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ABSTRACT 

The experimental equipment used in an inYestigation of tur-

bulent diffusion of momentum and heat from a smooth, plane boundary 

with zero pressure gradient is described in Part I of this Final Report. 

A 10 ft long, 6 ft wide heated boundary, maintained at uni-

form temperature, formed part of the floor of the 6-ft square test sec-

tion of a recirculating, low-velocity wind tunnel. Hot-wire anemom-

eters were used for the measurement of meart velocities, intensities of 

turbulence, and turbulent shearing stress distributions in the momentum 

and the thermal boundary layers. Mean temperatures were measured with 

copper-constantan thermocouples. For the measurement of temperature 

fluctuations, a constant-temperature resistance thermometer wa$ devel-

oped and used. The heat transferred from the boundary was determined 

from the electrical power input to the heater stripso 
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I • INTROOOCTION 

For the past four years an experimental investigation on the 

turbulent diffusion of momentum and heat has been conducted in the 

wind tunnel facilities of Colorado A and M College. This investiga-

tion was confined to the case of flow of air over a heated, smooth, and 

plane boundary with zero pressure gra~ient. In a previous report (9) 1 

a brief description of the experiment·al equipment has been included. 

However, since considerable tirtte and effort have been devoted to the 

development of this equipment, a detailed description and discussion 

of it seems justifiable. This is particularly true when the scarcity 

of publishe~ information regarding previously conducted investigations 

is taken into consideration. 

Along with the description nf the equipment, an attempt was 

made to indicate possible improvements that might be introduced to 

future investigations. 

The equipment used in this investigation consisted of (a) 

the recirculating wind tunnel, (b) tbe heated boundary, and (c) the 

associated instrumentation. Instruments were constructed for the meas-

urement of heat input to the boundary, mean velocity, mean temperature, 

and turbulent shearing stress distributions in the boundary layer, as 

well as root-mean-square fluctuations of the velocity and of the tem-

perature. 

In Part II of this Final Report, an analysis and discussion 

of the data obtained during the experimental investigation is presented. 

1 The number refers to the bibliographical entry in the RBFBR.BNCBS. 
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I I • WIND TUNNEL 

The recirculating wind tunnel shown in Fig. 1 has a 6 ft 

squa~e test section 30 ft in length. The four-bladed propeller was 

driven by a 50-HP gasoline engine geared directly to the shaft of the 

pro~eller, and a 150-HP marine diesel engine coupled to the propeller 

shaft through V-bel ts and sheaves. This dual drive system made it 

possible to vary the velocity in the test' section from 3 fps to about 

50 ips. For the lower range of velocities the gasoline engine was 

used. When necessary the velocity was further reduced by the use of 

cheese-cloth extending over the entire flow area and fastened to the 

turning vanes located at the downstream end of the test section. 

The distribution of the ambient air velocity, both along and 

perpendicular to the longitudinal axis of the test section, was found 

to have a variation of about + 2 per cent from the mean value except 

within the wall boundary layers. The pressure distribution along the 

longitudinal axis of the test section was measured with a Pi tot tube 

and Whalen gage arrangement. The variation of this pressure was found 

to be within 2 per cent of the mean value as shown in Fig. 2. The tur-

bulence intensity level of the ambient air stream was about 1 per cent 

for the velocity range used in the experimental investigation. 

Although the amount of heat transferrecf from the heated bound-

ary was varied from about 4500 watts to 6000 watts, the ambient tem-

perature of the recirculating air was not affected appreciably. The 

mixing effected by the propeller action, and the heat transferred 

through the tunnel walls, particularly through the floor of the test 
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section immediately downstream from the heated boundary where actual 

inversion occurred, contributed toward maintaining a relatively con-

stant ambient air temperature. 
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Ill • HBATBD BOUNDARY 

A schematic diagram of the test section is shown in Fig. 3. 

The dynamically smooth and heated boUndary, over which the momentum 

and thermal boundary layers developed, was 6 ft wide, 10 ft long, and 

formed part of the floor of the test section. 

