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Abstract-Cross-spectra of turbulent heat and momentum transfer in fully developed pipe flow of air 
are used to examine the similarity between the two processes. Results taken at a Reynolds number (based 
on pipe radius and centre line velocity) of 34 700 indicate that the low wavenumber components which in a 
previous study showed a high correlation between heat and momentum. are very ineffective in the transfer 
of these quantities from one fluid layer to the next in the wall region but become increasingly effective in 
the core flow. The mechanisms of the two transfer processes as measured by the spectral cross-correlation 
coefficients are found to be very similar in the energy containing range of wavenumbers. Local isotropy is 

approached by the velocity field at lower wavenumbers than by the temperature field. . 
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NOMENCLATURE 

radius oftube = 2.67 in. : 
specific heat at constant pressure 
[Btu’lb‘F] : 
fraction of energy of z associated 
with k ,, = u(k,):z: 
fraction of energy of i?F associated 
with k ,. = ‘i,TqjTQ;;S: 
fraction of energy of ? associated 
with k,. = m/p: 
friction factor: 

r, 

cient between c and S at k,. 

= ~6(k,iJ~J~FFJJ :’ 
static temperature [ F] : 

one-dimensional wavenumber, 
[ft-‘1: 
wall heat flux [Btuh .Fft’] ; 
Reynolds number based on bulk 
velocity and tube diameter: 
Reynolds number based on velocity 
at centre line and radius of tube: 
total cross-correlation coefficient 
between u and c: 
total cross-correlation coefficient 
between t’ and 6 : 
spectral cross-correlation coeffi- 
cient between u and 2’ at k,. 

= u(kl)l,rnJ‘rn: 
spectral cross-correlation coeffi- 

Li”’ minimum static temperature at a 
given value of x [‘F] : 

t W- wall temperature [‘F] : 
t 17 friction temperature = q~/pc,Ij, 

[OF]: 
u, longitudinal velocity fluctuation 

(positive in stream direction) [ft s] : 

u, local mean velocity [ftis] ; 

u,. friction velocity = DJtf:2) [ft .‘s] : 
0, bulk velocity [ftis] ; 
11, normal velocity fluctuation (posi- 

tive towards the wall) [ftis] : 
X. stream-wise distance [ft] : 
?; radial distance from wall [in.] : 
.I-+. non-dimensional distance from 

wall = ~V,.T. 
Superscript 

denotes time averaging. 
Subscripts 

a, pipe radius; 
4 c, velocity fluctuation: 
6. temperature fluctuation : 
0. condition at centre line. 
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Greek letters 

W,), fraction of energy of Fz associated 
with k I, = F(k,)l‘dr; 

4 stream temperature fluctuation 
[‘Fl ; 

AT, t, - t [“F] ; 

8, rate of viscous dissipation ; 

% Kolmogorov microscale ; 

?a, temperature field microscale : 

V, kinematic viscosity [ft’/s] : 

P1 mass density [lb/ft3] . 

INTRODUerJON 

THE CALCULATION of turbulent heat transfer 
has been a challenging problem for many years. 
Reynolds analogy which assumes similarity 
between heat and momentum transfer has been 
applied successfully in simple cases such as fully 
developed turbulent flow with Prandtl number 
near unity. Although this analogy yields reason- 
able engineering results it reveals no details 
concerning the physical processes and until a 
better understanding of these is available no 
great improvements in heat-transfer calcula- 
tions can be expected. 

Two distinct pieces of information are re- 
quired. Firstly, an appreciation of the structure 
of the velocity field must be obtained and 
secondly, the inter-relation between heat and 
momentum transfer must be understood. In 
order to determine some aspects of the latter 
process, measurements of the relationship be- 
tween the velocity and temperature fluctuations 
were made in fully developed, turbulent pipe 
flow. Those concerning the relationship between 
the longitudinal velocity and temperature fluc- 
tuations have already been reported [I] where 
it was shown that the low wavenumber com- 
ponents are highly correlated whereas at higher 
wavenumbers the correlation reduces rapidly 
with increase in wavenumber. Thus at the low 
wavenumbers the velocity and temperature 
fields are almost identical. The dominant pro- 
cess, therefore, is one wherein the low momen- 
tum fluid coming from the heated wall is also 

hot fluid. This in turn displaces high momentum. 
cold fluid which, if it convects towards the wall. 
will result in the reverse process. If the two 
processes occur at almost all times then a near 
perfect correlation between heat and momentum 
is obtained as is the case at the low wave- 
numbers. At the higher wavenumbers the 
process is considerably less organized so that 
high momentum fluid is not always cold fluid 
and vice versa, thus resulting in a considerably 
lower correlation between longitudinal velocity 
and temperature fluctuations. 

