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Abstract—This study considers the effects of free convection on laminar flow of water in horizontal circular

tubes having essentially constant heat flux at the tube wall. A visual and quantitative study was performed

utilizing electrically heated glass tubing. These data were combined with other data and correlations to

obtain a general picture of the influence of free convection on the Nusselt number. The final correlation

curves given in Fig. 11 are provisionally recommended for obtaining heat—transfer coefficients in practical

situations. With reasonable heating rates, the heat-transfer coefficients can be three to four times the
values predicted by traditional constant property solutions.

NOMENCLATURE
¢,  specific heat at constant pressure;
D, inside diameter of tube;
G, mass velocity;
g,  gravitational acceleration;
h,  heat—transfer coefficient;
k,  thermal conductivity;
L, heated length of test section;
q", heatflux;
T, temperature;
AT, temperature dffference (= T,, — T;);
x, axial coordinate along heated length;
B,  bulk modulus of expansion;
U,  dynamic viscosity ;
v,  kinematic viscosity.
Subscripts
b, denotes bulk or mixed—mean fluid
condition;
CP, denotes solution assuming constant
properties;

tr, denotes onset of significant free convec-
tion effects;
w, denotes condition at inside wall of tube.

Dimensionless groups

Nu, Nusselt number (= hD/k}circumferen-
tial average ;
Pr, Prandtl number (= c,u/k);

3
Ra, Rayleigh number (z QEMT—;?CCE{‘)
Vv
—circumferential average ;

Re, Reynolds number (= GD/u).

All properties are evaluated at the local bulk
fluid temperature unless otherwise noted.

INTRODUCTION
LaMINAR flow heat transfer in tubes is encoun-
tered in a wide variety of engineering situations.
The prediction of laminar heat-transfer coeffi-
cients is generally accomplished by referring to
current textbooks, which are well stocked with
equations and graphs based on analytical
solutions to the governing equations for laminar
flow. These analyses are generally restricted to
constant fluid properties. In actual practice,
however, experimental data exhibit substantial
deviations from the analytical predictions, in
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large part due to inadequacy of the constant
property assumption. Accordingly, recent
analytical and experimental work has focussed
on determining the effects of variable properties.
The studies generally divide into those which
consider variable transport properties, par-
ticularly viscosity, and those which consider
variable density. A distinction can easily be
made in an analytical formulation ; however, it
is clearly difficult to sort out the two effects in
an experiment. At present, the variable property
work has been applied to only a fraction of the
geometeries and boundary conditions for which
the constant property solutions are available.
This is understandable since the results must
be obtained for a specific working fluid or flow
orientation.

The present paper is concerned with the
problem of laminar flow in horizontal circular
tubes having a uniform heat flux boundary
condition. With appreciable heating, the fluid
near the wall rises and a secondary fluid motion
is established which is symmetrical about a
vertical plane passing through the tube axis.
For this boundary condition, a wall-minus—
fluid temperature difference obtains throughout
the length of the heated tube: thus the free
convection persists throughout the tube. For
sufficiently long tubes a “fully developed”
condition can be reached, where the heat—
transfer coefficient changes only due to changes
in the temperature level of the fluid. This com-
bined forced and free convection results in a
heat-transfer coefficient well above that pre-
dicted by the constant property analysis.

An analysis of the fully developed case with
water, assuming density to be the only tempera-
ture—dependent property, was recently reported
[1, 2]. Using finite-difference techniques and a
large-scale digital computer, solutions were
obtained for two limiting boundary conditions :
zero circumferential heat conduction in the
tube wall ("Glass tube”) and uniform tempera-
ture around the tube circumference (“Infinite
conductivity tube”’). Neglect of the temperature
dependence of the transport properties was not
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considered to be serious in the case of water.
In any event, limitations on computer storage
and running time precluded solution of either
the variable transport property case or the
three-dimensional developing case.

