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ABSTRACT 

Results of an experimental investigation of the turbulent 

diffusion of momentum and heat from a smooth, plane boundary with zero 

pressure gradient are presented. A 10 ft long, 6 ft wide heated 

boundary maintained at a uniform temperature, formed part of the floor 

of the 6-ft square test section of a recirculating, low velocity wind 

tunnel. 

The velocities have been measured with hot-wire anemometers 

and the Reynolds stress distribution in the boundary layer has been 

computed from the measurements of the crossed-hot-wire anemometers. 

The temperatures have been measured with thermocouples, and the trans-

ferred heat has been determined from the electrical input to the heated 

boundary. Data on the pertinent variables have been collected along 

the centerline of the boundary and at four cross-sections of the bound-

ary layer. 

The distribution of the mean velocity, for both neutral sta-

bility and various lapse rates, was found to be described more accu-

rately by a "modified logarithmic law'' The distribution of the mean 

temperature in the thermal boundary layer was found to be similar to 

that of the mean velocity when momentum and thermal boundary layers 

are of the same thickness. The local drag coefficient was found to 

increase considerably with increasing negative Richardson numbers. 

Also Karman's modification of the Reynolds analogy between momentum 

and heat transfer was found tobe in good agreement with the experimen-

tal results .. 
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I • INTRODUCTION 

The transfer of momentum, heat, vapor, and sediment by turbu-

lent diffusion is one of the problems in fluid dynamics which has at-

tracted considerable attention during the last forty or fifty years. By 

observing the diurnal variations of the lower atmosphere, the evapora-

tion from free surfaces, or the sediment transportation by rivers, one 

realizes that this is an interminable process in nature and of paramount 

importance to scientists such as meteorologists, agronomists, ocean-

ographers and engineers. 

Bfforts to understand this complex phenomenon of transfer 

have led to several important hypotheses explaining the nature of its 

mechanism. The following are those that have received considerable at-

tention. The hypothesis of the exchange coefficients , proposed by 

Boussinesq and developed by Wilhelm Schmidt, is based on the fundamen-

tal ideas of the kinetic theory of gases. Prandtl's mixing length and 

Karman's similarity hypotheses also have their origin in the kinetic 

theory of gases. Sutton's theory of turbulent exchange may be regarded 

as an application of the theory of diffusion by continuous movements 

ptoposed by Taylor in 1920. In the particular case of heat transfer, 

Reynolds' analogy between fluid friction and heat transfer has been ex-

tended by Karman in the light of the results of modern turbulence re-

search on velocity distribution near solid boundaries. 

The results presented in this report constitute the first 

part of the experimental investigation of the turbulent diffusion of 

momentum and heat from a smooth, plane boundary with zero pressure 

gradient. The boundary was heated electrically in such a way that its 



entire surface could be set at uniform temperature thus affording ex-

perimental conditions for two-dimensional flow of air, and heat trans-

fer. Various lapse rates, as indicated by Richardson number, were 

obtained from the variation of the ambient velocity and the surface 

temperature of the boundary. 

For momentum transfer, the data were analyzed using the ex-

change coefficient hypothesis, while for heat transfer, Sutton's (16) 

turbulent exchange theory and Cermak's ( 1) equation, based on Rey-

nolds' analogy as modified by Karman (6), were used for theoretical 

comparison. Also, Reichardt's ( 12) suggestion for the modification 

of the logarithmic law of the velocity distribution was applied to 

flow over smooth boundaries under both neutral stability and lapse rate 

conditions. Profiles of the pertinent variables ror various lapse 

rates are also presented. 

As it is frequently the case with experimental investiga-

tions, the results presented herein indicate the need for extending 

the experimental range and further developing and improving the instru-

mentation and equipment involved. 
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II. BXPBRIMBNTAL EQUIPMENT AND PROCEDURE 

The equipment for the experimental study consisted of a re-

circulating wind tunnel, a smooth, plane, boundary heated electrically 

to a uniform temperature over its entire surface, and the instrumenta-

tion for the measurement of the pertinent variables. 