Although the flow processes are more random 
at the higher wavenumbers, mathematical pre- 
dictions of the velocity and temperature spectra 
are more straightforward. A comprehensive 
survey and extensions of spectral forms in the 
universal range of such spectra are available 
[2, 31. Except for the work of Tschen [4] for 
velocity fluctuations, no comparable predic- 
tions exist for the lower wavenumber ranges 
which actually contain the majority of the 
turbulent energy and hence can also be expected 
to make the major contribution to the turbulent 
diffusion processes. Predictions in the energy 
containing range of the spectrum are more 
difficult because of the larger number of 
variables which influence the processes. A useful 
step is, therefore, an experimental investigation 
of aspects of the relationship between the 
turbulent velocity and temperature fields, especi- 
ally, in the energy containing range of wave- 
numbers. It is the aim of this paper to present 
such data, for fully developed pipe flow with 

constant heat flux, the emphasis being on the 
turbulent momentum and turbulent heat trans- 
fers directly, This involves the normal velocity 
fluctuation which should be of prime interest. 
since, in a parallel flow, it is the only flow 
component which can convect heat or momen- 
tum from one stratum of fluid to another. 

Data examined include spectra of the longi- 
tudinal (u) and normal to) velocity fluctuations. 
fluid temperature fluctuations (6), cross-spectra 
of uu and UC? and total and spectral cross- 
correlation coefficients R,,,, Rcdr R,,.tk, ), R,.&k ,I 
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where k, is the conventionally defined one- 
dimensional wavenumber based on angular 
frequency and local mean velocity. The measure- 
ments were made with the lowest possible heat 
flux so that the commonly assumed flow 
condition of no change in the velocity field 
under heat addition would be approximated as 
closely as possible. Also, all fluctuating velocity 
and temperature data were taken simultaneously 
so that any changes in the velocity field would 
be detected and not lead to a false interpretation 
when comparing say uu and US cross-spectra 
since the former could, of course, be obtained 
under conditions of no heat addition. 

Detailed data are presented only for Re = 
54500 (Re,, = 34700) but similar results were 
obtained at Re = 148000 (Reo, = 91500). The 
velocity and temperature signals and experi- 
mental conditions are the same as reported 
previously [l], but now include the normal 
velocity fluctuation which was omitted from the 
previous data. 

EXPERIMENTAL APPARATUS 

The working section of the wind tunnel con- 
sisted of a horizontally mounted 5.34 in. id., 
O-375 in. wall thickness, 29 ft 8 in. long extruded 
aluminium tube through which air was forced 
by a centrifugal fan. A settling chamber designed 
to eliminate swirl and large scale turbulence 
generated by the fan and associated diffuser, 
separated the latter from the tube. In order to 
promote flow development a screen and bound- 
ary layer trip were placed at the entrance to the 
tube. The last 17 ft 2 in. of the tube were heated 
with 0125 in. dia heating cable wound around 
the outside of the tube into grooves machined 
for the purpose. 

Traverses were performed 1 ft 9 in. from the 
downstream end of the tube by introducing 
probes radially through the tube wall. The 
critical dimensions were, therefore, 28 tube 
diameters of unheated flow and 35 tube dia- 
meters of heated flow which, as expected from 
available literature, was showh to produce fully 

developed flow at the traversing plane. The 
heating method used produced uniform heat 
flux which in turn gave a linear wall temperature 
gradient. A guard heater and appropriate 
thermal insulation were also provided to ensure 
no heat losses to the surroundings. For the low 
heat inputs of the present experiments a.c. 
heating was used the heat input being measured 
with a precision wattmeter. 

