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NATTONAT, AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-1104

EXPERTMENTAT STUDY OF COMBINED FORCED AND FREE
LAMINAR CONVECTION IN A VERTICAL TUBEZL

By Theodore M. Hallman

SUMMARY

An apparatus was vullt to verify an analysis ot combined [orced and
free convection in a vertical tube with unilorm wall heat [lux and to
determine the 1limits of the analysis. The test section was electrically
heated by resistance heating of the tube wall and was instrumented with
thermocouples in such a way that detalled thermal entrance heat-translfer
coefficients could be obtained [lor both upllow and downflow and any asyui-
netry in wall temperature could be detected.

The experiments siowed that iully developed heat-transier results,
predicted by a previous analysis, were conflirmed over the range of
Rayleigh numbers investigated. The concept of "locally Tully developed"
heat transfer was established. This concept involves the asswaption
that the fully developed heat-transfer analysis can be applied locally
even though the Rayleigh number is varying along the tube because of
rhysical-property variations with temperature.

Thermal entrance reglon date were obtained Tor pure forced convec-
tion and fo1 combined iorced and ivee convection. The analysis of lam-
inar pure Torced convection in the thermal entrance region conducted by
Siegel, Sparrow, and Hallman was experimnentally confirmed. A transition
to an eddy motion, indicated by a [luctuaticn in wall tenmperature, was
found in many of the upflow runs. A stability correlation was [ound.

The fully developed Nusselt numbers in downflow were below those [ow
pure forced convection but fell about 10 percent above the analytical
curve. Quite large circumferential variations in wall temperature were
observed in downflow as compared with those encountered in upllow, and
the Tully developed Nusselt numbers reported are based on average wall
temperatures determined by averaging the readings ol two diametrically
opposite wall thermocouples at each axial position. With larger heating
rates in downflow the wall temperatuvre distributions strongly suggested
a cell ©low near the bottom. At still larger heating rates the wall tem-
reratures varied in a periodic way.

IThe information presented herein is an abbreviated ‘orm ol a thesis
entitled "Corbined Forced and Free Convection in a Vertical Tube' sub-
mitted in partial uiilleent ol Lae reqilrencncs o the uegree of
Doctor ot Phllosophy at Purdue Unlversiity, 1o,



INTRODUCTION
Description of the Proslem

A description of the problem considered in this report is perhaps
best introduced by considering the simple physical system illustrated in
figure 1(a). This sketch illustrates a round tube of finite length im-
mersed in a large body of fluid which is at some uniform temperature.
The tube is positioned with its axis vertical, and the outer surtace of
the tube i1s perfectly insulated.

IT there 1s no heat transfer to or work lone on the system, the
fluid remains at rest, the buoyant forces on :ach element of fluid being
exactly balanced by the hydrostatic pressure. However, if the tube 1is
heated in some way, the fluid within the tube changes temperature and
itls density decreases.? This reduced density causes an increase in the
buoyant force, and the fluld tends to rise anid pass out the top of the
tube, where it mixes with the large mass of unheated surrounding fluid.
This action draws cold fluid into the bottom >f the tube, and hence a
pumping actlion occurs. This type of flow and heat transfer is commonly
called free convection.

If the surrounding fluid is replaced by he cooler piping system and
pump shown in figure 1(b) and the cooling and punping rates are con-
trolled teo maintain the temperatures +t; and t, unchanged, conditions
are unchanged inside the pipe. This situatio: is commonly called com-
bined forced and iree convection.

There is one important distinction betwe:n the two situations Jjust
described. In the [irst situation, for a given heating rate in the tube,
there 1s a unique flow rate established, whicii is such that the pressure
drop through the tube is exactly balanced by :he net buoyant force. In
the second situation, on the other hand, ther: is freedom to adjust the
pump Clow rate to any desired value. Of course, when the flow rate is
changed, the heat-transier rate rust be chang:d in order to keep tg
and te unchanged. The buoyant forces still exist, regardless of the
flow rate, but only one flow rate corresponds to the free-convection
situation. There is no basic difference in the case of "pure free con-
vection"; it is merely a special case of the io-called combined forced
and {ree convection.

When the flow rate is gradually increased in the apparatus shown in
rigure 1(b), the buoyant force becomes less and less important in com-
parison with the pumping force. The term '"foiced convection" is used to
describe the limiting situation when the buoyunt forces are negligible.
Since all fluids change in density when heated, pure forced convection

“Most [luids behave in this manner, although there are exceptions.



is never exactly realized. One of the goals of tle present study was to
establish when the buoyant, or free-convection effect, 1s negligible.

