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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TECHNICAL NOTE 2124 

SPECTRUMS AND DIFFUSION IN A ROUND TURBULENT JET 

By Stanley Corrsin and Mahinder S . Uberoi 

SUMMARY 

In a round turbulent jet at room temperature, measurement of the 
shear correlation coefficient as a function of frequency (through band
pass filters) has given a rather direct verification of Kolmogoroff's 
local-isotropy hypothesis. 

One-dimensional power spectrums of velocity and temperature fluctu
ations, measured in unheated and heated jets, respectively, have been 
contrasted. Under the same conditions, the two corresponding transverse 
correlation functions have been measured and compared. 

F i nally, measurements have been made of the mean thermal wakes 
behind local (line) heat sources in the unheated turbulent jet, and the 
order of magnitude of the temperature fluctuations has been determined. 

INTRODUCTION 

At the present t i me there apparently exists no statistical theory 
of turbulent shear fl ow. One significant theoretical consideration has 
been proposed: The hypothesis of local isotropy, originated by 
Kolmogoroff (references 1 and 2). Kolmogoroff has suggested that the 
fine structure in turbulent shear flow may be isotropic; recent experi
ments of Townsend (references 3 and 4) in a turbulent wake seem to 
verify thi s hypothesis. 

In view of this Situation, the vari ous experimental researches i n 
the field follow two courses: Fi rst, they attempt t o verify or disprove 
local i sotropy; second, they try in all conceivable ways to make measure
ments t hat may shed light upon the basic nature of the turbulent shear 
flow, so t hat the f oundations f or a successful theory can be laid. 

During recent years it has become evident that measurements of the 
intensity of turbulence alone cannot provide sufficient information 
about t he statistical and dynamical properties of the flow fields. Such 
quant i ties as correlat i ons, spectrums, probability denS i ties, the various 
terms in the turbulent kinetic-energy balance, and s o f orth may be 
expected t o reveal many essential features of the problem. 
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The types of turbulent shear flow that have c ome under close 
experimental scrutiny are the boundary layer (references 5 and 6), the 
plane channel (reference 7), the plane wake (references 3 and 4) , the 
plane single free-mixing region (reference 8), and the round jet (refer
ences 9 and 10). The present work is a continuation of that reported 
in references 9 and 10. 

The general objectives of this investigation have been to learn 
something more about the flow in a fully developed round turbulent jet 
and about the heat transfer in such a flow. The work reported here has 
fallen into three phases: (a) An attempt to establish the presence or 
absence of local isotropy, (b) a comparison of velocity- and temperature
fluctuation fields when the over-all boundary conditions on mean velocity 
and temperature are effectively the same, and (c) a study of the diffu
sion of heat from a local (line) source in the turbulent flow. 

The only specific experimental verification of local isotropy in 
a turbulent shear flow to date was by Townsend in the plane wake behind 
a circular rod (references 3 and 4). He found that the skewness and 
flattening factors of the probability density of ou/ot in the shear 
flow are very closely equal to those in the (effectively isotropic) 
turbulence far behind a grid . Si nce differentiation emphasizes the 
highp.r frequencies, his measurement shows, in essence, that the values 
of certain statistical quantities related to the smaller eddies in a 
shear flow are the same as the values for the smaller eddies in isotropic 
turbulence . He also found the microscale of u in the stream direction 
to be nearly {2 times the microscale of v in that direction, a relation 
which is exactly true for isotropic turbulence. 

Until recently, only mean-velocity and mean-temperature distribu
tions were measured to provide a comparison of the transfer rates of 
momentum and of heat in turbulent shear flows with over-all heat 
transfer. The previous report in this round-jet investigat ion (refer
ence 10) included a beginning on the problem of direct comparison of 
the velocity and temperature fluctuations as well as some measurements 
of velocity-temperature correlations. The fluctuations in a warm turbu
lent wake have been studied by Townsend. l 

Up to the present time, however, there appears still to be no 
successful hypothesis to account for the well-known fact that heat 
(and other scalar quantities, like material) is diffused more rapidly 
than momentum in a turbulent flow. Thus, more detailed study of the 
fluctuations seemed in order. 

Iprivate communications, 1949. 
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The fi rs t real analysis on the diffusive property (for scalar 
quantities) of a homogeneous turbulent field was Taylor's well-known 
work, "Diffusion by Continuous Movements " (reference 11). 

3 

The mean thermal wake behind a line source of hea t in a flowing 
isotropic turbulence has been carefully measured by Schubauer (refe r
ence 12) in the r egion close to the source, and by Si mmons (measure
ments reported in reference 1 3) over an extended range. Taylor's theory 
of diffusion by continuous movements is directly applicable to the 
diffusion from a line source of heat in a homogeneous turbulent f ield, 
and he has made a gener al ization to permit application of the method in 
a decaying isotr opic turbulence (refer ence 13). 

In a t urbulent shear flow, the only published measurements 6f the 
thermal wake of a local source seem to be those of Skramstad and Schubauer 
in a turbulent boundary layer. 2 These were r eported by the experimenters 
(reference 14) and by Dryden (refer ence 15) . The temperature distribution 
across the wake in shear flow is decidedly skew. On the other hand, in 
the isotropic turbulence , it is to all intents and purposes a Gaussian 
curve. Of course, in a homogeneous field this curve (measured close 
enough to the source so that the Lagrangian correlation coefficient is 
still effectively unity) is simply the probability density of the lateral 
velocity fluctuati ons . This relation may be roughly true for shear flow 
as well, in which case t he contrasting results mentioned above would mean 
that the probability density of v(t) is skew in shear flow, but Gaussian 
in decaying isotropic turbulence. 

No measurements had been made of the fluctuat ions in these thermal 
wakes, and it was felt that some informat ion on the nature of these 
might help further a general understanding of the diffusive process. 

This investigation was conducted at the Aeronautics Department of 
the Johns Hopkins University under the sponsorship and with the finan
cial assistance of the National Advisory Committee for Aeronautics . 
The authors would l ike to acknowledge many stimulating conversations 
with Dr. L. S. G. Kovasznay, and to thank Dr. F. H. Clauser for his 
helpful criticism. Donation of the hot - jet unit by Dr. C. B. Mill ikan, 
Director of the Guggenheim Aeronautical Labor ator y at t he California 
Institute of Technology, is greatly appreciated. Mr. Philip Lebowitz 
helped to set up much of the labor a t or y equipment . 

2Wieghardt has recent l y measured the diffusion of heat from a local 
source in a turbulent boundar y l ayer (reference 16 ), but his source was 
flush with the solid surface and thus he was studying a different 
problem, that is , one more directly related to micrometeor ological 
conditions . 
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SYMBOLS 

diameter of orifice (1 in .) 

axial distance from orifice 

radial distance from jet axis 

axial component of mean velocity 

radial component of mean velocity 

tangential component of mean velocity 

maximum U at a cr oss section on axis 

axial component of instantaneous velocity fluctuation 

radial component of instantaneous velocity fluctuation 

tangential component of instantaneous velocity 
fluctuation 

instantaneous temperature difference (measured above room 
t emperature a s reference) 

mean temperature difference (measured above room 
temperature as reference) 

maximum mean temperature differ ence at a cross secti on 

maximum mean temperature in jet at orifice 

instant aneous t emperature fluctuation (= e - 8) 

time 

voltage fluctuat ion 

sensitivity of a diagonal hot -wi re to u and t o v, 
respectively 
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Ruv 

. ~' - VU n2 

vn '-Vvn2 

¢,w 

n 

k 

shear correlation coefficient (uv/u'v') 

instantaneous contributions of u(t) and vet), 
respectively, in a narrow frequency band of nominal 
frequency n; in a Fourier series discussion, the 