INSTRUMENTATION 

Hot wire anemometers were used as sensors 
in a three wire array which consisted of a con- 
ventional X-meter and a third wire placed at 
right angles to the plane of the X-meter. The 
X-wires were operated at the highest tempera- 
ture which still gave rigid wires (thermal ex- 
pansion at high wire temperatures can be quite 
serious). These wires, termed velocity wires, 
responded predominantly to velocity fluctua- 
tions. The third wire, the temperature wire, was 
operated at a very low wire current and, there- 
fore, responded mainly to temperature fluctua- 
tions. This wire was placed O-012 in. upstream 
of the geometric centre of the X-meter. 

In order to minimize any interference from 
the temperature wire on the X-meter and also 
to get the best possible signal to noise ratio at 
the low wire temperature, a O-o001 in. dia x 
0056 in. tungsten wire with copper plated ends 
was used. At the velocities reported, the wire 
Reynolds number for this wire .was less than 1.3 
and that of the plated ends less than 10. This was 
found to give negligible flow interference. 
Lateral separation between the inclined wires of 
the X-meter was O-015 in. The velocity wires 
were of Oooo4 in. dia x O-055 in. platinum-rho- 
dium-ruthenium alloy (Sigmund-Cohn type 
851) which is extremely stable both dimension- 
ally and electrically. 

The anemometer units consisted of Flow 
Corporation Model HWB constant current 
bridges each followed by a DC offset network 
and a Preston Model 8300 high gain, low noise, 
wide band, d.c. coupled, differential amplifier. 
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The normal open loop compensation for the 
time constant of each wire was achieved wi{h a 
combination of EAI 231R analogue computer 
amplifiers and Tektronix type 3A8 operational 
amplifiers used for low noise, wide bandwidth 
differentiation. 

For signal r.m.s. values or cross-correlation 
measurements, squaring or multiplication and 
integration were carried out on the analogue 
computer, which allowed any desired integra- 
tion time to be used. The above signal amplifica- 
tion system gave exceptionally good long term 
stability with minimum signal distortion. 

available published ones, but as seen from Fig. 
l(a) a small amount of distortion of the profile 
due to buoyancy was encountered. Friction 
factors as obtained from axial wall pressure drop 
measurements in isothermal flow agreed with 
the Blasius relationship which was used for all 
subsequent calculations of U,. Measured Nusselt 
numbers agreed with the Dittus and Boelter 
correlation. 

Spectral measurements were obtained by 
recording signals proportional to u and 6 on a 
Tolana FM tape recorder. Two Bruel and 
Kjaer type 2107 constant percentage band- 
width analysers were used for filtering the 
signals but signal squaring and averaging was 
again performed on the computer. In order to 
cover the desired frequency range it was 
necessary to record the’ signals at two different 
speeds-once at 15 i.p.s. and then at 1;. i.p.s. 
Replay was always at 15 i.p.s. For the long 
integration times and filter widths used, the 
normalized standard deviation of spectral results 
was 10 per cent at the lowest frequency and 
decreased to l-2 per cent at the highest fre- 
quency. The frequency response of the combined 
hot wire amplification and signal processing 
equipment was flat to within 2 per cent up to 
2 kHz which was quite adequate. A simple R-C 
filter with a 2 s time constant was used to 
remove any d.c. levels prior to signal processing. 
No error was produced by phase effects as care 
was taken to use phase matched signal channels. 
Analyser noise bandwidths were 10.5 per cent of 
the centre frequency. 

Longitudinal and normal velocity and stream 
temperature fluctuation intensities are shown in 
Fig. l(b). It is seen that velocity fluctuation 
intensities for the unheated and heated flows 
agree well indicating that the small amount of 
buoyancy did not seriously alter the flow 
pattern. 

The correction procedure applied to the hot 
wire anemometer signals in order to obtain true 
velocity and temperature signals is outlined in 

[Il. 

