
THE EFFECT OF TURBULENCE 

AND SUPPORT POSITION ON THE 

FROM SPHERES 

PARAMETERS 

HEAT TRANSFER 

G. D. RAITHBY and E. R. G. ECRERT 

Heat Transfer Laboratory, Department of Mechanical Engineering, University of Minnesota, Minneapolis, 
Minnesota, U.S.A. 

(Received 1 January 1968 and in revisedform 26 March 1968) 

Abstract-Measurements are reported which show the influence of the turbulence intensity, the scale of 
turbulence, and the position of the support, on the average heat transfer from spheres to an air stream. 
The Reynolds number range was from about 3.6 x 10’ to 5.2 x 104. The turbulence intensity and the 
scale of turbulence distributions downstream from three grids, behind which the heat-transfer measurements 
were later made, were measured for velocities from 4.6 to 18.3 m/s. The heat-transfer measurements showed 
that the average Nusselt number increased with the turbulence intensity, and with the ratio of the sphere 
diameter to the scale of turbulence for values up to at least five. Nusselt numbers, obtained using a crossflow 
support, were found to be about 10 per cent higher than those obtained using a rear support. Equations 
relating the average Nusselt number to the Reynolds number, for a low-turbulence free stream, are given. 
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sphere diameter ; 
longitudinal two-point velocity car- 
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transverse two-point velocity cor- 
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longitudinal integral scale of tur- 
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bulence, L, = rf (x) dx ; 
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transverse integral scale of turbu- 

lence, L, = rg(x) dx ; 
AT, 

0 

a transverse scale of turbulence 
obtained by integrating g(Y) to the 
ith zero crossing ; 

the temperature difference between 
the free stream and the sphere sur- 
face at some thermocouple location; 
the average value of AT. 

grid mesh dimension ; INTRODUCTION 

Nusseltnumber,withpropertyvalues IN MANY engineering problems a knowledge of 
evaluated at the film temperature ; the heat or mass transfer from spherical bodies, 
Reynolds number, with property particles, or droplets is required. To fulfill this 
values evaluated at the film tem- need many experiments have been conducted. 
perature ; Most of the experiments have been aimed at 
the component turbulence intensity determining the heat transfer between heated 
in the x direction, T& = ,/(u2)/U ; spheres and air streams. Unfortunately, there 
temperature of the air stream ; are considerable disagreements in the results. 
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fluctuating component of velocity 
in the x direction ; 
mean velocity in the x direction ; 
dimension in the direction of mean 
flow (Fig. 2) ; 

dimension in the direction normal to 
the mean flow; 
maximum variation in AT, as deter- 
mined by thermocouples at the 
sphere surface ; 
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This work was undertaken in an attempt to 
understand the reasons for the discrepancies in 
the measurements, and to determine as accurately 
as possible the dependence of the heat transfer 
on the Reynolds number, the turbulence in- 
tensity, the scale of turbulence, and the position 
of the sphere support. The measurements were 
carried out in an air stream. 

In order to determine the influence of the 
turbulence in the free stream on the heat 
transfer from spheres, it was necessary to 
measure the turbulence intensity and scale of 
turbulence downstream from grids. These mea- 
surements were carried out over a large range 
of velocity, and for different types of grids. In 
order that the correlation of the Nusselt number 
with these quantities would be as reliable as 
possible, considerable care was taken in making 
the measurements. Therefore, it is hoped that 
these results alone would be a worthwhile 
addition to the available information on the 
change in turbulence quantities downstream 
from grids. 

REVIEW OF PREVIOUS RESULTS 

AND OBJECTIVES 

In order to show the pertinence of the present 
investigation, a brief literature survey will be 
given. This will exclude the measurements at 
Reynolds numbers lower than lo3 since a 
complete and excellent review has already been 
given by Rowe, Claxton and Lewis [l]. In 
addition, Williams [2] has reviewed the measure- 
ments obtained prior to 1943. The correlation 
equation proposed by him is, despite the large 
disagreements in the data, probably the most 
commonly referenced in the modern literature, 
and in textbooks. The curve representing his 
equation is shown in Fig. 1. 

Curves 2, 3, and 6 in Fig. 1 represent respec- 
tively the experimental data of Xenakis, 
Amerman and Michelson [3], Wadsworth [4], 
and Cary [S]. The data were obtained by 
integrating local heat-transfer rates measured at 
positions on the equators of spheres with cross- 
flow supports. Cary’s results can be seen to be in 

substantial disagreement with those of the 
other two. In addition, there is an uncertainty 
in the measured local heat-transfer rates in the 
wake region of the sphere since the presence of a 
crossflow support has been shown [6, 71 to 
appreciably affect the flow pattern, and thus 
presumably the heat transfer. 

Curve 4 represents the measurements of 
Yuge [S] for Reynolds numbers larger than 
1.8 x 103. For lower Reynolds numbers a 
different equation was ‘used. His data were 
obtained using spheres with small rear supports. 

More recently Zhitkevich and Simchenko [9] 
used a sphere with a single crossflow support 
for Nusselt number measurements over a wide 
range of Reynolds numbers. The authors re- 
presented their data by a single equation over 
the whole range of Reynolds numbers investi- 
gated. From the data, it appears to be more 
appropriate to follow Yuge’s example and use 
two equations, with the change in equations 
occurring at a Reynolds number of about 
1.7 x 103. Curve 5 in Fig. 1 appears to best 
represent their data over the Reynolds number 
range shown. 

It is interesting that the Reynolds number, 
at which a change in the equation representing 
the data is needed, is approximately the same 
as that reported by Yuge. It seems possible that 
the change in the vortex shedding pattern, 
which occurs at about this Reynolds number 
[lo], could be responsible. 

Efect of turbulence parameters 
A considerable amount of work has been 

done to determine the effect of turbulence 
intensity on the heat transfer from flat plates 
and cylinders. In general, no influence of the 
turbulence intensity of the free stream on the 
Nusselt number for a flat plate has been found 
except when a favorable pressure gradient is 
imposed. Qualitatively, but not quantitatively, 
this may be explained by Lin’s theory [l 11. 

A substantial increase in the Nusselt number 
with the turbulence intensity of the free stream 
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FIG. 1. A comparison of measurements of the average Nusselt number for spheres, made 
by various investigators. 

has been found for cylinders, the increase being 
largest at the stagnation point. There is dis- 
agreement concerning the dependence of the 
Nusselt number on the turbulence intensity, 
but it has definitely emerged that the influence 
becomes more pronounced at higher Reynolds 
numbers, at least over the range of Reynolds 
numbers that has been investigated. Measure- 
ments have been reported by Comings, Clapp 
and Taylor [ 121, Maisel and Sherwood [ 131, 
Giedt [ 141, Van der Hegge Zijnen [ 151, Seban 
[16], and Kestin, Maeder and Sogin [17]. 