In order to stimulate the growth of the dynamic boundary 

layer, a 1.5 ft wide strip of j-in. gravel was laid across the floor 

of the test section 1.67 ft upstream from the heated boundary. It has 

been • found by other investigators ( 5) that such an artificial method 

of thickening the boundary layer is advantageous in cases where the 

test section is not long enough for the normal growth of the boundary 

layer into a fully turbulent state. 

There is some question as to whether such an artificially 

induced boundary layer is similar in all respects to one developed 

without the use of a stimulator. Although the mean velocity profiles 

might indicate the development of a fully-turbulent boundary layer, 

the turbulent shearing stress and the turbulent intensities distribu-

tions might still be different from those of a fully-turbulent bound-

ary layer developed without astimulator. If such an artificial method 

of thickening the boundary layer could be avoided or if more compara-

tive measurements of turbulent boundary layer characteristics for nat-

ural and artificially stimulated growtn were available, the experimen-

tal results would be free from such doubts. 

The construction details of the heated boundary are shown in 

Fig. 4.. This consisted of a ~ in. thick aluminum plate on top of 

which the heater strips, covering the entire surface, were mounted. 
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The !-in. aluminum plate provided a sturd"y support for the heater 
2 

strips, and the heat stored in it contributed in maintaining a constant 

temperature over the entire surface of the heated boundary. Although 

a servomechanism was provided to keep the surface temperature within 

2°F o£ a predetermined value and eliminate effects of line voltage 

fluctuations and small ambient velocity changes, the servomechanism 

was found unnecessary during the preliminary runs and its use was dis-

continued. 

The heater strips, comprising the 23 electrically isolated 

heating elements, consisted of f6-in. aluminum supporting plates of 

varying width, on which a thin layer of carbon was placed. The top and 

the bottom sides of the carbon layer were electrically insulated by sev-

era! layers of silicone varnish. The physical dimensions and electri-

cal characteristics of each of the 23 heater strips are given in Table 

I. The bus bars connected to the main powersta~, as well as the elec-

trical circuit for the No.. 1 heater strip, are shown in Fig. 5. The 

electrical connections for the remaining 22 heater strips were identi-

cal. A neon lamp was used as a pilot light for each strip .. 

Although the use of a thin carbon layer as a heating ele-

ment was found satisfactory, sparking due to possible discontinuities 

in the layer reduced its useful life.. Recently, thin sheets of high-

resistance metals have been made available commercially. These might 

provide more durable heating elements at considerably less cost. 

The total electrical power input to the heated boundary was 

adjusted by the use of a power stat. A rheostat connected in series 

with each heater strip provided the proper power adjustment for each 
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strip so that asurface of uniform temperature was obtained for a given 

ambient velocity and temperature. For temperature differences between 

the ambient air and the heated boundary of approximately 100°F, the 

variation of the temperature over the entire surface was within 6°F 

from the mean. 

Under the ~-in. aluminum plate a 4 in. thick layer of glass 

wool provided adequate thermal insulation. Measurements have shown 

that only 2 per cent of the heat input was dissipated from surfaces 

other than the topofthe heated boundary over which the thermal bound-

ary layer developed. 

Figs. 6, 7, 8, and 9 show various views of the test section, 

heated boundary, and electrical control panel. 
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TABLB I H.BATBR STRIP CHARACTBRISTICS 

Strip Strip strip 
Strip Width Length Res. Fuse Rheostat 

No. in. in. Ohms . amps ohms 

1 o.s 70.5 22S 1 .. 5 25.0 
2 1.0 " 185 1.S 15.0 
3 1.0 " 225 1.5 25,0 
4 1.0 " 210 1.S 35,0 
5 2.0 " 130 3 .. 0 22.0 
6 2.0 " 130 3.0 25.0 
't 2 .. 0 ., 1~8 3.0 25.0 
8 2.0 " 136 3.0 22,0 
9 4.0 " 6~ 4.Q 10,0 

10 4.0 " 17 4 .. 0 15.0 
11 4.0 " 68 3.0 15.0 
12 8.0 " 48 6.0 1,5 
13 8.0 " 43 6.0 1,5 
14 8.0 " 41 6.0 1,S 
15 8.0 " ~7 s.o 7,5 
16 8.0 " 48 s.o 1,S 
17 8.0 " 51 s.o 1.5 
18 8.0 " 48 s.o 7.5 
19 8.0 If 44 s.o 7.5 
20 8.0 " 56 s.o 1.5 
21 8.0 " 684 s.o 1~5 
22 8.0 " 50 s.o ?.s 
23 a.o " 54 s.p T.~ 
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IV. INSTRUMBNTATION 

The apparatus used for the collection of data consisted of 

meters for the measurement of heat power input to the boundary, and 

the instru111ents for the indication of mean velocity and temperature, 

intensity of turbulence, turbulent shearing stress, and temperature 

fluctuation. 