Turbulent momentum transfer (UV) and R,, 
results are shown in Figs. 2 and 3 for both un- 
heated and heated flows. The calculated curve 
is based on the velocity distribution in the un- 
heated flow. It is seen that, for the unheated 
flow, measured and calculated momentum trans- 
fers agree except near the wall where spatial 
resolution due to wire separation and wire 
length has reduced the measured values. Effects 
due to the latter can be readily assessed [5] and 
results indicate that. although % is reduced 
considerably, the correlation coefficient, R,,, is 
not affected to the same extent. The data for the 
heated flow show some deviation from the 
expected proliles but this is due to flow distor- 
tion by the added heat. This is readily seen from 
the measurement at the centre line where zero 
correlations were obtained in the. unheated flow 
but finite values in the heated tlow. Comparison 
with mean velocity profile data has shown that 
the zero value of ;;j and hence R,, does, however, 
still occur at the point of zero slope of the mean 
profile. The fact that a zero correlation was 
obtained at the pipe centre line for the unheated 
flow also means that accurate separation of the 
u and u velocity components from the X-wire 
signals was obtained. 

EXPERlMENTAL RESULTS Measured values of the correlation coefficient 
Radial temperature profiles agreed well with between the normal velocity and temperature 
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FIG. 2. Comparison of measured and calculated radial momentum transfer. 
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FIG. 3. Turbulent momentum and heat transfer correlation coefficients. 

fluctuations are also shown in Fig. 3. These are SPECl’RA OF NORMAL VELOCITY AND 
remarkably similar to R,, which indicates a TEMPERATUX& FLUCTUATIONS 

high degree of similarity between heat and Presentation of spectra follows the method 
momentum transfer and agree with the data of of [l], viz., the use of linear-log plots rather 
Bourke and Pulling [6]. than the log-log plots which are frequently used 
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in turbulence work. It should also be noted that 
this method of plotting spectra is extremely 
sensitive to small changes compared with the 
generally used log-log plot. 

Spectra of the normal velocity fluctuations 
for the unheated and heated flows are shown in 
Fig. 4 for various radial positions in the pipe. It 
is seen that the spectra for the two flow situa- 
tions are very similar except for a consistent 
shift of energy to the lower wavenumber range. 
This is attributed to the action of buoyancy in 
the flow which would be expected to introduce 
low wavenumber components resulting in a 
slight distortion of the spectra in the manner 
shown. Identical trends were found with the 
spectra of longitudinal velocity fluctuations [l]. 
The spectra are normalized so that the small 
changes in total fluctuation energy (refer Fig. 
l(b)) do not confuse the spectral shifts. Corres- 
ponding spectra of temperature fluctuations are 
also shown in Fig. 4. The latter are quite 
different from those of the normal velocity 
fluctuations but as found in [ 1 J are very similar 
to the spectra of the longitudinal velocity 
fluctuations as would be expected from any 
analogy between heat and momentum transfer. 
This will be further emphasized. by the spectral 
correlation coefficients. 

The significant results are that the bulk of the 
normal velocity fluctuation energy is concen- 
trated at higher wavenumbers than that of the 
temperature fluctuations and that the normal 
velocity fluctuation spectra are almost identical 
and single peaked at all radial positions, whereas 
the temperature spectra show a distinctive 
change from the core region through the log- 
layer and towards the edge of the buffer layer. 

cR0!3!?6PEcIluL REsuLlB 

Two types of cross-spectral data are con- 
sidered-the cross-spectra C,#,), C,&) and 
the cross-spectral correlation coefficients R,,(k,) 
and R&). From the cross-spectra it is possible 
to assess in which wavenumber range the 
majority of the turbulent transport takes place. 

It is this region which is of interest from an 
engineering viewpoint. Spectral correlation co- 
effrcients, on the other hand, give information 
regarding the transfer mechanism. The two 
quantities are related but depend on the 
velocity and,/or temperature fluctuation spectra 
so that a high correlation of two spectral com- 
ponents does not necessarily mean that a large 
amount of momentum or heat transfer takes 
place at this wavenumber. The cross-correlation 
coefficient can, in fact, be thought of as an 
efficiency of mixing or degree of interaction 
between layers of fluid of different velocity or 
temperature. 

Cross-spectra of turbulent momentum and 
heat transfer at various radial positions are 
shown in Fig. 5. Included are values of C,,(k,) 
measured in the unheated flow to show that heat 
addition has altered the flow to a small extent. 
The results show that the cross-spectra of 
momentum and heat are quite similar at most 
points in the flow. The major contributions to 
both processes are in the same wavenumber 
regime and most important perhaps is the fact 
that the processes occur over a considerable 
range of wavenumbers rather than in a narrow 
band From these results it could be hypothesized 
that heat and momentum are transferred in an 
identical manner. However, this is incorrect 
since the only,aspect which has been shown to 
be similar is the contribution each wavenumber 
band makes to the total turbulent transfer. 