Van der Hegge Zijnen also used the ratio 
of the scale of turbulence to the cylinder dia- 
meter, L//D, in correlating his Nusselt number 
measurements. He found that there was an 
“optimum” value of LJD for which the increase 
in the Nusselt number with the turbulence 
intensity was a maximum. This has been 
attributed to resonance which is thought to 

occur when the frequency of the energy- 
containing eddies in the free stream is one-half 
the frequency at which the vortices were shed 
from the cylinder [18]. 

It appears that the large increase in the Nusselt 
number with turbulence intensity at the stag- 
nation point may arise from the stretching of 
large scale vortices, as suggested by Sutera, 
Maeder and Kestin [19]. Although their analysis 
represented a highly idealized case, the pre- 
dicted increases in the heat transfer and the 
surface shear were of the correct order of magni- 
tude. 

The effect of turbulence intensity on the heat 
transfer from spheres is not as well established. 
Loitzianski and Schwab [2] and Maisel and 
Sherwood [ 131 both found substantial increases 
in the average Nusselt number with increasing 
turbulence intensity of the free stream. However, 
the shape of the curve relating these two para- 
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meters was very different, and both sets of at least to some degree, to clarify each of these 
results appear to be only semi-quantitative [7]. points. 

In disagreement with the above results, 
Wadsworth [4] found no consistent dependence 
of the average Nusselt number on the turbulence 
intensity. Yuge [20] found a much smaller 
increase than did Loitzianski and Schwab. In 
sharp contrast to the measurements for circular 
cylinders, Short, Brown and Sage [21] found 
that the stagnation point Nusselt number 
decreased with increasing turbulence intensity 
in the range from 001 to 0.10. However, the 
Nusselt number in the wake was found to 
increase so sharply over this range of turbulence 
intensity that the net effect was a monotonical 
increase in the average Nusselt number. 

APPARATUS AND PROCEDURE 

The experiments were carried out in the Heat 
Transfer Laboratory low-turbulence wind 
tunnel. Air filters were installed to maintain a 
clean air stream in which turbulence measure- 
ments could be made. A schematic diagram 
of the test section is shown in Fig. 2. A slot was 
provided at the entrance to the test section into 
which either a turbulence-generating grid, or a 
blank which smoothly filled the slot, could be 
inserted. The air temperature in the test section 
was for all experiments between 26 and 50X. 

Lavender and Pei [22] reported some measure- 
ments, near the conclusion of the present investi- 
gation, on the effect of turbulence intensity and 
scale of turbulence on the average Nusselt 
number for a sphere. In these measurements the 
sphere had a large brass crossflow support which 
was not guard heated. The measured Nusselt 
numbers were generally lower than Williams 
correlation and consistently higher than Yuge’s 
measurements. A regression analysis showed 
that the Nusselt number increased with the 
parameter Re x Tu, proposed by Van der 
Hegge Zijnen [15], and that the ratio of the 
scale of turbulence to the diameter of sphere 
“exhibited some significance”. The magnitude of 
the influence was not specified. 

Three turbulence-generating grids were used. 
One, referred to in the text as a perforated plate, 
was constructed by punching square holes in a 
flat plate 0.193 cm in thickness. The mesh 
dimension was 2.54 cm, and the width of the 
strips between the holes was O-635 cm. The grid 
solidarity was 0440. The other two were made 
from commercially produced woven-wire grids 
with mesh dimensions of 1.91 cm and 1.27 cm, 
wire diameters of O-357 cm and 0.159 cm, and 
solidarities of 0.340 and 0.234 respectively. 

From this brief survey it becomes evident that 
there remains considerable uncertainty in the 
dependence of the Nusselt number on the 
Reynolds number for the simple case of a sphere 
immersed in a moving air stream with a low 
turbulence intensity. In addition, the effect of the 
support position on the Nusselt number has not 
been determined. The more difficult problem of 
accurately determining the influence of the 
turbulence intensity has not been at all con- 
clusively resolved, and nothing certain is known 
about the influence of the scale of turbulence 
on the Nusselt number, except that it is probably 
small. The objective of this investigation was, 

Two hot-wire probes were mounted in a 
probe holder which permitted the probes to be 
individually moved in arcs, with approximate 
radii of 38 cm, in a plane parallel to, and midway 
between the largest two surfaces of the rectangu- 
lar test section. In order to make correlation 
measurements, a method was provided to 
accurately determine the distance between the 
hot wires. 

The turbulence intensity measurements were 
taken with one of the probes located approxi- 
mately at the center of the test section. Both a 
constant-current anemometer and a constant- 
temperature anemometer were used to measure 
the x component of the turbulence intensity. 
A more detailed description of the apparatus 
and procedure has been given elsewhere [7]. 

The longitudinal scale of turbulence, L,, 
was measured by the single-wire method pro- 
posed by Townsend. A complete description of 
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FIG. 2. Schematic drawing of test section. 

the method, as well as some extensions to 
improve the accuracy in the measurement, 
have been given in [7]. 

Using the two probes in the holder described 
above, two-point velocity correlation curves, 
g(y), were measured for values of y which were 
large enough to include the second zero crossing 
of g(y). Transverse scales of turbulence L,, 1 

and L,, 2 were defined by 

L 8. 1 = j,k) dt 

and 

where y, and y, are the probe separations at the 
first and second zero crossing of g(y) respectively. 
L #, 1 and L,, 2 are only approximations of the 
desired transverse scale of turbulence, L,, 
but it was not possible to accurately determine 
g(y) for larger probe separations. This is one of 
the inherent problems in using this method of 
measurement. The details of the measurements 
may be found elsewhere [7]. 

In reference to the heat-transfer measurements 
from spheres, it has already been mentioned 
that there are large discrepancies in the results 

in the literature. These may be partly due to 
problems connected with design and instru- 
mentation of the heat-transfer models. In view 
of this, a fairly detailed description of the present 
apparatus will be given. 

A schematic drawing of the heat-transfer 
models has been given in Fig. 3. Three geo- 
metrically similar spheres, with respective dia- 
meters of l-270, 2.540 and 5.080 cm, were con- 
structed from solid blocks of copper. Each sphere 
was heated internally by passing current through 
a line resistance wire which had been wound on a 
spool of boron nitride. The choice of sphere 
materials, and the design of the heater, was such 
that almost a uniform outside wall temperature 
was achieved in the experiments. 

