a maximum height of 24-1 /2 fte In order to not restrict movement 

of the overhead traveling crane shown in Fig. 2, all features of the 

tunnel were limited in height above the floor level to 25 ft. 

Entrance Section 

Details of the entrance section are shown in Figs. 4, 5 and 6. 

A cross-sectional area of app ~oximate ly 18 x 18 ft was chosen to permit 

the larges·t contraction ratio possible and yet not restrict the crane 

travel~ D€tai!s of the ent ranc e lip are subject to modification after 

measu rements of the airf low patterns have been made. The pro~imity of 

a wall and roof truss ~ill probably require some trial and error adjustment 

of the entrance configuration to obtain the desired uniformity in test 

sec tion ve l ocityQ 
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The turning vanes were designed on the basis of findings by 

Silberman (7). Geometry of the vanes was chosen to give the air a 

complete 90° change in flow direction \1ri th a minimum amount of energy loss. 

A thick section for the vanes \·11ould have decreased the energy loss somewhat 

but the cost of construction would have been many times in excess of that 

for the thin vanes. 

A 3 ft 10 in. straight section is provided between the screen 

section and the entrance section. The purpose of this is to permit place-

ment of straightening devices such as cardboard tubes if the flow is not 

sufficiently parallel to the test section axis. 

Screen Section 

The primary purpose of the screen section is to reduce the 

turbulence scale and thus permit rapid dissipation of the turbulence 

energy as the ai r passes through the settling chamber and the contrac-

tion section. Figs. 7 and 8 show the screen section and a single screen, 

respectively. 

From the results of Schubauer, Spangenberg and Klebanoff (6), 

a screen will not create turbulence by eddy shedding if 

u d < 40 
11 

Using a wire diameter d of 0.0075 in. no eddy shedding should occur 

until the tunnel speed U is near 115ft/sec. Thus, in the primary 

working range for which the tunnel is designed the screens should be 

effective in damping the turbulent air motion. 

Four damping screens are believed to be sufficient to attain 

the desired attenuation of turbulence intensity. The measurements given 
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in Ref. 3 show good ag reemen t with the predicted turbulence levels based 

upon the expression 

(~) ., 1 (~) u with (1 + l<s) n/2 without u screens screens 

For the four s creens chosen 

1 1 
(1 + ks)n/2 ( 1 o. 730) 4 / 2 = 0.334 

+ 

Thus, the turbulence level should be reduced to one-third the value for 

no screens. Estimating the turbulence level with no screens at 0.006, 

a level of about 0.002 should result. A large value of initial turbulence 

compared to the 0.00265 found in Ref. 3 is assumed because of the relatively 

poor entrance conditions for the non-recirculating system. 

Contraction Section 

With a test section area of 6 x 6 ft and an entrance section 

of 18 x 18 ft the contraction ratio has a favorable value of 9. The 

contraction section profile was designed in accordance with data obtained 

in Ref. s. Accordingly, the contraction profile consists of two cubic 

parabolas joined together with consistent slopes at the inflection point 

of the profile. The features of this section are shown in Figs. 9 and 

10. 

Test Section 

Views of the test section are shown in Figs. 11, 12 and 13. 

The test section is composed of an a ssembly of 9 individual units each 

8 ft in length. As shown in Fig. 13 the three downstream sections have 
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plate glass windovJs 1~hich are mounted flush with the inside wall of the 

tunnel, Al l the windows may be opened to permit ready acce ss to the 

interior v.-orking area . Each set of vertical supports is mounted on a 

set of leveli ng screws to pe rmit accurate alignment and leve lin~ of the 

test section. 

In an attempt to provide a test section with a cont rolled 

longitudina l pressure gradient, the vertical walls were given a const ant 

angle of divergence tl1roughout the l eng th. Based upon a divergence 

sufficient to compensate for the displacement thicknes s growth caused 

by boundary layer fo rmation, a diverge nce of 1 in./8 ft was selected. 

This was estima t ed to be sufficient for a low mean velocity of about 

6 ft/sec 111i th the boundaries smooth and the ceiling parallel to the 

floor ~ To allow adjustment of the pressure g radient for other speeds 

and roughnesses, th e ceiling was made in the form of a single diaphragm 

supported from above by a pair of adjusting screws at 4 ft intervals. 

At th e downstream end of the test section the diaphragm can be given 

a vertical displacement of ..:!: 1-1/2 ft from the position in 111hich it is 

parallel with and 5 ft 11 in. above the floor. 

The floor of each t es t sec tion unit is constructed so that 

it may be removed without disassembly. Thi s pe rmits ease in installing 

heated and cooled bo unda rie s o r boundaries havin g a desired roughness . 

Based upon the formula 

X 
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the bound a ry l ayer thickness for smooth boundari es should attain a va lue 

of about 1-1/2 ft f or U = 6 ft/scc and about 1 ft for U =50ft/sec. 

From the data on boundary l ayer growth for a rou ghened boundary given in 

Ref. 2, the fore goi ng values of 0 could be easily doubled by roughening 

the te s t section floor. 

Power Section 

The general arrangement of the power section is shown in Fi gs. 