Wind Tunnel -
The recirculating tunnel has a 6-ft square test section 30 ft 

in length. Aplan of the tunnel is shown in Fig. 1. Preliminary tests 

indicated that the amount of heat transferred from the heated boundary 

did not appreciably affect the ambient air temperature; consequently, 

it was decided to recirculate the air. However, with minor alterations, 

the tunnel could be operated as a non-recirculating type if necessary. 

The range of the velocities attainable in the test section was 

from 3 fps to 50 fps.. The distribution of the ambient velocity, both 

along the centerline of the test section and perpendicular to it, did 

not vary more than 2°/ from the mean value. Also, the pressure varia-
o 

tion along the centerline was of the same order of magnitude. The tur-

bulence level of the ambient air stream was approximately 1% for 17 

fps mean velocity. 

Heated Boundary 

The dynamically smooth and heated boundary, over which the 

momentum and thermal boundary layers developed, was 6 f't wide, 10 ft 

long, and formed part of the floor of the test section. It consisted 

of a l/2-in. aluminum plate on top of which the heater strips, covering 

the entire surface, were mounted. Figure 2 shows the location of the 
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heated boundary in the test section. Proper adjustment of the electri-

cal input to each strip made possible the realization of a surface of 

uniform temperature. Thesestrips, comprising the 23 electrically iso-

lated heating elements, consisted of 1/16-in. aluminum supporting plates, 

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

and bottom of the carbon layer were electrically insulated by several 

layers of varnish. In Fig. 3 the construction details of the heated 

boundary are shown. Under the 1/2-ino aluminum plate a 4-in. layer of 

glass wool provided adequate thermal insulation. Measurements have 

shown that only 2°/o of the heat input was dissipated from surfaces other 

than the top over which the thermal boundary layer developed. 

The temperature of the boundary was set with the aid of a 

movable thermocouple in direct contact with the surface and by individ-

ual adjustment of the current through each strip. The variation of the 

temperature over the entire surface was within 6°F or the desired tem-

perature along the centerline of the boundary. 

To stimulate the development of the turbulent boundary layer 

a l~·ft strip of 1/8-in. gravel was laid across the floor of the test 

section and ahead of the heated boundary as shown in Fig. 2. In Fig. 4 

the points of inception of the momentum and thermal boundary layers are 

shown diagramatically. 

Velocity Measurements 

The mean velocity profiles as well as the ambient velocity 

were measured with a platinum hot-wire anemometer 0 0 4 in. long and 

0.001 in. in diameter. The velocity measuring element formed one branch 

of a manually balanced Wheatstone bridge and it was compensated for 
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changes in the ambient temperature by a resistance element mounted on 

the same probe and farming the opposite branch of the bridge. The com-

pensator consisted of tungsten wire 12 in. long and 0.00031 in. in di-

ameter. Before each experimental run the hot-wire was calibrated with 

a rotating arm calibration arrangement. 

The horizontal and vertical fluctuations of the velocity in 

the boundary layer were measured with a pair of crossed tungsten hot-

wire anemometers of the constant-temperature type ( 5). The length of 

these wires was 0.1 in. and the diameter 0.00031 in. The response of 

both the wires and the associated electronic circuit was about 5,000 cps. 

The compensation for air temperature variation in the boundary layer 

was accomplished by mounting on the same probe two 2 in. long, 0.00031 

in. diameter tungsten wires which comprised the branches of the Wheat-

stone bridges opposlte to those of the hot-wire anemometers. 

The tungsten hot-wire anemometers were calibrated in the test 

section of the wind tunnel and against the mean velocity hot-,~ire ane-

mometer. 

~ Stress Measurements 

The distribution of the Reynolds' stress uv was computed 

from the equation~ describing the operation of the tungsten crossed 

hot-wire anemometers. The wall shearing stress was found by extrapola-

tion of the Reynolds' stress profile near the boundary. 