5 

nth harmonic of periodic u(t) and vet), respectively 

shear correlation coefficient for a narrow band of 
frequencies (unvn/un 'vn ,); this function is referred 
to as the "shear-correlation spectrum" or, briefly, 
the "shear spectrum" 

phase angles 

in Fourier series analysis, nFu == an2/~ an2 , 

nFv == bn2/>: bn2 , where au and bn are Fourier 

series coefficients 

cyclic frequency in general; in particul ar, magnitude 
of radial coordinate in three-dimensional frequency 
space 

cyclic frequency of one-dimensional spectrums of u(t) 
and ~ (t) 

wave-number magnitude for three-dimensional 
spectrums (2rrn/U) 

wave-number magnitude for one -dimensional 
spectrums (2rrnl/G ) 

a reference constant with dimensions of wave numbers 

one -di mensional power spectrum of u(t) in terms of 
wave number 

one-dimensional power spectrum of u(t) in te rms of 
frequency 
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three-dimensional power spectrum of velocity fluctuation 
• 

one-dimensional power spectrum of ~(t) in terms of 
wave number 

one-dimensional power spectrum of ~(t) in terms of 
frequency 

three-dimensional power spectrum of temperature 
fluctuation 

transverse correlation function of u measured symmet

rically about jet axis ( Ul U2P) 

longitudinal correlation function of u 

transverse correlation function of ~ measured symmet

rically about jet axis (~1~2/~2) 

longitudinal scale of u - fluctuations 

longitudinal scale of ~ - fluctuations 

lateral scale of u-fluctuations 

lateral scale of ~-fluctuations 

longitudinal microscale of u - fluctuations 

lateral microscale of u - fluctuations 

lateral microscale of ~ -fluctuations 

longitudinal microscale of ~ -fluctuations 

distance downstream from local heat source in x- di r ection 

lateral distance, perpendicular to source line, from 
local heat source 

dimensionless t emperature ratio (e/emax) 

standard deviation of mean - temperatur e distribution in 
wake behind local heat source 

pulse spacing 

----- - ----.- --

- I 

J 
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h pulse height 

j pulse width 

EQUIPMENT 

Aerodynamic Equipment 

The I-inch hot-jet unit is shown schematically in ~igure 1. The 
centrifugal blower is driven by a 1/2-horsepower direct-current motor. 
Heat is added through two double banks o~ coils of No . 16 Nichrome wire. 
As can be seen in the sketch, a good part of the heated air is directed 
around the outside o~ the jet-air pipe in order to maintain a flat 
initial temperature distribution in the jet. A vacuum-cleaner blower 
is used to help the air through this secondary heating annulus, and this 
warm air is fed back into the intake of the main blower. 

The section of relatively high velocity between heaters and ~inal 
pressure box permits adequate mixing behind the grid, to insure thermally 
homogeneous initial jet air. 

Figure 2 is a photograph o~ the unit as set up previously (refer
ence 10); the present arrangement is essentially the same. 

All turbulence measurements were made with an initial jet total 
head in the range from 3 .5 to 5.0 inches of water. In free turbulent 
flows there is no detectable effect of jet Reynolds number over a much 
wider range o~ Reynolds numbers than this. 

When the jet was run unheated, there was a slight temperature rise 
through the blower and duct. In the measurements o~ thermal wake behind 
a local heat source, correction for this ambient-temperature ~ield was 
unnecessary. For all hot runs, the ori~ice air temperature was very 
close to 2000 C, about 1750 above room temperature. 

Three di~~erent "local heat sources" were used: 

(a) A straight diametrically strung wi re o~ O.OOB-inch Nichrome 

(b) A 2-inch-diameter Nichrome ring 

(c) A 4-inch-diameter Nichrome ring 

Because of .the extremely high turbulence levels encountered in a ~ree 
jet, a measurable thermal wake could only be obte.ined by using source 
temperatures in the range ~rom 3000 to 7000 C. This undoubtedly led to 



8 NACA TN 2124 

·some local buoyancy effects, but, even with this order of temperatures, 
the thermal wake was barely detectable 1 inch downstream. 

The Reynolds numbers of these heat-source wires were about as 
follows: 

For straight wire on axis, 

150, based on air temperatur e 
22, based on wire temperature 

For 2- inch - diameter ring, 

110, based on air temperature 
16, based on wire temperature 

For 4-inch-diameter ring , 

59, based on air temperature 
9, based on wire temperature 

No noticeable additional turbulence was generated by these wires , and 
no average momentum defe ct could be detected with a flattened total
head tube, even as close as 1/4 inch downstream. 

Measuring Equipment 

The measuring instruments used were: Total -head tube, Chromel
Alumel thermocouple, and hot-wire anemometer (also used as resistance 
thermometer) . 

The hot -wires were nominally 0 . 000635 -centimeter platinum, about 
1 . 5 millimeters in length, etched from Wollaston wire. The etched 
platinum was soft -soldered to the tips of small steel needle supports. 
A discussion of heat loss from a wire at various ambient temperatures 
is given in appendix A. 

The basic hot -wi re-anemometry equipment was purchased from 
Mr. Carl L. Thiele of Altadena, California. One of the two identical 
heating circuits is shown in figure 3 . 

The amplifier, with resistance -capacitance compensation network, 
is given in figure 4. The uncompensated gain is constant to within 
±2 percent over a frequency range from 3 to 12,000 cycles per second 
(fig . 5) . With the wires and operating conditions used (time constants 
on the order of 1 millisecond), the over-all compensated response was 
good over the same range. Correct setting of the compensation network 
was determined by superimposing a square wave upon the hot-wire bridge 

~----- - - - - ~~--. -~----- - - --~---~--" 
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(reference 17). Unfortunately, in a free turbulent shear flow the 
ambient disturbance is so great (because of the extremely high turbu
lence levels) that calibration cannot be made in the flow to be studied. 

The vacuum-thermocouple signal output was measured either with a 
millivoltmeter or by the average deflection rate of a fluxmeter. 

The various spectrums reported here were measured with a modified 
General Radio Type 76o-A Sound Analyzer (reference 18) . The changes 
in output stage (fig. 6) were made to eliminate the direct-current 
component and to obtain linear instead of logari tbmic resp·onse . As 
mOdified, the sound analyzer had rather undesirable frequency- response 
characteristics, particularly a day-to - day shift in relative amplifi
cation of the higher-frequency ranges. The frequency-response calibra
tion in figure 7 is plotted in terms of voltage squared, since this was 
the quantity ultimately measured. 

The frequency pass band for this analyzer is far from the optimum 
rectangular shape. However, the slopes of the two sides are suffi
ciently steep that no appreciable error is attributable to noninfinite 
slopes, with the spectrums measured in this investigation. Figure 8 is 
an experimentally determined band shape . There was fair similarity of 
band shape over the entire frequency range. For computational purposes, 
an equivalent rectangular pass band was defined as indicated in the 
figure. 

The instrument is a type recording constant-percent band width, 
measuring the product of power spectrum times frequency. This has 
obvious advantages in the high-frequency range where there is so little 
turbulent energy 

Possibly the chief disadvantage of the actual band shape is the 
extremely sharp peak, causing a great deal of fluctuation in the output 
signal, and making any simple meter-reading technique virtually impos
sible in the low- and medium-frequency ranges. Consequently an inte
grating technique was devi sed, making use of the negligible restoring
torque characteristics of a Sensitive Research Company fluxmeter. The 
i ntegrating technique used is shown schematically in figure 9. Actually 
a bank of vacuum thermocouples was used, and the resistances shown are 
just typical values. The signal put out by the thermocouples is a 
highly fluctuating direct current. 

The bucking circuit was necessitated by the following combination 
of requirements: 

(a) For the lowest frequencies reasonable consistency could be 
obtained only by integrating over periods as long as 3 minutes 
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(b) Appreciable static bearing friction in the fluxmeter demanded 
more or less continuous motion of the needle 

(c) The restoring torque of the fluxmeter is no longer negligible 
in the range of very large deflection. Rence it was desirable to keep 
total deflection to a minimum. 