It should be noted at this point that the
finite—difference approach appears to be the
only method which will yield accurate predic-
tions over a wide range of conditions. Hanratty
[3], Morton [4], Igbal and Stachiewicz [5, 6],
and Faris and Viskanta [7] have developed
series solutions for the case of fully developed
flow, generally using Rayleigh number as a
perturbation parameter. However, these solu-
tions are accurate only for small values of the
expansion parameters, and give unrealistically
high estimates of Nusselt number at the higher
Rayleigh numbers of practical interest. An
early boundary layer solution by Mikesell [8]
was unsuccessful; however, a recent boundary
layer analyses by Mikesell and co-workers [9]
agreed well with data for ethylene glycol at
large Rayleigh number. The integral boundary
layer solution of Mori and Futagmi [10], which
is restricted to a Prandtl number of about
unity, agreed well with limited air data reported
by Mori et al. [11]. Siegwarth and Hanratty [12]
recently developed a finite-difference solution
and obtained detailed flow and temperature
profiles for several cases with ethylene glycol.
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FIG. 1. Analytical solutions for laminar flow heat transfer in
circular tubes.
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The current analytical status of this problem
is summarized in Fig. | where the developing
constant property solutions are combined with
the limiting solutions for the fully developed
secondary flow case. The constant property
solution for a developed parabolic velocity
profile is a composite of the analytical solutions
given in [13-16] which agree quite closely even
though various techniques were used. The solu-
tions for developing velocity and temperature
profiles (Pr =2, 5, 10) were taken from the
solutions given in [15, 17, 18] which also agree
quite well. The analytical solutions for secon-
dary flow were taken from a curve {it to the
computed data points for water (heating and
cooling) given in [2], considering Rayleigh
aumber evaluated at the bulk temperature. The
complete curves for these asymptotes are pro-
vided in Figs. 5 and 10.

Figure 1 appears to be of limited use in
predicting laminar heat-transfer coefficients in
the presence of significant secondary flow
effects, since the computer solutions have not
been obtained for the developing region.
Furthermore, since the upper and lower bounds
(I and G) differ greatly at high Grashof number,
solutions would also be required for a range of
tube thermal conductivities and wall thick-
nesses. These analytical extensions would entail
an extremely long computer production; hence,
it seems appropriate at this time to see if
experimental data can provide the necessary
information to convert Fig. 1 to a reliable
design chart.

Experiments were recently performed with
electrically heated glass tubes in an attempt to
coroborate the analytical lower bound for
fully developed secondary flow. The present
paper describes this experimental work and
outlines the development of a complete corre-
lation plot for water based on all available
experimental information.

EXPERIMENTAL PROGRAM

Test section
The basic test section consisted of a 30-in.
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length of 0-433-in. i.d. Pyrex E-C Coated Tube.
This tubing represented the closest possible
approximation to the boundary conditions used
in the analytical model (G), i.e. constant heat
flux and zero heat conduction around the tube
circumference. Since the tubing is 70 per cent
optically transparent, it was also possible to
carry out a visual study of the secondary flow
development. As shown in Fig. 2 the tube was
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Fi1G. 2. Schematic of basic test section.

supported at either end in a frame made from
Plexiglas and brass. One Plexiglas support
plate was bored to the o.d. of the glass tubing
and the other to the id. of the tubing. A rubber
O-ring between the plates provided sealing
when the plates were bolted to the brass support.
A dye injection needle made from 0-028-in. o.d.
hypodermic tubing was mounted in the middle
support plate so that the tip was at the tube
centerline. This needle was installed only for
visual tests. A 36-in. length of 0-43-in. i.d. copper
tubing was used for the entrance section. A
thermocouple to measure the inlet liquid tem-
perature was mounted in the calming length,
and an exit thermocouple was installed in a
mixing chamber. The entire test-section
assembly was heavily insulated with glass fiber
insulation, except during visual tests.

Four wall thermocouples were placed cir-
cumferentially 90 degrees apart, at the same
axial position, to record the outer tube wall
temperature profile. Due to electrical pick-up it
was necessary to electrically insulate the thermo-
couple beads from the wall with thin strips of
mica. A guard shield was then required to
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insure that the thermocouples were located in
an adiabatic region. In anticipation of a rather
large circumferential variation in tube wall
temperature, a guard shield was constructed
which could be heated to approximately match
this temperature variation. The guard shield
shown in Fig. 3 was constructed from aluminium
pipe, 2 in .i.d. and 6 in. long, longitudinally slit
nearly through to provide four separate sections.
After insulation, each section was wrapped with
nichrome heater wire connected to a power
supply. Thermocouples were attached to the
inside surface of the guard heater opposite the
corresponding tube wall thermocouple. The
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F1G. 3. Guard shield and wall thermocouple installations.

assembly was completed by filling the heater
tube with glass fiber insulation and leading the
eight thermocouples out through the Micarta
end supports.