Heat conduction from the sphere via the stem 
was eliminated by using the guard heater shown 
in Fig. 3. Heat transfer from this heater to the 
wake of the sphere (which could substantially 
alter the heat transfer from the sphere if the air 
flowed back over the rear surface of the sphere) 
was reduced by coating the outside of the heater 
with a low thermal conductivity ceramic cement. 
The amount of current through the guard 
heater was adjusted until four thermocouples, 
located on the stem and on the back portion of 
the sphere, indicated that no appreciable amount 
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of heat was flowing either into, or away from, 
the sphere. Only one of the thermocouples is 
shown in Fig. 3. 

The surface temperature of the sphere was 
measured using thermocouples 1, 2, 3, 4 and 9, 
whose junctions were located at the positions 
indicated by the numbers. The fine lines per- 
pendicular to the stem, passing through the 
thermocouple junction positions, represent 
circles drawn on the surface of the sphere. The 
angles to these circles, lying in the plane of the 
paper, are shown in the figure. The thermocouple 
junctions were placed in shallow 0*3-mm holes 
drilled in the sphere, and the copper surface 
was crimped around the junctions to hold them 
in place. The wires were placed in shallow 
grooves, represented by the heavy lines in 
Fig. 3, cut in the surface along the circles men- 
tioned above. Upon reaching the line parallel 
to the support, the wires were turned and brought 
out along the stem by conducting them through 
another shallow groove. All the grooves con- 
taining the wires were smoothly filled with high 
thermal conductivity copper oxide cement. 

LEAD WIRE 

BORON NITRIDE CORE 

RESISTANCE WIRE 

The lead wires were tied to the outside of the 
stem with thread, and a thin coating of heat- 
resistant low-conductivity paint was applied to 
smooth the surface. 

The stem diameters, d, were originally very 
close to 0.1 D. After the thermocouple wires 
were brought out along the stems, tied down 
with thread, and coated with paint, the d/D 
ratios were approximately 0.17, 0.13 and 0.11 
for D values of 1.270, 2.540 and 5.080 cm 
respectively. 

The completed spheres were highly polished 
and a thin coating of chromium was evaporated 
onto the surfaces. This ensured that the surface 
emittance was low and essentially unchanging 
with time. The emittance was found by direct 
measurement [7] to be 0.10. 

The sphere was held in the test section in 
either of two configurations : (1) the sphere 
support was parallel to the free stream and 
behind the sphere, or (2) the support was 
perpendicular to the direction of the free stream. 
The general procedure in carrying out the heat- 
transfer measurements is probably well known 

COPPER SPHERE 

COPPER OXIDE CEMENT 

THERMOCOUPLE 8 

CHROME COATING 

TAINLESS STEEL STEM 

COPPER PLUG 

Fw. 3. Schematic drawing showing construction of heat-transfer models. 



EFFECT OF TURBULENCE PARAMETERS 1239 

to the reader. A detailed account may be found 
in [7]. It is only important to note here that 
care was taken in the measurements that the 
free-stream temperature, the temperature of the 
sphere, and the free-stream velocity were held 
constant over a long period of time preceding 
each measurement. Also, visual observations 
revealed that there were no noticeable sphere 
vibrations during the experiments. 

The power dissipation in the sphere heater was 
determined by measuring the voltage drop 
across, and current through, the heater. The 
current, supplied from a battery, was measured 
to an accuracy of better than 0.1 per cent. For 
the two largest spheres the voltage drop was 
also determined to an accuracy of about _tO*l 
per cent; due to an appreciable lead wire 
resistance, the voltage drop across the heater 
in the smallest sphere was accurate to only about 
+0*5 per cent. 

Only a small temperature difference between 
the sphere and the free stream was maintained 
in these experiments (5-l degC < AT < 12.2 
degC). There was a maximum error of about 
2 per cent in determining m. Measurements 
from the sphere thermocouples indicated that 
the variation in the surface temperature usually 
amounted to less than 1 per cent of iQ. 

With the heated sphere in the moving air 
stream, the quantities required to calculate the 
energy dissipation in the sphere heater, the 
temperature difference between the sphere sur- 
face and the air stream, and the heat loss by 
radiation (calculated in the usual way [23]), 
were determined. With these, and the property 
values [24] evaluated at the film temperature, 
the Nusselt number was calculated. The Reynolds 
number was computed using the same property 
value equations and the free-stream velocity 
(determined using a pitot tube). 

Based on the above error estimates, the 
maximum error in the Nusselt number deter- 
mination was, in the worst case, about 2.6 per 
cent. The scatter in the data was much smaller 
than this. The maximum possible error in the 
Reynolds number was less than 1 per cent. 

No corrections have been applied to account 
for the increase in velocity, at the position of the 
model, due to blockage of the test section. 
Applying the correction equation recommended 
by Pankhurst and Holder [36], it can be seen 
that at the largest section of the largest sphere 
(with a rear support) the free-stream velocity 
increased by only approximately 0.1 per cent. 

RESULTS 

Turbulence intensity measurements 
The turbulence intensity measurements ob- 

tained using the constant-current anemometer 
are shown in Fig. 4. The turbulence intensity 
may be seen to depend strongly on the solidarity 
of the grid, and the grid geometry. However, 
essentially no dependence of the turbulence 
intensity on the velocity of the free stream 
was found. For velocities of 9.1 and 18.3 m/s 
the results for each grid were found to agree 
within 5 per cent. The slightly poorer agreement 
in the measurements at a velocity of 4.6 m/s, 
at large distances from the grid, was probably 
due to the inaccuracy of the correction equation 
used [7] to account for the decrease in the gain 
of the amplifier in the constant-current anemo- 
meter at low frequencies. 

If the measured turbulence intensities are to 
be correct, it is necessary that the length of the 
hot-wire is much smaller than the integral 
scale of turbulence. This criterion was not always 
fulfilled in the present measurements. Therefore, 
the correction equation derived by Skramstad 
[25] was applied to the turbulence intensities 
represented by the solid lines in Fig. 4. The 
corrected measurements are represented by 
the dotted lines. The scale of turbulence data, 
required in the application of the Skramstad 
correction, were those reported in the following 
section. 

Frenkiel [26] has postulated that far down- 
stream from a grid the turbulence intensity should 
decay proportionally to (x/M)~‘/‘. The present 
measurements showed this to be approximately 
true for values of x/M greater than about fifty. A 
line with a slope of -5 has been drawn in Fig. 4. 



1240 G. D. RAITHBY and E. R. G. ECKERT 

m/r 

m/s 
m/r 

20 30 40 60 80 100 200 

X/M 

FIG. 4. Turbulence intensity measurements downstream from grids, obtained 
using a constant-current anemometer. 

