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Abstract — This paper describes the results of experimental investigations on natural-convection heat
transfer from the outer surface of a vertical cylinder one metre high to water, spindle oil and Mobiltherm
oil. The characteristics of the experiments are as follows. The experimental apparatus is contrived to
enable us to measure local heat transfer coefficients directly; sufficiently long turbulent boundary layers
are made to appear under various conditions of temperature and heat flux of the heated cylinder; corres-
pondences of local heat transfer coefficients with flow patterns are clarified from the observations of the
boundary layer by means of “mirage method” or other methods, and from the measurements of temp-
erature profiles in it; the influence of Prandtl number upon heat transfer is found in its range from 2 to
2600.

The boundary layer develops through laminar, vortex-street, transition-turbulent and turbulent flow
pattern, and each flow pattern has respective characteristics of heat transfer. Vortex-street flow provokes
abrupt increase of heat transfer coefficients in the transitional region from laminar to transition-turbulent.
Especially with respect to water, no distinction was found between transition-turbulent and turbuient
flow, and its cause is explained by an indeterminate character of the flow pattern in the transitional region.

Local heat transfer coefficients are correlated nondimensionally about each flow region in the cases of
uniform wall temperature and uniform heat flux. In each case, two kinds of experimental equations are
proposed, respectively, by using the physical properties at a reference temperature and by using the
supplementary terms referred to the variation of kinematic viscosity. Non-dimensional equations of
average heat transfer coefficients are also proposed for the case of uniform wall temperature. Furthermore,
some remarks on the ranges applicable to each equation are presented.

The shapes of vortex-pairs, laminar sub-layers and turbulent lumps in the boundary layer as well as
their development, are clearly taken in “mirage” photos. The transitions of flow patterns are also concretely
described.

Temperature fluctuations in the boundary layer are revealed and the time—mean temperature profiles are
represented by a non-dimensional parameter.

“Quasi-steady state” is defined experimentally as a state equivalent to a steady state with respect to heat

transfer coefficients.

NOMENCLATURE Gr¥  modified local Grashof number
c specific heat at constant pressure _ x%gBq NuGr.:
[J/Kg grd]; =g T VU

D, diameter of the heated cylinder [m];
Gr;, average Grashof number

_ Bgplto — t).

g gravitational acceleration [m/s?];

L, height of the heated cylinder [m] ;

2 >
v Nu,;, average Nusselt number = ﬂé;
Gr,, local Grashof number A
x3gB(ty — to
= ,ﬂ_’lv"z___); Nu,, local Nusselt number = Eﬁ‘;;
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Pr,  Prandtl number = -;
K
Q,  heat transfer rate per unit section of

the heated cylinder [W] ;

4, heat flux at the wall of the heated
cylinder [W/m?];

t, temperature [“C];

X, distance vertically upward from the
lower end of the heated cylinder [m];

Vs distance normally away from the heated
cylinder [m].

Greek symbols
¢y,  average heat transfer coefficient [W/m?
grd];
dy, local heat transfer coefficient [W/m?
grd];
B, average volumetric thermal expansion
. w0 ~ Pm .
coefficient = t)n._(t,;:—?:) [1/grd];

o, density [Kg/m?];
S, thickness of the temperature boundary
layer defined in equation (28) [m];

¢, correlation variable ie. non-dimen-
sional distance in y direction defined
in equation (29);

8, non-dimensional temperature
_ -ty
(-t ﬂ

K, thermal diffusivity = 50 [m?/s];

4, thermal conductivity [W/m grd] ;

v, kinematic viscosity [m?/s].
Subscripts

cri, conditions at the upper limit of laminar
region;

i i’th section of the cylinder from the
lowest, and conditions at its middle
height ;

Js conditions at the upper end of the i’th
section ;

l conditions on the level of the lowest

end of the heated cylinder;
m, conditions at the film temperature
defined in equation (6);
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0, conditions on the wall of the heated

cylinder;
oo,  conditions in the ambient fluid;
X, local value at x;

physical properties at the temperature
t, defined in equation (7) are employed ;
physical properties at the temperature
t, are employed.

1. INTRODUCTION

THROUGH previous experiments on natural con-
vection in ethylene-glycol along a relatively
short vertical cylinder, Fujii [1-3], one of the
authors, demonstrated that local Nu number is
proportional to the one-fourth power of Gr
number, not only in laminar region but also in
turbulent one. He inferred theoretically that it
would successively undergo transition to the
region in which local Nu number is propor-
tional to the two-fifths power of Gr number, and
named the former region transition-turbulent
and the latter turbulent respectively. Recently,
Cheesewright [4] measured local heat transfer
coefficients of natural convection in air along a
vertical flat plate. In his data on turbulent heat
transfer we can also recognize the distinction
between those two regions. On the other hand,
it is commonly recommended that local Nu
number is proportional to the one-third power
of Gr number with respect to turbulent heat
transfer [5]. Not only in trend but also in
magnitude, non-dimensional equations of heat
transfer coefficients in turbulent region are
uncertain.

As for the approximate theory to evaluate
turbulent heat transfer coefficients, no quantita-
tively reliable values have been obtained, since
the solutions of Fujii {3] and Eckert and Jackson
[6] are based on inaccurate assumptions es-
pecially for the velocity and temperature pro-
files in the boundary layer. On the other hand,
Kato et al. [7] solved the fundamental differen-
tial equations of natural convection by assuming
the eddy diffusivity based on analogical inference
from forced convection. Their solutions are,
however, different qualitatively from the above-
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mentioned approximate ones and the range of
their application has not been proved experi-
mentally.

On the mechanism of the transition from
laminar to turbulent flow, Eckert and Soehngen
[8] found the waves which resembled the Toll-
mien-Schlichting waves, and Szewczyk [9]
observed the waves to be amplified and trans-
formed further into double-row vortex system.
The cause of the transition is usually explained
by the analogical inference from forced convec-
tion. Szewczyk’s stability calculations based on
the small perturbation theory, however, did not
agree with his experimental results. Fujii [10]
proposed a different interpretation to the similar
observation, but it was not strictly correct.
Furthermore, no clear-cut relation between the
transition processes of flow patterns and the local
variation of heat transfer coefficients was given
in Fujii’s statement as well as in Szewczyk’s.

When performing experiments to make clear
the uncertain problems above-mentioned, we
have to consider several matters as follows.
Local heat transfer coefficients should be directly
measured over the range of the product GrPr
at least up to 10*2 [2]; in the case of natural
convection along a flat plate, no accurate two-
dimensionality could be attained neither
thermally nor fluid dynamically owing to the side
effect ; experimental results should be compared
on various fluids of remarkably different Pr
number ; especially, high viscous fluid should be
used, because the higher is viscosity of fluid, the
longer persist the vortices in the boundary layer.
The authors therefore adopted a vertical cylinder
of one meter height for the apparatus, and water,
spindle oil and Mobiltherm oil for fluid.

Experimental results only are described in
this paper. Accurate measurements on variations
of local heat transfer coefficients over the range
from laminar to fully developed turbulent flow
are presented to induce non-dimensional ex-
perimental equations. The correspondences of
the flow patterns, their transitions and the
temperature profiles in the boundary layer, to
the local heat transfer coefficients are clarified.
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2. APPARATUS, INSTRUMENTATION AND
RANGE OF EXPERIMENTS

The arrangement of the experimental appa-
ratus is shown in Fig. 1. A vertical hollow brass
cylinder of 820 mm o.d., 660 mm id. and
1000 mm height was made by soldering 20
cylinders of 50 mm height by pasty solder after
piling on each other, by facing its outer surface
with a lathe, and by lapping up the surface by
emery paper and compound. In each unit
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Fi1G. 1. Experimental apparatus.
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cylinder, 10 longitudinal holes of 2 mm dia. had
been drilled at circumferentially equal intervals
and at the position of 3 mm from the inner
surface. Each hole was overlapped so as to
constitute one hole from the upper end to the
lower end, in order to make it serve as the hole
for inserting thermocouples. Each cylinder was
soldered up to 3 mm depth from the outer
surface ofthe cylinder. Whereas the non-soldered
sections constituted a gap of 0-1 mm height up
to the depth of S mm from the inner surface. The
cylinder was heated indirectly by an electric
heater, which was subdivided into 20 sections.
The heater was constructed by piling up 20
bobbins made of fire-proof cement of 63 mm
o.d. and 50 mm height, around which was wound
0-8 mm nichrome wire 30 times at 1-5 mm pitch.
The details of one unit section of the cylinder
and heater are shown in Fig. 2. Since the gap
between the nichrome wire and the heated
cylinder was 1-2 mm, 10 distance rings were set
at the vertical interval of 100 mm to prevent
electric short-circuit.

0 82
Y ¢
) *__
"~ Distance ring
o ™ Nichrome wire
[Te)
™—Heated cylinder
5 ] —Fire proof concrete
3 L Solder-weided
o
<« 10-2¢

Nichrome wire

fermmal Hole for inserting

thermocouple

FiG. 2. Unit section of the heated cylinder and heater.

A cylindrical vessel of 385 mm i.d. and 1420
mm height was made of transparent acrylic
acid resin to facilitate visual observation. In
order to prevent the rise of ambient fluid temp-
erature and to reduce the gradient of temperature
stratification as much as possible, cooled water
was circulated through the jacket of the vessel
and a coil bank of copper pipes near the free
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surface of liquid. The coil bank was covered by
wire gauze for diminishing turbulence.

For each condition of the experiments, it took
several hours for the whole temperature of the
apparatus to reach a steady state, and over ten
hours for various kinds of measurement to be
performed. In order to maintain the state steady
during the run, the electric source of the heaters
was kept at 100-0 + 0-1 V by a constant-voltage
regulator, and the temperature of the cooling
water was appropriately controlled by a re-
frigerator and a 2 KW electric heater inserted
in the cooling water circuit.

The electric current through each unit heater
was regulated properly by each individual
variable-voltage transformer. Since the power
factor of each circuit was more than 0999, the
power was measured by a iron-vain type volt-
meter and ammeter of 0-5 per cent accuracy.
The electric inputs to the heaters of the lowest
one and uppermost two sections were over-
supplied by the amount of conductive heat losses
through the supporting assembly of the heated
cylinder and the electric lead wires. The mea-
sured values corresponding to these sections,
therefore, were not taken up in the correlated
data.