Temperature Measurements 

The measurement of the mean temperature profiles in the ther-

mal boundary layer, thetemperature of the ambient air, and that of the 

heated boundary were made with copper-constantan thermocouples 0.010 in. 
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in diameter and mounted on a movable prong. A standard Honeywell re-

cording type potentiometer was used for recording the mean temperatures. 

Because of the small size of the thermocouples and the large 

temperature fluctuations in the thermal boundary layer, an integrator 

was used for the correct measurement of the mean value of the tempera-

ture. 

~Input Measurements 

The electrical power input to each heater strip was measured 

with an ammeter and voltmeter. The total power input to the boundary 

was the sum of the input to the 23 electrically isolated heaterstrips. 

Collection of Data ---
For every run, after the selection of the values of the am-

bient mean velocity and temperature difference between the ambient air 

and the surface of the heated boundary, the power input to each strip 

was adjusted until a surface of uniform temperature was obtained. Fol-

lowing this, data on the pertinent variables were collected along the 

centerline and at 0.29, 0.96, 3.29, and 9.30 ft from the leading edge 

of the heated boundary. 

The presence of the mass of the 1/2-in. aluminum plate, sup-

porting the heater strips, required a stabilization period of several 

hours before equilibrium conditions for the temperature were reached. 

After this period the electrical input was adjusted so that a uniform 

surface temperature was obtained and data were collected at the above-

mentioned four stations. 
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III. DISCUSSION OF RBSULTS 

The results of this experimental investigation concerning the 

mean velocity and mean temperature profiles, the local drag coefficient 

and the distribution of shear, the eddy diffusivity, and the relation 

between momentum and heat transfer from a smooth, plane boundary with 

zero pressure gradient are presented in the following pages along with 

a discussion of the methods used in the analysis of the data. 

The Mean Velocity Profile 

For neutral stability conditions, when both the plane bound-

ary and the air flowing over it are at the same temperature, the meas• 

ured velocities in the region of the boundary layer close to the uniform 

flow were higher than those predicted by the logarithmic law: 

u 1 - =- ln n + C • u* k ., ( 1) 

This consistent deviation has been obse:ved by several investigators 

and it extends over a wide range of the Reynolds number. In Fig. 5 a 

typical mean velocity profile is shown both as actually measured and 

as predicted by the logarithmic law. 

The relatively small variation of this deviation over a wide 

range of the Reynolds number suggests the possibility that it is a 

function of the dimensionless distance z/ b from the boundary. Based 

on this assumption and following Reichardt's (12) modification of the 

logarithmic law for the same region of flow in closed conduits, an em-

Pirical expression was found and added to the logar:i thmic law modifying 

it in such a way that both the measured and theoretically predicted 

values of the mean velocity coinside. 
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The function best suited for this modification is of the form: 

1 [ a ( b - z/ o ) J 
k 111 

1 + c ( 1 - z/ b )rx-

By proper selection of the constants a , b , c , and ol , this 

function can be made to be equal to zero at z/{) = 0 and have the de-

sired rate of change of slope for increasing values of z/6 After 

several trials the following constants were found to fit closely the 

experimental results: a = 3, b = 2, c = 5, and ()(, = 1.5 • Thus, the 

modifying term becomes 

1 [ 3 (2 - z/h ) J 
k ln 1 ... 5 (1 - z/o ) 1~ 

Adding this term to the right side of Bq 1, 

_Q_ _ .!. .! [- 3 ( 2 - z/ b ) J 
U * - k 1 n 'I + k 1n 1 + 5 ( 1 - z/ h ) ts + C ( 2) 

or by denoting 

U i 1 [ 3 ( 2 - z/ ~ ) J 
U * = k 1n 1 + 5 ( 1 - z/ h ) 1·5 

and substituting in Bq 2, 

1 
= k ln 7/ + C ( 3) 

The ratio can be considered as the magnitude of the velocity by 

which the logarithmic law fails to describe the actual velocity in the 

boundary layer. The form of this correction term is shown in Fig. 6 

as a function of z/h , and it can easily be observed that it becomes 

appreciable for values of zlb larger than 0.2. 

