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The average  fields and stat is t ical  charac te r i s t i cs  of velocity and tempera ture  f luctua- 
tions in a turbulent a ir  flow have been measured at Reynolds numbers  of 260,000 and 
32,500. The corre la t ion  coefficients between the fluctuation components a re  determined,  
along with the distribution of the turbulent Prandtl  number over the flow c ross  section. 

Investigations of the stat is t ical  charac te r i s t i cs  of turbulent fluid flow in ducts a r e  normal ly  confined 
to measurements  of either the velocity fluctuations associated with i sothermal  flow or the tempera ture  
fluctuations under hea t - t r ans fe r  conditions. The study of the turbulent hea t - t r ans fe r  mechanism also 
requi res  simultaneous measurement  of the velocity and temperature fluctuations in nonisothermal flow. 
This operation makes it possible to determine the correla t ion moments  ut and vt and to compute the turbu-  
lent hea t - t rans fe r  directly.  We now present  the resul ts  of such measurements .  

Our investigation was car r ied  out in a stabilized air  flow in a smooth ver t ica l  tube having an inside 
diameter  d = 113 mm and length l ~ 7 m {//d -~ 61). An electr ic  heater  extended along the tube wall for a 
length equal to 35 d. The hydrodynamic reg imes  corresponded to Reynolds numbers  of 32,500 and 260,000. 
The specific heat fluxes at these Reynolds numbers  were 0.142 and 1.09 k W / m  2, and the tempera ture  drops 
(0 w - 00) were 8.2 and 13~C, respectively.  The measurements  were performed in the tube at distances of 
50 mm (for i so thermal  flow) and 270 mm (for nonisothermal flow) f rom the exit section. 

The turbulent velocity and tempera ture  fluctuations were measured with a thermoanemometer  opera -  
ting on the principle of a d c  heat filament. The probe was either a s ing le -s t ra igh t - f i l ament  or double- 
c rossed- f i l ament  element made of tungsten wire,  d = 5 ~t, in a copper sheath, d = 40 p. The sensit ive part 
of the probe was formed by etching of the copper sheath over a length of 1.05 to 1.1 mm. During ca l ibra-  
tions the probe fi laments were  oriented either perpendicular to the direct ion of a ir  flow (straight probe) 
or at angles of 45 and 135 ~ (crossed-f i lament  probe). 

The following procedure was used to measure  the fluctuation components and corre la t ion  moments.  

The longitudinal velocity and tempera ture  fluctuations were determined by means of the direct  probe 
with the filament oriented perpendicular  to the flow direction. The veloci ty fluctuations in isothermal  flow 
were measured with the filament heated 150 to 300~ above the ambient gas temperature ,  and the t empera -  
ture fluctuations were measured with a small  heating current  through the probe filament {Ip = 3 to 7 mA), 
so that the probe would operate in the res i s tance  the rmometer  mode. 

In order  to separate  the radial  and tangential components of the velocity fluctuations we used a 
c rossed- f i l ament  probe with its mutually perpendicular f i laments oriented symmet r i ca l ly  with respec t  to 
the average-ve loc i ty  vector.  The voltage fluctuations on the fi laments when the latter are  situated in the 
plane formed by the fluctuation velocity components u and v (plane xor) can be writ ten as follows (see, e.g., 
[11): 

e I ---- - -  alu - -  alv, (1) 

e~ = - -  a~u + a~v. (2) 
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The conventional technique for separat ing the component v [1] is to subtract  the filament signals 
for identical fi laments.  In this case a 1 = a 2 = a, and the signal difference is proportional to the component 
V: 

e ~ -  e 1 = 2 a v .  

The fabricat ion of a c rossed- f i l ament  probe having identical fi laments is exceedingly complicated in 
practice.  With our etching technology the lengths of the sensitive parts of the f i laments differed at most  
by 0.02 mm (2%). The dispar i ty  of the fi lament sensit ivit ies for the same degree of overheating, on the 
other hand, was general ly  higher. 

However, it is not neces sa ry  for the probe elements to be s t r ic t ly  identical. For  the given mea-  
surements  the fi lament sensit ivit ies were made a lmost  identical by the proper  choice of overheating, i.e., 
the overheating of one f i lament  was varied so as to equalize the sensit ivity of that fi lament with the sen-  
sitivity of the other. Under this condition the signal dispar i ty  is also proportional to the t r ansver se  com-  
ponent. 