There are a great many possible variations to the problem consid-
ered. The tube walls may be heated in different ways (two common ways
are uniform wall temperature and uniform wall heat flux). In addition,
internal heat sources, due to chemical or nuclear reactions, either uni-
form or nonunilorm, may be present within the fluid inside the tube. The
tube diameter and length may be varied, as well as the kind of fluid.
Finally, the cross-~sectional shape may be round, square, or some other
shape.

When the cool [fluid enters the bottom of the tube, it is heated and
rises. If the tube is long enough, and if the boundary conditions are
sultable, the radial velocity and temperature profiles beyond a certain
inlet length are similar to the corresponding profiles at other cross
sections farther up the tube. This region is known as the region of
"fully developed" flow and heat transfer. The length of the tube re-
quired to establish similar profiles is called the "entrance length."

The problem considered herein is one of combined forced and free
laminar convection in a vertical round tube. The boundary conditions
considered are uniform wall heat flux. No heating was present within
the fluid.

The transfer of heat by combined forced and free convection in ver-
tical channels (more generally, in channels in which the flow is parallel
to the direction of the body force, i.e., gravity or centrifugal) is ver
common, but only in recent years has much attention been placed on deter-
mining the characteristics of such systems. Possible uses in nuclear
reactor or turbine blade cooling are mainly responsible for recent inter-
est in this mode of heat transfer.

Purpose of Experiment

The purpose of the experiment was to check the analysis of refer-
ence 1 and also to provide information about the region of applicability,
that is, the transition Reynolds and Rayleigh numbers and the entrance
lengths required for the fiow to beccme fully developed. The Ilimiting
case of pure laminar forced convection, including thermal entrance ef-
fects, was also vo be studied.

The specilic case chosen for the experiment was combined forced and
free laminar convection in a vertical round tube with uniform wall heat
flux and no internal Lheal generation. Provision was made for both up-
flow with heating and downflow with heating, that is, both positive and
negative Rayleigh numbers. Tne apparscus was designed to be suitable



as well for ovtaining data on pure forced coavection, both laminar and
turtulent. Previous data (refs. 2 and 5) for the laminar region were
subrlect to large experimental error.

SURVEY OF THE LITERATURE
Theoretical Investigasions

The analysis of the case ol combined Torced and free convection in
a verstical round tube with uniform wall heat flux is considered in ref-
erences 1 and 4 to 2. None of these analyses consider entrance effects
or turbulence or transition to turbulence. The limiting case of pure
forced convection in thermal entrance regions 1s analyzed in reference O.

Experimental Investigitions

Some data on coubined forced and free coivection in vertical pipes
with uniform wall heat [iux are given in ref:rences 2, 3, 10, and 11.
ReTerence 11 includes some intormation on transition to turbulence.
Since wall teuperatuves were not measured 1t was not posslible to calcu-
late Muss21t munbers.

Comparizson of Pirevious Experimen:s with Analysis

The experimental data from other experilients are compared with the
analysis of reference 1 in figure 2. The solid line represents the anal-
ysis. The Nussell nuwnbers in the range 100 - Ra £ 10,000 are accurately

approximated by the eguation

Nu = 1.40 RaQ-<~ (1)
This velation is shown in Jigure 2 by the dashed line. (Symbols are de-
fined in appendix A.)

Tlie experimental points shown as sguare; in Zigure Z are the data
ol reference 10 for high-pressure water (2000 and 1-00 lb/sq in. abs)
flowing upward in a wvertical electrically hented tube. The tube had an
inside dianmever ol 0.1005 inch and a length of 9 inches and thus an L/D
oi 0.

These data all below the analysis. In reference 12 these same data
are compared on a different basis with other experimental data and are
tound Lo [all low there as well.



Two otlier experiments have provided data for lower Rayleigi mun-
bers. These experiments were desligied ['or pure fovced convective [low,
but the Rayleigh numbers were high enough in some cases to show signili-
cant free convective effects. The first experiment 1is that ol Gross
(ref. 2). These data are shown as circles in figure 2 and are for water
in upflow in an electrically heated tube. Three tubes of 0.22044-,
0.305-, and 0.43Z-inch Inside diameter were used.