Spectral correlation coefficients are shown in 
Fig. 6(a). Several sign&ant trends are observed. 
In the bulk of the flow a steady decrease in 
cross-correlation for both U-U and ud occurs 
as wavenumber increases. This is consistent 
with the generally accepted notions that feeding 
from the mean flow involves only the larger 
eddies which in turn feed energy to the smaller 
ones so that anisotropy occurs at low wave- 
numbers and isotropy is approached at high 
wavenumbers with a consequent vanishing of 
spectral correlation coefficients. Near the wall 
the opposite trend is found. Although measure- 
ments were taken only to y+ = 52, the trends 
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FIG. 4(a). Spectra of normal velocity and temperature fluctuations. 

clearly show that if measurements were taken spectral data of Figs. 4 and 5 indicate that as the 
even closer to the wall the correlation coefficient wall is approached, the contribution of the low 
of the low wavenumber components would wavenumber components, as measured by the 
decrease even further whereas correlation co- cross-spectra CJk,) and C,,,(k,), decreases 
effrcients of the higher wavenumber com- markedly towards the wall with the result that 

ponents would remain at significant values the transport processes take place over a much 
probably right to the sublayer. Thus the large smaller wavenumber range than may be assumed 
flow components (small wavenumbers) have a from u, v and 6 spectra alone. This extrapolation 
small degree of interaction between fluid layers has, in fact, already been verified [7] for turbu- 
of different velocities or temperatures whereas lent momentum transfer in fully developed. 
the smaller scale components show the opposite isothermal flow and since the correlation bc- 
trend. Extrapolation of these results and the tween u and 6 increases towards the wall [l] it 
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FIG. 4(b). Spectra of normal velocity and temperature fluctuations. 

follows that the extrapolation also holds for 
non-isothermal flow as suggested. 

Figure 6(b) shows a comparison of spectral 
momentum cross-correlation coefficients as 
measured in the unheated and heated flows. The 
distortions at the centre of the pipe and at the 
pipe wall at very low wavenumbers are again 
noted. In the essentially undisturbed region, 
O-2 < 4”~ < 07, the two sets of data agree well. 

The other important aspect of the results is 
that at the higher wavenumbers. R,,.(k,) and 

&&cl) are still quite high even though the 
turbulent energy content as seen from the 
spectra of the individual turbulence com- 
components is small. Isotropy is, therefore, 
approached only very slowly and certainly does 
not exist in the wavenumber range examined. 
Although microscales were not measured, the 
present spectral data can be placed in perspective 
with the aid of established empirical flow para- 
meters [8] and [9] which are shown in Table 1 
for the present case. 
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Table 1. Viscous and conductive cut-offs, Re,, = 34700 

y/a 
1 1* 

&al U: k, = k,, = - 

rl % 

cft-‘) (ft-‘) 

0843 1170 1.08 1000 830 
@188 260 5.36 1600 1230 

Since viscous and conductive effects become 
significant at 0*1/q and O-l/q,, respectively [S], 

it is seen that for the flow investigated a very 
small to negligible universal spectral range can 
be expected as the energy containing range 
extends to at least k, = 50 ft- I. This is con- 
sistent with the existence of significant values of 
R&J and R,,(k,) even at k, = 100 ft- ’ (Fig. 
6(a)). The values in Table 1 are therefore only 
approximate. 

Although the conduction cut-off occurs at 
lower wavenumbers than the viscous cut-off. 
replotting the results of Fig 6(a) as in Fig 7 
shows that the velocity field approaches local 
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FIG. S(a). Comparison of turbulent heat and momentum transfer cross-spectra. 



TURBULENT HEAT AND MOMENTUM TRANSFER 2151 

90 z 0.186 

y i 0.51n. 

y’ i 260 

Y’ = 270 lsotl?ermal 

x c&w (k,) 
+ C”S Ck, 1 
l C,,, (k, ) isothermal 

Wovenumber, k,. ft-’ 

= 0.037b 

S O.lOm. 