The overheating values were monitored on the basis of the fact that when they a re  proper ly  chosen 
the root  mean square signal amplitudes f rom each fi lament a re  zero on the tube axis, while in the ease 
of measuremen t  of the component w, when the f i laments a re  situated in the plane xoG they a re  equal at 
all other points. 

It was assumed in the measurements  that the time constants of the fi laments were equal due to 
the proximity of their pa ramete r s  and that the difference of the signals, ra ther  than the signal f rom each 
fi lament separately,  was delivered to the thermal  lag compensation circui t  of the probes. 

The separat ion of the probe signals corresponding to the components v and w was real ized mainly in 
their spect ra l  analysis  and record ing  of the osci l lograms.  The determination of the corre la t ion  moment 
~vv and the intensities } v  and -~w does not require  adjustment of the sensit ivit ies,  and the measurements  
can be performed at the cal ibrat ion overheating values for the filaments. Thus, the var iances  of signals 
(1) and (2) may be writ ten 

Then 

e-~ = a~ (u ~ q- ~ q- 2uv), 

e2 2 = a l  ( u2 + v~ - -  2 u v ) .  

(3) 

(4) 

- -  m 

u v  = - -  (5) 
4 ' 

i 
= T  <q ' (6) 

For  the calculation of o- v f rom (6) we used the values of ~2 = u2 determined by the straight probe. 

A s imi lar  technique was used to determine the tangential fluctuation intensity at Re = 260,000. The 
intensity o- w at Re = 32,500 was measured  direct ly  f rom the signal difference f rom the fi laments of the 
obliquely oriented probe. 

Special measurements  showed that for  the low thermal  flux density present  in the experiments  the 
velocity fluctuation intensities and value of the corre la t ion  moment  uv are  pract ical ly equal for both i so-  
thermal  and nonisothermal  air  flows. 

The single-point  corre la t ion  moment ut was measured with a s traight  probe. In nonisothermal flow the 
fi lament voltage fluctuation and its var iance can be represented by the expressions 

e = - -  a u  -V  b t ,  (7) 

= a2u -~ ~ b~P - -  2 a b e .  (8) 
] II I l l  

It is c lear  that the cor re la t ion  moment must  be measured for overheating values sufficient to achieve 
the maximum weight of ut in the signal variance.  It can be shown that this condition is satisfied by maxi-  
mization of the rat io 
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which is a m a x i m u m  for  b / a  = a u / a  t .  

[ 2 
a 

b2 , 
~ + a---U f f  - -  2 

The function f ( b / a )  does not have a sha rp  maximum,  thus making it poss ible  to v a r y  the ra t io  b / a  

without significantly diminishing the re la t ive  weight of ut. For  the indicated numbers  Re the overheat ing 
va lues  of the f i laments  were  chosen so as  to v a r y  the ra t io  b / a  f r o m  0.5 to 4 m / s e c / d e g .  

The m e a s u r e m e n t s  were  ca r r i ed  out in the following sequence. 

1) The va r i ance  of the signal (8) was de termined in nonisothermal  flow for  three  or four overheat ing"  
values  cor responding  to different  values  of the heating cur ren t  Iw and f i lament  r e s i s t ance  R w. 

2) Fo r  low heating, Ig = 3 to 6 mA (res is tance  Rg), the t e m p e r a t u r e  f luctuation intensi ty  a t was  de -  
termined.  

Inasmuch as the t e m p e r a t u r e  sens i t iv i ty  of the f i lament  can be r ep re sen t ed  by the re la t ion  [1] 

Rw 

the second t e r m  (I1) of express ion  (8) can be calculated f r o m  the signal va r i ance  obtained for  a low cur ren t  

Ig Rg 

3) The contribution of longitudinal ve loci ty  fluctuations to the signal var iance ,  i .e . ,  the f i r s t  t e r m  
a2u 2 of express ion  (8), was de te rmined  in i so the rma l  flow at the a i r  ve loc i t ies  and f i lament  sens i t iv i t ies  
a cor responding to par t  1). 

It follows f r o m  (8) that the co r re l a t ion  coefficient is  

e ~ __ a2u ~ __ b2~ 
t~ut 

2 (a~u -~ �9 b2t2) ~ 

The a r i t h m e t i c - m e a n  value for  all  overheat ing values  chosen in par t  1) was adopted as  the resu l tan t  value 
of Rut. 

The turbulent heat  flux density in the axial  d i rec t ion is then wri t ten  as  follows: 

q~=p%ut  = p c p R u ~ t .  