Heated tube lengths wvaried Irom 2 to & feet. ILocal heat-transrer
data were reported but only data which satisfy the condition

2x/D -

Rebr > 0.020
are plotted here.? This is the condition [ound necessary in rel
9 for thie Nusselt numbers for pure forced convection laminar hes ;
fer to be within & percent of the fully developed value. This condition
is for a fully developed entering velocity profile and a unlilornm wail
heat flux corresponcing to this experiment. Also, all data for Reynolds
nuwubers greater than 2000 were not plotted. It is seen that the scatter
in the data of reference 2 is vuite large. The higher values of Iusselt
numbers at low and high Rayleigh numbers are believed to be causced by
bus bar conduction lowering the tube wall temperatures at entrance and
exit. Despite the large scatter, the trend in the data away from tie
pure forced convection Nusselt nuuber of 4.54 1s largely accounted fov
by the analytical curve snown.
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Two data points at low Rayleigh number from an experiment reposted
in reference 3 are shown as triangles in figure Z. These data are lovo
water flowing upward in an electrically heated vertical tube. The tube
had an inside diameter of 0.2244 inch and a heated length of 1Z leet.
The entering velocilty profile was probably nearly uniform, so the only
data shown are those Tor which

2x/D
ReP; > 0.191

This 1s the requirement for the Nusselt numbers to be within o percent
of the fully develcped value ii the entering velocity profile 1s unirormu
and the wall heat flux is uniform (ref. 13).

“For Lhls reason [ewer points are shown in [lgure o than are chown
in Jlgure [V ol relerence 1.



DESCRIPTION OF APPARATUS
Flow Loop

A schematic diagram ol the heat-transfer loop is shown in figure 3.

Distilled and deilonized water was circulated @s the heat-transfer medium.

A constant-head tani was used to ensure a stecdy {low through the test
section. This was found to be necessary from preliminary tests. The
water was de-aerated by being heated to the boiling point in the head
tank, and it was then cooled to the desired temperature by water cooling
colls directly beneath the head tank. The flow was down a 44-Ifoot in-
sulated standpipe to an insulation tank which contained the teated test
section. The test section was surrounded by seven concentric aluminui-
foil radiation guards. The tank air pressure was malntained at about 1
micron ol mercury. Such an arrangement gave & rapid time response and
nearly negligible heat losses.

In uprlow the rluid passed filrst through a bottom mixing box, where
the inlet bulk temperature was measured, and then up through a 3-foot
insulated hydrodynamic approach section of 5/16—inch bore. This section
had a length-to-diameter ratio of 115 to allow the velocity profile to
become fully developed. The water then flowec without interruption
through a Teflon insulating disk and intc the heated test section. The
Inconel test section also had a B/lﬁ—inch bore and was 3 leel long
(L/D = 115). It was heated by passing low-voltage alternating current
axlally tlwough the tube wall. Thermocouples attached to the ocuter wall
allowed a determination of local wall temperature.

The heated water passed out through a second Teflon insulating disk
and then to an outlet mixing box, where the ovtlet bulk temperature was
measured. The water lelt the insulation tank at the top and was cooled
to room temperature in a heat exchanger. It was then filtered and
passed through a flow control needle valve.

Tlie discharge From the low control needle valve went into two
glass burettes, where the flow rate was deterrined. This measurement
was accomplished by determining the time required to £ill the burettes
7llen the outlet valve was closed. The time was measured automatically
by a combination ol electronic relays and an electronic timer. Figure
5 tllustrates this system. A rotameter was also used to give a rough
indication o the flow rate.

The water leaving the burette went to a sump tank and then was
puped back up to an overllow tank by a sump pump. A second circulating
bap transierred the water [om the overrllow tank through a heated pipe
to the head tank. The purpose ol the heater was to heat the water to
near the boilling polnt and thus de-aerate it. The overflow from the
tead tank returned to the overllow tank through a cooler. The
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temperature of the water in the head tank was held near the bolling
point by a thernmoswitch-heater combination.

A bypass mixed-bed ion exchanger not shown in figure 5 was con-
nected between the bottom ol the standpipe and the sump tank. A con-
stant flow through the ion exchanger maintalned the high purity o. the
distlliled water.

Details of the wvarious components of the flow loop are given in
reference 3.

For downilow the water entered the insulation tank at the top and
left at the bottom. The rest of the flow loop was unchanged. The
starting length for downflow was considerably shorter, being about 13
diameters.

Several modilications were made to the apparatus after 17 runs had
been made. One change was the addition of a temperature regulating bath
to control water inlet temperature. This bath reduced inlet temperature
fluctuations from 10 F to less than 0.2° F. Another modification was
the installation of an immersion heater in the head tank to replace a
wrap-around heater on the inlet line. Thls change allowed more reliable
operation and a steadier head tank temperature. A third modification
was an improvement in the vibration isolation of the insulation tank.
Vibrations Irom the wvacuum puup had been lelt in the insulation tank and
there was a possibility that this could cause an early transition to
turbulent IClow.