In Fig. 5 a typical mean ve1oci ty profile is compared to 

both the logarithmic law and the modified expression of it in the form 

of Bq 3. 
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Another approach, seemingly analytical 7 could be used leading 

to the same modification.. Using the expression 

dU 
dz = 'TIP 

E 
( 4) 

where both 'r and 6 are functions of z 9 empirical equations des-

cribing the distribution of both 'r and E in the boundary layer 

could be found, which after substitution in Bq 4 would make its inte-

gration possible.. However, such an approach would be less accurate than 

the one adopted in this report because of the larger experimental error 

involved in the measurement of 'r and the computation of € than 

that in the measurement of the mean velocity profile. 

A general plot of the mean velocity distribution, comparedto 

both the logarithmic law and Bq 3 for the entire range of Reynolds 

number used is shown in Fig. 7. For each Reynolds number the value of 

the Karman constant, k , was computed from the actual mean velocity 

profile and the wall shearing stress in the following way.. The straight 

line section of the mean velocity profile~ plotted on semi=logarithmic 

paper, was extended to values of z = 0.1 in. and z = 1 .. 0 in. Then, 

the respective values of U001 and U 1~ were used in the logarithmic 

law equation for the analytical determination of k • The variation 

of the values of k extended from 0.31 to Oo50 without indications of 

possible correlation with the value of the Reynolds number. An average 

value of k of about 0. 44 seems to fit the experimental data far better 

than the often used value of 0840. 

The Karman constant k has been the subject of extensive 

discussions among various investigators.. Some feel that it is not a 

constant at all and refer to it as the Karman number, others that it 
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is a function of Reynolds number.. A definite answer to this question 

will have to await experimental investigations with more accurate data 

than presently availableo 

In the case of flow with various lapse rates, that is, with 

flow of air over a boundary at a higher temperature than that of the 

ambient air, the ef feet on the mean velocity profile, as indica ted by 

Richardson number, was limited to a region near the boundary approxl-

mately l/3 of the boundary layer thicknesso A typical profile underneu-

tral stability and at a Richardson number of -0.012 is shown in Figo 8. 

Unfortunately the experimental equipment limited the Richardson number 

to values lower than those encountered most frequently in the lower 

atmosphere, which atte approximately -Ool2o The primary limiting con-

dition is that of the thickness of the boundary layer~ 4.0 in. was a-

bout the maximum obtainableo 

Figures 9, 10, and 11 show several mean velocity profiles at 

various Reynolds numbers and for both neutral stability and various 

lapse rates. 

In Fig .. 12 several profiles are plotted according to the 

modified logarithmic law and compared with that at Ri = 0 .. The higher 

values of wall shear under lapse rates affect the value of the Karman 

constant k , which increases with decreasing Richardson numbers. This 

is manifested by the steeper profiles and higher constants as it can 

be observed in the figureo 

The Mean Temperature Profile 

The points of inception for both the momentum and thermal 

boundary layers are shown in the definition sketch of Fig. 4. The 
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growth of the thermal boundary layer was found to be a function of f>oth 

the ambient velocity of the air and the magnitude of the temperature 

difference between the heated boundary and the ambient air. The thick-

ness of the thermal boundary layer invariably increased fast enough to 

be either equal to the momentum boundary layer thickness near the end 

of the heated boundary for an ambient velocity of 35 fps, or thicker 

than that for lower velocitieso 

Figures 9, 10, and 11 show the profiles at 0.96, J.29, and 

9.30 ft from the leading edge of the heated boundary, along the center-

line, and for ambient velocities of 10, 17, and 35 fps. Comparing the 

corresponding mean velocity andmean temperature profiles in these fig-

ures 9 one can see clearly that the history of the development of both 

boundary layers is the same c At the end of the boundary the two pro-

files are similar in shape and for longer lengths of heated boundary 

they will probably be identicalo This comparison can be carried out 

better by use of Fig. 13, where corresponding mean velocity and mean 

temperature profiles are plotted for the same dimensionless distances 

from the boundary, the 45° straight line representing the case of iden-

tical profiles.. From this figure it can be observed that the lack of 

similarity of the two profiles is a function of the Richardson number. 