This method of de termining the co r r e l a t i on  of u and t does not r equ i re  p rec i se  knowledge of the s en -  
s i t ivi t ies  of the probe to veloci ty  and t e m p e r a t u r e  fluctuations. This fea ture  e l imina tes  the e r r o r  in the 
de te rmina t ion  of Rut due to e r r o r s  in the de te rmina t ion  of the probe cha rac t e r i s t i c s .  It  is requi red ,  how- 
ever ,  that all  the m e a s u r e m e n t s  be ca r r i ed  out with the s ame  probe. E a r l i e r  [2] in the flow r eg ime  Re 
= 32,500 the coefficient  Rut was de te rmined  f r o m  the ave rage  value of the co r re l a t ion  moment  calculated 
on the bas i s  of m e a s u r e m e n t s  with different  probes.  The de te rmina t ion  of Rut was then repeated  by the 
p rocedure  descr ibed  here.  In the cent ra l  par t  of the tube (2 r /d  = 0 to 0.3), where  ut is r e l a t ive ly  smal l  
and is the re fo re  m o r e  sensi t ive  to m e a s u r e m e n t  e r r o r s ,  as  a resul t ,  the values  Of Rut obtained by this 
method proved to be somewhat  lower than in [2]. In the r e s t  of the flow domain both m e a s u r e m e n t  cycles  
yielded sa t i s f ac to ry  agreement .  

The co r re l a t ion  moment  vt, which c h a r a c t e r i z e s  the radia l  heat  flux density,  was de te rmined  with 
c ro s sed - f i l amen t  probes.  By analogy with (1) and (2), the f i lament  signals in noniso thermal  flow can be 
r ep re sen ted  by the expres s ions  

ex = _ aa u ~ al  v + bxt, (la) 

e 2 = - -  a2u + a~v +b2t .  (2a) 
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Hence the difference between the var iances  is 

The identity of the f i laments great ly  simplifies the measurement  of the corre la t ion  moments.  This 
case has been analyzed in detail in [1]. For  a t = a 2 = a and b I = b 2 = b the difference of the var iances  is 
determined by the cor re la t ion  moments  uv and vt, and for their determination it is sufficient to per form 
the measurements  at  two fi lament overheating levels: 

- -  = - -  4 a b e .  

However, s t r ic t  identity of the f i laments is not observed in practice. Nevertheless ,  the influence of the 
dispar i ty  in the fi lament sensit ivit ies can be eliminated by the proper choice of the overheating level. In 
the measurements  the res i s tances  of the heated fi laments were chosen so as to equalize the rat ios  of the 
velocity and tempera ture  coefficients,  i.e.,  to make 

b I b 2 - b 

a I a~ a 

In this case also there is mutual compensation of the var iances  of the veloci ty and tempera ture  fluctuations 
and cor re la t ion  moment ut: 

a 4 
(9) 

By the proper choice of the f i lament overheating levels it is possible to Obtain two independent equa- 
tions for the calculation of the cor re la t ion  moments.  

As in the determinat ion of ut, the fi lament overheating levels can be chosen to sat isfy the condition 
that the weight of vt in the signal var iance  be close to the maximum. This requirement  is met for 

b ( ~ + ~ + 2 ~ ) )  ~ 
-- 7 (  �9 (10) 

In order  to increase  the accu racy  of the resul ts  the measurements  were performed at three or four 
t empera ture  levels close to condition (10). The corre la t ion  moment vt was calculated according to (9), 
where the value of uv was assumed to be equal to its values for i so thermal  flow. The corre la t ion  coef-  
ficient was determined f rom the relat ion 

vt 
Rut ~ -(yu(~t 

Under the experimental  conditions the probe fi laments had a t ime constant of 3 .10  -4 to 7 �9 10 .4 sec. 
The influence of thermal  lag on the measurements  was compensated with an RC section inserted between 
the probe signal amplification stages I and II. 

An amplif ier  having a regulatable pass band was used for stage I. The lower limit of the band co r -  
responds to a frequency of 0.18 Hz, and the upper limits to 30, 300, and 1000 Hz. The amplif ier  input 
c ircui t  had a built-in capability for noise amplitude and phase balancing; the internal noise of the amplif ier ,  
r e fe r red  to the input conditions, did not exceed 2 microvol ts .  The second stage was a U-4 amplifier .  

At low Reynolds numbers  the frequency band of the ampli f iers  corresponded to the energy spec t rum 
of the turbulent fluctuations. An analysis  of the signal spect rum at Re = 260,000 showed that the possible 
e r r o r  due to the finite bandwidth of the inst ruments  is ~8%. 