The solid lines from Fig. 4 have been trans- 
ferred to Fig. 5. However, in this figure, the 
data points were obtained using a constant- 
temperature anemometer. For turbulence in- 
tensities greater than 0.01 the independent 
measurements agreed within 5 per cent, and 
there was agreement to within 10 per cent at 
the lowest measured turbulence intensity (0.005). 
In addition, it may be seen that there is no 
consistent dependence of the turbulence in- 
tensity on the free-stream velocity. The data 
points in Fig. 5 have not been corrected to 
account for the finite wire length. However, the 
wire was of the same length as that used to 
obtain the measurements reported in Fig. 4. 

It was found that equations of the form 

-” 

fit the experimental data very well over the 
limited range of x/M in the present experiments. 
The constants required to fit the’data, which 

have been corrected to account for the finite 
wire length, are tabulated below. 

Table 1. Cor~stmt.~ 1,) equation (I)_for different grids 

M A &JIM n 

2.54 0.314 3 0.645 
1.91 O-203 6 0.633 
1.21 0.168 9 0.686 

Measurements indicated that the free stream 
turbulence intensity, with no grid, varied be- 
tween OJIOO5 and 0302 depending on the fan 
speed in the wind tunnel. This variation was 
not surprising since Schubauer and Skramstad 
[27] showed previously that the turbulence 
intensity in a low-turbulence wind tunnel 
depends on the operating noise of the tunnel. 
For all the test conditions, the average free- 
stream turbulence intensity, with no grid, was 
about O-0015. 

Grant and Nisbet [28] have reported that 
there are substantial variations in the turbulence 



EFFECT OF TURBULENCE PARAMETERS 

I I I I I I III1 I I 

- CONSTANT-ClRRENT ANEMOMETER 
RESJIJS FROM FIG. 4 

WTA POINTS OETAWD USING 

0.04 - 

0.03 - 

B U= 18.3 m/s 
a u= 9.1 m/s 

0 LJ=4.6 m/s 

1241 

t I I I I I Illll B I 
30 40 50 60 60 100 200 

x/M 

FIG. 5. Comparison of the turbulence intensity measurements obtained 
using constant-current and constant-temperature anemometers. 

intensity, downstream from grids, in planes 
parallel to the grid. In the present experiments 
these variations were not found. This is shown 
in Fig. 6 for one set of conditions. 

There are very few measurements in the 
literature for grids geometrically similar to the 
ones used in these experiments. The comparison 
of the available measurements has been given 
in Fig. 7. A more extensive comparison including 
other types of grids, has been given in reference 

PI. 

Scale of turbulence measurements 
The measurements of the integral scales of 

turbulence, L,, in the longitudinal direction 
behind the three grids are presented in Fig. 8. 
The measurements behind the perforated plate 
(M = 2.54 cm) indicated that the scale of 
turbulence did not change with velocity over the 
range investigated. On the other hand, the 
measurements behind the woven-wire grids 
(M = 1.91 cm and M = 1.27 cm) showed a 
definite, but not completely consistent, de- 

pendence on velocity. Repeated measurements 
confirmed the fact that the data for different 
velocities did indeed lie on separate curves. 
Therefore, in Fig. 8, solid lines have been 
drawn through the data points obtained for 
each velocity for both of the woven-wire grids. 
The broken lines labeled “average for all 
velocities” are curves which best fit all the data 
for each grid. The curves labeled “ + 10%” 
and “ - 10 %” lie respectively 10 per cent above 
and below this average curve. It may be seen 
that all but two of the thirty-six measurements 
for the 1.91 and the 1.27 cm grids lie within 
+ 10 per cent of the average curve. 

The results of the measurements of the trans- 
verse scale of turbulence L,, behind the per- 
forated plate grid are shown in Fig. 9. As pointed 
out earlier, two scales of turbulence, I,,, 1 

and L, 2, corresponding to integration of the 
correlation curve to the first and second zero 
crossing, have been used. 

Very close agreement of the present L,, Z 
measurements [7] with the corresponding 
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FIG. 6. The variation of turbulence intensity with distance from the centerline 
of the test section. 
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FIG. 8. Measurements of the longitudinal scale of turbulence, L, 
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FIG. 9. A comparison of some scale of turbulence measurements. 
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measurements of Corrsin [29] and Hall [30] was 
found. Therefore, a single curve has been used 
to represent the results ofthe three investigations. 
The L,, 1 measurements agreed closely with the 
measurements of Lf/2 (Lg = *Lf for isotropic 
turbulence [31]) which were transferred to this 
figure from Fig. 8. 

Several curves representing the results of 
other investigators, who used grids with about 
the same mesh size as the perforated plate, 
have also been given in Fig. 9. The reason for the 
large discrepancy between the results obtained 
by Baines and Peterson [32] (curve 4) and Van 
der Hegge Zijnen [33] (curve 5), from the other 
investigators, is not known. However, this figure 
gives some idea of the uncertainties existing in 
the published scale of turbulence measurements. 

Heat-transfer results 
Measurements in a low-turbulence stream. The 

average Nusselt number measurements using 
the three spheres with rear supports, for velo- 
cities from 4.3 to 18.9 m/s, are grouped around 
the lower curve in Fig. 10. All these measure- 
ments were made in the tunnel without a tur- 
bulence-generating grid. The average turbulence 
intensity was about 00IJ15. The data for this, 
and the other conditions discussed below, are 
given in [7]. Flow studies discussed in [6, 71 
indicate that all measurements occurred in the 
subcritical range. 

The constants, in the two types of equations 
usually used to represent the dependence of the 
Nusselt number on the Reynolds number, were 
determined using the available regression 
analysis subroutine from the computer library 
at the University of Minnesota. The average 
deviation of the data from the equation 

Nu = 2-O + 0210 17e0’606 

was 0.8 per cent. The maximum deviation was 
2.0 per cent, and the standard error in the 
Reynolds number exponent was 0X)027. 

The equation 

Nu = 0.257 Re0’588 (2) 

was found to fit the data slightly better. The 
average deviation in this case was O-7 per cent, 
the maximum deviation was 1.9 per cent, and 
the standard error in the exponent was OGO22. 

The upper curve in Fig. 10 represents the data 
obtained for the crossflow support configuration. 
The corresponding equations fitting these data 
were 

Nu = 2.0 + 0.244 Re0’600 

and 

Nu = O-291 Re0’585 (3) 

where the average deviation of the data from 
either equation was 08 per cent. The maximum 
deviations were 2.3 and 2.4 per cent respectively, 
and the standard error in both of the Reynolds 
number exponents was OGO40. 