The sensing elements of the above-mentioned instruments were 

mounted on a carriage located 3 ft above the floor of the test section 

and supported by rails fastened to the tunnel walls. Two electric 

motors, with their controls located outside the test section, were 

used to control lateral and vertical motions of the sensing elements. 

This arrangement made it possible to locate the sensing elements at 

any desired point above the heated boundary. The error in the verti-

cal coordinate values was within 0.005 in. 

Measurement of !!!.!;! Input to the Boundary 

The electrical power input to each heater strip was measured 

with an ammeter and voltmeter. As shown in Fig. 5 for strip No. 1, 

a three-circuit, make-break jack located on the control panel in series 

with the heater strips provided a convenient outlet for the connection 

of the ammeter-voltmeter arrangement shown in the same figureD 

The total power input to the boundary was obtained by total~ 

ing the inputs to the 23 electrically isolated heater strips. 
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Meas~rement of Mean Velocities 

The mean velocity profiles in the boundary layer, as well as 

the ambient velocity, were measured by means of a platinum constant-

temperature hot-wire anemometer 0. 4 in. long and 0 .. 001 in. in diameter. 

The circuit of this anemometer is shown in Fig. 10. For changes in 

mean velocity, the balance of tile Wheatstone bridge, indicated by the 

galvanometer connected across it, was restored manually by adjusting 

the current flowing through the bridge. Two rheostats, one for coarse 

and the other for fine adjustment, connected in series with the bat-

tery, were used for this adjustment. The milliammeter, in series with 

the bridge and the battery, indicated the mean velocity of the air. 

The large time constant of the hot-wire, due to its mass, 

and of the current indicating meter reduced considerably the response 

of the anemometer to velocity fluctuations and made the measurement of 

the mean velocity possible in the boundary layer where large fluctua-

tions existed. 

Compensation of the hot-wire for mean temperature variations 

in the thermal boundary layer was accomplished by mounting a resistance 

element on the same probe with the hot-wire. This element formed the 

branch of the bridge opposite to that of the hot-wire and consisted of 

a coiled tungsten wire 12 in. long and 0.00031 in. in diameter. Fig. 

llb shows the probe on which the hot-wire and the compensator were 

mounted. The initial balancing of the bridge (for the case without air 

flow) was accomplished by adjusting the variable resistance in the up-

per left branch, Fig. 10. Although the above method of compensation 

is a common practice and is also theoretically justifiable, no means 

was available for an experimental proof of its effectiveness. 
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Preceding the collection of data, the relation between total 

bridge current and air velocity, for constant temperature operation of 

the hot-wire, was obtained with a rotating arm calibration arrangement. 

Because of the relatively high operating temperature of the hot-wire, 

about l000°F, small changes of the ambient air temperature did not af-

fect it~ calibration. However, as a result of the high operating tem-

perature, therl'llal radiation effects were observed for distances between 

the hot-wire and the heated boundary smaller than 0.050 in. The mean 

velocity profiles obtained by using the above instrument could be du-

plicated within a 3 per cent variation. 

Measurement of ~ Temperatures 

The mean temperature distribution in the thermal boundary 

layer, the temperature of the ambient air, and that of the surface of 

the heated boundary were measured with copper-constantan thermocouples, 

0.010 in. in diameter, which were connected to a standard Honeywell 

recording type potentiometer. Because of~the relatively small size of 

the thermocouples and the large temperature fluctuations in the thermal 

boundary layer, a Weston Model 808 integrator was used for the correct 

measurement of the mean value of the temperature. Time intervals of 

approximately ~-minute duration were used. 