The amplif ier  probe signals were recorded on a loop osci l lograph or were delivered to a c o r r e -  
lometer ,  which determined the root  mean square signal amplitude or its variance.  The cor re lomete r  
[3] had a regulatable integrat ion t ime interval  f rom 1 to 5 rain. 

The average-ve loc i ty  distribution in the tube was determined with a total-head manometer ,  and the 
average tempera ture  with a thermocouple having a junction diameter  of 0.2 ram. The velocity and t empera -  
ture fields for one given Re number coincide in a large portion of the flow (2r /d  = 0 to 0.8) (Fig. 1). 
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Fig. 1. Average -ve loc i ty  and t e m p e r a t u r e  fields, a) Re = 32,500; b) 
Re = 260,000; 1, 3) U/U0; 2,4) (0 w -  0 ) / (0  w -  00). 

Fig. 2. Turbulent  ve loc i ty  and t e m p e r a t u r e  fluctuations in the tube. 
a) Re = 260,000: 1) r  2) (ru/U~-; 3) ~w/U~; 4) ~rv/U~; b) Re 
= 32,500: 5) Cru/Ul-; 6) ~ t / t * P r ;  7) ~w/UT; 8) ~v/UT. 

The re la t ive  intensi t ies  of the t e m p e r a t u r e  fluctuations and the th ree  components  of the fluctuation 
ve loc i ty  a r e  given in Fig. 2. The turbulent  fluctuation intensi t ies  i nc r ea se  f rom the axis  toward the tube 
wall. The d i spa r i ty  between Cru, Cry, and ~w i n c r e a s e s  in the same  direct ion,  indicating an i nc rea se  in the 
flow anisotropy.  The degree  of flow an iso t ropy  for  Re = 260,000 in this case  is  lower than for  Re = 32,500. 

The intensi t ies  of the longitudinal ve loc i ty  and t e m p e r a t u r e  f luctuations,  plotted as  Cru/U ~ and ~t  
/ t * P r ,  have the s a m e  behavior  over  the flow c r o s s  section,  and for  Re = 260,000, excluding the wall  
region', they prac t ica l ly  coincide. 

The veloci ty  and t e m p e r a t u r e  fluctuations have max imum intensi t ies  at  d is tances  v e r y  c lose  to the 
wall.  Thus, for  Re = 32,500 the values  of cr u and ~t  a r e  a m a x i m u m  at  y+ = 13 and y+ = 19, respec t ive ly ,  
i .e . ,  near  the m a x i m u m  turbulence energy.  The t e m p e r a t u r e  fluctuation intensi ty max imum in this case  
is  f a r  f r o m  the wall,  probably because  of the la rge  thickness of the molecu la r  the rmal -conduc t ion  subs t ra t e  
re la t ive  to the v iscous  subs t ra te .  

The measu red  veloci ty  fluctuation in tens i t ies  a r e  highly consis tent  with the resu l t s  of [4], and the 
t e m p e r a t u r e  f luctuation intensi t ies  (Re = 32,500) cor respond to the data of [5] obtained for  a i r  flowing in a 
tube a t  Re = 39,000. 

In the flow core  the s h e a r  s t r e s s e s  (puv--) r e f e r r e d  to the f r ic t ional  s t r e s s  at the wall  (pu~) provide a 
good fit  to a s t ra igh t  line and a r e  c lose  to the total  s t r e s s  (Fig. 3). For  Re = 260,000 this quantity is s o m e -  
what below the total  s t r e s s  values.  The indicated d i sc repancy  (about 2.5%) does not exceed the m e a s u r e -  
ment  e r r o r  (5 to 8%) due to the na r rowness  of the ins t rument  signal pass  band. 

F r o m  the co r r e l a t i on  moment s  vt and ut, which de te rmine  the he~t t r a n s f e r  by fluctuation motion, 
we calculated the heat  flux densi t ies  in the radia l  (qr = pcpvt) and axial  (qx = pcput = pcpRut~uCrt) d i rec t ions  
(Fig. 3). 