Thus, most of the average direct-current component of the thermo
couple signal was bucked out, and the constant bucking current was read 
on a prec ision microammeter . The fluxmeter needle fluctuated more or 
less about the zero-deflection point during the time of integration, 
and its reading at the end of this time ordinarily gave a small correc
tion on the result. 

In the highest-frequency range, overload considerations on the 
sound analyzer limited the signal drastically, and only a part of the 
thermocouple di rect current was bucked. 

For the determination of average wake temperatures behind the local 
heat sources, the thermocouple voltage was measured with a Leeds & 
Northrup type K-2 potentiometer . 

Oscillograms were taken from a blue oscilloscope tube by means of 
a General Radio Type 651 -AE camera, using fast film. 

PROCEDURES 

Velocity Spectrum 

The power (or energy) spectrum of the longitudinal velocity fluctu
ations at a point in the unheated jet was measured by conventional hot 
wire-anemometry technique, with a continuously adjustable band-pass 
filter, as described under EQUIPMENT. 

Temperature Spectrum 

The power spectrum of the temperature fluctuations in the heated 
jet was measured by using the hot -wire effectively as a simple res is 
tance thermometer (reference 19) . The amplified voltage signal was 
analyzed exactly as in the measurement of velocity spectrums . 
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Shear-Correlation Spectrum 

For the shear-correlation spectrum, . the quantity to be measured is 
the correlation coefficient between a narrow frequency band of 
u-fluctuations and the same narrow frequency band of v-fluctuations, at 
the same point in the flow field. 

The method, for any particular nominal frequency, was to pass the 
various voltage signals (el' e2' el + e2' el - e2) from an x-type 
shear- (or v'-) meter through the band-pass filter after amplification. 
By appropriate combination of the mean-square values of these four 
signals (identical with total-shear measurement), there results 

where the subscript n indicates the narrow band of nominal frequency n 
cycles per second. A justification for the validity of this procedure 
is obtainable by considering the two velocity-fluctuation components as 
periodic functions." Of course, this is not a real proof. 

If a symmetrical x-meter is assumed, the two instantaneous voltage 
signals are 

au + I3v } 

au - I3v 

For periodic fluctuations, 

00 

u = L Bn cos (2n:nt + ¢n) 
n=l 

00 

v ~ bn cos (2n:nt + *n) 
n=l 

( 1) 

( 2) 

In this simple case, the correlation coefficient for any spectral line 
is merely 

• 
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If equations (2) are substituted into equations (1), it is easily 
shown that 

cos (¢n - IJrn ) ( 4) 

in complete analogy to the conventional method for measuring Ruv with 
an x -meter . The algebraic details a r e given in appendix B. 

When the meter is not perfectly symmetrical (~l f ~; ~l f ~2 )' 
the formal processes, both algebraic and experimental, become excessively 
involved . Consequently, in actual practice the effect of unavoidable 
unsymmetr y in the x -meter was essentially nullified by taking double sets 
of readings at each frequency, r otating the instrument 1800 about the 
axis of flow direction between sets . 

Velocity Correlation Function 

The double correlation Ry between longitudinal velocity fluctu
ation at pairs of points on opposite sides of the jet axis was measured 
only in the unheated jet. Hence the standard hot -wire - anemometry tech
nique was used . The two hot -wires were always equidistant from the 
axis ( on a d iameter), so that they were under identical operat ing 
conditions . 

In the 
operated as 
correlation 

Temperature Correlation Function 

hot jet, the wires t r aversing symmetrically as for 
simple resistance thermometers , so that the double 
Sy could be determined directly. 

Mean Temperatures behind Local Source 

Ry were 
temperature 

To determine mean temperatures behind a local source, traverses 
wer~ made with a Chromel -Alumel thermocouple, whose voltage was measured 
with a Leeds & Northrup type K- 2 potentiometer. 

Temperature Fluctuations behind Local Sources 

To determine temperature fluctuations behind local sources, the 
fine plati num wire was oper ated at small currents , so that it worked 
essentially as a res istance thermometer . 

• 
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EXPERIMENTAL RESULTS 

Mean-velocity and mean-temperature distributions for various 
orifice temperatures are presented in reference 10. 

Shear-Correlation Spectrum 

13 

The spectrum of shear correlation coefficients nRuv = unvn/un'vn' 
was measured in the unheated jet at x/d = 20 at a radial station corre
sponding to maximum shear at this cross section. Figure 10 shows quite 
definitely that nRuv(n) is a function decreasing monotonically to zero. 
Thus, the hypothesis of local isotropy is seen to be verified in a very 
direct way. The value of the directly measured total-shear correlation 
coefficient Ruv = uv/u'v' is indicated in the figure. 

Velocity and Temperature Spectrums 

The one-dimensional power spectrum Fl(kl) of the longitudinal 

velocity fluctuations u(t) was measured at two radial positions in 
the unheated jet, at x/d = 20. Figure 11 gives the two spectrums, one 
measured on the axis, and one measured at about the maximum-shear 
location. Plotted against wave number (kl = 2nnI/U), the two spectrums 

are identical within the experimental scatter. The solid line drawn as 
approximation to the points is made up as follows: 

(a) For 0 < kl < 1.25, 
(reference 20): 

" " it is Von Karman's semiempirical formula 

Constant 

(b) For ~ > 1.25, a nonanalytical curve has been faired in 

The Von K;rm8n expression was used primarily to simplify the 
problem of extrapolation to kl = 0 and to shorten the work of trans
formation to three-dim~nsional spectrums. (See "Velocity and Temperature 
Spectrums" under ANALYSIS OF RESULTS.) 

The corresponding one-dimensional power spectrums 
fluctuations Gl(kl) were measured in the heated jet 
at x/d = 20. One spectrum is on the jet axis; one is 

of temperature 
(eo = 1700 C) 
at about the 
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radial station of ma~imum heat transfer (and shear). From figure 12, it 
c~n be seen that they differ noticeably in the high-frequency range, but 
are essentially identical in the low- and moderate-frequency ranges. 
The curves used to approximate the experimental points are as follows: 

On the axis - the Von Karman formula is used over the entire range 

At the maximum-heat - transfer point -

(a) . For 0 < kl < 1.0, the Von Ka'rma:n formula is used 

(b) For kl > 1.0, a nonanalytical curve has been faired in 

Figures 13 and 14 contrast velocity spectrums with temperature 
spectrums at corresponding radial stations. 

Transverse Correlation Functions 

The double correlation function Ry = uiu2/ul'u2', measured symmet-

rically about the axis at x/d = 20 
in figure 15. Of course, since the 

in the unheated jet, is plott~d 
wires are in identical flow condi-

tions, ul' = u2' = u' (say), and Ry = U1U2P, 

The double correlation function Sy = -a l -a 2/-a 1 ' -a 2 I in the heated 

jet at x/d = 20 is plotted in figure 16. Since this was also measured 
symmetrically, Sy = -B l-a2/~' where -al' = -a 2 I = -a ' (say). 

Clearly, the range of measurable temperature correlation exceeds 
the range of measurable velocity correlation by an amount greater than 
can be attributed simply to the fact that the hot jet is wider than the 
unheated jet (reference 10). 

Mean Thermal Wakes behind Local Heat Sources 

Typ i cal radial distributions of average temperature behind a 
straight (diametrical) wire, a 2-inch-diameter ring, and a 4- inch
diameter ring at x/d = 20 in the unheated jet are shown in figures 17 , 
18, and 19, re spectively. The points in these figures are not direct 
experimental pOints, but merely serve to indicat~ the faired results 
for different distances downstream. All these have been corrected for 
the previously mentioned small ambient-temperature field in the unheated 
jet. There was rather large scatter (illustrated only in fig . 20) due 
to the small temperature differences measured and to the extremely large 
degree of fluctuation present. The 4- inch ring is slightly outside of 
the fully turbulent jet core (reference 9) ; consequently the results for 
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this case are not of direct interest in a study of fully developed 
turbulence . The figures show that each of the thermal wakes possesses 
similarity well within the accuracy of measur ement . 