Procedure

The test-section assembly was connected to a
low pressure loop circulating demineralized
and degassed distilled water. Through use of an
accumulator and appropriate valving, pressure
fluctuations at the test section were reduced to
a negligible value. During the visual tests, the
circulating system was inoperative and rela-
tively gas-free city water was directed through
the flowmeter and test section before entering
a drain. A dilute solution of potassium per-
manganate was supplied to the injection needles
from an elevated reservoir.

A. E. BERGLES and R. R. SIMONDS

The testing generally proceeded by increasing
the a.c. test-section power at constant flow
rate and inlet temperature. The guard heater
was kept in a fixed position near the end of
the glass tube, and various heated lengths were
achieved by moving the upstream electrical
connection. Variacs were used to control the
power to the various guard heater segments so
that the heater temperatures were within several
degrees of the adjacent tube temperatures.
Readings were corrected for the temperature
drop through the glass wall. With measured
temperatures at 0, 90 and 180 degrees and zero
temperature gradient at 0 and 180 degrees, it
was possible to draw an accurate curve to
represent the temperature profile around the
inner tube circumference. Representative wall
temperature data are given in Fig. 4. A plani-
meter was used to obtain the average tube wall
temperature. The heat flux was obtained from
the average power measurement and inside
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F1G. 4. Typical inner wall temperature profiles.

tube area, a procedure which was felt to be
Justified in view of the small temperature
coefficient of resistivity for the tube coating.
The local bulk fluid temperature was computed
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from flow rate, power, and inlet temperature
measurements. These quantities sufficed for
evaluation of the conventional dimensionless
groups used for data representation. Further
details of the test procedure and data reduction
are given in [19].

DISCUSSION OF TEST RESULTS

Visual studies

A 35-mm camera with closeup lens was
mounted on tracks parallel to the glass tube to
permit photographing top and side views. Color
pictures were taken using photoflood lamps for
illumination. By combining prints for a sequence
of snapshots taken along the tube, it was possible
to prepare composite photographs of the devel-
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was produced by decreasing the flow at constant
heat flux. No backflow was observed during any
of the tests in accordance with the prediction of
Mikesell [8] which is given as Nu Gr/Pr Re?
> 150; the value of this parameter was a
maximum of about 20 for these tests.

The dye trajectories were used a a crude test
of fully developed flow. Since the axial pitch
for particles injected at the tube axis is very
large compared to those injected near the eye
of a fully developed streamline [2], it seemed
reasonable to conclude that a fully developed
condition occurred when the dye completed at
least one spiral by the time it reached the end
of the tube. This condition was satisfied for a
considerable range of heat fluxes and flow rates.
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FIG. 5. Average heat transfer data for laminar flow in a horizontal glass tube
with uniform heat flux.

oping flow. These pictures of dye-identified
streamlines cannot be reproduced here; how-
ever, it is sufficient to note the pertinent quali-
tative observations. The dye clearly delineated
the spiraling streamlines characteristic of devel-
oping secondary flow. Raising the heat flux at
constant flow rate tended to decrease the axial
pitch of the streamlines, while the same effect

Heat-transfer results

A typical set of wall temperature profiles is
given in Fig. 4. The temperature difference
between top and bottom of the tube increases
as the heat flux is increased due to the increasing
stratification of the flow. The glass tube clearly
supports a large circumferential temperature
gradient. It was found, however, that the tem-
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perature difference between top and bottom
generally was somewhat lower than that pre-
dicted by the correlation of analytical results
given in [2].

The average heat-transfer coefficients are
plotted according to the usual coordinates in
Fig. 5. The vertical spread in each set of data
represents, operationally, a range of heat fluxes,
with the highest Nusselt numbers generally
corresponding to the highest heat fluxes. Since
the Rayleigh number was a dependent variable,
lines of constant Ra could only be obtained by
interpolation or extrapolation of the data.
Typical lines of constant Ra are indicated:
these lines are essentially horizontal for the
range of {x/D)/Re Pr considered. This suggests
that the data were taken under conditions where
the flow is fully developed, as was qualitatively
indicated by the visual observations. When the
experimental data for constant Ra are com-
pared with the analytical glass tube results, it is
seen that there is a systematic deviation of the
data from the analysis.