The re la t ive  turbulent  heat  flux densi ty q r / q w  in the rad ia l  d i rec t ion approaches  the s t r e s s  line as  
the Re  number  is increased .  The dis tr ibut ion of q x / q w  is v i r tua l ly  independent of the Reynolds number.  
Over  the en t i re  c r o s s  sect ion of the tube the heat  flux densi ty  along the tube axis  exceeds  the flux density 
in the rad ia l  direction.  The q r / q x  tubes have max ima  between the l imi ts  0.65 to 0.7 for  2 r / d  ~ 0.5. 
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Fig. 3. Turbulent shear stress and heat flux distributions over 
the tube radius. I) .v--/u#, Re = 32,500; 2) uv--/u#, Re = 200,000; 

3, 4, 5) qx/qw, Re = 32,500; 6) qx/qw, ire = 260,000; 7) qr/qw, 
Re = 32,500; 8) qr/qw, Re = 260,000; 9) qr/qx, Re = 32,500; i0) 
qr/qx, Re = 260,000. 

Fig. 4. Distributions of the correlation coefficients and turbulent 

Prandtl number for air flow in a tube. 1) Rvt , Re = 32,500; 2) Rvt , 
Re = 260,000; 3) Ruv , Re = 32,500; 4) Ruv, Re = 260,000; 5) Ruv 
from [4]; 6) Rut , Re = 32,500; 7) Rut , Re = 260,000; 8) PrT, Re 
= 32,500; i0) Pr T from [ii]. 

The measured values of the correlation moments and fluctuation intensities were used to calculate 
the single-point correlation coefficients both between the fluctuation velocity components (Ruv) and between 
the velocity and temperature fluctuations (Rvt). The symmetry of the average velocity and temperature 
fields causes the coefficients Ruv and Rvt to be equal to zero on the flow axis (Fig. 4), whereas the corre- 
lation of the longitudinal velocity fluctuation with the temperature fluctuations is high (Rut -~ -0.6). 

On moving further away from the tube axis, the correlation coefficients Ruv and Rvt increase with the 
average field gradients and, beginning with 2r/d > 0.4, assume values that remain almost constant up to 
the wall region. The quantity Rvt in this case is one and a half to two times Ruv (in absolute value). 

At distances 2r/d > 0.95 the correlation of the velocity and temperature fluctuations falls off. The 
tube wall upsets the statistical correlation between them: for 2r/d = 1 the velocity fluctuations are equal to 
zero, whereas the temperature fluctuations penetrate the wall [6]. Clearly, Rvt and Rut become equal to 
zero at the wall. 

Moreover, the tube wall limits the turbulent disturbance primarily in the transverse, rather than the 
longitudinal, direction. Consequently, near the wall (2r/d > 0.95) the correlation of the transverse and 
longitudinal velocity fluctuations also begins to weaken. 

The values obtained for Ruv are in good agreement with the measurements of [4]. 

If we formally introduce the turbulent viscosity and thermal conductivity coefficients according to the 
Bussinesq principle, we can express the turbulent Prandtl number as fellows in terms of the correlation 
moments and average flow characteristics: 

-- dU 

dr 

dO 

dr ' 

e, uv dO 
Pr~ . . . .  

% ~ dU 

(11) 

(12) 
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The experiment showed that the dimensionless veloci ty and temperature  fields in the flow region 2r 
/ d  < 0.8 pract ical ly  coincide, so that 

uo Oo - -  0~o 
Pr T = ~ Uo 

The number Pr  T for 2 r / d  > 0.8 was calculated with a cor rec t ion  for the inconsistency of the velocity 
and tempera ture  profiles. The cor rec t ion  introduced here  turned out to be inconsequential and did not in- 
duce any appreciable variat ions in the behavior of the dependence of Pr  T on 2 r / d .  

The turbulent Prandtl  number  is less than unity over the entire flow c ross  section (Fig. 4). In the 
central  region of the tube the value of P r T  var ies  only slightly and may be assumed constant for each value 
of Re. 

According to the measurement  resul ts  in the present  study, Pr  T increases  with Re. The tendency 
of P r T  to i n c r e a s e  (without exceeding unity) with Re for an a i r  flow in a duct has a lso been noted in the ex-  
perimental  studies [7, 8], in which Pr T was determined by the gradient method without a measurement  of 
the corre la t ion  moments  uv and vt. A theoret ical  calculation of Pr  T on the basis of a modified Prandtl  
hypothesis concerning the displacement length [9] also predicts an increase  in Pr  T with an increase  in 
the Reynolds number.  

It is possible that the indicated behavior of Pr  T ref lects  the dominant contribution of anisotropic  
l a rge - sca l e  turbulence to the heat t ransfer ,  ra ther  than to the momentum- t rans fe r ,  process .  

Thus, express ions  (11) and (12) a re  for the most  part  of a formal  charac ter .  They a re  valid as long 
as the t rans fe r  of heat and momentum a re  caused in equal degree by gradient- type diffusion. 