15 

All of the thermal wakes spread linearly in the measured range 
(figs. ~il, 22, and 23) . From Taylor's theory of diffusion by continuous 
movements, this simply indicates that, for the maximum downstream station 
studied, the Lagrangian correlation coefficient of the v - fluctuations 
has still not departed appreciably from unity. 

For a straight- line source a~ the jet axis, because of conservation 
of heat, it follows immediately f r om similarity and linear spread that 
the maximum temperature at a cr oss section in the wake 8max must 
decrease hyperbolically with increas ing downstream distance. 
Let eJBmax = ~(~), where ~ = ~/5 and 5 is some characteristic 
width of the wake, for example, the S at which ~ = 1/2; conservation 
of heat gives 

Constant 

where the mean-velocity changes are neglected . Then, 

where 

The same is true of the annular wake in the range of ~ so small 
that 5« r. 

( 6) 

Single traverses were also made behind a straight- line heat source 
for two other cases : 

(a) With the l ine s ~urce set perpendicular to r at a radius of 
1 inch, a temperature t raverse was made in the r-direction, 
at ~ = 1/2 inch (fig . 24) 

(b) With the line sourc~ set on a 
traverse was made perpendicular to r 
~ = 1/2 inch (fig. 25) 

diametral line, a temperature 
at a radius of 1 inch; 
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Temperature Fluctuations behind Local Heat Source 

As can be anticipated, the temperature fluctuations close behind 
a local heat sour ce ar e quite diffe r ent in nature f r om the velocity 
fluctuations at the same point or f r om the temper atur e and velocity 
fluctuations in a turbulent flow with over- all heat t r ansfe r . Since a 
suitable source produces no additional turbulence , 3 the velocity fluc 
tuations should be the same as in undisturbed flow . On the other hand, 
the "turbulent" thermal wake close to the sour ce must be simply a very 
narrow laminar thermal wake which is fluctuating in direction as v(t) 
fluctuates . Since all of the fluid outside of this unsteady laminar 
wake is of constant temperature and the tempe r ature fluctuations can 
only be positive , the gene r al char acter of the oscill ogr am of ~ ( t) in 
figur e 26 is understandable . These r ecords wer e taken about 3/8 inch 
downstream from the straight-line heat sour ce, and about 3/16 inch off 
the wake axis . All of the oscil logr ams wer e made wi t h insuffic ient 
compensation for the hot -wi r e thermal l ag , in or der to suppress the 
(high frequency) noise and thus permit the basic form of ~ ( t) to 
stand out . Fr om these two oscill ogr ams of u ( t) and check measur ements 
of the tu rbulence levels for the two cases, it appear s that the sour ce 
wire has made no appreciable change in the turbulence . 

Measur ements of the intensit y of the temper atur e fluctuations 
ac r oss a section at ~ = 0 . 4 inch a r e given in figur e 27 . In the same 
vicinity the values of u '/ V and VI/V ar e on the order of 20 percent . 
The extr emel y high values of ~' / e ar e not s urpris ing since the mean 
tempe r atur e difference is due only to the p r esence of the f l uctuation . 
Since the simple - resistance - thermometer theor y is based upon the assump 
tion of small fluctuations compar ed with absolute tempe r atur e (refer
ence 19) , it is expected that these measur ements a r e about as accur ate 
as the measur ements of much lowe r ~ '/e in the hot jet (refer ence 10) . 

ANAL YSIS OF RE SULTS 

Shear-Correlation Spectrum 

A ve r y convenient check upon the shear - spectrum measur ements can 
be gotten by the simple expedient of computing the total ( or "net") 
turbulent shear correlation coeffi c i ent (whi ch wa s al so directl y 
measur ed) f r om this spectrum and t he turbulent - ~nergy spe ct rum . Again, 
an elementar y Fourier ser ies t rea tment serves t o justify (not p r ove) 

3An i deal sour ce woul d also produce no ave r age moment um defect . 
However, as mentioned pr eviousl y, the momentum wakes of the l ocal sour ces 
were r elativel y so small as to be completel y undetectabl e a s c l ose as 
1/4 inch downstr eam . 
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the intuitive idea that the total correlation coefficient Ruv is 

simply a weighted average of the nRuv (i . e . , the cosines of the phase 
angles), weighted simply by the product of the square roots of the 
energy spectrums of u and v . The calculation is given in appendix B, 
and yields the relation 

Ruv ( 8) 

Unfortunately, 25 cycles per second is the lower limit of the 
measured frequency range, so that some extrapolation must be made to 
lower frequencies which contain much of the turbulent energy. Since no 
theoretical basis yet exists to guide this extrapolation (l ike the 
Von K~rman formula in the case of energy spectrums) , guesses had to be 
made as to the maximum and minimum of reasonable - looking extrapolation 
curves. These are plotted i n figure 28, along with the energy spectrum 
of the u-fluctuations. Since no spectrum of the v - fluctuations was 
measured, the expression actually used f or computing ~v is 

The best of the three extrapolations tried ( extrapolation CD) 
gives Ruv = 0.46, which is satisfactorily close to the directly 
measured value of 0 . 44, especially since ' there is no reason to suppose 
that the spectrum of the v - fluctuations is identical with the spectrum 
of the u-fluctuations, except in the range of local isotr opy. 

Velocity and Temper atur e Spectrums 

The one-dimensional spectrums of velocity and temperature fluctu 
ations , as plotted in figures 11 and 12, r espectively, are area
normalized; that is, they are defined such that 

100 

F1(k1 ) dkl = 1. 0 ( 10) 

100 

G1(k1 ) dkl 1. 0 (11) 
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However, the or iginal measurements were made on an absolute-value 
basis, so that the total fluctuation levels u'/U and ~I/e could 
be used as checks on the spectrums . The spectrums as measured 
were Fl* (nl) and Gl* (nl )' defined such that, ideally, 

r Fl*hl dnl u 2 

f G,*(n, l dnl = -8 2 

Integr ation of Fl* as indicated in equation (12) yielded the 
following : 

On the axis (r =O ) , 

(u ' jU = 0 . 22 , dir ectly measured) 

In the maxi mum- shear region ( r = 4 .0 cm) , 

~(r F,* dn1f2 = 0.52 
(u'/U = 0 . 40 , directly measured) 

( 12) 

( 1 3) 

Similar integration of the measured temper ature spectrum in the 
heated jet yielded the following: 

On the axis (r = 0), 

( -8 ' / 8 = 0 .18, directly measured) 

----~~--
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In the maximum- shear region (r 4.8 cm), 

0 . 41 

(-a 'Ie := 0. 36 , d i r ectly measured) 

On the jet axis, :"here c onventional small -perturbation hot -wire 
theory may still be moderately accur ate, the agreement is satisfac tor y . 

It should be noted in passing that these directl y measured values 
of ~'Ie are appreciably higher than those reported in refe rence 10 . 
No explanation for this difference is apparent . 

The l ongitudinal scale of u - fluc t uations is obtainable appr oxi 
mately from the power spectrum : 

( 14) 

which f ollows f r om the fundamental Four ier transformation, 

(15) 

in the limit kl --., O. 

An analogous treatment of a temperature-fluctuation field leads to 
an identical expression for the l ongitudinal scale of ~-fluctuations : 

( 16) 

Within the accuracy of measurement, t he longitudinal scale of u(t) 
was found to be the same on the jet axis and in the maximum- shear 
region : 

Lx 3.6 cent i meters 
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The same was true of the. longitudinal temperatur e scales in the hot jet : 

Ax = 2 .4 centimeters 

In all these computations the measured spectrums were extrapolated 
to zero wave number with a parabola, as first suggested by Dr yden 
(reference 21) . Approximately the same numerical values are obtained 
with the Von Karm~n f ormula illustrated in the plotted curves. 