Two copper-constantan thermocouples of
0-30 mm dia. were inserted into each 2 mm hole
of the heated cylinder from its upper end. The
hot junctions of them were electrically insulated
and placed respectively as high as the center of
each subdivided unit section of the heated
cylinder. Each remaining hollow in the hole
from the lower end up to the hot junction was
stuffed with copper wire. The temperature on the
outer surface of the heated cylinder, namely
wall temperature, was obtained by correcting
the indication of each thermocouple in propor-
tion to the heat flux at the point. For the
measurement of ambient fluid temperature, 14
copper—constantan thermocouples of 0-32 mm
dia. were placed at the middle distance between
the heated cylinder and the vessel. The position
of each hot junction is shown in Fig. 1 and each
thermocouple was bent for a distance of 50 mm
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from its hot junction horizontally and circum-
ferentially. The electro-motive forces of the
thermocouples were mostly printed on the
strip-charts of two sets of self-balancing elec-
tronic recorders (24 points self-switching, 5 and
10 mV full-scale, 5 pV sensitivity).

!E ~Screw

Dial micrometer
é ; Screw

40 85\ Thermocouple

Thermocouple
Hot junction

F1G. 3. Thermocouple probe and its traversing assembly.

The temperature field in the boundary layer
was measured by a thermocouple probe shown
in Fig. 3. The probe body was fabricated from
glass tubes in the shape of a two-tined fork, and
the distance between the tines was 40 mm. The
thermocouple, fabricated from 0-05 mm copper
and constantan wire, was suspended between
the tips of the tines. The junction was formed at
the center of the 40 mm span by butt-welding
the two materials. The traversing assembly was
constructed by utilizing screws of vices, and the
horizontal travel was measured by a mech-
anical dial micro-meter capable of detecting
lengths to within 001 mm in 10 mm. The
coordinate of the hot junction from the wall of
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the heated cylinder was determined by linearly
exterpolating the measurements close to the
wall up to the temperature measured by the
thermocouple inserted in the heated cylinder.
The discrepancy between the coordinate thus
determined and that determined preliminarily
by telescopic observation was of the order from
0-05 to 0-4 mm. The vertical distance of the
hot junction from the lower end of the heated
cylinder was adjusted manually prior to each
traverse, and read by a cathometer capable
of detecting heights to within 0-05 mm in
1000 mm.

In order to measure the temperature fluctua-
tions in the boundary layer and of the heated
cylinder, the direct current component of the
thermo-¢electro-motive force was cancelled by
adding appropriate negative electric voltage by
means of a potentiometer, then the fluctuating
component was amplified by pen recorder. These
records include more or less time lag and ampli-
tude damping.

Deacrated pure water of about 2 MQcm
specific resistance, white spindle oil and Mobil-
therm 600 oil were employed for fluid. The phys-
ical properties of water were based on [11],
and those of oils were measured prior to use in
our laboratory. The variation of each value with
temperature was expressed by an approximate
formula as shown in the Appendix.

The ranges of experiments are shown in Table
1. Nondimensional values of the data were cal-
caulted by an electronic computer OKITAC
S090H in the Computation Center of Kyushu
University.

3. “MIRAGE METHOD” FOR OBSERVATION OF
THE BOUNDARY LAYER
The boundary layer flow was observed by
means of dye injection, shadow graph and
“mirage method”, which was originated in this
investigation. The photographic records by
mirage method are mainly adopted in this paper
for illustration.
Black wires of 2-2 mm dia. and about 13 m
length were arranged in stripes at 45 mm pitch
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Table 1. Ranges of experiments

Fluid Water White spindle oil Mobiltherm 600 oil
Experimental condition t, uniform ¢ uniform to uniform ¢ uniform t, uniform g uniform
Surface temperature ¢,(°C) 2671 21-86 56147 62--180 75152 70--157
Flwud temperature ¢ ,( C) 1644 14-43 2259 2% 55 21-62 22-57
Heat flux g (W/m?) 21 x 103 24 x 103 19 x 10? 38 x 103 22 % 10° 39 x 10°
-2-7 x 10* 30 x 104 19 x 10* 31 % 104 14 « 10* 12 % 10*
Prandtl number (Pr), 2864 2:4-71 24-92 19-79 41240 42-300
(Pr).. 4-0-7-9 4-1-8:2 77--170 76--170 260--2600 310--2600
Grashof number (Gr.),, (Gr}), 72 x 10° 1-5 x 108 2-5 x 10° 2:5 x 108 40 x 10° 13 « 107
43 x 1017 58 x 10'% 22 1010 96 x 10M* .58 « 1010 50 » 10
(Gr,) s (GFY) 50 x 10° 12 x 108 48 x 10° 54 x 107 34 x 103 17 % 10°
22 % 10°7 =31 x 101 23 % 10'° 83 x 10** 13 x 10°  -94 x 10"
(Gr.Pr),, (GriPr), 46 x 107 11 x 10° 22 x 108 20 x 10'% 96 x 107 40 x 10
12 % 10'2 16 x 10'% 53 x 10'2 19 x 10'¢ 24 x 10'? 24 x 10'3
(Gr.Pr)y, (GriPr),, 40 x 107 96 x 10® 96 x 107 88 x 107 89 x 10° 42 % 10%
89 x 10" 13 x 10'° 16 x 10'2 41 x 10'° 35 % 10" -30 x 10*7
Nusselt number (Nu,), 40-1440 411370 60-1850 72-2250 59-1100 51-1110
(Nu) . (vo/v)® 2 (N (vo/v., )07 3921210 38-1300 571290 61-1630 28-700 32740

Values of Gr,, Gr.Pr and Nu,(v,/v,,)° 2! are entered in respective columns of uniform wall temperature and Gr¥,
Gr*Pr and Nu,(vo/v,)?!" in respective columns of uniform heat flux.

Water jocket
Black wire Boundary layer Vessel wall
Heated cylinder

FiG. 4. Principle of “‘mirage method™.



EXPERIMENTS ON NATURAL-CONVECTION HEAT TRANSFER

on a milk-white plate made of acrylic acid
resin. The setting was stood against the vessel,
and lightened uniformly from the backside of the
plate. When we observe the vicinity of the heated
cylinder from the opposite side of the vessel, we
can find the refracted images of the wire stripes
corresponding to the temperature field in the
boundary layer.

The principle of this phenomenon is shown in
Fig. 4. The light beam is bent more when it
passes through nearer to the heated cylinder,
because the refractive index of the fluid in the
boundary layer decreases with temperature rise.
When the wire stripes and a camera or a naked
eye are set as shown in the figure respectively, for
example, image a’ of wire a is focussed owing to
the refraction in the boundary layer and further-
more image a”’ on the film or the retina by its
lens. Since such a light beam as a-a’”’, which
focusses once at a’ in the boundary layer, is bent
further by the temperature field, image a” on
the film corresponds to ghost image a”. The
light beams that enter the lens of bore AB
through the boundary layer are limited to the
range between a—a”’ and f-f”. Since the light
beams corresponding to each image are re-
stricted within an extremely narrow zone in the
boundary layer, we can reveal the local feature
of the temperature field. The authors name this
method of observation “mirage method” from
analogy to a mirage phenomenon. In the case of
water the mirage image is rather ambiguous
compared with the case of spindle oil. Besides,
this mirage method seems to be inappropriate
for the observation of the boundary layer in air,
refractive index of which varies scarcely with
temperature.

For taking photos, a Nikon motor-drive
camera and a Bolex movie camera were used.

4. EXPERIMENTAL RESULTS AND
CONSIDERATION

4.1 Non-dimensional expressions of local heat
transfer coefficients by the physical properties
at a reference temperature

Representative distributions of ambient fluid
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temperature t,, wall temperature ¢, and heat
flux g in the cases of uniform wall temperature
and uniform heat flux are shown respectively in
Figs. 5(a), (b) for water and Figs. 6(a), (b) for
spindle oil. The horizontal bars drawn on the
curves of the wall temperature in Fig. 5 indicate
the maximum amplitudes obtained from the
records of its fluctuations. For the time being,
we take up only the time-mean values for
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F1G. 6. Distributions of ambient fluid temperature ¢, wall
temperature t, and heat flux ¢ for spindle oil.

{a) uniform wall temperature. (b} uniform heat flux.

consideration, leaving the fluctuation itself and
its influence on heat transfer for reconsideration
in section 4.6.

Local heat transfer coefficient «,, local Nu
number Nu,, local Gr number Gr,, and local
modified Gr number Gr¥ in the case of uniform
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heat flux are evaluated by the following equations
respectively;

_ Q; )
x TZD(XJ - xi~1)([0 - t(x;)l
4

= 4 1
{to — t.0) @

0LX;
Nu, = X2 2
e = =7 (2)

3 — .

Gr, = ‘*i’@(f_ﬁz L)t (3)

x;gPq;

E 3 e 5 ar
Gry N 4)

where

X, = l‘ﬁzfr—‘ (j=12,....20, (5

and subscript i signifies the /’th subdivided sec-
tion of the heated cylinder from the lowest and
subscript j conditions at its upper end.

In this section are attempted non-dimensional
expressions of local heat transfer coefficients by
means of the physical properties corresponding
to a reference temperature, which represents the
temperature distributed in the boundary layer.
Figure 7 shows a preliminary plot of Nu, vs.
Gr Pr with respect to two different temperature
conditions of the heated cylinder in spindle oil.
Four kinds of temperature ¢, t,, t, and ¢, are
taken as a reference temperature,
where

Ly =3 (to + 1) (6)
and
t, =ty — %{to + ). (7)

In each case, however, § is evaluated on the basis
of t, and t,,. The data corresponding to t, are in
good correlation as a whole, and furthermore,
the data of the group of lower Gr Pr are in good
agreement with the numerical solution based on
the laminar boundary layer theory [12]. The
same holds also for the data on water. Accord-



EXPERIMENTS ON NATURAL-CONVECTION HEAT TRANSFER 761

o
Fad e
oD
~d

193

3 ® 8 ALt =33°C
00 A& Vil =90°C

Nu,

- 9 ) Mo, =049 (Gr, Pri%Pr=100) ]

102

A3
109 1010 ol 102 1013
G Pr

FiG. 7. Preliminary plot of Nu, vs. Gr_Pr for spindle oil by using the physical properties
at f,, ., 1, and ¢, respectively.