The thermocouple probe for the measurement of the temperature 

distribution in the boundary layer and tfle temperature of the surface 

of the boundary is shown in Fig. llc. It was observed in this investi-

gation, as well as in others (7), that a configuration of the leads in 

the immediate vicinity of the thermocouple, such as shown in Fig. llco, 

reduces considerably the error due to heat conduction through the leads. 
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Originally it was planned to measure the surface temperature 

of the heated boundary with 69 thermocouples attached to the surface, 

three to each heater strip, and located along the centerline and sides 

of the boundary. However, during the p:t"eliminary runs it was found 

that owing to the size of the thermocouples, 0.010 in. in diameter, 

and the uneven thickness of the layer of glue, the thermocouples pro-

truded unevenly into the thermal boundary layer, and therefore indi-

cated temperatures other than those of the surface. To overcome this 

difficulty, a thermocouple attached on the end of aprobe free to slide 

over the surface was used.. With this method, although the indicated 

temperatures were lower than the actual, owing to conduction losses 

through the probe, the error introduced was the same for all points of 

measurement. It was thus possible to obtain a uniform temperature over 

the entire surface by separate adjustment of the heat input to the 

strips. The actual temperature o( the surface of the heated boundary 

was measured with the thermocouple shown in Fig. llco The spring ac-

tionofthe leads of this thermocouple and the somewhat flattened june-

tion ensured good contact with the surface; there the thermocouple as-

sumed the temperature of the surfaceo 

Measurement of Intensities of Turbu-
~ and Turbulent ShearinS:stress 

The vertical and the horizontal intensities of turbulence and 

the turbulent shearing stress in the boundary layer were measured with 

a pair of crossed hot-wire anemometersofthe constant temperature type 

(3). The length of each of the tungsten hot-wires was 0.1 in. and the 

diameter 0.00031 in. Compensation for mean temperature variations in 
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the thermal boundary layer was accomplished by mounting a resistance 

element on the same probe with the hot-wire. This element, with a var-

iable resistance in series with it, constituted the branch of the Wheat-

stone bridge opposite to that of the hot-wire. The compensator con-

sisted of tungsten wire 2 in. long and 0.00031 in. in diameter. The 

variable resistance in series with the compensator made possible the 

initial balancing of the bridge. In Fig. lld, the probe for the two 

crossed hot-wires and their respective temperature compensators are 

shown. The effect of the fluctuations of the air temperature in the 

thermal boundary layer was minimized by the relatively large operating 

temperature of the hot-wires, approximately 500°F. The two Wheatstone 

bridges with the associated current-control circuits are shown in 

Figs. 12 and 13. The adding and subtracting circuit, and the turbu-

lence amplifier and root-mean-square indicator are shown in Figs. 14 

and 15 respectively. The frequency respo-nse of both the hot-wire and 

the associated electronic circuitry mentioned above was about 5000 cps. 

The wall shearing stress was determined by extrapolation of 

the turbulent shearing stress distribution in the boundary layer. For 

the case of neutral stability, accurate results were obtained by this 

method because of the constant value of the turbulent shearing stress 

near the boundary. However, in the case of flow with lapse rates the 

shearing stress near the boundary changed rather rapidly and the ex-

trapolated value could not be defined as accurately. A shear meter em-

bedded in the heated boundary, although it might introduce a discon-

tinuity in the uniform temperature of the surface, would be desirable 

in order to determine the wall shearing stress more accurately. 
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The mathematical derivation of the equations relating the 

hot-wire current to the flow properties, as well as the limitations of 

these equations, are described in References ( 1) and ( 4). The root-

m~an-square value of the horizontal intensity of turbulence was com-

puted from the equation 

u' = ( 1) 
u 

where u• is the rms value of the horizontal fluctuating component of 

velocity; 

U is the mean local velocity in the horizontal direction; 

A , n , G , and Gt are calibration constants; 

I is the reading of the bridge meter; and 

(It>add is the reading of the rms meter It of the indicator 

circuit when the signals from the hot-wires are added in-

stantaneously through the adding circuit. 