Assuming that the data represent fully
developed conditions, a more detailed compari-
son can be made as is shown in Fig. 6. The
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FiG. 6. Comparison of present data with analytical solutions
for fully developed flow.

systematic deviation noted in Fig. § is quite
evident in this figure, with the data lying
generally below the prediction (G) for
Ra < 4 x 10° and above the prediction for
higher values of Ra. A partial explanation for
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this behavior can be given by considering the
experimental conditions.

It is noted first of all that the data exhibit
considerable scatter. The experimental uncer-
tainty in Nu is of the order of 10 per cent when
probable uncertainty in wall temperature
measurement (guard heater adjustment and
thermocouple error), determination of the
average wall temperature, bulk temperature.
and heat flux are taken into account. The un-
certainity is especially large for Ra < 10° where
AT is less than 5°F. With regard to the heat
flux, one of the inherent problems with this
type of tubing is that the conductive coating
tends to be nonuniform, both axially and
circumferentially. The extent of the non-uni-
formity is somewhat speculative, however, since
it is difficult to gauge the 16-pin. coating.

In general, it is recognized that the test
tubing is not quite faithful to the boundary
conditions of the analysis. Pyrex has a thermal
conductivity about twice that of water; hence.
some circumferential conduction is to be ex-
pected. Furthermore, although the temperature
coefficient of resistivity is small (< 0-001/°F
from test data), it is still large enough to cause
some circumferential current redistribution
when the temperature gradients are large. Both
of these factors would produce greater heat-
transfer coefficients than if the ideal boundary
conditions were met, since the secondary flow
is increased by redistributing the wall heat
flux toward the lower portion of the tube.

A further consideration in these experiments
is variable transport properties. A viscosity
ratio factor, (u,,/u,)° 14, suggested by Sieder and
Tate [203, is generally utilized for correcting
data in order to make a comparison with
constant property predictions. Modifications of
the exponent in this factor, for low (x/D)/Re Pr
have recently been proposed by Shannon and
Depew [21]. Since the correction in the present
case reduces the Nusselt number by a maximum
of 5 per cent, it was not applied to the data.
There is still a possibility, however, that the
variable transport property effects and buoyancy
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effects would interact to give a more significant
correction.

In any event, the present data appear to be
reliable enough to consider them for use in
formulating a general correlation of free con-
vection effects, which is a major goal of this
work.

REVIEW OF AVAILABLE DATA

Ede [22] reported one of the earliest studies
of the effects of free convection on laminar flow
where the uniform heat flux boundary conditions
was applied. Aluminium-brass pipes, with dia-
meters ranging from (-5-2:0 in. and wall
thicknesses up to 0-279 in., were electrically
heated (d.c). Five insulated thermocouples
were uniformly spaced around the circumference
at each axial position. Details of the inlet
geometry were not given. The correlation,
which is primarily based on data for fully
developed flow of water, is given as

Nu = 436(1 + 006 Gr°?3). (1)

Using the cited average value of Pr = § for the
water tests, this becomes

Nu = 436(1 + 0:0321 Ra®). (2)

Roy [15] took a large amount of data with
an electrically heated (a.c.) 304 stainless tube,
0-62 in. 1.d. with 0-065 in. wall. The water entered
the tube through a bellmouth nozzle. Thermo-
couples were installed along the length of the
tube, but only at the top of the tube. Since the
tube could support a substantial circumferential
temperature gradient, this thermocouple would
expected to give a conservative indication of
the average heat-transfer coefficient when there
is appreciable secondary flow. Data for those
typical tests are given in Fig. 7. The data at low
(x/D)/Re Pr lie below the constant property
solution for approximately the same Prandtl
number, suggesting that some stratification
may be occurring near the tube inlet. Certainly
the downstream results are not a reliable
indication of the heat-transfer coefficient for
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the fully developed flow. On the other hand,
the data should give a reasonable indication of
the onset of first significant secondary flow.
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FIG. 7. Representative heat transfer data of Roy [15].