14 and 15. A 10 ft diamet e r, 4-bladed variable ~itch propeller1 obtained 

as Government surplus property is used as a driving fan. The propeller 

is to be driven by a 27 5 H P DC-mo tor2 • Pat\ler for the motor will be 

furnish ed by a motor-generator set of 250 K\~ capacity delivering 250 V 

DC pm~er from a 2200 V AC source. Both of these items which were obtained 

from sources of standby Government equipment are shown in Figs. 16 and 17. 

These units will be connected as a \~ard-Leonard system. 

Because of space limitations the motor is designed to be 

closely coupled to the propeller rather than coupled to it by means 

of a shaft extending to the tunnel exterior. Such an arrangement has 

the advantage of simplifying the power transmission system but the 

disadvantage (if a closed circuit is used) that power dissipated in the 

form of heat by the motor is added to the air stream. 

1 
2 

Curtiss~vri ght el ectric Model C542S-B8. 
Reli an ce Electric En ginee ring Co. 250 V DC generator. 
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An estimate of the power requirement may be made by tabulating 

the pressure drop coefficients K for the various elements in the system. 

Th e coefficient K is defined by 

K - Ll p -pu2 / 2 

A tabulation of the various coefficients is as follows: 

Element K 

Entrance dust filter 0.060 

Entrance 0.012 

Entrance guide vanes 0.004 

Screens 0.040 

Straighteners 0.004 

Contraction 0.002 

Test section 0.192 

Safety screen 0.200 

Power section expansion 0.300 

Power section duct 0.007 

Exit guide vanes 0.325 

Exit jet 1.000 
2.146 

At a test section speed of U = 100 ft/sec the required 

horsepower delivered to the air is approximately 

HP to air e.£K (pu2) AU 
2 550 

Q 2.146 (0.0024 ) 
2 

"' 169 HP 

36(100) 2 

550 
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Estimating the propeller system to be 80 percent efficientt the driving 

motor must deliver 

HP motor • 169 
0 .80 

= 210 HP 

The foregoing calculations indicate that the 27 5 HP DC drive motor is 

sufficient capacity to attain the desired range of air speeds. 

Installation of the driving motor and power control system has 

not been completed. With all the necess ary machinery for the system now 

on hand, additional funds will insure rapid completion of the wind tunnel 

drive. 

Boundary Heaters 

The length of heated boundary was chosen to be 32 ft. This 

length of boundary is adequate to permit the thermal boundary layer 

thickness to become equal to the momentum boundary layer thickness when 

the heated boundary is placed in the last four units of the test section. 

Figs. 18 and 19 illustrate the details of construction and 

arrangement of the heated boundary. The boundary forming the tunnel 

floor is 1/2 in. copper plate heated from below by nichrome wire coils. 

Power for the heating elements is supplied from a 220 V AC source 

passing through a Powerstat to permit control of heat output. The 

spacing and size of the coils are such as to permit a uniform plate 

surface temperature -- ambient air t emperature difference of 200° F 

for U .,. 35 ft/sec and the power voltage of 220 V when the boundary 

is aerodynamically smooth. Calculation of the distribution of heat 

output necessary to achieve the foregoing condition was based on the 

heat transfer relation: 
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hx' 0.0296 R4 /s P 
--- n --------------------------------k 1 + 0. 87 (1. 5 p-l/6 ) R -1 fl 0 ( P-1) 

Construction of the heating elements has not been accc.mplished 

due to the lack of available funds. 



IV. PLANS FOR FUR"'HER DEVELOPMENf 

Further development of the '.l ind tunnel laboratory initiated 

under this Contract falls into two phases. The first phase is completion 

of the wind tunnel as described in this report by installation of the 

power system and heated boundarye The second phase consists of improvement 

of the tunnel design and the addition of several features to the tunnel. 

In the domain of design improvement is the plan to construct 

a return passage so that the tunnel may be operated as a closed system. 

An additional feature planned for the tunnel is a temperature control 

system. By heavily insulating all walls of the tunnel and installing 

a system to either add or remove heat from the air stream experimental 

studies could be conducted under steady or controlled unsteady temperature 

conditions. Associated with the tempe rature control system will be 

some means to control relative humidity. To increase the scope of 

fundamental boundary layer studies possible with the wind tunnel, a 

cooled boundary is planned to complement the heated boundary. 

The writer's obj ec ti ve in the foregoing planning is to develop 

a versatile facility in which basic problems related to fluid flow with 

relatively strong heating and cooling may be investigated. The need 

to know more abou t the ~ffects of density stratification upon flow stabi-

lity, dif fu sion rates and turbulence structure is apparent in the fields 

of heat tr~nsfer, chemical engineering, meteorology, oceanography, 

hydrauli cs, sanitary engineering, and aer onautics. 
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Fig. 2 Exterior view of 

Fig. 3 qxterior vie\oJ of downstream portion of· wind tunnel 
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Fig. 5 Upstream view of ent~ance section 

Fig . 6 Upstream interior view of entrance section 





Fig. 8 View of screen and screen section 

of contr~ction section 
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Figo lZ Upstream view of test section 

Fig. 13 Dov·n trcar11 exterior vieH f test section 
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Fig . 15 Downstream view of powPr secti n 



Fig . 16 Driving mot0 !' 

7 Motor-generator power supply 
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