T ¥ L | U T T 3 T T T T L "
£3C £3C | x5
03l—© 8 28 —~— Kato & o/ {Pr=5) e o
L D20 35 ~=~--~ Eckert—Jackson { Pr =5) 2) R
532 53 b
. F vaa 74 s 4
3 s
§ L //;”/ @ 6Q7
Sl -
102 —_— Ya
i e () M), =0-45(67; Fr), j
-D/QA/R'O/ 2) (M), =0130(6% Pr 112 ]
i i, A, i, 4 1 P 1 A 3 i i ’ 1 i ol
108 10? 10" io" 10"
(6", Pr Ja
fay

e @ Wrme
o} @ 15 2:4x10°
- o5 38x10°
T 024 97x10°
- A34  (9xi0*
v4z2  3-0x10°

10?2 a5
M () (Mo, )= 0-58(6rPr ), ]
l (2}, ), =0-215 (67,"er 14
' 1 4 L i k. L L 1. (Y 1 1 I i A i L
10 oh 1o'2 1o!2 0" 1018

(Gr¥pry,
{b)

(M, e

FiG. 8. Non-dimensional correlation of a, for water. (a) uniform wall temperature. (b) uniform heat flux.



762

T. FUJII, M. TAKEUCHI, M. FUJII, K. SUZAKI and H. UEHARA

. e , ] . S - S
L 15C  15C //rj
o 23 57 —-— Koto et o/ {Pr=60} =
s o 3¢ 97 Eckert—Jackson (2r=60) (3)
{0° P— e — —_—
L 4 58 146 e
: | B ) |
/‘/,(X'D/ |
- S 0| ) Ve = 049 (6, Pr)f -
<k S (@) (M, ), = 087 (Gr £r )owa
. /,Q/D/Q/ (31Nus), = 0150 (67 Pr )24
10¢ O, i
[ i i L A i 1 1 1 1 i 1 1 ) i ! ' 4 ]
10° 100 1o 102 03
(Gry Pr).
(a)
|' T 1 T T l Ll T T T T T T T T L T T T T T
e gw/m? ] 5
[ 029  38xi0°
.| _m40  95x10° (3)

" a5 1.8x10° ]
= v53 3 (x10° < (2) .
Y Fa
= 3 A 0¥ o © N

A V7
- 0 (1) (M), =062(Gr,'Pr)} -
A (2) (Mo, )g =0-90LGr*Pr ), 5
102 (3}Mu, )70 050(67, Pr ),/
L. -4
i i1 L 1 Lt 1 1 L1 t L A I ] I 1 -
folt ok 102 10'4 1013 106
(GriPr).

(b)

FiG. 9. Non-dimensional correlation of «, for spindle oil. (a) uniform wall temperature. (b) uniform heat flux.

ingly, the non-dimensional numbers in this
section are evaluated at the reference tempera-
ture t, and these are signified by ( ),. By the way,
thus determined reference temperature t, agrees
with that induced from Fujii’s approximate
solutions on the laminar boundary layer equa-
tions of ethylene-glycol [13] as well as from
Akagi’s numerical solutions on the laminar
boundary layer equations of high viscous
mineral oils [14].

Figures 8(a),(b), 9(a),(b) and 10(a),(b) show the
data on water, spindle oil and Mobiltherm oil
respectively, where the plots of (Nu,), vs.
(Gr.Pr), and (Nu,), vs. (GriPr), correspond to
the cases of uniform wall temperature and

uniform heat flux respectively. In each figure is
drawn a line corresponding to the numerical
solution of the laminar boundary layer equa-
tions on a vertical plate for Pr = 5 or 100 as an
average [15,12]. That is, in the case of uniform
wall temperature,

(Nu,), = 0-45(Gr Pri3,(Pr = 5),  (8)
for water,
(Gr.Pr), < (1 ~ 3) x 10*°;
(Nuy), = 0:49(Gr Pr)t, (Pr = 100), (9)

for spindle oil,
(Gr.Pr), < (3 ~ 7) x 10'°;
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FiG. 10. Non-dimensional correlation of «, for Mobiltherm oil. (a) uniform wall temperature.
(b) uniform heat flux.

for Mobiltherm oil,
(Gr.Pr), < (1'5 ~ 9) x 10*;
and in the case of uniform heat flux,

(Nu,), = O-58(GriPrit,(Pr=35), (10

for water,
(GrtPr), < (02 ~ 2) x 10*3;
(Nuy), = 0-62 (Gr:Pr)}, (Pr = 100), (11)

for spindle oil,
(GrtPr), < (05 ~ 3) x 10'3;

for Mobiltherm oil,
(GriPr), € (06 ~ 6) x 10'4

Since the radius of the heated cylinder is suffici-
ently large compared with the boundary layer
thickness, the heat transfer coefficients are
estimated to be at most 1-3 per cent larger than
those on a vertical heated plate [16], and these
discrepancies are within the range of measure-
ment accuracy. The experimental results are in
good agreement with the theoretical ones in the
range of (Gr.Pr), or (Gr¥Pr), given to each
equation.

For water, in the ranges of higher (Gr Pr), and
{GriPr),, the following equations are obtained
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in the cases of uniform wall temperature and
uniform heat flux respectively :

(Nu,), = 0-130(Gr Pr)§, (4 ~ 8)

x 1010 < (Gr.Pr),;  (12)
(Nu,), = 0215 (Gr*Prt, (1 ~ 7)
x 1013 < (Gr*Pr),.  (13)

The ranges in which these equations hold, corres-
pond to turbulent regions.

For spindle oil and Mobiltherm oil, suc-
cessively arise the regions in which the non-
dimensional experimental equations of heat
transfer coefficients are represented as follows:

(Nuy), = 0-87 (GrPr)}, (14)

for spindle oil,
8 x 10'° < (Gr Pr), <6 x 10'*;

for Mobiltherm oil,
(2 ~4) x 10! < (Gr.Pr),;

(Nu,), = 090 (Gr¥Pr)t,

for spindle oil,
(4 ~ 8 x 103 < (Gr¥Pr), < 5 x 10'%;

for Mobiltherm oil,
(2 ~ 4) x 10'* < (Gr¥Pr),.

(15)

Fujii’s experimental equation for ethylene-glycol
[1] also shows an agreement with equation (14)
in the range of (Gr Pr), from 85 x 10° to 8 x
10'°, Furthermore in the experimental data on
air of Cheesewright [4], such a region is also
recognized as the heat transfer coefficients are
represented by the same equation in the range
of Gr_Pr from 6 x 10° to 2-2 x 10'°.

For spindle oil, transitions take place further
to the regions represented by the following
equations:

(Nuy), = 00150 (Gr,Pr},

6 x 1011 <(Gr.Pr),;  (16)
(Nuy), = 0050 (Gr*Pr,
5 x 10 < (Gr*Pr),.  (17)

For air also, according to Cheesewright’s

experiment [4], the similar transition takes
place and the experimental equation may be
expressed as:

(Nu,) = 00245 (Gr,Pr)?,

22 x 10*° < (Gr,Pr). (18)

For Mobiltherm oil, however, few data charac-
teristic of this region were obtained, probably
owing to the fact that sufficiently large values of
(Gr.Pr), or (Gr¥Pr), were not attained.

The region in which the heat transfer coeffici-
ents are represented by equation (14) or (15) is
named ‘“transition-turbulent” region and that
by the form of either equation (16), (17) or (18)
“turbulent” region.

The characteristics about the non-dimen-
sional expressions of heat transfer coefficients
on a vertical wall may be summarized as follows.

() Non-dimensional correlations of heat
transfer coefficients change in the order of
laminar, transition-turbulent and turbulent
region with the increase of (Gr Pr), or (Gr¥Pr),.
For water, however, no distinction appeared
between transition-turbulent and turbulent
region. It seems to be an exceptional example,
and the reason is stated in section 4.6.

(i) Local Nu numbers are represented by the
functions of the product Gr Pr or Gr} Pr over the
whole regions from laminar to turbulent within
the accuracy of the experiments.

(i1i) Three pairs of equations (12), (13), (14), (15)
and (16), (17) can be mutually transformed by
the following equation:

Gr¥ = Gr.Nu,. (19)
Namely, there is little difference, as far as the
heat transfer in transition-turbulent and turbu-
lent region is concerned, between the cases of
uniform wall temperature and uniform heat flux.
It does not hold, however, in laminar region,
in which we cannot correctly induce equation
(10) or (11) from equation (8) or (9) by the same
transformation.

(iv) The fact that the data in transition-
turbulent region are somewhat scattered es-
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F1G. 11. Non-dimensional correlation of a, for water. (a) uniform wall temperature. (b) uniform heat flux.

pecially in the case of uniform wall temperature,
may be due to the experimental error caused by
inappropriate supply of the heat flux. Neverthe-
less, it is noteworthy that equation (14) holds
independently of the kinds of fluid within the
range of (Pr), from 0-7 to 300.

(v) In the region of the transition from laminar
to transition-turbulent region, or to turbulent
region with respect to water, local heat transfer
coefficients increase abruptly. This narrow
region is named ‘“transitional” region. The
values of (Gr,Pr), corresponding to the range of

transitional region vary with the kinds of fluid,
and even for respective fluid they are not

exactly determined. The transition from transi-

tion-turbulent to turbulent region is continuous,
and the value of (Gr,Pr), corresponding to it is
almost definite as far as one kind of fluid is
concerned.

(vi) In laminar region the agreement between
theoretical and experimental results is good. In
turbulent region the theoretical solutions of
Kato et al. [7] and Eckert and Jackson [8] are
inserted as a chain and a dashed line respectively
in Figs. 8(a), 9(a) and 10(a). The former agrees
wellwith only the data on water. The latter agrees
with the data on spindle oil with respect to only
the exponent on (Gr.Pr),. However, the theor-
etical solutions for turbulent region are not
generally reliable.
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4.2 Non-dimensional expressions of local heat
transfer coefficients under consideration of
only the variation of viscosity.