From these results it is clear that the presence 
of the crossflow support increased the Nusselt 
number by approximately 10 per cent in the 
range of Reynolds numbers investigated. The 
increase probably arises from the flow distur- 
bance produced by the crossflow support. 

For a comparison with the results of other 
investigators, equations (2) and (3) are plotted 
in Fig. 1. The data for the rear support con- 
figuration are shown to agree very well with 
Yuge’s results. Curve 5, representing the data 
of Zhitkevich and Simchenko for a sphere with a 
crossflow support, corresponds quite closely 
to the results obtained from these experiments 
when a crossflow support was used. 

ESfect of turbulence intensity and scale of 
turbulence. Figures ll(ad) present the depen- 
dence of the average Nusselt number on the 
turbulence intensity at Reynolds numbers of 
3.60 x 103, 1.40 x 104, 2.70 x lo4 and 5.20 x 
lo4 respectively. The turbulence intensities 
were evaluated from equation (l), where the 
x value used was the distance from the grid to 
the center of the sphere. Different symbols on 
the graphs, defined on Fig. 11(a), represent 
different ranges of DfLf, the ratio of the sphere 
diameter to the longitudinal scale of turbulence. 
The L, values were taken from the curves 
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presented in Fig. 8; the x values used were the 
same as for the turbulence intensity deter- 
mination. The figures present the measurements 
corresponding to both support configurations. 
The Nusselt numbers for the rear support 
geometry always lie below those obtained 
using the crossflow support. 

The measured Reynolds numbers were not 
precisely those shown on the graphs. Therefore, 
each measured Nusselt number, Nu,, was 
altered to account for the discrepancy between 
the desired Reynolds number, Re, and the 
measured Reynolds number, Re,,,, by the follow- 
ing equation, which is based on equation (2): 

/~,\0.588 

Figure 1 l(a) presents the results for the lowest 
Reynolds number. For the rear support geo- 
metry, the effect of the turbulence intensity is 
seen to be greatest in the range from 0 to 0.02. 
The sharp increase in the Nusselt number with 
turbulence intensity at low values of turbulence 
intensity was observed previously by Van der 

Hegge Zijnen who measured the effect of 
turbulence intensity on the heat transfer from 
circular cylinders ([15], Fig. 1). The reason for 
this, or even the portion of the surface (wake, 
stagnation point area, etc.) responsible for it, 
is not known. However, it is interesting to note 
that the effect disappears when the sphere has 
its support normal to the stream, as seen in the 
upper portion of the figure. Also, reference to 
Figs. ll(b, c, d) shows that the effect becomes 
smaller at larger values of Reynolds number. 
Figure 11 also shows that the presence of the 
crossflow support resulted in an increased 
Nusselt number over the range of turbulence 
intensities investigated. 

Figure 11(b) presents results similar to those 
in Fig. 1 l(a) except that at this Reynolds number 
a large range of the DfL, ratio was obtained as a 
result of being able to use all three spheres. 
In addition, all three grids were used. 

Turning attention first to the data points in 
Fig. 11(b) corresponding to the rear support 
geometry, it is evident that the solid curve 
represents the data quite well over the whole 
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parallel to the solid line. The results are shown 
in the upper portion of Fig. 12. A small, but 
definite increase in Nusselt number with in- 
creasing D/L, values can be seen. In addition, 
the rate of increase is larger with higher values 
of turbulence intensity. Therefore, in Fig. 1 l(b), 
the data should really be represented by a family 
of curves for different ratios of D/L,. The broken 
line labeled “Extrapolated curve for D/L, -+ 0” 
would be the lowest curve in the family, and 
corresponds to the case where the sphere dia- 
meter is much smaller than the scale of tur- 
bulence. 

,+I% 

36- 

CROSSFUJW SUPPORT 

I?@. 36r 108 

II 1’ 1 ’ 1 ‘1 “1 I 
001 902 0.03 0.04 0.05 

TURBULENCE INTENSITY, Tu 

FIG. 1 l(a). The dependence of the average Nusselt number 
on the turbulence intensity for D/L, < 1 and Re = 

3.6 x 103. 

The measurements obtained at the same 
Reynolds number using crossflow supports are 
indicated in the upper portion of Fig. 1 l(b). In 
this case, the measurements were found to lie 
mostly within a + 1 per cent band about the 
mean curve for each sphere, and again there is a 
definite trend with the D/L, ratio. However, as 
opposed to the rear support geometry, a different 
curve must be drawn for each sphere. It was 
noted earlier that the stem-to-sphere diameter 
ratio, d/D, varied as a result of the thermocouple 
wires that were brought out along the stem. 
The d/D ratios for the three spheres are shown in 
the figure. Increasing this ratio appeared to 
appreciably increase the Nusselt number, es- 
pecially at the higher values of turbulence 
intensity. 

range of turbulence intensity. It shows that 
the Nusselt number was increased by approxi- 
mately 9 per cent as a result of increasing the 
turbulence intensity from near zero to 7 per 
cent. The broken lines, labeled “ + 1%” and 
“ - 1%” have been drawn to show that all the 
data are within _t 1 per cent of the solid line. 
However, a closer look reveals that this scatter 
is not entirely random, but depends on the 
D/L, ratio. 

To show this more clearly, three cross plots 
were made at turbulence intensity values of 0.02, 
0.04 and 0.07 respectively. This was done by 
extrapolating the data points near these values 
to the desired turbulence intensity along lines 

For Re = 2.70 x 104, the measurements were 
obtained using the two largest spheres. Similar 
results to those discussed above are presented 
in Fig. 11(c). For the rear support geometry, 
the increase in the Nusselt number was about 13 
per cent for an increase in turbulence intensity 
to 7 per cent. The data can be seen to lie mostly 
within _tl per cent of an average curve. How- 
ever, the cross plots in the lower portion of 
Fig. 12 show that, once again, the scatter is not 
random but rather depends on the D/L, ratio. 
At this Reynolds number. however, the increase 
in the Nusselt number with D/L, is more 
important. A family of curves for different D/L, 
ratios would again be needed to more accurately 
renresent the data in Fig. 11(c). The lowest , 
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FIG. 11(b). The dependence of the average Nusselt number on the 
turbulence intensity for various Dkf values and Re = 1.4 x i04. 

curve in the family has been shown in the figure 
as a broken line. 