In order to compare Lx in the unheated jet with Ax in the 

heated jet, Lx may be multiplied b y 1 .15, the jet-width ratio 
at x/d = 20 for these two initial temperatures (reference 10). The 
"corrected" Lx is then 4.15 centimeters . 

It must be recalled that the Fou r ier transformation relation 
between time spectrum and space corr elation would be exactly true only 
if the turbulent fluctuations at a point were due to pure rectilinear 
translation (by U) of a f ixed fluctuation pattern. For the free jet 
flow, the extremely high turbulence levels make such a transformation 
ver y uncertain . Therefore, equations (14) and (16) (and the r esulting 
s cale9) can only be consider ed as crude approximations. 

The l ongitud inal microscale, 

I- 2 ]1/2 
Ax = L Rx" (0) 

may also be computed approximately from the one - dimensional power 
spectrum, by 

1 
A 2 

x 

( 17) 

(18) 

(Primes signify differentiation when applied to cor relations and spe ctrums . ) 

Again, an analogous appr oach to temperatur e fluctuations gives 

1 

Z2 x 
(19) 
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Unfortunately, the high-frequency ranges of the Gl's are too 

uncertain to permit reasonable extrapolation and the use of equation (19), 
al though it can be seen from figure 13 that AX > LX' However, equa-

tion (18) has been used to compute the longitudinal velocity microscale. 
F i gure 29 is a plot of the integrand of equation (18) . The integration 
and appropriate computation give 

AX = 0.44 centimeter 

and the same value for both radial positions. 

Since the turbulence on the axis of such a jet seems to be rather 
isotropic (the experimental evidence is that uv = 0 and u ' ~ VI), 
the lateral microscale 

r. 2 Jl
/

2 

L Ry"( 0) 
( 20) 

is of the order OfAx/V2; that is , 

A ~ 0.31. centimeter 

With the assumption of isotropic turbulence on the jet axis, it is 
possible to compute the three -dimensional power spectrum F(k) from 
the one -dimensional spectrum Fl(kl). Heisenberg (reference 22) has 
given the inverse transformation 

F ( k ) = 1100 

F(k) ( k2 
1 1 4 k2 

k1 

and the desired F(F1 ) is readily found to be 

(21) 

( 22) 

A three-dimensional spectrum computed in this way is given in figure 30. 

L ____ _ 
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The corresponding spectral transformations for the three-dimensional 
isotropic fluctuation field of a scalar quantity (temperature, for 
example) are simply (reference 23) 

Gl(kl ) " ~ f G<;) dk ( 23) 

kl 

and 

G(kl ) = -2kl Gl '(kl ) ( 24) 

With the assum~tion of isotropic temperature fluctuations on the 
jet axis, equation l24) has been used to compute G(k). 

The three-dimensional velocity and temperature spectrums on the 
jet axis are very nearly the same - provided that the isotr opy assump
tion is reasonably good. The curve in figure 30, which shows the 
general nature of both F and G, is simply the transformation of the 
Von K£rm£n approximations to Fl and Gl . 

It must be recalled, however, that Fl is in the unheated jet, 

while Gl is in the heated jet. Although the results of references 9 
and 10 indicate no essential change in the detailed dynamics of jet 
turbulence as a result of moderate increase in jet temperature, there 
is an appreciable increase in jet width at a given x/d. As mentioned 
earlier, the width ratio between eo = 1750 and eo = 00 is about 1.15 
at x/d = 20. 

Transverse Correlation Functions 

The integral area under the velocity correlation function (fig. 15) 
may be considered to give a sort of lateral scale of turbulence in the 
jet, although the result is not associated with any particular region 
in the jet. The conventional expression, 

( 25) 

gives a scale, Ly 0.67 centimeter. 
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If a lateral temperature scale is defined in similar fashion, 

Ay ~ lW Sy( r) dr 

23 

( 26) 

then for the heated jet at x/d = 20 it turns out that hy 
meter from the function as given in figure 16. ' 

0.77 centi-

Appropriate comparison of these transverse scales may be had if Ly 
is multiplied by the jet-width ratio: 1 .15Ly = 0.77 centimeter, the 

same value as Ay. However, the two correlation functions that yield 

these net areas are still quite ·different in shape. The contrast is 
shown in figure 31 . Clearly, even though the net areas are identical, 
there is nonzero temperature correlation over appreciably greater 
distances. 

A rough approximation to the microscale of turbulence can be gotten 
by guessing at the osculating parabola for 6r = O. In this particular 
case "guessing" is more appropriate than "fitting," since the job is 
entirely extrapolatory in nature. Figure 32(a) shows the vertex region 
of Ry with the parabola that corresponds to 

"- = 1_ 2 Jl/2 = 0.28 centimeter L Ry"( 0) 

This value is in surprisingly good agreement with the 0 . 31 centimeter 
obtained from the power spectrum on the axis. In fact, the agreement 
must be regarded as fortuitous, since the aifference is appreciably less 
than the experimental uncertainty. 

If the temperature-fluctuation field is again considered analogously, 
the transverse microscale of temperature fluctuations (fig. 32(b)) is 

r. 2 ]1/2 
Z = C Sy"(O) 

For comparison, 1.15"- 0 · 32 . 

0.43 centimeter 

Mean Thermal Wakes behind Local Heat Sources 

( 28) 

The rate of spread of the thermal wake close behind a local source 
of heat was first used by Schubauer (reference 12) as a means of 
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measuring the intensity of l ateral velocity fluctuations V'/ U. A 
detailed discussion of this technique has been given b y Taylor (refe r 
ence 13) and need not be repeated here . The results of such a computa
tion, compar ed with direct x -meter measurements of v'/ TI, a r e as 
follows : 

r 
( f)wake ( ~' ) x -meter ( in . ) 

0 0 .18 0 .185 

1 . 22 . 20 

2 . 40 · 30 

The x -meter measurements were corrected for the effects of both u ' 
and uv upon the slightly unsymmetrical meter. 

It is possible to get some additional information about the fluctua
tion field by computation from the turbulent- heat - transfer equation . I n 
par ticular, an estimate of the distribution ~v ac r oss a section of the 
the rmal wake behind the line source may be made as follows. 

The steady tur bulent -heat- transfer equation for l ow velocity (negl i 
gible viscous dissipat ion to heat) , negligible molecular heat conduction, 
and constant denSity is, in Car tesian tensor notation, 

For the region in the immediate vicinity of the jet axis , assume 
that condi!ion~ approximat~ those in a ho~ogeneous field of turbulenc ~ ; 
that is, V = W = 0 and U = Constant = Umax . 

Then equation (29) becomes simply 

de d d 
U - '" - - ( ~u) - - ( ~v) 

max d ~ rv d ~ d~ 
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The assumption of small turbulence level implies -6 u «eUmax and 
hence 

- off 0 ( ) U ~~--:rv 
max as oS 

This would be a good approximation in turbulence far behind a gr id 
placed in a uniform stream, but is certainly r ather crude here. 

The final assumption, that of similarity in the thermal wake , is 
well supported by the exper i mental r esults . Then let 

where 6 is the standard deviation of the mean- temperature d i stribution , 
and, according to the theory of diffusion by continuous movements, is 
therefore proportional t o the standar d deviation of the probability 
density of v(t) as well . Spec i fically, for a small S in a homo
geneous turbulent flow, 

Similarity also implies that 

Equation ( 7) may be written 

v ' - s u 

Constant 

( say) (34) 

Then, with equations ( 32), ( 34), and (7a), equation ( 31) may be trans 
f ormed to 

dill ~ d ( T)f) == --
dT) ds dT) 

or, with equation ( 33), 
dill v' d 

( T)f) --- --
dT) - d Umax T) 
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Since v1umax is constant in this approximation, 

(1)( 11) == 
v' 

11 f(11) + Constant 

and the boundary condition, (1) o at 'f) 0, gives finally 

v' ~ e 

which is conveniently written in the form 

~~ 
e £ 

(38) e U 
max max max 

In figure 33 this function is plotted against s/£ for the traverse 
1/2 inch downstream from the straight -wire heat source, across the jet 
center. 