The variation of viscosity with temperature is
most conspicuous, therefore we attempt to
supplement the nondimensional equations of
local heat transfer coefficients by specified values
of kinematic viscosity, neglecting the variation
of the other properties. Figures 11 (a), (b) and
12 (a), (b) show plots of (Nu,), (vo/v,.)° 2! vs.
(Gr.Pr),, and (Nu,)o(vo/veo)® ! vs. (Gr¥Pr),, on
the same data with the preceding section, where
()., signifies that the values of physical proper-
ties A, vand Prat ¢ are employed. The exponent
021 of supplementary term (vo/v,) is applied

after Akagi’s proposition [14] on the expression
of the numerical solutions of the laminar
boundary layer equations in the case of uniform
wall temperature. The exponent 0-17 in the case
of uniform heat flux is formally induced by
introducing transformation (19} to the above
case, namely, (Nu,),(vo/v,,)°?! is proportional
to (Gr,Pr)}. The correlations of the data are as
good as those of the preceding section as a
whole.

With respect to laminar and turbulent region
of water as well as laminar and transition-
turbulent region of spindle oil and Mobiltherm
oil, the experimental equations obtained in
Figs. 11 and 12 are respectively the same as
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those derived from the replacement of

(Nu)e = (Nt o (vo/ve0)" !

and

(Gr.Pr), = (Gr.Pr)

in equations (8), (12), (9) and (14); or

(Nux)e - (Nux)oo(vO/voo)o‘ 17

(N”.v)x(vlb )0 7

103
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and
(Gr}Pr), - (Gr¥Pr),,

in equations (10), (13), (11) and (15).

Moreover, the upper limits of laminar region
are expressed by (Gr.Pr), .. = (1 ~ 5) x 10'°
and (Gr*Pr) o = (02 ~ 2.5) x 10'3, and the
lower limits of transition-turbulent region of
spindle oil and Mobiltherm oil, or turbulent
region of water, are expressed by (Gr Pr),
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FIG. 13. Comparison on experimental equations of local heat transfer coefficients.
(a) uniform wall temperature. (b) uniform heat flux.
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(25 ~ 6) x 10*° and (Gr*Pr), =(1 ~ 5) x 103,
The fact that the lower and upper limits of
transitional region expressed as above are
independent of the kinds of fluid, suggests that
these transition phenomena are subject to the
flow of relatively outer part in the boundary
layer.

The experimental equations for turbulent
region of spindle oil are expressed as follows:

{Nux)oo{vﬁ/voo)aQ} = 00175 (erpr}gov

20 x 10' < (Gr Pr)y,; (20)
and
(Nt o(vo/v)" "7 = 0055 (GriPrt,

15 x 10" < (Gr2Pr),. (21

With respect to the coefficients and the ranges
of application, these equations are different
from those of equations {16) and (17) respec-
tively.

The exponents of supplementary term (vy/v,,)
in the experimental equations in this section
have not been induced theoretically except for
the laminar region in the case of uniform wall
temperature, but we can practically take 0-21 in
the case of uniform wall temperature and 0-17
in the case of uniform heat flux, commonly over
the range from laminar to turbulent region.
Moreover, the characteristics of the local heat
transfer coefficients obtained in the preceding
section hold as they are, and the expressions on
the range of transitional region are made much
simpler.

Figure 13 (a) shows all of the experimental
equations obtaiued in this section in the case of
uniform wall temperature. In this figure, are also
described the curves of the experimental equa-
tions derived from Fujii’s data [1] for heat
transfer from a vertical cylinder to ethylene-
glycol and given by Cheesewright [4] from a
vertical plate to air.

1t is recognised that the values of (Gr Pr) .
corresponding to the upper limit of laminar
region vary with experimental apparatuses.
Besides, in Saunders’ experiments of heat trans-

T. FUJII, M. TAKEUCHI, M. FUJII, K. SUZAKI and H. UEHARA

fer from a vertical plate to air [17] and to water
[18], the values were about (2 ~ 3) x 10°.
Generally, the values of (Gr Pr)_,_,; on a vertical
plate are smaller, because the occurrence of
these transitions is closely connected to the
stability of the laminar boundary layer flow.
In this case two-dimensionality of the boundary
layer is disturbed directly owing to side-wise
entrainment of fluid on the plate and indirectly
owing fo simultaneous lowering of wall
temperature near the side edges. That the
experiments of Cheesewright {4] show the
higher values of (Gr Pr),,;, may be due to the
fact that side-wise entrainment of fluid on the
plate was precluded in his apparatus.

Figure 13 {b) shows all of the experimental
equations obtained in this section in the case of
uniform heat flux. The values of (Gr Pr),, and
(GrPr), corresponding to transitional region
are also mutually transformed by equation (19)
in case of similar conditions in the ambient.
which are mentioned in section 4.7,

4.3 Average heat transfer coefficients

Average heat transfer coefficients are ex-
pressed nondimensionally in the case of uniform
wall temperature. Average Nu number and Gr
number based on height L are respectively de-
fined by

L
L 1 {
Nuy, = %m — - (o - rm}J gdx,  (22)
1]
L3 - T}
Gr, = -ﬁé%%r@ - 23)

The correlations of Ny, vs. Gr can be calculated
from the respective equations on Nu, obtained
in section 4.1. and 4.2. In laminar region they
naturally coincide with the theoretical solutions.
When the integrand of equation (22) involves
two or three regions, the induced equations are
affected by the heights of occurrence of the
transitions. Therefore, we propose the equations
with an indefinite constant in order to cover all
experimental data on each fluid, in accordance
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with the expressions obtained in section 4.2. as
follows:

for water,
(Nup) o(vo/v)® 2= 0130(Gr_Pr)},
- (111 ~ 176),(1'5 ~ 4)

x 101° < (Gr Pr),; (29
for spindle oil and Mobiltherm oil, commonly,
(Nup)o(vo/ve)® 2 = 116 (Gr Pr)},

— (177 ~ 227),(1'5 ~ 4) x 10'°

<(Gr,Pr, <20 x 10';  (25)
(Nup) o(vo/v,)® 2t = 00145 (Gr Prit,
+ (115 ~ 65),2:0 x 10! (Gr Pr),. (26)

In order to simplify the calculation in the
above equations, the variations of heat transfer
coefficients in transitional region are left out of
account. Namely, it is assumed that these
transitions take place discontinuously at the
points of lower limits of (Gr Pr), indicated
under equations (24) and (25). The ranges of the
constants in the right side of equations (24)-(26)
correspond to the range of (Gr Pr), at those
hypothetical transition points.
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In order to correlate the experimental data, it
sufﬁces to use the definitions (22) and (23) as

fg dx = Z g;and L = x;. Asto g,, however, are

used the calculated values from the experimental
equation of (Nu,),,, because the measured values
with respect to this subdivided section include
conductive heat losses. The ambient fluid
temperature on a level at 0-15L from the lower
end of the heated cylinder is taken as the effec-
tive temperature. This value was proposed by
Yamagata and Kawano [19] theoretically and
assured by Fujii [1] experimentally. It is
applicable only to laminar convection, but not
to the convection including turbulent region.
For the data in this paper, however, the selection
of the level corresponding to the effective tem-
perature is little important, because tempera-
ture gradients in the ambient are comparatively
small to the difference between ¢, and ¢,..

The data shown in Fig. 14, which are chosen
by two test runs with most different values of
(Gr,.Pr) .. for each fluid, are in good agreement
with the predicted equations (24)-(26) respec-
tively. In this figure, are also inserted correlation
curves of air by Cheesewright [4] and of

T Til{ T T

—O— Water
~--0--- Spindle oil

LI N B i T 1
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FiG. 14. Experimental data and its correlations on average heat transfer coefficients in the case
of uniform wall temperature.
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ethylene-glycol by Fuijii [1], both of which are
derived by integration of the local heat rates.

The above-mentioned data on water, spindle
oil, Mobiltherm oil and air may be uniquely
correlated in the range of (Gr Pr),, larger than
10 by the following equation :

(Nup) o(vo/v)°2t = (0017 + 0:002)

x (GryPr)t, 10'° < (Gr, Pry,. (27

This equation is useful to estimate approxi-
mately average heat transfer coefficients, but it
cannot correctly correlate the data of each
individual test run. It must not be applied, when
the upper limit of laminar region becomes much
smaller, as shown by the curve of ethylene-
glycol in Fig. 14. Touloukian et al. [20] also
proposed an experimental equation applicable
to the data on water and ethylene-glycol, but it
is different from equation (27) in both trend and
magnitude. Their results are rather unreliable,
because the number of subdivision of the heated
cylinder was too few and the effective fluid
temperature above-mentioned was taken in-
appropriately.

4.4 Flow patterns and transition phenomena

Mirage photos of the boundary layer of
spindle oil are shown in Fig. 15, photos (a) and
(b) of which correspond to the cases of com-
paratively small and large heat flux respectively.
Since each of them was taken partially and then
pieced together, simultaneity along the height
of the cylinder is not provided.

The laminar layer is built up from the leading
edge. At about (Gr*Pr),, ~ (4,15) x 102, pairs
of inward and outward rotational motion are
gradually developed. Successively, in the region
of (6, 3) x 10'? < (Gr*Pr), < (25, 11) x 10'3,
vortex pairs are formed up and arranged in the
formation of a symmetrical doable row. This
layer is named ‘‘vortex-street layer”. The ranges
of (25, I'1) x 10*3 < (Gr¥*Pry,, < 1'5 x 10
and 1-5 x 10'* < (Gr*Pr),, correspond to
transition-turbulent and turbulent region resy ec-
tively, which are defined in previous sections
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from the results of non-dimensional correlations
of heat transfer coefficients. The limits of each
flow patterns are not clearly defined and their
locations also somewhat vary with time. The
indicated values of (Gr.Pr), and (Gr*Pr),
corresponding to their limits, however, are
scarcely affected by the amount of temperature
or heat flux on the heated cylinder.

Successive photos of a vortex-pair in Fig. 16
were taken by following up the process of its
development, disintegration and transition to
transition-turbulent with a movie camera. Each
photo is extracted by 1/4 s interval, and black
and white is reversed. Moreover, it should be
noted that no behavior of the fluid outside the
thermal boundary layer appeared in the photos
because of uniform temperature.