Test Section and Approach Section

The test section was a resistance-~heated Inconel tube with a
0.3150-inch bore and a 0.0312-inch wall thickness. The length was
30.030 inches, and the length-to-diameter ratio was therefore about 1lo.
A skesch oi the test section and approach section is shown in ligure 4,
and a photograph of the assembly 1s given in figure o. The approach
section in downilow had a length-to-diameter ratio ol 13.

Firty-eight iron-constantan thermocouples were spot-welded to the
outside ol the test section in 29 diametrically opposed pairs. A detall
ol the method of attaclutent ls shown in iigure 4. A listing ol theix
exact locations is given in relerence o. The axial spacing of the ther-
mocoudles near each end was small in order to allow an accurate determi-
nation of entrance region wall temperatures [or both upllow and downflow.
Awially adjacent pairs oi theimocouples were positioned 90° apart. This
was done to facilitate detection ol any asymmetry in wall temperature
distribution.



Clrcular copper :(langes were sllver soldeed to each end of the test
sectlion.  The power leads were connected to tiw: outer circumierence of
bLiwese ‘langes. Potential leads were soldered .0 each rlange. These
langes also contained thermocouples which were used to determine heat
losses as 1s described in reference 5. The test section was connected
to and insulated Iron the approach and exit sections by Teflon disk
spacers.

A detall drawing ol the approach sectlon 5 given in [igure 4. The
approach section was Ldentical to the test sec.lon except that 1t was
not heated and had lewer thermocouples attached to it. The approach sec-
tion, Teflon spacers, test section, and exit section were all very care-
1ully alined, doweled, and bolted in order to ensure that the [low pat-
tern would not be disturbed when the water passed [iom one gsection to
another.

Test-Section Insulation

The small heat-transfer coelficients encountered in laminar flow re-
quire an insulation superior to glass or quart: wool. Two possibilities
which seemed promising were a vacuum bottle or a powdered insulation
under vacuum. The iirst approach was ['ollowed. because 1t was felt that
the large tlime constants involved with a low-thermal-diffusivity material
would make operation dilficult.

Seven concentric cylinders ol aluminuwn ol l were mounted between the
test section and the insulation tank to act as radiation shields.

The radial heat loss was measuied with the test section drained and
plugged. A plot ol heat loss per ool 1s shown in ivlgure ¢. The loss is
nearly a linear [unction oif temperature diiference. It is possible to
contpute a "therual conductivity" of the insula.ion tank. It is about
0.004¢ Btu/(ﬂr)(Jt)(oF) compared with 0.023 Btu/(hr)(ft)(oF) for glass
wool. Thus it is about iive times as eifective. Tie measurements were
all made at the fank operating pressure ol 0.6 to 1 micron ol mercury.
This rvadial beub loss i1s nearly negliglble for most runs but was included
in all calculations.

Power Supply

The test sectlion was resistance heated by The power supply shown
scihenatically in Uigure 7. Power was supplied from a 230-volt supply,
and the current passed through a »-kilovolt-ambere electronic voltage
eonlatoe with a line voltage regulation accurtcy ol *0.1 percent. The
output tien passed to a wvariable autotransiormer and then through two 2-
wilovolt-aupere stepdown Lians ‘ormers in paval el, which reduced the
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voltage to a maximum of 11 volts. TFrom the transformers the current
flowed directly to the power lead connections on top of the insulation
tank.

Power Measuring Instruments

Power was measured by a wmultiplied-deflection a-c potentliometer siim-
ilar to the one described in reference 14. Thig method has the advantage
that the accuracy is limited only by the full-scale accuracy of the me-
ters and ls independent of power level. This was highly desirable be-
cause power ranged from 0.17 watt on the heat loss measurements to 4000
watts on the higher power heat-transfer runs. An a-c potentiometer was
ol value also, because the low voltage drops across the test section
made it difficult to use a wattmeter directly. The voltueter and ammeter
were calibrated in an NASA instruments laboratory and correction charts
were used with them. The wattmeter was calibrated with a resistor whose
d-c resistance was accurately measured on a Kelvin bridge. The wattueter
readings weve compared with IZR of the test section, and they always
agreed to within 2 percent. The power factor was very nearly unitly at
all times.

Temperature Measuring System

Iron-constantan thermocouples were used throughout I'or temperature
measurement. Test-sectlon and mixing-box thermocouples were careflully
calibrated. Detalls of the calibration procedure are gilven in refer-
ence L. The tables ol NBS circular 581 were used for uncalibrated ther-
mocouples.