~ ~ Drag Coefficient and 
~ Distribution of Shear 

The local drag coefficient was determined from the shear dis-

tribution profile by extrapolating it near the boundary. The cross-wire 

anemometer, used in the determination of the shear profile, measures 

only the Reynolds shear, uv , and owing to its physical size it could 

not be located nearer than about l/8~ino from the boundary. However, 
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at this distance the viscosity effects are of the order of a few per 

cent of the total shear. Therefore, the Reynolds shear is approximately 

the total shear at the points where the measurements were taken. 

For neutral stability conditions Fig. 14 shows the experimen-

tal results as well as those predicted by the 1/7-power law and Schultz-

Grunow's equation. The latter fits the experimental points better. 

This figure can also be considered as a verification of the accuracy 

of the instrument used for the measurement of shear. 

In the case of flow with various lapse rates, the local drag 

coefficient is a function of both Reynolds and Richardson numbers. 

By definition Richardson number is the ratio of the bouyancy forces to 

those of inertia: dT 

Ri = (T ~ (!)2 
a ats dz 

( 5) 

However, Bq 5 depends on the distance z from the boundary as well as 

the distance x along it. To overcome this limitation in this investi-

gation, the Richardson number was formed as follows: 
~T 

Tt 
(6) 

Thus, a single number could be used to characterize the entire profile. 

This modification, however, is valid only in the case that both the 

mean velocity and mean temperature profiles are approximately the same. 

Another dimensionless parameter very close in form to the 

Richardson number was formed in the following way: 

(7) 
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This parameter, since it is a function of the distance along the heated 

boundary, was used to correlate the local drag coefficient and Reynolds 

number .. 

Figure 15 shows the relation between the local drag coeffic-

ient and the modified Richardson number as given by Bq 6. It has been 

observed that such a relation is true only in the case that the two 

boundary layers are of approximately equal thickness. Attempts to in-

clude the data taken in the first foot length of the heated boundary, 

where the thickness of the thermal boundary layer is less than half of 

that of the momentum, resulted in considerable scatter of the points. 

In other words, the shape of the two profiles must be approximately 

the same for such a relation to be consistent 8 In this form of presen-

tation of the results the effect of the Reynolds number is not apparent. 

In Fig. 16 the local drag coefficient is combined with the 

dimensionless parameter of Bq 7 and plotted as a function of Reynolds 

number and ambient air velocity. Several attempts of different combi-

nations of the four parameters involved failed to result in one curve 

for all the experimental points. Instead, an unsystematic scatter of 

the points indicated the desirability of presenting the data as shown 

in Fig .. 16. 

Profiles of the shear distribution in the boundary layer and 

at various distances along the boundary and for various ambient veloc-

ities are shown in Figs. 17, 18 and 19. The vertical and horizontal 

turbulence intensities are shown in Figs. 20, 21 and 22. For purposes 

of comparison, the distributions at both neutral stability and various 

lapse rates are plotted in the same figures. 