According to the observation based on
statical coordinate as shown in Fig. 15, the
flow pattern indicated by the photos from No. 0
to No. 3 in Fig. 16 looks like a wave motion, and
Eckert and Soehngen [8] suggested from their
interferometric observation on air that the
waves resembled closely the Tollmien -Schiicht-
ing wave in a forced flow boundary layer. Each
individual fluid particle in the boundary layer,
however, never fluctuates. On the other hand,
the travelling velocity is dependent on the main
flow velocity but not on the physical properties
of the medium. Therefore, this fluid motion
must be distinguished from ordinary wave
motion.

In No. 4 of Fig. 16 inversion of stripes is found,
and successively a clear shape of vortex-pair
appears. This vortex-pair corresponds with
what was conceived theoretically by Fuju
[10,21] from his shadow graphs of the boundary
layer of ethyleneglycol and confirmed by Szew-
czyk [9] from the observation of dye strzaks in-
jected in the boundary layer of water. While the
outside vortex is pushed outward, the ambient
fluid with low temperature is engulfed into the
wake of the vortex. Accordingly, the thickness
of the thermal boundary layer at this purtion
between two vortex-pairs becomes thinner than
that at just upstream in the ordinary laminar
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Fi1G. 16. Successive photos of a vortex pair of spindle oil; intervals of each photos is 1/4s, ¢ = 3-86 ~ 103 W/m?=,
(Gr¥ Pr)w = 115, 3:96 x 1013 at x = 42, 57 cm respectively.
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photo is 1/2s, g = 1-23 x 104 W/m2,
(a) transition-turbulent; (Gr¥Pr),, = 7-76 x 10¥ at x = 42 cm.
(b) turbulent; (GriPr),, = 1-15 x 105 at x = 82 c¢m,



36

FiG. 18. Deformation of the vortices observed from the front of the heated cylinder; g ~ 3-86 - 103 W/m?, (Gr¥Pr) .,
0-94, 1-90 ~ 104 at x == 40, 48 cm respectively.
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F1G. 30. Shadow graphs of the transitional region of water.
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boundary layer. The flow pattern from No. 4
to No. 13 corresponds to vortex-street layer, and
this region corresponds to tramsitional region
in the curve of (Nu,),, vs. (GrXPr,.

The flow pattern from No. 13 to No. 25 of Fig.
16 corresponds to transition-turbulent region.
The shape of vortices first disintegrates and the
fluid part with irregular turbulent motion
gradually extends in the boundary layer. In the
part close to the heated cylinder, however,
remains a thin layer with comparatively less
turbulence, which may be taken as the laminar
sub-layer.

In Fig. 17, for comparing the transition-
turbulent flow (a) with the turbulent flow (b},
are represented the mirage photos, which are in
the same condition as Fig. 15(b) and are taken
by every § s. In the part that active turbulent
mixing occurs, the stripes change into specks,
and the more active the mixing, the smaller and
the more randomly situated the specks. It is
recognized that the part with active turbulence
rises in a lump. The size of the lump is at first
small in the transition-turbulent region and
gradually increases, whereas in the turbulent
region it is comparatively large and varies little.
When the lumps pass, the part close to the heated
cylinder, that is called laminar sub-layer, is also
disturbed violently.

Figure 18 shows the deformation of vortices,
which are found when the front of the heated
cylinder is illuminated from above the observer.
Glimmering lines accompanied with a black
line beneath them indicate outer vortices in the
boundary layer. Because the outer vortex is
made of the fluid with relatively small refractive
index compared to the neighbourings, a reflec-
tive surface against injected light beams is
formed on the vortex tube, and the part behind
the reflected light on the heated cylinder is
shaded. On the left side of the heated cylinder
in the figure is also shown the boundary layer
illuminated by a lamp settled behind the heated
cylinder,

The vortex tube surrounds the heated cylinder
in a ring. The axis of the tube is not just perpen-
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dicular to the flow direction in its starting. This
suggests that the conditions of vortex develop-
ment and the flow velocity in the laminar layer
are pot just uniform circomferentially. When the
translation velocity of the vortex tube is larger
than the mean velocity of its neighbourings, the
vortex is subject to a force pushing itself out-
ward, based on the Kutta—Joukowsky theorem.
As the vortex tube is transferred outward, it is
further pushed outward and its vertical velocity
component decreases, since the above-men-
tioned relative velocity becomes larger.

The vortex tube, however, does not uniformly
expand outward, but its some parts are retarded
outward and advanced vertically. This stage is
indicated by some bended lines in Fig. 18 and by
disintegrated stripes in mirage photos Nos.
10-13 of Fig. 16. The bended part is more and
more accelerated and its foremost round end
becomes larger. Precisely, the bended part forms
a loop, the legs of which are connected to rela-
tively outward located parts of the same vortex
tube and the head of which is inclined inward.
The loop expands rapidly as if it gets beneath
the preceding vortex tube, while the part of this
tube is more impressed outward, and diffused
out in the ambient as if a free vortex tube. By
analogical inference from the character of
vortices in an inviscid fluid, it is explained that
the loop must be accelerated by all the forces
exerted from the mutual reactions among the
vortices arranged along the flow, between the
vortices and the cylinder wall and between the
vortices and the surrounding flow, While the
loop is elongated and its head is expanded, the
ambient fluid is engulfed into its wake three-
dimensionally. This part corresponds to a
turbulent lump in Fig. 17.

Inner vortices must be more stable, because
they are close to the heated cylinder and there-
fore subject to an intense viscous force. Their
motion however were not clarified, It is reason-
able to infer that the inner vortices play a certain
mportant role in the transition of flow patterns
and the promotion of turbulent mixing, because
they are developed together with outer vorticesin
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symmetrical arrangement, and they must inter-
sect or come into collision with the loops of outer
vortices.

As the vortices are deformed, the fields of flow
and temperature or buoyancy are disturbed, and
inversely the disturbed fields promote further
the deformation of vortices, therefore, under
these reciprocal action the flow becomes more
and more irregular. That turbulence becomes
drastic, is equivalent to that apparent thermal
conductivity of the fluid becomes large, therefore
heat transfer coefficients are enhanced. In the

10
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F1G. 19. Temperature profiles in the laminar boundary layer.
{a) measurements. (b} non-dimensional expressions and
theoretical curves as Pr = 1 and 100
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stage of disintegration of the vortex-street,
notwithstanding the flow is not turbulent, the
heat transfer coefficients increase very rapidly.
Its cause may be that the disintegrated vortex
tubes engulf the ambient fluid into the boundary
layer three-dimensionally. The similar activities
may be maintained in the turbulent lumps too.

In transition-turbulent region, heat transfer
coefficients decrease as distance x increases. Its
cause may be that the time-mean thickness of
the boundary layer grows with relatively large
rate, therefore, that the time-mean velocity
grows with relatively small rate. In turbulent
region, on the other hand, heat transfer coeffic-
ients increase as distance v increases. This
characteristic cannot be extrapolated to very
large Gr number without reservation, since the
laminar sub-layer must become infinitely thinner
according to conventional approximate theories.
Furthermore, the turbulent boundary layer
revealed in this paper is not so homogeneous
as has been conceived in theoretical studies.

For the boundary layer of water no typical
processes as above were observed, however, it
may be appreciated that the fundamental
mechanism of the phenomena is similar.

1t is guessed that the boundary layer along a
vertical plate becomes more unstable, since a
vortex tube must be endless essentially and its
shape is affected by the configuration of the
plate especially in its side edges. In this case,
correspondingly, the upper limit of the laminar
boundary layer is much lower.

4.5 Temperature field in the boundary layer

The results of temperature measurements in
the laminar boundary layer are shown in
Fig. 19(a), where non-dimensional temperature
8=t — t )/t, — t,) is taken to ordinate and
distance y from the heated cylinder to abscissa,
t is the temperature at point y and t, the wall
temperature, which was measured by the thermo-
couple inserted in the heated cylinder.

Thickness of the thermal boundary layer é is
defined as the value of y at which the tangent of
the temperature profile at y = Q crosses with
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FIG. 20. Records of the temperature fluctuations in the vortex-street layer of spindle oil.

axis y. Thus defined & is shown to be that

X

6= N

(28)

Then, correlation variable { is introduced as

y

5 29)

{ = ——-XNux.
X

The data of Fig. 19(a) is normalized by equation
(29) and shown in Fig. 19(b), together with the
theoretical results for Pr =1 and 100 [15].
This figure exhibits that the measurements are
reliable and the correlation variable is desirable.

Figures 20 and 21 show the records of temp-
erature fluctuations in the vortex-street and
turbulent layer of spindle oil respectively, where
the temperatures are normalized for convenience
of comparison. Although the fluctuations are
irregular, we can evaluate the time-mean temp-
erature from such a record over an adequate
period. The evaluation was at first performed by
a curve tracer and an analogue integrator, and

otherwise the average line was drawn on the
record by eye-criterion. Since discrepancy of
the results by these both evaluations was of the
same order of magnitude as the accuracy of
temperature measurements, the majority of the
data was treated by the latter. Thus the time-
mean temperature profiles were obtained and
shown in Figs. 20 and 21. The vertical bars on
each curve indicate the largest amplitudes of
the respective records.

The records in Fig. 20 exhibit that the fluid
lumps of lower or-higher temperature come into
the places located closer to or farther from the
heated cylinder respectively, for a short time
interval with a certain period, and it is most
representative at point (B) or (E). Furthermore,
the period coincides with the generation period
of a vortex-pair. These facts are suggestive of
the correspondence of one wave on the record
to one vortex-pair. In Fig. 21, the wave form is
disintegrated and the apparent period is some-
what long, compared with the case of vortex-
street. From an analogical inference based on
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F1G. 21. Records of the temperature fluctuations in the turbulent layer of spindle oil.

the explanation of Fig. 20 and from the results
of observations shown in section 4.4, the crests
and troughs of the waves in Fig. 21 may be
ascribed to the passage of the turbulent lumps.
The records for transition-turbulent region
resemble those for turbulent, except for the fact
that the amplitude of temperature fluctuations
is comparatively small.