There appear to be no other data which illus-
trate secondary flow effects when both hydro-
dynamic and thermal boundary layers are
developing.

Petukhov et al. [23-25] conducted a com-
prehensive investigation of laminar flow of
water in an electrically heated (a.c.) tube. The
stainless steel tube was 0-743-in. i.d. with 0-014-
in. wall; the heated length of 73-in. was preceded
by a 71-in. calming length. Numerous thermo-
couples were attached to the tube wall at
various axial and circumferential locations. The
tube was also rotated to provide greater refine-
ment of the circumferential temperature dis-
tribution. A simple analysis of conduction
around the tube wall was made so that more
accurate values of the local heat flux and heat-
transfer coefficient could be obtained; of pri-
mary interest to the present study are a selected
composite of average Nusselt numbers (based
on average heat flux and wall temperature)
plotted in [23]. These data are shown in Fig. 8,
plotted in a format similar to that used in Figs.
5 and 7. The asymptotic values of the Nusselt
number for each data set represent a constant
Rayleigh number corresponding to the upper
value indicated. These data clearly indicate the
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F1G. 8. Average heat transfer data of Petukhov and Polyakov

[23].

main features of the combined free and forced
convection. The departure from the constant
property prediction occurs at a rather well-
defined combination of Ra and (x/D)/Re Pr.
A relatively short transition region occurs
before the constant Nu corresponding to fully
developed secondary flow is reached. The
developing length for secondary flow is clearly
much shorter than that required in the absence
of free convection effects.

Petukhov and Polyakov [23] also suggested a
transition criterion for the onset of significant
free convection effects as

Ra. — 5 x 10° for x/D
Gr = Re Pr

x/D Nu
Re Pr
55
Ra,, =18 x 104 + —%—7—7
Re Pr

x/D R
for —— > 17 x 1072, (4
or Re Pr = X “@

<17 x 1073 (3)
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Their correlation for the asymptotic Nusselt
number in fully developed free convection is

NuPr \]°0*
— 4. 1 e 5
Nu 436[ + (1.8 >< 104>] (5)

Shannon and Depew [26] studied free con-
vection effects in an electrically heated (d.c.)
stainless tube with 0-305-in. i.d., 0-035-in. wall,
length of 240 in., and calming section of 40 in.
The average temperature at various axial loca-
tions was monitored by thermocouples soldered
to a copper strap around the tube circumference
which was insulated from the tube wall by a thin
layer of tape. Water was introduced into the test
section at 32°F, and a range of heat fluxes was
applied to demonstrate the effects of super-
imposed free convection. Rayleigh numbers up
to about 10° were obtained. The data exhibit
characteristics similar to those seen in Figs. 7
and &: however the trends are less clear since
large variations in Ra occurred along the length
of the tube due to the large increase in fluid
temperature. Since it is difficult to transcribe
and compute the necessary parameters from the
published data, similar plots were not pre-
pared. However, use will be made of the general
correlation developed by these investigators.
This correlation was presented as a plot of
Nu — Nucp vs. Ra*/Nugcp. The criterion

Ra*/Nucp =2 (6)

was suggested as describing the onset of
significant free convection effects.

The data described in this review will now be
used together with the present data to define the
probable behavior of a system where appreciable
free convection effects are present.

DEVELOPMENT OF A CORRELATION PLOT

Transition region

The investigations of Petukhov and Polyakov
[23] and Shannon and Depew [26] provide data
for the onset of secondary flow effects in a system
having developed hydrodynamic conditions at
the inlet of the heated tube. The suggested
correlations given by equations (3), (4) and (6)
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are indicated in the transition plot of Fig. 9.
The data of Petukhov and Polyakov as shown
in Fig. 8 are included for comparison. In general
there appears to be rather good agreement
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(x/D)/Re Pr. For lower values of this parameter,
equation (3) diverges from both the data and
the correlation of equation (6). This comparison
suggests that equation (4) might in fact, be
more suitable for defining transi ughout
the entire range.