Similarly, the root-mean~sqUare value of the vertical inten-

sity of turbulence was computed from the equation 

v' 
u 

A = --
2ni 

G (It) sub , 
Gt 

( 2) 

where v• is the rms value of the vertical fluctuating component of 

velocity; 

( It>sub is the reading of the rms meter It of the indicator 

circuit when the signals from the two hot-wires are subtrac-

ted instantaneously through the subtracting circuit; and 

U , A , n , G , Gt , and I are the same as for Bq 1. 
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The turbulent shearing stress was computed by using the equa-

tion 

~~ • 4:.
2

1 2 • ~
2

2 ( Ot>1
2 

- Ot>/] (3) 

where uv = : , the turbulent shearing stress divided by air density; 

(It)l is the reading of the rms meter It of the .indicator 

circuit for the signal of the No. 1 hot-wire; 

( 1 t> 2 is the reading of the rms meter It of the indicator 

circuit for the signal of the No. 2 hot-wire; and 

u , A n • G , Gt , and I are the same as for Bq 1. 

Equations 1, 2, and :J have been developed on the assumption 

that the two hot-wires are identical and that they are operated at the 

same tettlperature by separate current control circuits. This implies 

that the calibration constants A , n , G , and Gt are the same 

f5r each of the two crossed hot-wires. 

The calibration constant A indicates the ratio of the grid 

vOltage to the cathode voltage bf the 6L6 output tubes of the current-

control circuits shown in Figs. 12 and 13, and it was determined by 

direct measurement of these two yoltages when the hot-wire was in oper-

ation. 

The calibration constant n is the exponent of the empirical 

equation relating the bridge meter reading I to the local mean ve-

locity U : 

I = b un . ( 4) 

Bq 4 is the response equation on which the derivation of Bqs 1, 2, and 

3 is based and it is not usable in extrapolated form ( 4). This limitation 
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necessitated the calibration or the hot-wires for the range of veloci-

ties for which they were intended to be used. The exponent n was 

determined prior to the collection of data in the following manner. 

The crossed hot-wires were located In the ambient air stream of the 

test section next to the mean velocitf hot-wire described previously. 

The air velocity was varied through the desired range, thus giving 

several readings of the bridge meter I and corresponding values of 

the mean velocity U as indicated by the mean velocity anemometer. 

The results were plotted on logarithmic paper and the slope n of a 

straight line through the points was directly determined. 

The transconductance G (or each of the current-control cir-

cuits was determined by calibration. This was accomplished in the fol-

lowing ntanner. The hot-wire was replaced by a fixed resistance of the 

Same value and the bridge balanced. A calibrated external voltage, 

which could be varied between -25 and·-5 volts relative to ground, was 

applied to the calibration jack, which automatically transferred the 

eontrol grids of the 616 power tubes from the D-C amplifier output to 

the external voltage source. This external voltage E controlled the 

bridge current, and several readings of the bridge meter I over the 

upper two-thirds of the scale ·were obtained by varying B • The value 

of di/dB = G was obtained by first plotting I vs loge B and deter-

mining the value of a 2 in the equation I = a 1 - a 2 loge B , then, 

since G varies with I , a curve of G vs I was prepared from the 

equation G = di/dB = a 2 /B • By matching the 6L6 tubes of the two 

current-control circuits the same G vs I calibration curve was used 

for both hot-wires. This curve was checked at intervals of approximately 
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100 hours of actual operating time because of the gradual decrease of 

G with tube aging. 

The transconductance Gt was obtained by calibration in the 

following manner. A calibrated alternating voltage source of rms value 

B' and of any convenient low audio frequency was applied to the cali-

bration jack of the turbulence amplifier and RMS indicator circuit of 

Fig. 15. Values of It as a function of B' were then read on the 

It meter for each position of the attenuator switch. 

The adding and subtracting circuit of Fig. 14, when properly 

adjusted, did not attenuate or amplify the two input signals and thus 

aid not introduce any calibration constantso To adjust this circuit a 

signal was introduced to the balancing jack and the selector switch 

set at position "2'', then the gain control was adjusted to give an out-

put signal equaltothe input. By setting the selector switch at posi-

tion "1"' and adjusting the balancing potentiometer, equality between 

input and output signals was again obtained. The above adjustments 

ensured that the signals from the No. 1 and the No. 2 hot wires re-

mained unaltered when they passed through the circuit as well as when 

they were added or subtracted. 