The highest Reynolds number obtainable was 
4.9 x 104. Figure 11(d) shows that at this 
Reynolds number the results are similar to those 
obtained for lower Reynolds numbers. How- 
ever, the increase in turbulence intensity to 
5 per cent now results in approximately a 
17 per cent increase in the Nusselt number. 
This may be caused by the fact that the separa- 
tion line, though still indicating subcritical flow, 
started to exhibit fluctuations [6-j_ 

At this point it may be interesting to recall 
that Van der Hegge Zijnen [lS] found an 
“optimum” value of the ratio LJD for which 
the heat transfer from circular cylinders, for a 
given turbulence intensity and Reynolds num- 
ber, was a maximum. The optimum L,/D value 
was about l-6. 

B 

Hinze [18] showed analytically that there 
would be resonance between the energy-con- 
taining eddies and the shedding frequency when 
LJD E 1.2. Using Hinze’s method, and assum- 
ing that the shedding frequency for a sphere is 
ten times that for a circular cylinder [lo], one 
obtains a value of Lf/D x 0.12 as the con- 
dition for resonance. Therefore, if this hypothesis 
is correct, a maximum in the Nusselt number 
for a given Reynolds number and turbulence 
intensity should occur at about D/Lr x 8.4. 
The number of data points in Fig. 12 are not 
sufficient to confirm the existence of the maxi- 
mum. However, this would explain the fact that 
Van der Hegge Zijnen found an increase in the 
Nusselt number with D/Lf for cylinders only 
up to DIL, = O-63 while the results of this 
investigation show the increase to continue up 
to at least D/L, = 5. 
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FIG. 11(c). The dependence of the average Nusselt number on the 
turbulence intensity for various D/L, values and Re = 2.7 x 104. 

Another interesting point of comparison is 
the fact that Van der Hegge Zijnen found the 
increase of the Nusselt number with D/L, to be 
greater at higher turbulence intensities and 
higher Reynolds numbers, exactly as shown in 
Fig. 12. 

Finally, it was shown in Fig. 9 that Van 
der Hegge Zijnen’s scale of turbulence mea- 
surements were considerably higher than the 
corresponding measurements made in this in- 
vestigation for quite similar grids. This could 
explain the discrepancy of 30 per cent between 
the value of D/L/ for resonance predicted by 
Hinze and the “optimum” value found by 
Van der Hegge Zijnen. 

The effect of guard heating. A few Nusselt 
number measurements were taken with the 
guard heater turned off. It was found that the 
Nusselt numbers without guard heating were 
from 7 to 11 per cent higher for the rear support 
geometry and 8 to 13 per cent higher using the 
crossflow support, than the corresponding values 
obtained using the guard heater. In view of the 
increase in the Nusselt number due to the 
presence of crossflow support (about 10 per 
cent), and the additional increase due to heat 
conduction along the support, it is not surprising 
that Lavender and Pei [22] obtained Nusselt 
numbers more than 20 per cent higher than 
those of Yuge, and those from this thesis using 



EFFECT OF TURBULENCE PARAMETERS 1249 

FOR SYMBOL DESIGNAlIGN 
SEE FIG. I I A 

TURBULENCE INTENSITY, TU 

FIG. 1 l(d) The dependence of the average Nusselt number on 
the turbulence intensity for a small range in D/L, and 

Re = 5.2 x 104. 

a rear guard heated support. The crossflow 
support on the sphere used by Lavender and Pei 
was made of brass, was not guard heated and 
appeared to be quite large compared to the 
sphere diameter. 

Some discussion should be devoted to the 
specification of the turbulence parameters used 
in correlating the heat-transfer results. If a 
sphere were placed in an infinite air stream in 
which the turbulence was completely homo- 
geneous, it would be most logical to determine 
the required turbulence parameters far enough 
upstream of the model that the presence of the 
sphere would not be felt. When the turbulence 
changes in the direction of the air flow, it would 

appear to be best to measure the distribution of 
the turbulence parameters far upstream of the 
sphere and extrapolate to some reference point 
on the sphere (the center, for example). Provided 
the turbulence far upstream is not altered by the 
presence of the sphere, these values of the 
turbulence parameters should correspond to the 
values measured when the sphere has been 
removed and a probe is inserted at the reference 
point, i.e. as done in these experiments. 

One cannot exclude a priori the possibility 
that the turbulence parameters far upstream 
could have been affected by the presence of the 
model. The mechanism for such a distant up- 
stream disturbance would most likely be a 
vibration transmitted from the sphere to the 
tunnel wall, and back to the air stream. However, 
as mentioned earlier, careful observations of the 
spheres were made during the experiments and 
no vibrations were observed except for a slight 
tremor at high fan speeds. 

If the upstream turbulence, far from the 
sphere, was disturbed by the presence of the 
sphere, there would be some dependence of the 
turbulence on the size of the sphere. Thus the 
parameters Re, Tu, and D/L, (with Tu and L, 
defined as the measured values with no sphere 
present) would not be sufficient to correlate the 
results. Figure 12 (especially the data points 
on the n = 092 curve for Re = 1.4 x 104) 
shows that, for given values of Re, lb, and D/L,, 
there is no further consistent dependence of the 
Nusselt number on the diameter D. This tends 
to confirm that, to the accuracy of these meas- 
urements, measuring the turbulence parameters 
prior to the insertion of the model was- satis- 
factory. 

SUMMARY 

Turbulence intensities were measured at 
several stations downstream from three grids of 
different geometry at velocities of 4.6, 9.1 and 
18.3 m/s. Independent measurements were made 
using both a constant-current anemometer and 
a constant-temperature anemometer. The two 
sets of results agreed very closely. The turbulence 
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FIG. 12. The dependence of the average Nusselt number, for spheres 
with rear supports, on the D/L, ratio for Re = 1.4 x lo4 and 2.7 x 

104. 

intensity was found to be essentially independent 
of the velocity of the air stream. Also, there 
were only slight variations in the turbulent 
intensity at positions off the centerline of the 
test section in planes normal to the flow direc- 
tion. A brief comparison of the present results 
with those reported by other investigators was 
shown in Fig. 7. 

The longitudinal scale of turbulence, L,, was 
measured at various stations behind the same 
grids for the same range in velocities. Behind the 
perforated plate grid there was no dependence 
of L, on the air speed ; behind the woven-wire 
grids there was a slight dependence. In addition, 
a few measurements of the transverse scale of 

turbulence behind the perforated plate were 
reported. These measurements were compared 
to the L, measurements and the measurements 
of others in Fig. 9. 

Measurements of the Nusselt number were 
made for spheres both in a low-turbulence 
stream, and in a stream made turbulent using 
the grids for which the above measurements 
were made. Both rear support and crossflow 
support geometries were used. 

In the low-turbulence stream, and using the 
rear support geometry, the following equations 
were obtained for Reynolds numbers in the 
range from 3.6 x lo3 to 5.2 x 104. 