As mentioned in [1, 10], the heat t ransfer  in a f ree turbulent shear  flow has a mixed charac ter  and 
is determined by gradient- type diffusion for smal l - sca le  turbulence and by volume convection created by 
l a rge - sca l e  turbulent disturbances.  It is obvious that the same mechanism is present  in the case of wall 
turbulence in a duct. 

Accordingly,  if we denote by v the part of the fluctuation veloci ty due to l a rge - sca le  motion, and by 
ea gr  the thermal  diffusivity due to smal l - sca le  motion, we can write 

gr dO - -  

--~ = ~ o  . -- ~t. (13) 
dr 

We infer f r o m  a compar ison of (12) and (13) that 

ea = ea 1 dO~dr ' 

i.e., ea calculated according to (12) includes both the gradient and the l a rge-sca le  t ransfer  effects. 

With an increase  in Re the flow tends to become isotropic,  causing a decrease  in the fract ion of heat 
t ransfer  due to the anisotropic l a rge - sca le  component. This fact brings the coefficients ea and eu c loser  

together.  

Similarly,  the flow s t ruc tura l  variat ions that tend to diminish the role of the anisotropic l a rge - sca l e  
turbulence component cause the s tat is t ical  corre la t ion  between the veloci ty and tempera ture  fluctuations 
to diminish and Rvt to approach Ruv in absolute value as Re is increased (Fig. 4). 

The values of Pr  T increase  with distance f rom the tube axis (2 r /d  > 0.8), an effect that is also ap-  
parently elicited by the increase  in the smal l - sca le  t ransfer  intensity as the average-f ie ld  gradients in- 
c rease  and the scales  of the velocity and tempera tu re  perturbations in the wall region decrease .  

Ear l ie r  calculations of the turbulent Prandtl  number for an a i r  flow on the basis of the velocity and 
tempera ture  fields [7, 8, 11, 12] indicate both an increase  in its values as the wall is approached, a cco rd -  
ing to some authors,  and a decrease  according to others.  The best correspondence in the behavior of Pr  T 
over the tube c ross  section exists between the resul ts  obtained here and the data of [11]. 

d, r , l  

oxr~  

NOTATION 

are the diameter, radius, and length of the tube; 
is the cyl indrical  coordinate system; 

1 5 4 6  



OX 

or 

ow 

Y 
Uo 
U 
U T 

OW, O, 00 

U, V, W 

t 

O ' U '  f f V '  0 " W '  Crt  

UV~ ut, vt 
Ruv, Rut, Rvt 
ep, p, v 

qw 
qx = Cpput, qr = Cppvt 
R0, Rg, R w 

3 
Ig 

Iw 
a, b 
e 

Re 

Pr 

sv, Sa, Pr T = sv/s a 

t* = qw/CppUr; 
y+ = YUr/v. 

is the d i rec t ion of the tube axis;  
is the radial  direction;  
is the tangential direct ion;  
is the distance f rom the wall; 
is the veloci ty  on the flow axis;  
is the average  local velocity;  
is the dynamic velocity;  
a re  the wall t empera tu re ,  local t empera tu re ,  and a i r  t empera tu re  on the flow 
axis; 
are the longitudinal, radial, and tangential components of the fluctuation velocity; 
is the t empera tu re  fluctuation; 
a re  the intensi t ies  of the fluctuation veloci ty  components and t empera tu re  f luctua-  
tion; 
a re  the cor re la t ion  moments  between the corresponding fluctuation var iables ;  
a re  the cor re la t ion  coefficients between the corresponding fluctuation var iables ;  
a re  the specif ic  heat, gas density, and kinematic viscosi ty;  
is the heat flux density at the wall; 
a r e  the turbulent heat flux densi t ies  along the tube axis and along the radius;  
a re  the res i s t ance  of the the rmoanemomete r  f i lament  at 0~ local t empera tu re  
of the gas, and local t empera tu re  of the overheated fi lament;  
is the t empera tu re  coeff icient  of the res is tance;  
is the low cur ren t  ensuring operat ion of the f i lament as a r e s i s t ance  the rmomete r ;  
is the f i lament  heating current ;  
a re  the probe sensi t iv i ty  to veloci ty  and t empera tu re  fluctuations, respect ively;  
is the instantaneous values of the probe f i lament voltages;  
is the Reynolds number;  
is the Prandt l  number;  
a r e  the turbulent  viscosi ty ,  thermal  diffusivity, and turbulent Prandt l  number;  
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