The data of Roy [15] provide the only avail-
able information for transitions with developing
hydrodynamic and thermal boundary layers.
although the data are somewhat difficult to
interpret due to inadequate thermocouples, a
reasonable estimate of transitions can be ob-
tained from the information in Fig. 7 and tabula-
tions in his thesis. As indicated in Fig- 9, the
transitions are displaced to higher (x/D)/Re Pr,
as would be expected.
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Fully developed region

A composite of available data for fully de-
veloped secondary flow is given in Fig. 10. The
best-fit curve for the present glass tube data is
included with the correlations suggested for
metal tubes [22, 23, 26]. Considering the diver-
sity of the experiments, there is surprisingly close
agreement between these correlations. This
suggests that a composite fit of the various
expressions can be made to provide an effective

3‘.
30—
25—
20 Correlation of [23] ;
> Correlation
Nu for SS tube-—equation (5) of 1221
s for Cu-Zn-Al
- tube-equation (2)
10— Analysis (G)
Correlation of [26]
5 for SS tube
Present data for
glass tube
0 EENETIT| Lol L1 vanl Ll Lol
103 104 108 108 1o? 108
Ra
FiG. 10. Composite of correlations for fully developed secondary flow

in glass and metal tubes.
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general correlation which should be valid for
most practical situations.

With regard to the analytical predictions, it is
evident that the infinite conductivity tube
solution represents a clear upper bound to the
average Nusselt number. While the glass tube
solution is somewhat optimistic at lower Ray-
leigh numbers, it does give a definite lower
bound for the higher Ra where there is a very
strong influence of free convection.

The composite prediction plot

The traditional constant property solutions
given in Fig. 1 were combined with the data for
superimposed forced and free convection shown
in Figs. 9 and 10 to give the final prediction
plot of Fig. 11. The fully developed asymptotes
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indication of what to expect in the developing
region for Ra ~ 5 x 10°. A consistent set of
transition curves was faired-in for each value of
Ra and Pr. The transition region generally
occupies a rather small portion of the curve for
each Pr—Racombination. From a practical point
of view, then, there is little incentive for under-
taking an analytical solution of the developing
secondary flow problem.

Figure 11 thus represents the probable be-
havior of the Nusselt number with laminar flow
of water in a horizontal circular tube with a
constant wall heat flux. This figure is then the
provisionally recommended correlation plot.
In general, any reasonable heat flux will give rise
to appreciable free convection, with the result
that the average wall temperature will be below
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FiG. 11. Predictions plot for laminar flow of water in a horizontal circular
tube with constant heat flux.

for a range of Rayleigh numbers were rather well
established by fitting a mean curve to the various
correlations plotted in Fig. 10. The onset of
significant free convection could be accurately
defined only for the use of hydrodynamically
developed flow at the tube inlet. However, the
limited data of Roy for Pr = 5 gave a reasonable

that predicted by the traditional constant
property analyses. With regard to the upper
limit of Reynolds number for which these data
apply, Petukhov et al. [25] have reported that
the transition to turbulent flow takes place at
higher Reynolds numbers as Rayleigh number
is increased.
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CONCLUDING REMARKS

This study has elucidated the effects of free
convection on laminar flow on water in hori-
zontal circular tubes having essentially constant
heat flux at the tube wall. The experimental
investigation demonstrated that electrically
heated glass tubing is advantageous for testing
since both visual flow pattern observations and
quantitative information can be obtained. The
glass tube provided the closest possible approxi-
mation to the boundary conditions used in a
previous analysis ; however, conduction around
the tube circumference and nonuniform heat
generation  introduced experimental un-
certainties.

The present data were combined with re-
ported data and correlations to obtain a general
picture of the influence of secondary flow on the
Nusselt number for water. A review of the re-
ported data indicates that the developing length
for secondary flow is shorter than that required
in the absence of free convection effects. Further-
more, the developing region is rather short.
There is thus ample justification for restricting
analytical solutions to the more tractible case
of fully established secondary flow. Strictly
speaking, there is no such thing as a general
correlation of the problem since the tube geo-
metry and material cannot be included in
simple terms. However, the available data for
various tube sizes and materials fall into a
sufficiently narrow band so that these factors
can be neglected. The final correlation plot of
Fig. 11 should give an accurate prediction of the
heat-transfer coefficient in any practical situa-
tion. In general, any reasonable heating rate
will give rise to large departures from the tradi-
tional constant property solutions ; for example,
at a moderate value of Ra = 10%, Nu is over
three times the constant property value for
developed flow.
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CONVECTION MIXTE POUR UN ECOULEMENT LAMINAIRE DANS DES TUBES
HORIZONTAUX AVEC UN FLUX THERMIQUE UNIFORME