Nu = 2.0 + 0.210 Re0’606 
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or 

Nu = 0.257 Re”‘588. 

The average deviation of the measured Nu 
values from the equations was 0.8 and O-7 per 
cent respectively. Figure 1 compares these 
results with earlier measurements. 

The effect of both the turbulence intensity and 
the ratio of the sphere diameter to the longi- 
tudinal scale of turbulence, D/L,, was studied. 
Increasing the turbulence intensity was found 
to cause an increase in the average Nusselt 
number. By drawing an average curve through 
the data, without regard to the D/L, ratio, it 
would appear that an increase in the turbulence 
intensity to 5 per cent caused the Nusselt number 
to increase by 7.5 and 17.5 per cent for Reynolds 
numbers of 3.6 x lo3 and 5.2 x lo4 respectively. 
At the lower Reynolds numbers, the most pro- 
nounced increase was in the range of turbulence 
intensities below 2 per cent, 

At Reynolds numbers of 1.4 x lo4 and 
2.7 x 104, the number of data points was sufli- 
cient to determine the dependence of the Nusselt 
number on the ratio of the sphere diameter to 
the longitudinal scale of turbulence, D/L,, for 
given values of turbulence intensity. Values of 
D/L, were varied from near zero to twelve. 
The Nusselt number was found to increase with 
D/L,, the increase becoming larger at higher 
turbulence intensities and higher Reynolds 
numbers. Figure 12 summarizes these results. 

The crossflow support resulted in an increase 
in average Nusselt number of about 10 per cent 
for heat transfer in a low turbulence stream. 
The difference was approximately the same at 

higher turbulence intensities. The ratio of the 
stem diameter to the sphere diameter also had 
an influence. In addition, failure to guard-heat 
the support was found to result in an additional 
10 per cent increase in the Nusselt number. 

REFERENCES 
1. P. N. Rows, K. T. CLAXTON and J. B. LEWIS, Heat and 

mass transfer from a single sphere in an extensive 
flowing fluid, Trans. Instn Chem. Engrs 43,14-31 (1960). 

2. 

3. 

4. 

5. 

6. 

I. 

8. 

9. 

10. 

11. 

12. 

13. 

14 

15. 

16. 

17. 

G. C. WILLIAMS, Heat transfer, mass transfer and friction 
for spheres, Ph.D. thesis, M.I.T. (1943). 
G. XENAKIS, A. E. AMERMAN and R. W. MICHELSON, 
An investigation of the heat-transfer characteristics of 
spheres in forced convection, WADC Tech. Rep. 
53-117 (1953). 
J. WADSWORTH, The experimental examination of the 
local heat transfer on the surface of a sphere subjected 
to forced convection cooling, N.R.C. Rep. No. MT-39 
(1958). 
J. R. CARY, Thedetermination of local forced convection 
coefftcients for spheres, Trans. Am. Sot. Mech. Engrs 
75,483-487 (1953). 
G. D. RAITHBY and E. R. G. ECKERT, The effect of 
support position and turbulence intensity on the flow 
near the surface of a sphere, W&me- und Stoffiiber- 
tragung, to be published. 
G. D. RAIMBY, The effect of turbulence parameters and 
support position on the heat transfer from, and flow 
around, spheres, Ph.D. thesis, University of Minnesota 
(1967). 
T. YUGE, Experiments on heat transfer from spheres 
including combined and forced convection, J. Heat 
Transfer 82, 214-220 (1960). 
L. K. ZHITKEVICH and L. YE. SIMCHENKO, Local and 
mean heat exchange between a sphere and an air stream, 
Inzh.-Fiz. Zh. 11, 10-14 (1966). 
W. MBLLER, Experimentelle Untersuchungen zur 
Hydrodynamik der Kugel, Phys. Z. 39, 57-80 (1938). 
H. SCHLICHTING, Boundary-Layer Theory, 4th edn, 
p, 330. McGraw-Hill, New York (1960). 
E. N. COMINGS. J. T. CLAPP and J. F. TAYLOK. Air 
turbulence and transfer processes-flow normal to 
cylinder, Ind. Engng Chem. 40, 1076-1082 (1948). 
D. S. MAISEL. and T. K. SHERWOOD, Effect of air 
turbulence on rate of evaporation of water, Chem. Engng 
Prog. 46, 172-175 (1950). 
W. H. GIEDT, Effect of turbulence level of incident air 
stream on local heat transfer and skin friction on a 
cylinder, J. Aeronaut. Sci. 18, 725-730 (1951). 
B. G. VAU IXH HI~XI: ZIJWN. Heat transfer from 
horizontal cylinders to a turbulent air flow, Appl. Scient. 
Res. A7, 205-223 (1958). 
R. A. SEBAN, The influence of free stream turbulence 
on the local heat transfer from cylinders, J. Heat Trans- 
fer 82, 101-107 (1960). 
J. KESTIN, P. F. MAEDER and H. H. SOGIN, The influence 
of turbulence on the transfer of heat to cylinders near 
the stagnation point, J. Appl. Math. Phys. 12, 115-132 
(1961). 

18. J. 0. HINZE, Turbulence, p. 559. McGraw-Hill, New 
York (1959). 

19. S. P. SUTERA, P. F. MAEDW and J. KESTIN, On the 
sensitivity of heat transfer in the stagnation-point 
boundary layer to free stream vorticity, J. Fluid Mech. 
M, 497-520 (1963). 

20. T. YUGE, Experiments on heat transfer of spheres, 
report 3 (influence of free-stream turbulence at higher 
Reynolds numbers), Rept. Inst. High Speed Mech. 
Tohohu Univ. 11, 209-230 (1959-1960). 

21. W. W. SHORT, R. A. S. BRO\KN and B. H. SAGE, Thermal 



1252 G. D. RAITHBY and E. R. G. ECKERT 

transfer in turbulent gas streams. Effect of turbulence 
on local transport from spheres, J. Appl. Mech. 21, 
393-400 (1960). 

22. W. J. LAVENDER and D. C. T. PEI, The effect of fluid 
turbulence on the rate of heat transfer from spheres. 
Int. J. Heat Mass Transfer 10, 529-539 (1967). _ 

23. E. R. G. ECKERT and R. M. DRAKE. Heat and Mass 
Transfer, 2nd edn, p. 395. McGrawIHill, New York 
(1959). 

24. J. HILSENRATH, Tables of thermal properties of gases, 
N.B.S. Circular 564 (1955). 

25. H. L. DRYDEN, G. B. SCHUBAUW, W. C. MUCK and 
H. K. SKRAMSTAD, Measurement of intensity and scale 
of wind tunnel turbulence and their relation to the 
critical Reynolds number of spheres, NACA Tech. 
Rep. 581 (i937). 