DISCUSSION 

Local Isotr opy 

The monotonic decrease to zero in shear correlation coefficient 
with increasing frequency seems to be decisive evidence for the exis
tence of local isotropy at sufficiently high Reynolds numbers. It is 
interesting to note that the spectral region of negligible shear 
(nl > 1000 cps in the present particular determination, for example_)_ 
contains onl y about 1.5 percent of the turbulent kinetic energy in u2 . 
Of course, this is by no means an indication of the importance of the 
existence of local isotropy in a turbulent shear flow. A more perti
nent comparison would be with figure 29, which shows in effect dissi
pation as a function of frequency. From this it appears that about 
90 percent of the diSSipation of turbulent kinetic energy to heat takes 
place in essentially isotropic turbulence. This permits the use of the 
Taylor expression for dissipation in isotropic turbulence (reference 24). 
Of course it also implies that the isotropic relation between longi 
tudinal and lateral microscales, \x == {2\, will be fa i rly accurate 

even in the region of high turbulent shear. Furthermore, it implies a 

----~---

I 

i 
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I 

I 

I 
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universal dimensionless spectr al function for 
the high- frequency region . For turbulence at 
appears that a univer sal part of the spectrum 
which is well beyond the point of slope - ~ . 
in this spectrum is just at kl = 1 .0 . 

27 

all turbulent flows, in 
this Reynolds number, it 
exists only for kl > 7 .9, 
In fact, the "- ~ point" 

At this point a few remar ks on the appropriate type of measurement 
for verification of local isotropy may be in order . In particular, a 
careful distinction must be made between the shear spectrum nRuv as 
presented in this report and the power spectrum of the randomly fluc 
tuating quantity uv which might be measur ed with a multiplying circuit 
followed by a frequency analyzer . 

Local isotropy specifies that restriction to a sufficiently small 
domain in a turbulent shear flow shows up isotropy in the various statis
tical properties that are studied within that domain . It implies that 
all three components of the frequency ( or wave - number ) vector must be 
large, and not merely the magnitude of the vector . Clearly then a good 
indication of isotropy is zero correlation between orthogonal velocity
fluctuation components ; this means that the highest - frequency parts 
of u, v, and ware uncor related with each other . Hence it is clear 

that if unvn decreases to zero, with increasing frequency, faster than 
the product un ' vn ' decr eases to zero , local isotropy exists . In terms 
of coefficient, this merely requi r es that nRuv decrease to zero 
eventually. 

Now consider the fluctuating quantity uv . In a turbulent shear 
flow uv f 0, so that uv consists of a direct - current component with 
superimposed random fluctuati ons . Since the conventional electronic 
techniques eliminate the direct current, the quantity to be analyzed 
would be uv - uv as a function of t i me . If local isotropy were 
present, the lower frequencies of u and v would be rectified in the 
multiplying process, and therefor e the oscillogr am and power spectrum 
of uv - uv would have relatively great emphasis on the high frequencies. 
In other words, if the naively measured power spectrum of uv were used 
as an indication of local isotr opy, it would show a trend opposite to 
that of unvn ; that is, it would decrease more slowly than the 
product un'vn

t In general, the measurement of nRuv seems like a 

much more specific and direct approach than the measurement of the 
power spectrum of uv . Presumably, a (somewhat more complicated) 
Fourier series discussion like that in appendix B could also be carried 
out for t:le power spectrum of uv . 
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Velocity and Temperature Spect rums 

The apparent identity o~ the veloci ty power spe ct rums Fl(kl) on 
the jet axis and in the region of maxi mum shear is only approximate and 
has been determined only down to kl = 0 . 1 . There still exi sts the 
possibility of measurable divergence in t he lowest wave - number range . 
The good degree of agreement indicates that , in diffusing f rom the region 
of maximum production (near the maximum- shear region) to the region of 
maximum dissipation (on the jet axis), the turbulent ki netic energy has 
not done any gros s mi gr ating in the wave -number space . 

On the other hand, the appar ent decided diffe r ence between temper
ature power spectrums measur ed on the axis and in the maximum-heat
transfe r r egion seems to indicate such a migr ation . However, the 
considerable scatter at the highest measured f requencies rende r s 
definite conclus ions impossible . 

Somewhat more specific conclusions can be drawn f r om the compa r ison 
between one - dimensional velocity and temperature spectrums . On the jet 
axis, for example, in spite of distinct diffe r ences between these t wo 
spectrums , it turns out that within the experimental scatter (which is 
considerable) the three - dimensional power spectrums may be much more 
nearly identical. The fact that they did in fact come out to be identi 
cal over a wide range of wave number when computed f r om the empir icall y 
fitted Von Karman formul a must certainly be regar ded as pure chance . 
This is true not onl y because of the experimental uncertainty , but also 
because these spect rums were measur ed in two similar but different flows, 
whose char acteristic lengths probably differed by 15 per cent . 

Kinematic and Thermal Scales 

From the extr apolated ze r o-wave - number intercepts of the one 
dimensional spectrums , the following l ongitudinal scales wer e obtained 
at x/d = 20 : 

Lx 4.15 centimeters 

Ax 2.4 centimeters 

This Lx is 15 percent gr eater than the unheated- jet value, to allow 
for the greater width of the heated jet . Thus, Lx/Ax = 1. 7 . In a 
homogeneous , isotropic field of velocity and temper ature f luctuati ons , 
it turns out (refer ence 23) that , if the thr ee - dimensional power 
spectrums of velocity and temperature are proport ional , Lx/~ = 1 . 50 . 

I 

J 
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It may also be noted that , if the measured ratio we re in an isotropic 

field, Ly = ~Lx and Ay = Ax , so that Ly/Ay = 0 .85 . The ideal value 

would be 0. 75 . Actually, the integrals of the transverse correlation 
functions Ry and Sy are considerably less than the scales that 
would be expected , according to these relations , in a homogeneous 
isotropic turbulence . 

On the other hand, the relative values of longitudinal and lateral 
kinematic microscales follow the isotropic r elation, Ax = V2A, at 
least within the experimental uncertainty . This is on the order of 
±25 percent in the case of the parabola "fitted" at the vertex of Ry . 

Unfortunately, the temperatur e spectrum on the jet axis is not 
extended sufficiently far t o permit computation of longitudinal micro
scale Ix there . The spectrums in figure 13 show only that Ix is 

considerably less than Ax; that is , Ix is considerably less than 
0 . 44 centimeter . It may be r emarked in passing that isotropy for a 
scalar quantity means equality of longitudinal and lateral correlation 
functions . The lateral mic r oscale , I = 0 . 43 centimeter, obtained by 
"fi tting" a parabola at the vertex of 8y seems of reasonable magni -

tude relative to 1 .15A = 0 . 32 centimeter . 

Transverse Correlation Functions 

Of course, the reason Ly and Ay as determined by integration 

of functions Ry and Sy are not re lated isotropically to Lx and Ax 

is that over most of the range of 6 r the probes are in decidedly non
isotropic turbulence. Thus, there is no reason to expect Ly = ~Lx 
or Ay = Ax , when Lx and Ax are computed fr om the spectrums . 

An examination of the behavior of these two symmetrically measured 
correlation functions shows that the r e is nonzero correlation over a 
considerable part of the jet, but that the relatively small scales result 
from the rather extensive r egions of negative correlation . This behavior 
is emphasized by a comparison of Ry with the corresponding function in 
s ome typical isotropic turbulence downstream of l-inch-mesh grid (refer
ence 25) . Figur e 34 shows the contrast clearly. 