The data obtained by using the crossed hot-wire anemometers 

could be duplicated within a 10 per cent variation. This relatively 

large variation was due to nee~le fluctuations of the milliammeter in-

d'icating the rms values. The use of a recorder or an integrator will 

impcove considerably the accuracy of the data by time averaging these 

fluctuations. 
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Measurement of Temperature Fluctuations 

The constant-temperature resistance thermometer shown in Fig. 

16 was developed for the purpose of measuring the temperature fluctua-

tions in the thermal boundary layer D The operation of this thermometer 

was based on the response characteristics of the hot-wire anemometer to 

both 

that 

where 

velocity and temperature fluctuations. It has been shown 

this response can be expressed as 

t u 
e = ~-- + ~ -AT u 

e is the voltage fluctuation across the hot-wire; 

at and ~ are functions of the mean-velocity calibration 

constants and of the hot-wire operating conditions; 

t is the instantaneous temperature fluctuation; 

ilT is the mean temperature difference between the point of 

measurement and the ambient air; 

u is the instantaneous velocity fluctuation; and 

U is the mean local velocity. 

( 2) 

(5) 

By reducing the heating current flowing through the hot-wire so that 

ol..>> (S , the wire responds primarily to temperature fluctuations, while 

the response to velocity fluc'f"uations is negligible. Thus, the hot-

wire becomes a simple resistance thermometer. 

The current-control circuit shown in Fig. 16 is the same as 

that for the No. 1 hot-wire anemometer with an additional amplifier 

stage. The rms value of the voltage fluctuations, corresponding to the 

temperature fluctuations about the mean, were indicated by the It 
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meter or an amplifier and RMS indicator similar to that shown in Figo 

15. In Pig. lle, the probe of the resistance thermometer is shown. 

The wife proper consisted of tungsten 0.1 in. long and 0.00031 in. in 

diameter, and its operating temperature was slightly above that of the 

atnbient air. 

The root-mean-square value of the temperature fluctuations 

was computed from the equation 

t• A = G (6) 
T nl 

where t' is the rms value of the temperature fluctuations; 

T is the mean local temperature; 

It is the reading of the indicator circuit meter; 

A • n ' G, and Gt are car.i.bration constants; and 

I is the bridge meter reading. 

The above equation was developed from the empirical equation 

( 7) 

in the same manner that the equation for the hot-wire anemometer was 

developed (1). 

The calibration constant n was obtained from readings of 

the bridge meter and the local mean temperaturee determined from the 

mean temperature profile of the thermal boundary layer. 

The calibration constants A , G , and Gt are of the same 

nature as those for the crossed hot-wire anemometers and were deter-

mined by the same methods. 
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Measurement of Turbulent Heat ~ansfer Rate 

An attempt was made to obtain the turbulent heat transfer 

rate 

tv = 9 ( 8) 

p Cp 

by instantaneous multiplication of the signals from the resistance 

thermometer and the hot-wire anemomet-ers. In the above equation, tv 

is the mean of the product of instantaneous temperature and vertical 

velocity fluctuations, q is the heat flux, and p and are the 

mean density and constant-pressure specific heat of air respectively. 

The electronic multiplier used to obta·in tv was of the quarter square 

t'Ype (6) utilizing the recently developed square-law tube, Raytheon 

type QK-329. The resistance thermome~er was mounted on the same probe 

with the crossed hot-wire anemometer and 0.1 in. in front of them, as 

shown in Fig. lld. 

Unfortunately, the drift of the multiplier, particularly when 

the signals were of the same magnitude, and of the D-C amplifiers nec-

essary before and after multiplication, was found to be considerable. 

Furthermore, a certain amount otphase shifting between the two signals 

was observed although capacitances were reduced to a minimum. 

During several preliminary tests the values of tv obtained 

were considerably lower than expected. In spite of this unsatisfac-

tory outcome, it ispossible that an i~proved electronic multiplier and 

complete elimination of phase shifting will give better results. It 

is hoped that in the near future, with the rapid development of com-

puters, it will be possible to obtain commercially built multipliers 

of considerably more accuracy and reliability then are now available. 
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Fig. 8 View of test section looking upstream 

Fig. 9 Close-up view of heated boundary looking 
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