26. F. N. FRENKIEL, The decay of isotropic turbulence, 
Trans. Am. Sot. Mech. Eners 70. 311-321 (1948). 

27. G. B. SCHUBAUEX and H: K. SKRAMSTA~, Laminar 
boundary-layer oscillations and transition on a flat 
plate N.A.C.A. Tech. Rep. 909 (1948). 

28. H. L. GRANT and I. C. T. NISBET, The inhomogeneity 

of grid turbulence, J. Fluid Mech. 2, 263-272 (1956). 
29. S. CORRSIN, Decay of turbulence behind three similar 

grids, thesis, California Institute of Technology (1942). 
30. A. A. HALL, Measurements of the intensity and scale Of 

turbulence, Aero. Res. Corn. R & M 1841 (1938). 
31. J. 0. HINZE, Turbulence, p. 172. McGraw-Hill, New 

York (1959). 
32. W. D. BAINE~ and E. G. F%TERSON, An investigation of 

flow through screens, Trans. Am. Sot. Mech. Engrs 
73(l), 467480 (1951). 

33. B. G. VAN DER HEGGE ZIJKBN, Turbulence in air 
downstream of grids, Appl. Scient. Res. A7, 149-173 
(1957). 

34. R. R. MILLS, A. L. KUTTER, V. O’BRIEN, and S. 
CORRSIN, Turbulence and temperature fluctuations 
behind a heated grid, N.A.C.A. Tech. Note 4288 
(1958). 

35. G. COMPTE-BELLOT and S. CORRSIN, The use of a 
contraction to improve the isotropy of grid-generated 
turbulence, J. Fluid Mech. 5, 657-682 (1966). 

36. R. C. PANKHUXUT and D. W. HOLDER, Wind Tunnel 
Technique, pp. 340-343. Pitman, London (1965). 

R&u&--On d&it des mesures montrant l’influence de l’intensitt et de 1’Chelle de la turbulence ainsi que 
de la position du support sur le transport de chaleur moyen a partir de sphbres dans un ecoulement d’air. 
La gamme de nombres de Reynolds allait d’environ 3,6.10” a 5,2. 104. Les distributions de l’intensite et 
de l%chelle de la turbulence en aval de trois grilles derriere lesquelles on a mesurt ensuite le transport de 
chaleur, ont &tC d&enninees pour des vitesses allant de 4,6 a 18,3m/s. Les mesures de transport de chaleur 
ont montrt que le nombre de Nusselt moyen augmentait avec l’intensit6 de la turbulence et avec le rapport 
du diambtre de la sphbre a I’&chelle de la turbulence pour des valeurs allant jusqu’a 5 au moins. On a trouvt 
que les nombres de Nusselt, obtenus avec un support perpendiculaire a Ucoulement, etaient environ 10 
pour cent plus BevC que ceux obtenus avec un support place il l’arri&re. On donne des equations reliant le 

nombre de Nusselt moyen au nombre de Reynolds, pour un koulement libre a faible turbulence. 

Zusammenfassnng-Es wird tiber Messungen berichtet, welche den Einfluss von Turbulenzintensitat, 
Turbulenzgrad und Lage der Authiingung auf den mittleren Wlrmeiibergang von Kugeln, an einen Luft- 
Strom zeigen. Der Bereich der Reynolds-Zahlen erstreckt sich von etwa 3,6 x 10’ bis 5,2 x 104. Die 
Turbulenzintensitlt und die Turbulenzgradverteihmg wurden fiir Geschwindigkeiten von 4, 6 bis 18,3 m/s 
gemessen, stromabwirts von 3 Gittem, hinter welchen spiiter Wlrmetibergangsmessungen durchgefiihrt 
wurden. Die Warmeiibergangsmessungen zeigten eine Vergrosserung der mittleren Nusselt-Zahlen mit 
der Turbulenzintensitlt und dem VerhUnis von Kugeldurchmesser zu Turbulenzgrad bis zu Werten von 
mindestens 5. Nusselt-Zahlen, die bei QuerauIbXngung ermittelt wurden, waren etwa 10% grosser, als 
solche bei Aumlngung vom riickwertigen Teil der Kugel. Beziehungen zwischen den mittleren Nusselt- 

Zahlen und der Reynolds-Zahlen werden fiir geringe Freistromturbulenz angegeben. 

AEEOTB~HSI-B CTaTbe IIpKBOnfiTCR pe3yJIbTaTM n0 Onpe~eJlcHKIO BJIBRHKR KHTeHCHBHOCTM 
Typ6ynt?HTHOCTH, MaCIUTa6a Typ6yJleHTHOCTK II nOJlOH(eHKR Bep%aBKK Ha CpeBHKt TennO- 
o6Mea OT c@ep K n0~0~y BoaByxa. %CJIO Petinonbgca naMenFiJIocb npn6nrisnTenbHo OT 

3,6 x 103 no 5,2 x 104. hXIpeAWWHHJ3 UttTeHCKBHOCTK II MaCmTa6a Typ6yJIoHTHOCTK B~113 no 
noToKy OT Tpex pemeToK, rAe noaBKee npoBonKnucb KaMepeHKa Tennoo6MeHa, 0npeBenfrjrKcb 
npn CKO~OCT~IX OT 4,6 80 18,s M/ceK. kl3 IlsMepeHnfi Tennoo6Mena cneaye’r, 'ITO cpemiee 
WrCJlO HyccenbTa yBeJtKYKBaeTCR C yBeJleWHMeM KaK HHTeHCBBHOCTK Typ6yJleHTHOCTK, TaK 
II OTHOIIIBHKFI AKaMeTpa C’$epbI K racmTa6y Typ6yJIeHTHOCTK, n0 KpaiHefi Mepc, A0 BeJIKWSHbI 
aTOr OTHOmeHHR, paBHOr0 5. Hatneno, ‘IT0 WKXa HyCCeBbTa npll paCnOBOHceHHH AepHtaBKK 
nepneHBKKynKpKo KanpaBBeKaro TeqeHKn npU6JIKaKTBxbHO Ha 10% bonbme, qenr Yucsra 
HyCCeJIbTa npH t?i? paCnOJIO?iieHBK B KOpMOBOfi KaCTB C@epbI. 

II~KBoBKTCR ypaBHoHKK, cBfrabrBaIOFll;Ke cpeBHee YHCJIO HyCCenbTa C YHCJtOM P&HOJIbp(Ca 
An,=, CB060BHOrO IIOTOKB C MaJlO&i TYP6YJRHTHOCTbIO. 