All instances of the measurements of the
time-mean temperature profiles and the maxi-
mum amplitudes under widely different ex-
perimental conditions are shown in Fig. 22 for
turbulent region of water, in Figs. 23 and 24 for
transition-turbulent and turbulent region of
spindle oil respectively. It is appreciated from
these figures that good correlations of time-mean
temperature profiles are achieved by means of

the non-dimensional temperature and the corre-
lation variable defined by equation (29). In
other words, if the non-dimensional demonstra-
tion of the data is carried out so that the temp-
erature gradients close to the heated cylinder
are brought to accord, the temperature profiles
over the whole range of y-direction are naturally
brought to accord. The amplitude of temperature
fluctuations of water is comparatively large
whereas that of spindle oil is comparatively
small. Especially in transition-turbulent region,
it is much smaller. Since temperature profiles in
the range of 0 < { < 05 are almost linear, this
range may be regarded as the laminar sub-layer,
but in it also fairly large temperature fluctuations
are measured.

Simple and rough representations of time-
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mean temperature profiles are proposed as
follows:
for water,

8=1-{(0<{<03),

025 _ (30)
6 = (C“:*m,(g > 0:5);
for spindle oil,
f=1-{0<{<05),
025 31

6 = —— )(: > 0'5).
S

It is worthy to remark that the non-dimensional
temperature profile of spindle oil is represented
by the same equation for both cases of transition-
turbulent and turbulent region, though { for
each case is defined by the different function of
Gr, or Gr¥. The same fact is valid also for the
time-mean temperature and velocity profile of
air obtained by Cheesewright [4]. For instance,

T. FUJII, M. TAKEUCHI, M. FUJII, K. SUZAKI and H. UEHARA

the temperature profile is expressed as:

=1-00<{<02),

o oA
(G + 018)F

(£ > 02). (32)

Equations (30)+32) are shown altogether in
Fig. 25. Unlike the case of laminar region, the
variation with Pr number is recognized. Warner
and Arpaci [22] concluded that the natural
coordinate y was perhaps the most adequate
similarity variable for the turbulent case. This
variable, however, is avaiable only for the
special case such as the heat transfer coefficient
is almost independent of Gr,, to which case
their experiments corresponded. In Fig. 25 are
also described the profiles adopted by Fujii [3]
in his approximate analysis. Although there is a
large discrepancy between them and the meas-
ured values, the range of the laminar sub-layer
suggested theoretically and that of the linear
portion of the measured profiles are almost in
agreement.
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FiG. 24. Time-mean temperature profile and maximum temperature amplitudes in the turbulent
layer of spindle oil.
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F1G. 25. Comparison on time-mean temperature profiles in the turbulent layer of the various kinds

of fluid.

4.6 Temperature fluctuation of the heated cylinder
and its influence upon heat transfer coefficients

In the case of heat transfer to water, amplitudes
of temperature fluctuation of the heated cylinder
were particularly conspicuous as shown in
Fig. 26. A plot of ratio A(ty — t)Ato — ty)
vs. (Gr,Pr), is made from such a record over a
period from ten to twenty minutes as shown in
Fig. 27, where A(t, —t,) is the difference
between the maximum and minimum tempera-
ture of the heated cylinder and (¢, — t,) the
time-mean temperature difference between the
heated cylinder and the ambient. The amplitudes
of the fluctuations increase rapidly in transitional
region and they are reduced to a certain width
in turbulent region. The periods of the fluctua-
tions, which are indicated with some uncertainty
in Fig. 28, may be estimated to be several
hundred times longer than those with which a
vortex-pair is generated. For spindle oil and
Mobiltherm oil, the ratio Aty — t/(to — ty)
was smaller than 0-01 and no specially amplified
region was found.

Figure 29 indicates the influence of the
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°
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F1G. 26. Temperature fluctuation of the heated

cylinder in water. {(a) transitional region;

(GriPr), = 570 x 10'? at x =27 em?!{b}

turbulent region; (Gr.Pr), = 438 x 10" at
x = 67 cm.
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temperature fluctuations of the heated cylinder
upon the values of (Nu,), and (Gr Pr),. The
slanted bars in the figure are obtained by con-
necting the points corresponding to the max-
imum and minimum temperatures determined
as above. Since these are calculated from the
measured values, the actual amplitudes of the
wall temperatures must be somewhat larger,
and therefore the slanted bars somewhat longer.
1t is found from this figure that the heat transfer
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cumferential variation of these phenomena
must be taken into account.

1t 1s appreciated that the temperature fluctua-
tion as above is due to indeterminate character
of the flow pattern in the transitional region.
The vortex-street in the boundary layer is
originally unstable and tends to collapse, and
in just downstream of the collapse, the heat
transfer coefficient increases abruptly. If the
heat capacity of the heated cylinder or plate is

T T T T 13 T H H ¥
<
hed
20 o
° o
a o
3 o
10 FI 2
4 s © &
i v o Ov a X PPFQOV %000
+8(,8 8 o M
by 0 Il ; i "
1 t —+ L
el o
Q
PORES a o X gav Qe Vg ¥ o
- oo g goY o
4= Cacy ™ % o %o Yool o
BT T
Ca s
< A
-20
o
i < k. i i i 1 1 H i
;O:O o ?0’2
(6n Pri.
F1G. 27. Amplitudes of the temperature fluctuation of the heated cylinder

in water.

coefficients in transitional region fluctuate
between those in laminar and turbulent region.

Shadow graphs of transitional region is
shown in Fig. 30, where figures (a), (b}, (c) and (d)
correspond to points a, b, ¢ and d in Fig. 26{a)
respectively. When the temperature of the
heated cylinder becomes low, the position at
which vortex-pairs collapse shifts downward
and the flow at the point of temperature
measurement is turbulent. On the contrary,
when the temperature rises high, laminar flow
dominates the measuring position. The period
of change of the position at which vortex-pairs
collapse is almost in agreement with that of the
temperature fluctuation of the heated cylinder.
For more detail explanation, however, the cir-
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min

I

[N
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F1G. 28. Periods of the temperature fluctuation of the heated
cylinder in water.
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FIG. 29. Influence of the temperature fluctuations of the heated cylinder
upon the values of (Nu,), and (Gr, Pr), for water.

small relatively to the heat transfer rate, the
wall temperature varies with the variation of the
heat transfer rate to fluid, even when a constant
rate of heat is supplied to the cylinder or plate
from the rear side. In the schematic demonstra-
tion of Fig. 31, point M corresponds to Nu, and
Gr Pr calculated from the time-mean values of
the heat transfer rate and the wall temperature at
a height x. Although the flow pattern at point P
is turbulent, a laminar flow pattern is rather
stable at that value of Gr Pr. As soon as the flow
changes to laminar, the heat transfer rate de-
creases and the wall temperature rises gradually.
The above process may be indicated by the way
of P> Q- R. At Gr Pr corresponding to R
the laminar flow pattern is unstable, therefore,
it changes to turbulent. Then, the heat transfer
rate increases and the wall temperature lowers
gradually, that is, the process indicated by the

(My,),

{GrPr),

Fie. 31 Schematic explanation of the indeterminate
character of the flow pattern of water.

way of R — 8 — P may be succeeded. The cycle
of this process is repeated. The line P-M-R in
Fig. 31 does not correctly correspond to any
slanted bars in Fig. 29, since the variation with
time of the heat transfer rate to fluid was not
measured directly.

Since the heat transfer coefficient to water is
about five times larger than that to spindle oil
under the same value of Gr Pr, the remarkable
temperature fluctuations of the heated cylinder
perhaps appeared particularly in the former case.
The same reason seems to be applicable to the
explanation why special experimental equation
(12) in turbulent region was evaluated exclusively
for water, That is, the temperature fluctuation
appears so as to even the heat transfer coefficient
in the downstream of sufficiently large Gr Pr,
because of the effect of the indeterminate flow
pattern in the transitional region as well as lack
of the heat capacity of the heated cylinder.
Therefore, under some relations between the
heat capacity of the heated cylinder or plate and
the heat transfer rate or between magnitudes of
the length and the temperature difference in
Gr,, it can be presumed that the distinction
between transition-turbulent and turbulent flow
may possibly appear also in heat transfer to
water, on the contrary, such a correlation as
equation (12) may be possibly obtained also in
heat transfer to other fluids.
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F1G. 32. Time-variation of the temperatures in quasi-steady state. (a) the heated cylinder and the
ambient Mobiltherm oil. (b) temperature difference between the heated cylinder and the ambient
Mobiltherm oil.

In the case of very small heat transfer rates
as in air, an experimental equation similar to
equation (12) may be obtained apparently, if
such a experimental apparatus is used that the
vertical conductive heat transfer inside the heated
cylinder or plate tends to occur and if the heat
transfer coefficient is calculated by using the
heat rate supplied from the locally subdivided
heat source. This case was realized in the

experiments of Warner and Arpaci [22]. In
their experiments, however, the temperature
fluctuation of the heated plate must have been
very small.

4.7 Quasi-steady state and additional remarks on
transition

Figure 32(a) shows the time variation of the
temperatures of the heated cylinder and the
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ambient fluid, when Mobiltherm oil was heated
under the condition of uniform wall heat flux.
As temperature stratification in the ambient is
formed, the position of transitional region is
gradually lowered, while the temperature dis-
tribution of the heated cylinder is remarkably
affected. Steady state in its original sense was not
attained even about three and a half hours after
heating was started. After the distribution of the

temperature differences between the heated
cylinder and the ambient shown in Fig, 32(b) has
approached a definite shape, both temperatures
rise gradually to a certain level of steady state
while maintaining this shape. This state was
named as “quasi-steady state” [23].

Figure 33 shows the non-dimensional correla-
tions of the heat transfer coefficients calculated
from the data of Fig. 32. The data on laminar and
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transition-turbulent region can be correlated by
the same experimental equations as steady state
respectively, though the {ransitional region
varies. It may be therefore considered that the
discord of the data on the portion of laminar
region of Fig, 32(b) is due to the variation of
physical properties with temperature. Hence
the definition of quasi-steady state may be
extended to a conception that it can be regarded
to be the same as steady state with respect to
the non-dimensional correlation of heat transfer
coefficients. Its duration corresponds to the
period from the end of transient convection to
the beginning of steady state convection.