Résumé-—Cette étude concerne les effets de la convection naturelle sur ’écoulement laminaire d’eau dans
des tubes horizontaux & section circulaire ayant un flux thermique pariétal constant. On conduit une
étude quantitative par visualisation a P'aide de tube en verre chauflés électriquement. Ces mesures sont
combinées avec d’autres pour obtenir un tableau général de I'influence de la convection naturelle sur le
nombre de Nusselt. Les courbes finales corrélatives données Fig. 11 sont recommandées pour obtenir des
coefficients de transfert thermique dans des cas pratiques. Avec des flux de chauffage raisonnables les
coefficients de transfert peuvent &tre trois & quatre fois ceux prédits par les solutions classiques pour des
propriétés constantes.

UBERLAGERUNG VON ERZWUNGENER UND FREIER KONVEKTION BEI LAMINARER
STROMUNG IN EINEM HORIZONTALEN ROHR BEI KONSTANTEM WARMESTROM

Zusammenfassung—In dieser Arbeit wird der Einfluss der freien Konvektion auf eine laminare Wasser-
stromung in einem horizontalen zylindrischen Rohr bei konstantem Wirmestron in der Rohrwand
untersucht. Fiir die optische und quantitative Untersuchung wurde ein elektrisch heizbares Glasrohr
verwendet. Die Daten wurden mit anderen Daten verglichen. Eine Korrelationsrechnung ergab ein
allgemeines Bild des Einflusses der freien Konvektion auf die Nusselt-Zahl. Die endgiiltigen Korrelations-
kurven in Abb. 11 werden zur Berechnung des Wirmeiibergangskoeffizienten bei praktischen Problem-

stellungen vorliufig vorgeschlagen.

Bei grosseren Heizflichenbelastungen kann der tatsdchliche Wirmeiibergangskoeffizient drei- bis
viermal so gross werden, als ihn die iibliche Rechnung mit konstanten Stoffgrossen liefert.

COBMECTHAH BBIHYHIEHHAA U CBOBOJHAA KOHBEKLUA IIPU
JAMUHAPHOM TEUYEHHWH B POPU3OHTAJBHbBIX TPYBAX ¥ OJHOPOJHOM
TEIIJIOBOM IIOTOKE

Anmorangs—B panxo#t pafoTe paccMATPUMBACTCH BIMAHNE CBOGOXHON HOHBEKHMM Ha
JABMHUHADHOE TeYeHHe BOHAH B TOPHBCHTAJNLHBIX KOJBLUEBHIX TpyGax, Ha CTEHHAX KOTOPHX
HMeeT MEeCTO MOCTOAHHHN NOTOK Temaa. C TOMOLILI) SIEKTPHYECKM IOXOTPEBAEMON CTEK-
TAHHON TPYOKH BHIOJHEHH BU3YAJbHBIE M KOJINYECTBEHHHI¢ HMCCIENOBAHUA, OTH XAHHEE
BMeCTe ¢ [ApYTUMH HaHHBIMH H KODPeNALMAMH HCHOJL30BAJMCE MAJA TOJyueHHA ofumielt
K3PTHHH BARAHNA cBoGoguo# KonBernuu na uncao Hyccennra. Honeunnle KoppenanunoHHubie
KpHUBHie, NpuBefeHHble Ha puc. 1], peKOMeHAYIOTCH [AJIA NPAKTHYECKUX pac4eToB Koaddu-
IMEHTOB nepeHoca Temna. [Ipw ymMepeHHHX CHOPOCTAX HarpeBa KOa(QHUIMEHTH HepeHOCA
TeNEa MOryT B 3-4 pasa npesInaTh BHAYEHNA, PACCYNTAHHEIE ¢ TOMOMIBIO OCHYHEIX pewmenmii
C TIOCTOAHHBIMHM CBOMCTBAMMY.