It is conceivable that such an extended region of negative corre
lation is characteristic of tur bulent shear flow. However, until some 
on~ establishes this in a shear flow whose transverse extent is v~ry 
large compared with the maximum corre lation distance, it may be safer 
to guess that the "excess" amount of negative cor relation is simply due 
to a slight irregular waviilg of the jet as a whole . In reference 9 it 
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was assumed that, since Ry actually goes to zero at large values 
of 6 r} there is no over- all "whipping" of the jet . However, such a 
conclusion does not appear to be completely warranted. 

In the section entitled "Transverse Correlation Functions" under 
ANALYSIS OF RESULTS, it was found that in the heated jet Ly ~ Ay . On 

the other hand, it is well known that the lateral rate of transfer of 
heat is appreciably greater than the lateral rate of transfer of 
momentum, as was first found by Ruden (reference 26) from mean-velocity 
and mean - temperature measurements. Since diffusion is essentially 
Lagrangian in nature, while L and A are Eulerian scales, the above 
results are not necessarily in contradiction . The appreciably greater 
distance over which Sy f 0 ( as contrasted with Ry) may, however, be 

related to the fact that the mean thermal jet diameter is appreciably 
greater than the mean momentum jet diameter . 

Probability Density of v(t) and w(t) 

The mean- temperature distribution close behind the straight- line 
heat source on the jet axis is effectively symmetrical, and closely 
resembles a Gaussian curve in shape (fig . 20); this shows that the 
probabili ty density of v( t) on the axis is more or less Gaussian, a's 
in isotropic turbulence. 

The mean-temperature distributions close behind the two ring heat 
sources are decidedly skew . However, some of this skewness seems to 
be due simply to the curvature of the line sources. Therefore, the 
temperature distribution across the wake of a straight wire set tangent 
t o the circl e r = 1 inch was measured . Neglecting the effects of 
mean-velocity gradient , this curve (fig . 24) is proportional to the 
probability density of the radial velocity fluctuation v(t) in the 
shear region. It is seen to be slightly skew; the skewness factor 

S= R:1 -0 . 1 

is computed directly from this curve . The thermal wake measurements of 
Skramstad and Schubauer behind a line source in a turbulent boundary 
layer (reported in reference 15) show a skewness of 0.38 . The dif
ferences in sign and magnitude of these two skewness factors suggest 
lateral turbulence - level gradient as the cause . The gradients in v '/ U 
are of opposite sign in these two flows. 

-.-- ~---
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Calculation from figure 25 shows that the probability density of the 
tangential fluctuation w(t) is symmetrical. It may be noted that on the 
axis of such an axially symmetric flow there is no distinction between 
radial and tangential velocity fluctuation; hence figure 20 also applies 
to w(t) on the axis. 

Temperature Fluctuations behind Local Heat Source 

The extremely high temperature-fluctuation levels ({)'/~ > 1.0) 
encountered in the wake of the line heat source are easily understood 
from a brief consideration of the nature of the temperature field. 
Close behind the source, there is just a single narrow laminar thermal 
wake which is being blown in random deviations from the s-direction by 
the turbulent fluctuations. The gross turbulent thermal wake is simply 
the wedge-shaped region over which this relatively narrow wake wanders. 
Hence the total thermal signal at any fixed pOint in the gross wake 
consists simply of a series of pulses, where each pulse corresponds to 
an occasion upon which the laminar wake swept over the point. Obviously, 
the frequency of occurrence of pulses will decrease monotonically with 
increasing transverse distance from the center of the gross wake. 

If this type of temperature signal is represented schematically by 
periodic square pulses of height h, width j, and fundamental wave 
length T (fig. 35), then it can be easily deduced that the fluctuation 
level is 

where it is recalled that -a = e - e by definition . 

Two pulse spacings of interest are 

( 1) T = 2j; then -iJ '/e = 1.0 

( 2) T ~oo; then -a '/e ~ 00 

Hence, the measured results for () '/ e seem quite reasonable in 
both order of magnitude and in qualitative behavior across the gross 
thermal wake of the local heat source . 

The distribution of -av/BmaxUmax computed from the thermal wake, 
plus the availability of the measurements of () ' /emax and v'/Umax, 

suggests the computation of the heat - transfer correlation coeffi
cient ()v/{) 'v'. Unfortunately, when the results of figures 33 and 27 

. 1 

_J 
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are used, a part of the correlation- coefficient distribution reaches 
impossible values (slightly above unity) . It must be concluded that 
the absolute values of {JV / emaxUmax are too inaccurate f or such a 
computation. 

Sources of Error 

Aside from the specific instances mentioned earlier tn this 
section, the sources of experimental error are much the same as outlined 
on pages 27 to 28 of reference 10 . Additional uncertainties ar ise in 
the spectrum measurements, especially in the higher- frequency range, 
because of (a) rapid changes in the calibration of the sound analyzer 
(band peak re sponse against frequency, fig. 7) and (b) slight static 
friction of fluxmeter bearings . 

In gene r al, it should be emphasized that measurements by conven
tional ( small -perturbation) hot -wi r e anemometr y in a flow of this high 
level of turbulence cannot be considered as accur ate absol ute - value 
measurements . Even on the jet axis , where the level is a mi nimum and 
conditions are relatively steady, there is no reason to believe that 
absolute values are better than Withi~, say, ±10 percent of the "correct" 
values . However, relative behaviors are undoubtedly determined, and 
dimensionless measures of the type of correlation coefficients a r e more 
accurate than absol ute values. 

None of the measurements reported here have been corrected for 
finite length of hot -wi res . 

SUMMARY OF RESULTS 

From measurements in a r ound turbulent jet at room temperature of 
the shear correlation coefficient as a function of frequency, of 
velocity and temperature fluctuations with and without jet heating, 
and of the mean thermal wakes behind local heat sources , the following 
statements may be made: 

1. The Kolmogoroff hypothesis of local isotropy is verified for 
the shear flow in a r ound turbulent jet. This is concluded from the 
monotonic decrease to zero of the shear- correlation spectrum (unvn/un 'vn ') 
with increasing frequency n. 

2 . The one - dimensional power spectrums of longitudinal velocity 
fluctuations and of temperature fluctuations appear t o be basically 
different . 
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3. The three -dimensional power spectrums of velocity and temper
ature fluctuations on the jet axis seem to be r oughly alike - if the 
assumption of isotropy in this region be true. It may then follow that 
the difference in the one - dimensional power spe ctrums is a direct 
manifestation of the fact that velocity and heat are vector and scalar 
quantities, respectively. 

4. The ratio of longitudinal to lateral scale (for both velocity 
and temperature fluctuations) is considerably larger than would follow 
from isotropy. Longitudinal scales are measured on the jet axis , while 
lateral scales involve a traverse of most of the fully turbulent core 
of the jet. 

5. The ratio of longitudinal to lateral kinematic microscale on the 
jet axis is about equal to the isotropic v~lue. 

6. The longitudinal thermal mi croscale (from one - dimensional power 
spectrums) is less than the longitudinal kinematic microscale, but the 
lateral microscales (from c orrelation measurements) have the opposite 
relation; that is, the thermal is greater than the kinematic. 

7. The probability density of the radial fluctuation v(t) on the 
jet axis is effectively Gaussian. The probability density in the shear 
region is slightly skew . 

8. The temperatur e - fluctuation field in the wake behind a local 
heat source consists of a randomly waving narrow laminar thermal wake. 
Hence the temperature signal at a fixed point is a random-pulse type 
of function. Its fluctuation intensity is on the order of 100 percent 
on the center line, and increases toward the edges. 