The experimental results for guasi-steady
state suggest that the upper limits of laminar
region (Gr.Pr),,; are affected by the vertical
temperature gradients in the ambient. As this
gradient becomes large, in fact it takes place
that the temperature of the relatively outer part
in the laminar boundary layer becomes lower
than that of the ambient on the same level,
namely, the buoyancy distribution which further
promotes the development of vortex-pairs is
formed.

A ?i@t of (erPr}oe e VS f@m eri ‘{cef}f;
{fo — t)eni Xop; fOr all data presented in this paper
is made as shown in Fig. 34, where x_; is the
height corresponding to the upper limit of
laminar region, (t, — t.).q the temperature
difference between the heated cylinder and the
ambient on the level of x_; and (t, ., — £/ the
difference between the ambient temperature on
the level of x_,; and that of the lowest end of the
heated cylinder. In the figure, are also plotted
the data on ethylene-glycol from the experiments
of [1] and on spindle oil from a supplemented
experiment corresponding to  (f, . — fol/
(to — to)en X = 1'0. From Fig. 34 it is found
that

(erPr)oocri = (4 ~ 8) X 109
e~ b }-0-86
o et

and, at the same time, appreciated that the data
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on ethylene-glycol shown in Figs. 13(a) and 14
are not peculiar but reasonable. Apparently, the
scattering of the data plotted in Fig. 34 may be
ascribed mainly to the turbulence in the ambient
and the data on quasi-steady state are
appreciated to be affected by relatively small
turbulence. The upper limit of laminar region
corresponding to no temperature stratification
and no turbulence in the ambient must be higher
but uncertain,

The dependency of the transition from transi-
tion~turbulent to turbulent region on the experi-
mental conditions was not found, since this
transition was continuous.

3, CONCLUSION

Expernimental studies on natural-convection
heat transfer from a vertical cylinder to water,
spindle oil and Mobiltherm oil were performed.
The results of the experiments cover the range of
(Pr}, = 2 ~ 300,(Gr .Pr}, = 5 x 107 < 5 x 102,
(GriPr), = 10° ~ 2 x 10'%or(Pr), = 4 ~ 2600,
(Gr.Pr), = 9 x 10° ~ 2 x 10'2 (GriPr),
=4 x 10" ~ 4 x 10>, By subdividing the
heater vertically into 20 sections, we could
realize the conditions of uniform wall tempera-
ture and uniform heat flux, and measure local
heat transfer coefficients.

From the observations on the boundary layer
by means of the newly devised “mirage method™
or other methods and from the measurements
of the temperature field in the boundary layer
by a thin thermocoupie, we clarified the transi-
tion phenomena from the laminar to turbulent
boundary layer as well as the characteristics of
the turbulent boundary layer. Main conclusions
are summarized as follows.

{1} The boundary laver develops through
laminar, vortex-street, transition-turbulent and
turbulent flow pattern, and each flow pattern
has respective characteristics of heat transfer.
Vortex-street flow pattern corresponds to transi-
tional region on heat transfer. With respect to
water, however, no distinction was found
between transition-turbulent and turbulent flow.

(2) Two kinds of non-dimensional expressions
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for heat transfer coefficients are proposed,
respectively by using the physical properties at
reference temperature ¢, and by using the
physical properties at ambient temperature ¢
and the supplementary terms referred to the
variation of kinematic viscosity. The experi-
mental equations obtained by the latter, if the
Nu number is multiplied by (vo/v,,)*?? for the
case of uniform wall temperature or (vy/v,)*'!’
for the case of uniform heat flux, agree with those
obtained by the former, except for the turbulent
region of spindle oil. The data on transitional
region, however, are correlated better by the
latter. Fach Nu number is expressed by the
fonction of the product GrPr or Gr¥*Pr in all
regions within the accuracy of the experiments.

(3) The local and average heat transfer coeffic-
ients for the case of uniform wall temperature
and the vertical temperature distributions of
the heated cylinder for the case of uniform heat
flux can be evaluated by Figs. 13(a), 14 and 13(b)
or by their corresponding equations respectively.
For the sake of approximate estimation of
average heat transfer coefficients, equation (27)
may be used in the range of (Gr, Pr),, = 10'°.

{4) With respect to the local heat transfer
coefficients of transition-turbulent and turbulent
region, each experimental equation for the case
of uniform wall temperature and that of uniform
heat flux can be transformed mutually by
equation (19). Usually, the heated cylinder or
plate is in some thermal conditions between
uniform wall temperature and uniform heat
flux. To these cases also, the equations for the
case of uniform wall temperature may be
applied generally except for laminar region.

(5) The transitional region corresponds with
the process during which vortex-pairs are
formed clearly and then collapsed. Consequently,
the local heat transfer coefficients increase
abruptly. When there are some factors to
promote the development of vortex-pairs, Gr
numbers corresponding to the transitional region
become smaller. On the convection along a
vertical cylinder, the grade of temperature
stratification in the ambient is one of the most
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effective promoting factors as shown in Fig. 34.
Owing to this uncertainty, the experimental
equations recomended in this paper have some
uncertain widths on their application range.

(6) The transition-turbulent region was pri-
marily defined from the characteristics of heat
transfer coefficients, and it is remarkable that
equation (14) is applicable commonly to all
fluids hitherto experimented. In this region, as
the results of the collapse of vortex-pairs, the
boundary layer thickness mcreases and the
laminar sub-layer is formed. This region under-
goes transition to turbulent region continuously.

{7) The turbulent boundary layer observed is
not so homogeneous, as hitherto conceived, but
violently disturbed lumps distribute irregularly
in main boundary layer flow with less turbulence.
The local heat transfer coefficients in this region
increase with height at the rate of its one-fifth
power, If the turbulence was homogenized when
Gr number extensively increased, the character-
istics of heat transfer coefficients would be
altered. This prediction is reserved to be clarified
by theoretical studies, since all theories hitherto
proposed are inadequate.

(8) With respect to water, the temperature of
the heated cylinder fluctuates with comparatively
large periods and amplitudes. This phenomenon
corresponds to the fact that the flow pattern of
the boundary layer is indeterminate in the
transitional region. Owing to that effect, the
heat transfer coefficients in the turbulent region
are vertically equalized. When the heat capacity
of the heated wall is comparatively small to the
heat transfer rates, such a phenomenon will
possibly occur for other fluids too.

(9) Time-mean temperature profiles in the
turbulent boundary layer can be correlated by
non-dimensional temperature & and a correla-
tion variable {. The profiles are expressed in the
same shape for both cases of transition-turbulent
and turbulent flow, but in different shape for
different kinds of fluid. The temperature fluctua-
tions are considerably intense even at the part
close to the heated cylinder, that is, at the part
which is regarded as the laminar sub-layer.
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(10) After the lapse of a certain period of
transient convection, the heat transfer coeffic-
ients can be calculated by the experimental
equations for steady state, but it should be noted
that Gr number corresponding to the transitional
region varies with the time-variation of the
temperature stratification in the ambient. This
unsteady state is defined as quasi-steady state.
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APPENDIX

Physical properties of water, spindie oil and Mobiltherm oil
The following formulas of physical properties were

induced from the physical tables for water [11] and from

the measured values for oils. The measurements of thermal



EXPERIMENTS ON NATURAL-CONVECTION HEAT TRANSFER

conductivity and specific heat are described in [24] and [25]
respectively. Kinematic viscosity and density were measured
with Ostwald’s viscometers and standard scale areometers
respectively.

For water;

A = 0-553 + 0255 x 1073 — 0-190 x 10~** + 0:064
x 107643,
¢ = 4217 — 305 x 10721 + 794 x 10~%* —~ 825 x 10783
4+ 335 x 10784,

v x 10° = 1792 — 6205 x 1077 + 16009 x 107%¢
— 29780 x 107°1> + 35314 x 107%* — 23075
x 1071°° + 6240 x 10735,

p = 9999 + 22 x 1073 — 595 x 1074
+ 159 x 107%2,

In order to evaluate §, particularly, the following formula was
induced from Dorsey’s table [26].

p = (:9998905 + 0-0061135 x 1072t — 00841538
x 107%2 + 00707211 x 1075 — 0-0541866
x 107%% + 00252936 » 107 1%°
- 00053173 x 10713,
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The above formulas are approximated within the accuracy
of 0-2, 0004, 03, 0-01 and 0-001 per cent respectively.
For white spindle oil;

A = 01103 — 00045 x 1072,
¢ = 1751 + 365 x 1072,
loglog(v x 10° + 08) = — 403206 log(t + 273-15)
+ 1002259,
p = 8872 — 655 x 1072

The accuracy of the measurement in the above formulas is
about 2, 1, 0-2 and 0-02 per cent respectively.
For Mobiltherm 600 oil;

A= 01123 — 00025 x 1072,
¢ = 1663 + 336 x 107%,

loglog(v x 10° + 0:8) = — 458263 logit + 273-15)
+ 11-67374,

p = 9733 — 06571,

The accuracy of the measurement in the above formulas is
the same order as spindle oil respectively. These values are
deviated from Geiringer's data [27] to the order of 8, 8, 20
and 1 per cent respectively. It seems to be due to disparity of
the materials.

EXPERIENCES SUR LE TRANSPORT DE CHALEUR PAR CONVECTION NATURELLE DANS
DES LIQUIDES A PARTIR DE LA SURFACE EXTERIEURE D'UN CYLINDRE VERTICAL

Résumé—Cet article décrit les résultats de recherches expérimentales sur le transport de chaleur par con-
vection naturelle & partir de la surface extérieure d’un cylindre vertical d’un métre de haut dans de P'eau,
de I'huile de machine et de ’huile Mobiltherm. Les caracteristiques des expériences sont comme suit.
L’appareil expérimental est imaginé pour nous permettre de mesurer directement les coefficients de
transport de chaleur local; des couches limites turbulentes suffisamment longues apparaissent sous
diverses conditions de température et de flux de chaleur du cylindre chauffé; des correspondances entre
les coefficients de transport de chaleur locaux et les configurations d’écoulement sont éclaircies 4 partir
des observations de la couche limite au moyen de la “méthode du mirage” ou d’autres méthodes, et 2
partir des profils de température de la couche limite; Pinfluence du nombre de Prandt sur le transport de
chaleur est obtenue dans la gamme de 2 4 2600.