= 52 

i 5.4 Isothermal 

Wavenumber. k, , ff’ 

FIG. S(b). Comparison of turbulent heat and momentum transfer cross-spectra 

isotropy at smaller wavenumbers than the 
temperature field. This is consistent with the u 
and 6 spectra [l] from which it is seen that the 
energy containing wavenumber range or range 
where interaction with the mean field takes 
place occurs at higher wavenumbers for the 
temperature field than for the velocity field. 
Figure 7 also shows that if the spectral correln- 
tion coefficients are accepted as a measure of 
the transfer mechanism or effectiveness, then 
heat and momentum are transferred almost 
identicaIly in the wall region, particularly in the 
energy containing range of wavenumbers.‘How- 

ever, heat is transferred more effectively than 
momentum in the core of the flow. 

OTHER REYNOLDS NUMRERS 

Similar measurements were made at Re = 
148000 (Reo, = 91500). The results followed 
those at the lower Reynolds number but slight 
flow interference from the temperature wire or 
its supports resulted in some errors in the 
velocity spectra. No measurements were made 
at lower Reynolds numbers than the one des- 
cribed but it is known from velocity spectra 
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FIG. 6(a). Turbulent heat and momentum transfer correlation coefficients. 

- +R,, I k,), heated Re,, = 3L700 - smooth tube ffl * ft- 

10 
----tR 

i Y ( *,I. Isothermal Reoo = 36 100 - smooth tub@ 
a 1-O 

0 I 1 I I , .-I . . 

01 0.2 0.3 04 0.5 0.6 0.7 O-6 0.W 

-02 L 

FIG. 6(b). Comparison of isothermal and non-isothermal momentum transfer correlation 
coefficients. 

[lo] that below Re = 22000 (Re,, = 17ooO), turn transfer processes are still similar, it follows 

spectra of the longitudinal velocity fluctuations that the temperature fluctuation spectra will 

do not exhibit the characteristic double peaks follow the same trend. Direct comparison of 

found at higher Reynolds numbers in the log- such lower Reynolds number flows with the 

layer regions. Assuming that heat and momen- present results is, therefore, not possible as 
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FIG. 7. Ratio of turbulent heat and momentum transfer spectral correlation coefficients. 

cross-spectra are, undoubtedly, also affected by 
the change in flow behaviour. Cross-spectral 
correlation coefficients should, however, be 
unaffected but this is subject to experimental 
verification. 

CONCLUSIONS 

Interpreting the spectral correlation co- 
effrcients, R,&k,) and RJkJ as a measure of 
the flow mechanism, the results show that for 
fully developed pipe flow, heat and momentum 
are transferred identically in the energy con- 
taining range of wavenumbers of the wall 
regions but that in the core regions the heat 
transfer process is more effective. 

The measurements illustrate that the domi- 
nant part of the turbulent transfer process 
occurs over a large range of wavenumbers. 
Spectral cross-correlation coefficient measure- 
ments also indicate that in the core of the flow a 
steady trend from a high degree of anisotropy 
to local isotropy takes place with increasing 
wavenumber. At the wall a significantly different 
situation exists. In this region the low wave- 

numbers show very little correlation and the 
higher wavenumbers in the energy containing 
range tend towards higher correlations before 
reducing again at still higher wavenumbers. The 
relative roles or mechanisms of heat and 
momentum transfer are, however, unaffected. 

From published empirical data it is shown 
that a universal wavenumber range could not 
be expected and this was confirmed by the 
spectral cross-correlation measurements. The 
latter also showed that local isotropy is 
approached at lower wavenumbers for the 
velocity field than for the temperature field even 
though the viscous cut-off occurs at higher 
wavenumbers than the conductive cut-off. 
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MESURES SPECTRALES DU TRANSFERT TURBULENT DE CHALEUR ET DE 
QUANTITI~ DE MOUVEMENTP~UR UNBCOULEMENT ETABLI DANS UNTUBE 

R&mm&-On a pro&& B des mesura spectrala de transfert turbulent de chaieur et de quantitb de mouve- 
ment pour un koulement d’air 6tabli dans un tube afm d’ttudier la similitude entre ies deux mkanismes. 
Des r&hats, obtenus g un nombre de Reynolds (ba& sur le rayon du tube et la vitesse au centre) de 
34700, montrent que les composantes B faible nombre d’onde qui montraient dans une etude prCtdente 
une haute corrilation entre chaleur et quamitt de mouvement, sont sans efficaciti dans le transfert de ces 
quantitb d’une couche fluide & l’autre p&s de la paroi, mais deviennent progressivement efficaces au coeur 
de I’&coulement. Les mbcanismes des deux processus de transfer& mesur&s par lea coefficients de corrilation 
spectrale, sont tr&s semblables dans la gamme des nombres d’onde contenant I’tnergie. L’isotropie locale 
est mieux approch&e par le champ des vitesses aux plus faibles longueurs d’onde que par le champ des 

temptratures. 