-13-



The Eddy Diffusivity 

By analogy to the molecular diffusivity the eddy diffusivity 

could be defined as 

€ =- uv 
dU/dz 

( &) 

Therefore, the determination of the distribution of € in a partie~ 

lar section in the boundary layer could be accomplished by the meas~e-

ment of the Reynolds stress, uv , with a crossed hot-wire anemometer 

and the mean velocity profile. In this study the distribution of uv 
was directly measured and the mean velocity gradient was obtained by 

the following three different methods: 

(a) The velocity distribution was assumed to be logarithmic 

as given by Bq le Differentiating Bq 1 
dU u* 
dz = kz 

and substituting in Bq 8 

E =- uv 
U*/kz 

or 

E kzliV ----u* 
Substituting 

u* = ~ 
and dividing by U0~, to obtain a dimensionless expres-

sion, the final form of the eddy diffusivi ty distribu-

tion becomes 

= (9) 

-14-



(b) The velocity distribution was assumed to conform with 

(c) 

the modified expression as given by Bq 2. Consequently, 

dU = -v"lfV [ 1 1 
dz b k z/b 2 ~ z/~ 

+ 7. 5 ( 1 - z/ J ) 1 /
2 J 

1 + 5 ( 1 - z/ b ) 1 • 5 

Substituting this expression in Eq 8 and dividing by u0 h 

E - k -yiiV .( 10) 
U o h -- [ 1 1 + 7. 5 ( 1 ~ z/ £ ) 1/2 J 

U o z/ 6 - ( 2 - z/ ~ ) 1 + 5 ( 1 - z/ b ) 1. 5 

The velocity gradient dU 
dz 

was obtained from numerical 

differentiation of the mean velocity profile, as actually 

measured, and substituted in Bq 8 .. 

For neutral stability conditions the results of these three 

different methods of obtaining the eddy diffusivi ty profile are shown 

in Fig .. 23 in a dimensionless form.. A comparison of the three plots 

indicates that the assumption of a logarithmic distribution gives re-

sults that are twice as large as the direct method of numerical differ-

entiation. Also, the maximum value of £ is at about z/b = 0., 70 

instead of 0 .. 45. However, the results obtained from Eq 10, which is 

based on the modified logarithmic laws as given by Eq 2, are approxi-

mately the same as those obtained by numerical differentiation. 

This comparison, thereforep indicates conclusively that the 

modified logarithmic law represents the actual distribution of the mean 

velocity in the boundary layer and a more accurate analytical expres~ 

sion for the determination of the distribution of The numerical 

differentiationofthe measured velocity profile 7 although more directp 

is susceptible to experimental errors that result in an excessive scat-

ter of the points as indicated in Fig. 23 {c) .. 
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For values of z/b > 1 r the distribution of (f has been 

extrapolated to indicate its magnitude in the ambient air flow. This 

magnitude is a function of the ambient air turbulence level and cannot 

be determined with the instrumentation employed because both the Rey-

nolds stress and the velocity gradient approach the value of zero si-

multaneously. 

In Fig. 24 the eddy diffusivi ty, as determined by .Bq 10, is 

shown for neutral stability and various lapse rateso The use of either 

Rio or Rix to indicate the magnitude of the lapse rate failed to 

show a systematic trend. For the highest lapse rate, the maximum value 

of 6 is about seven times that for neutral stability. 

The Relation Between Momentum 
and Heat Transfer 

In 1939 Karman~ using Reynolds analogy between heat and mo-

mentum transfer, derived the following equation, which relates the 

local drag coefficient to that of heat transfer: 

...!.. = 2 + s (2) '12 
( rr - 1 + 1n [ 1 + .1 < rr- 1) J I 

CH Cf Cf l 6 ) 
( 11) 

Bquation 11 was modified by Cermak for evaporation by substituting Ce 

= R for CH Assuming a 1/7-power 
f gUO AC 

0 

distribution, Cermak obtained the following 

6o23 R*-S/9 
N-1 = (x'/x)4/4S 

3o77 R*-1 

(x' /x) l/1o 

where N = Bx 
~c V e 

and 

relation for the velocity 

equation for the range of 

( 12) 

Substituting Nu and Pe for N and R* respectively in Bq 12, 

6 .. 23 Pe ~9 

= (x'/x)4/4s 
3 .. 77 Pe- 1 

(x' /x)1/10 

-16-
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This equation relates the heat and the momentum transfer, and it is 

based on the Reynolds analogy. The Nusselt number indicates the heat 

input and the Peclet number describes the momentum transfer (Pe = ~:). 
Putther, Eq 13 can be modified by substituting: 