La couche limite croit en passant par des configurations d’écoulement laminaire, en rangée de tourbillons,
de transition vers le turbulent et turbulent, et chaque configuration d’écoulement a des caractéristiques
respectives de transport de chaleur. L’écoulement en rangée de tourbillons provoque une augmentation
brasque des coefficients de transport de chaleur dans la région intermédiaire du laminaire & la transition
vers le turbulent. Spécialement dans ke cas de I'eau, aucune différence n’a été trouvée entre I'écoulement
de transition vers le turbulent et le turbulent; ceci est expliqué par un caractére indéterminé de la configura-
tion de écoulement dans la région intermédiaire. Les coefficients de transport de chaleur locaux sont
corrélés de fagon adimensionnelle pour chaque région d’écoulement dans les cas d’une température de
paroi uniforme et d’un flux de chaleur uniforme. Dans chaque cas, deux sortes d’équations expérimentales
sont proposées, respectivement, en employant les propriétés physiques 4 une température de référence et
les termes supplémentaires relatifs i la variation de la viscosité cinématique. Les équations adimensionnelles
des coefficients de transport de chaleur moyens sont proposés également dans le cas d'une température
pariétale uniforme. De plus, quelques remarques sur les gammes appliquables 3 chaque équation sont
présentées.

Les formes de paires de tourbillons, des sous-couches laminaires et des excroissances turbulentes dans
Ia couche limite aussi bien que leurs développements, sont clairement vues dans les photos de “mirage”.
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Les transitions de la configuration de 'écoulement sont également décrites concrétement,
Les fluctuations de température dans la couche limite sont révélées et les profils de températures
moyennées dans le temps sont représentés par un paramétre adimensionnel.
“L’¢tat quasi-permanent” est défini expérimentalement comme un état équivalent 4 un état permanent
par rapport aux coefficients de transport de chaleur.

VERGLEICHE ZUM WARMEUBERGANG BEI FREIER KONVEKTION AN FLUIDE
VON DEN AUSSENFLACHE EINES SENKRECHTEN ZYLINDERS

Zusammenfassung —Diese Arbeit beschreibt die Ergebnisse experimenteller Untersuchungen iiber den
Wirmetiibergang durch freie Konvektion an der Aussenflache eines ein Meter hohen senkrechten Zylinders
an Wasser, Spindelsl und Mobilthermd!. Bei den Versuchen wird auf folgende Besonderheiten geachtet:
die Konstruktion der Versuchsapparatur ermdglicht die direkte Messung der drtlichen Wirmeiibergangs-
koeffizienten ; bei verschiedenen Temperaturen und Wirmestromdichten am beheizten Zylinder stellen
sich stets geniigend lange turbulente Grenzschichten ein; durch Beobachtung der Grenzschicht mit Hilfe
der ““Schatten-Methode™ oder anderer Verfahren und durch Messung der Temperaturprofile kdnnen
die Zusammenhénge zwischen den Ortlichen Wirmeiibergangskoeffizienten und dem Strémungszustand
ermittlelt werden; es soll der Einfluss der Prandtlzahl auf den Wirmeiibergang im Bereich Pr = 2-2600
gefunden werden.

Die Grenzschicht durchlduft Stadien mit laminarer Stromung, Stromung mit Wirbelstrassen, ein
Ubergangsgebiet zu turbulenter Strémung und erreicht schliesslich vollturbulente Strémung. Jeder
Strémungszustand zeigt besondere Warmeilibergangsverhiltnisse. Wirbelstrassenstrémung bewirkt ein
plétzliches Ansteigen des Warmeiibergangs im Ubergangsgebiet von laminarer zu turbulenter Strémung.
Bei Wasser insbesondere konnte nicht unterschieden werden zwischen Ubergangsbereich und voliturbu-
lenter Strémung. Als Grund wird die Unbestimmtheit des Stromungsstandes im Ubergangsgebeit
angegeben.

Zu jedem Stromungszustand werden dimensionslose Gleichungen fiir die drtlichen Wirmeiibergangs-
koeffizienten aufgestellt, sowohl fiir den Fall konstanter Wandtemperatur als auch konstanter Wiarme-
stromdichte. Fiir jeden der beiden Fille werden zwei experimentell gefundene Gleichungen vorgeschlagen,
wobei einmal die physikalischen Eigenschaften bei einer Bezugstemperatur und zum anderen Hilfswerte,
die die Anderung der kinematischen Zahigkeit beriicksichtigen, verwendet werden. Ausserdem werden
dimensionslose Gleichungen fiir den mittleren Wiarmeiibergangskoeffizienten bei konstanter Wand-
temperatur vorgeschlagen. Es werden einige Bemerkungen zum Anwendungsbereich jeder Gleichung
gemacht.

Das Aussehen von Wirbelpaaren, laminaren Unterschichten und Turbulenzballen in der Grenzschicht
ebenso wie ihre Entwicklung sind in “Schatten-Aufnahmen exakt festgehalten. Auch die Uberginge
zwischen zwei Strémungszustinden sind genau beschrieben.

Es werden Temperaturschwankungen in der Grenzschicht nachgewiesen. Die zeitlich gemittelten
Temperaturprofile werden durch einen dimensionslosen Parameter dargestelit. Der quasi-stationire
Zustand” wird aus den Versuchen definiert als ein Zustand, der im Hinblick auf die Wirmeiibergangs-
koeffizienten gleichbedeutend mit dem stationéiren Zustand ist.

OHKCUEPUMEHTLI 110 TEILIOOBMEHY OT BHEWHENR HNOBEPXHOCTH
BEPTUHAJBHOIO HUJANHIAPA K HUIKOCTAM B YCIOBUAX
ECTECTBEHHOI HOHBEKIUHU

AHHOTAEAA—DB cTaTbe ONUCHBAWTCA DRCHEPUMEHTAIbHHE DE3YALTATH N0 TenjoobMeny oT
BHEIIHEH! MOBEPXHOCTH BEPTHHAJIBHOTO WWJIMHAPA BHCOTON | M K BOAE W pasguYHBIM THIAM
CMAR30UHHIX Maceyl. OKCIEDHMEHTANbHAA YCTAHOBKA TMOBBOANIA HEINOCPENCTBEHHO M3MEPATH
JOKanbHLE RoadduumenTsl Ternroofmena, J{OCTATOUHO MHHBE TYypOYIeHTHBE CJOH
BOZHUKAWT PY DPABAUUHLIX TeMIEPATypax M TemIOBEIX NMOTOLAX HAPEBAEMOro UMIMHIPA.
CBAZL MeIV JTOKANbHHIMK KO3@PULUeHTaMU Tendo00MEHA N XapaKTePUCTHHAMU HOTOKA
moJiydedsl B peayibrare HaGmMOmeHult pasindHBIMH METONAMU 33 MOTPAHMMHBIM CII0EM, &
TaKme Grarogaps H3MEHEHHAM TeMHEDATYPHHX npoduiell B NOTOKC; OGHAPYIHEHO BRIHAHUE
ancna TlpanraTsina #a TennootmMey B Ananasoxe uameneuus Pr or 2 go 2600.

Torpanudnsiit croft ofpasyercs NpH JaMUHADHOM, BUXDEBOM, mepexofnom n TypOyien-
THOM NOTOKAX, IPHYEM KaIblit B IBUKEHNA MMeeT COOTRETCTBYIONINE eMY XADAKTePUCTHRY
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remiooOMena. BuxpeBoe [BUMeHNMe BHIBLIBACT BHE3aNHOe YBeJdNWUYeHHe WMHTEHCHBHOCTU
Temroo6MeHa B IepexogHON! 06JacTH MeAy JNaMUHAPHBEIM M TYpOYJIEHTHBHIM M peMUMaMH.
I Boxel He o6HApYMHeHO pasauunit MeRTy TypOyJIeHTHHIM W HePeXOAHHM TeUeHUAMH, eT0
BOBHUKHOBeHNE OOHApYHUBAETCA HEONpeJeNeHHBIM XapaKTepoM TeueHUA B IepexXogHOM
30He.

JlokaapHele KeadPuIMenTs! TeNI000MeHa MpejICTaBAeHH B 0e3pa3MepHOM BUJE IOYTH JJIA
KQHKIOTO PeUMa TeUeHHUA A 2-X CIyyaen: IOCTOSHHOI TeMIepaTypel CTEHKU U HOCTOSHHOTO
TENIOBOTO MMOTOKA. [IIA KaKAOTO CJIy4ad, COOTBETCTBEHHO, IPENJAraloTCA ABAa BHIA
oMIMpHYecKnX GOopMyl; QusnMvecKue cBoficTBa BHIOUPAITCA IO HAYAJBLHON TEMIEpPaType;
ROTIOJIHUTEJIbHEIE YJIEHH YYMTHIBAIOT H3MEHeHNWe KUHeMaTudeckoit Baskoctu. Takme npepna-
ralorca GespasMepHble YpPaBHEHUA [JIA pacueTa CpefHUX KoaPPUIMEHTOB TemaooOMeHa,
KOTJAa TeMIeparypa CTeHKH NocTosHHa. Hpome Toro, cpgemaHbl ykasaHus no oiactu
NPUMEHNMOCTH Kamporo ypaeHenus. llokasansi ma Qororpaduax GopmMbl mapHBIX BUXpeit,
JTAaMUHAPHEIe MOACI0UN M TYpOYJNeHTHEE KPOMKHI IIOTPAHHYHOTO CJI0A U ux pasBurue. Tanxe
OIUCHBAIOTCH HEPEXONHBIE PeUMBL TeUeHH .

OGHapyskeHbl OTHIOHEHNA TEeMIIePaTypHl B IOTPAHUYHOM ClI0€, a IPOPUIN TeMIepaTypH,
OCpeJHEeHHbIE BO BpEeMEHN NPEJCTABJIEHE B 3aBUCHMOCTI OT (e3pasMepHOro mapamerpa.

KCMEPUMEHTATIbHO  BHIABJICHO  KBA3HUCTAIMOHAPHOE COCTOAHHE, COOTBETCTBYIOLIEE

CTALMOHAPHOMY COCTOAHUIO 110 OTHOLIEHHIO K KOd)E@HUIMEHTAM TemI000MeHa.
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