SPEKTRALMESSUNGEN DER TURBULENTEN WARME- UND IMPULSUBERTRAGUNG 
IN VOLLAUSGEBILDETER ROHRSTRC)MUNG 

ZmwKreuzspektra der turbuienten WBrme- und Impulsiibertragung hei vollausgebildeter 
Rohrstramung fiir Lufi werden herangezogen, um die ;ihnlichkelt zweier Prozesse zu priifen. Die hei einer 
Reynolds-Zahl (gehildet aus Rohrradius und Geschwindigkeit Igngs der Rohrmitte! von 34 700 erhaltenen 
Ergebnisse we&n darauf hin, dass die niedrigen Wellenzahl-Komponenten, welche in einer ffiheren 
Untersuchunge eine grosse Korrelation zwischen W&me und Impuis erkennen liessen. filr die Ubertragung 
dieser Grassen von einer Flfissigkeitsschicht zur niichsten in Wand&he unwirksam sind, aher in der 
Kemstriimung zunehmend wirksam werden. 

Die Mechanismen der zwei Obertragungsprozesse, gemessen mittels der spektralen Kreuzkorrelations- 
Koeffizienten, sind in den Energie enthaltenden Wellenzahl-Bereichen als sehr ghnlich gefunden worden. 
Das Geschwindigkeitsfeld erreicht lokale lsotropie bei kleineren Wellenzahlen als das Temperaturfdd. 

Ci-lEKTPAJIbHbIE M3MEPEHMH TYPBYJIEHTHOrO IIEPEHOCA TEI-IZIX M 
MMl-IYabCA B IlOJIHOCTbIO PA3BtlTOM TEYEHIIII B TPYBE 

ti@T~-HOIIepe9IibtIe CneKTpbl Typ6yJIeATHOl’O nepeHOCa Tenna A &iMlIJQlbCa B OOnHOCTbIO 
paaBMTOM l-IOTOKe BO3&yXa B Tpj’6e MCnOJtb3YtOTCR Z.?H BCCJtBUOBaIiAH no~fo6afi BTHX ;rByX 
nposeccoa. PesynbTaTbI msi qacna PeRBonbZca, paBnor0 34 700 (XapaKTeptfnMu paamepaxa 
RBJ‘mTCfl pa@yc Tp3’6bl H CKOpOCTb Ha OCH), HOKaBhIBalOT, 9TO KOMnOHeHTM 3TOrO CneKTpa 
AJIB HABKHX BOJlHOBbIX ‘IkfCen, KOTOplaIe B np’%bIAytUeti pa6oTe YKaabtBanEl Ha TBCHYH) CBR3b 
Tenna A amnynbca, He HrparoT cyx4ecTBewaofi pOJIH npa nepenoce BTHX cy6cTaHqH8 OT 
OmOro CnOB H(HAKOCTM K npj’rOMy B npMCTeHHOfi 06naCTH ; OAHaKO HX BSIUBIillt? 3HaYHTeJlbHO 
BOapaCTaeT n0 KanpaBneHww, K RRpy nOT0Ka. npH HaMepeHxH CIIeKTp&TbHblX Koa@@r~aearoB 
B3aHMHOfi KOppeJIR4llH yCTaHOBjreH0, qT0 MeXaHM3MbI BTKX .TByX npbqeccoB BeCbMa IIO&O6Hbl 

B aKeproconepHtame8 o6Jracm BOJIHOB~~X 4ncen. JIoKanbBax craoTponvrfi none C~0p0CTn 
~OCTHraeTCrcR npw dojree HlI3KAX BOJIHOBbIX =fMC.?aX no CpaBHeHUKJ C nOJIeM TeMnepaTyp. 