Nu = (St)(Pe) , 

and thus becomes: 

6 23 Pel/9 
-1 ~"---:~""7r'7::r1!""" St = ( x' /x) 4745 

3.77 
( 14) (x' /x)t/io 

In Pig. 25, the data obtained in this experimental investiga-

tion are compared to Bq 13 and in Pig. 26 to Bq 14. On the same fig-

ures, Sutton's theory is also compared to the data. According to this 

theory the evaporation from a plane surface can be expressed by the 

following equation: 

B (u x)2(2+n) 
~lie = Pl(n, k) T , 

where 

Substituting Nu 
B 

for v ~c and 

or 

2 

Nu = P1(n, k) Pe~ 

(-2-- 1) 
St = P1 (n, k) Pe 2 +n 

Pe for 

which relates the momentum and the heat transfer. 

( 1.5) 

in the above equation, 

( 16) 

( 17) 

A comparison of Bqs 13, 14, 16, and 17 with the data obtained 

indicates that Sutton's theory does not agree as closely to the data 

as Bqs 13 and 14 which are based on Reynolds analogy, for the lower 

range of Peclet number. 
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Miscellaneous Remarks 

The thicknesses of the momentum and the thermal boundary 

layers definE:d by b and b t respectively, are mean values of quan-

ti ties having a considerable range of fluctuations. This intermi ttancy 

of the thickness of the boundary layers should be expected since ac-

tually the boundary layer is a transition region in which the turbulence 

intensities vary from zero in the immediate vicinity of the boundary to 

a maximum at about half the distance to the uniform flow and then to a 

lower level, which is the turbulence level of the ambient air. If one 

considers the foregoing and the random nature of turbulence, then it 

could he concluded that random fluctuations of lower frequencies will 

be expected to reach the uniform flow. 

In this investigation, as well as in all cases where the var-

iables involved are fluctuating quantities, the collection of data is 

a :::;1mpling process and the accuracy of the results depends on the ac-

curacy of the instrumentation employed and the representativeness of 

the samples. The latter can be improved considerably by the use of 

integrators attached to all instruments, including those that have 

large time constants. Thus the human error involved in reading the 

fluctuating needle of an indicating meter will be eliminated. 

-18-



IV. SUMMARY OF RESULTS 

Within the experimental range, the results of this study can 

be summarized in the following way~ 

( 1) The mean velocity distribution in the boundary layer for 

both neutral stability and various lapse rates is des-

cribed more accurately by the "modified logarithmic law' 

u ~ u 0 

1 
1 

= k ln 1J + C 

than by the logarithmic lawo 

Under various lapse rates the mean velocity distribution, 

plotted as a function of ....!:!.. , is not affected appre-
Uo 

ciably by the Richardson number because of the small neg-

ative numbers obtainable with the experimental equipment 

used. 

For neutral stability, the average value of the Karman 

constant k is about 0. 44. For various lapse rates, 

this value increases considerably because of the in-

crease of the wall shearing stress. 

(2) The distribution of the mean temperature in the thermal 

boundary layer becomes similar to that of the mean veloc-

i ty at the sections of the heated boundary where the 

thickness of the momentum and thermal boundary layers are 

of the same magnitudeo 

(3) The local drag coefficient increases considerably with 

increasing negative Richardson numbers. 

( 4) The distribution of the eddy diffusivi ty in the momentum 

boundary layer is considerably more accurately computed 

=19-



by the use of the "modified logarithmic law" than by the 

use of the logarithmic law. With various lapse rates, 

Richardson number affects the eddy diffusivity consider-

ably. 

( 5) For the experimental range covered in this study, Kar-

man's modification of Reynolds analogy between momentum 

and heat transfer is in better agreement with the exper-

imental results than Sutton's theoryo 
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