The Johns Hopkins University 
Baltimore, Md . , August 17, 1949 
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APPENDIX A 

HEAT LOSS FROM A WIRE AT VARIOUS AMBIENT TEMPERATURES 

In figure 3 of reference 19 a rough check was made on the 
temperature-variation first term in King1s (reference 27) equation 
for the steady static heat loss from a cylinder perpendicular to a 
fluid stream, at low Reynolds numbers. The conventional form i s 

where 

and 

R 

2* 

d* 

k* 

p 

i 

A 
2*k* 

B 

wire resistance 

wire resistance at ambient fluid temperature 

wire resistance at 00 C 

wi re length 

wire diameter 

temperature coefficient of cbange of resistivity of wire 
material 

thermal conductivity of fluid at ambient temperature 

specific heat of fluid at ambient temperature 

density of fluid at ambient temperature 

current 

empirical constants 

~--- ---- ----

(Al) 

. I 
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In reference 19 the check on A as a function of temperature was 
made by assuming the second term in equation (AI) to be exact in its 
temperature variation. Then each measured calibration point at any 
velocity and temperature led to a value for A. 

The present check was carried out more completely; a full calibra
tion curve was run for each ambient temperature. From thiS, both A 
and B were determined. Figure 36 gives the results compared with 
King's predicted variation, using physical constants from reference 28. 
Each point corresponds to a calibration. The vertical line through a 
point obviously does not represent the over-all uncertainty; it simply 
shows the range of values that could be gotten by drawing different 
reasonable-looking straight lines through the same set of original 
calibration points. From the figure it can be seen that King's equation 
predicts the temperature variation of A quite well. The changes in B 

(the slope of the calibration line in the plot of Ri~Ra against Vlf) 
are so small that the experimental scatter is as great as the changes 
predicted for these temperature differences. 
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APPENDIX B 

MEASUREMENT OF SHEAR - CORRELATION SPECTRUM 

The two voltage signals from an ideal symmetrical X-meter are 

f3v 1 
f3v 

Suppose that the velocity fluctuations are periodic: 

00 

u ~ ~ cos (2rrnt + ¢n) 
n::::l 

v 

00 

~ bn cos (2rrnt + *n) 
n::::l 

(Bl) 

(B2) 

Of course, there would be no loss in generality if ¢n or *n were 

taken as zero . 

The quantity to be measured is 

nRuv (B 3) 

For two simple harmonic functions the correlation coefficient is simply 
the phase angle . Thus, 

Substitution of equations (B2) into equations (Bl), followed by 
trigonometric transformation, gives 

00 

el = ~ ~aau cos ¢n + f3bn cos *n ) cos 2rrnt -
1 

(aau sin ¢n + f3bn sin *n ) si~ 2rrntJ 

(B4) 

(B5a) 
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00 

~ [(aan cos ¢n - ~bn cos ~n) cos 2~nt -

(~ sin ¢n - ~bn sin ~n) sin 2~ntJ (B5b) 

When these two signals are put separately through a narrow band
pass filter that passes only the nth harmonic, the two output voltages 
may be represented as 

(~ sin ¢n + 0b n sin ~n) sin 2~ntJ (B6a) 

(aBn sin ¢n - ~bn sin ~n) sin 2~ntJ (B6b) 

where K is an attenuation factor. 

For brevity, write 

K(An cos 2~nt - Bn sin 2~nt) (B6c) 

K(Cn cos 2~nt - Dn sin 2~nt) (B6d) 

These filtered signals go next into the vacuum-thermocouple unit, 
which puts out the mean-square values, 

1 -- ---,.,----
-- e 2 = ~2 cos2(2~nt) _ 2AnBn cos (2~nt) sin (2~nt) + 
K' n 1 
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where K' is an over-all attenuation factor. 

But, cos2 ~ sin2 ~~, and cos sin ~ 0, over a large number of 

wavelengths. Thus, 

Then, within the approximation, 

(B8) 

and when the expressions for A, B, C, and D are substituted, it 
turns out that 

(B9) 

The necessity of determining ~ and ~ is ordinarily avoided with 
a symmetrical meter, if only the correlation coefficient is required. 

The sum and difference of the two wire voltages are 

2~u 

00 

2~ ~ an cos (2nnt + ¢n) 
1 

00 

213 L bn cos ( 2nnt + *n) 
1 

(B10) 
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Filtering gives 

2Kasn cos (2rrnt + ¢n) 

Passage through the vacuum thermocouple give s 

(Ell) 

Combination of equations (Bll), (B9), and (B4) gives the final 
result: 

(B12) 

The computation of total-shear correlation coefficient from shear
coefficient spectrum suggests itself as a useful check possibility: 

Ruv = uv/ u'v' (B13) 

with the Fourier ser ies for u and v , 

(B14) 
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and the instantaneous cross product can be transformed to 

uv = ~ ~ anbm(cos ¢n cos 2~nt - sin ¢n sin 2~nt ) X 
n=l m=l 

(COS ~m cos 2~nt - sin ~m sin 2~t ) 

The time average of this expression is 

or 

Thus, 

uv = 

(Xl 

u'v' ~v = ~ L aubn nRuv 
1 

In terms of the Fourier coefficients, 

(B15) 

(B16) 

But nF u 2 "n i~ "n 2 and nF v 2 bn 2/>: bn 
2 

are s imply the nonneli zed 

one -dimensional energy spectrums of u and v, respectively. Therefore, 

<Xl 1/2 
Ruv ::: L ~Fu nFv) nRuv 

n=l 
(B17) 

- I 
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Figure 2. - The jet unit. 
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(b) Modified output circuit. 

Figure 6 .- Modification of Gene ral Radio Type 760 -A Sound Analyzer. 
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Figure 24 . - Temperature behind line sou:rce of heat in unheated jet. x/d = 20; ~ = 1/2 inch. Line source 
set perpendicular to r at a radius of 1 inch. Traverse made in r -direction. 
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Figure 25 . - Temperature behind line source of heat in unheated jet. x/d =: 20; g =: 1/2 inch. Line source 
set on a diametralline . Traverse made perpendicular to r at a radius of 1 inch. 
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Figure 26 . - Oscillograms of velocity and temperature fluc tuations . 
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Figure 27. - Temperature fluctuations behind line source of heat in center of unheated jet. xl d 20; 
t = 0.4 inch. 

~ 
~ 

~ 
f\) 
f-' 
f\) 

+=-

-.;J 
f-' 



1.0 /g) 
Computed: Ruv 

~~\\ 
Extrapolation CD 0 .52 

® .50 

® .46 
' \ 

S 0{- - ,~ ,.-i Directly measured .44 
~ 

~ .6 
~ 

u 
~ 

~ .4 ~ 
~ 

.2 

~ 
ot 1 1 .1 II ! 
o .4 .8 1.2 1.6 2.0 2.4 2.8 3.2 

Wave number, kl ~ 27ffi1/U, cm-1 

Figure 28 . - Shear spectrum and power spectrum in I - inch unheated jet at x/d 20 in region of 
maximum shear. 
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Figure 29 . - Viscous dissipation and microscale " on axis of l-inch jet . x/d = 20 ; ~ = roo kl
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" Jo " = 0.31 centimeter. 
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Figure 30 ,- Gener al nature of three-dimensional spectrums on jet axis . x/d 20 . 
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Figure 31. - Comparison of transverse correlation functions . 1-inch heated jet. 
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(b) Lateral microscale of -a-fluctuations . 

Figure 32. - Estimates of microscales . 1-inch jet. x/d 20 . 
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Figure 33. - Thermal wake behind straight - line heat source. Temperature -velocity correlation computed from 
a/emax. ~ = 0.5 inch. 
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Figure 34 . - Transverse velocity correlation functions . Ry = ill u2 P in r ound jet; g = ill U2/~ in 

isotropic turbulence. 
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Figure 35. - Simulation of temperature signal close behind local heat source. 
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