A clrecult diagram ror the thermocouples 1s shown in figure &. Test-
section wall thermocouples and the outlet mixing-box thermocouple were
always read with respect to the inlet mixing-box thermocouple. Since
both upflow and downilow runs were made, provision was made for a re-
versing switch to interchange roles ol the mixing boxes. Bach nixing-
box Junction could be read with respect to an ice Jjunction in order to
establish the absolute temperature level of the system. A self-balancing
potentiometer was used to obtain rough readings when the system was ap-
proaching steady state.

A Rubicon potentiometer, Model B, was used to measure thermocouple
voltages. An electronic null indicator, with a voltage sensitivity of
1 microvolt per small division, served in place ol a conventional light
beamn galvanometer to indicate the matching of potentiometer and therio-
couple voltages.
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A1l thermocouple wlires passed to a Junctiosn box. The thermocouple
wlres on the test section and in the mixing boxes were 3¢ gage and were
all cut from the same spools of wire. At the junction box the wires were
increased in size to make the leads more durable. Iron-constantan wire
was used tiroughout the thermocouple circuits. From the junction box the
leads went to a switch box, which housed all switches. Leads from the
swltch box passed to the self-balancing potentiometer and the Rubicon
potenticmeter.

The Jjunction box and switch box were of 1lentical construction. All
thermocouple Jjunctlons were contalined in a copoer box. This copper box
was suirrounded by several inches of foamed-plastic insulation, which in
turn was contained in a wooden box. The purpose of this type of con-
struction was to produce a uniform temperature at the Jjunction ol each
pair of thermocouple wires. XEven thouglh the box temperature might change
because ol changes in ambient conditions, both thermccouple Junctions
would change 1n the same way and thus prevent iny stray voltages from
being developed.

EXPERTIMENTAY, PROCEDURE

Tlie experimental data were taken in the following manner. Several
runs at different heating rates were usually tiken at one flow rate.
When a new [low rate was set by adjusting the Ilow control needle valve,
it was generally necessary to allow the apparasus to run overnight in
order that steady conditions would be establisied. When the flow was
steady and the inlet water temperature variations were tolerable, the
power was turned on and set at the desired valie. Usually a hali hour
was su:sficient ©o attain equilibrium. This tine was adequate because of
the fast time response ol the thin aluminum raliation guards.

Readings were taken ol volts, amperes, wats, voltage divider ratio,
current transformer ratio, water inlet temperaure above ice point, water
outlet temperature above ice point, and bulk temperature rise before,
half way through, and after the reading ol wal . temperature thermocouples.
As many readings of the time to 111 burettes viere taken as was possible
during the run. Besides wall temperature read ngs, data were taken on
room teaperature, flange temperatures, and appoach section temperatures.

At the completion ol a run the power leve . was readjusted to obtain
a diflerent Rayleigh number.

EXPERIMENTAL RESULTS

The important results ol the experiment ae presented and discussed
in this section, and a discussion of accuracy ¢nd anomalies of the

LOFT-d
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experiment 1is given in appendix B. The experimental results are tabu-
lated in reference 5.

Results for Heating with Upflow

Fully developed heat transfer. - The primary objective of this ex-
periment was to verily the analysis which was made for the condition or
rully developed heat transfer and constant fluid properties. The data
which are velieved to be fully developed and which were steady (nonfluc—
tuating) are shown in [igure 9. The solid line is the predicted curve
of the analysis, which is shown in figure 2 also. It i1s apparent that
these data conflrm the analysis over the range presented. The data at
high values of Rayleigh number show scme scatter and also seem to be
slightly below the analytical curve. Physical properties were evaluated
at the film temperature; some of the scatter may be due to physical prop-
erty variations with temperature. However, it is believed that these
data are low at high Rayleigh numbers because of a peculiar entrance el-
rect. This is discussed later when the Thermal entrance region results
are presented.

Another observation to be made from figure 9 is that it is very dif-
ficult to coniirm the pure forced convection fully developed Nusselt num-
ber of 48/11 (4.30) experimentally because of the influence of free con-
vection effects. The lowest Rayleigl number attainable with reasonable
accuracy was about 2b. This gives a Nusselt number ol 4.82, about ¢ per-
cent above the zero Rayleigh number value.

Thermal entrance region data. - Having confirmed the {fully developed
analysis, & guestion arises as to what length 1s reguired to produce the
fully developed condition. An investigation of this thermal entrance
length may be made by means of the experiment.

The pure forced convection (zero Rayleigh number) analysis or ref-
erence 9 provides a basis for comparison oi thermal entrance region data.
The Nusselt numbers very near the heated entrance will be independent of
the heating rate, because the Nusselt number i1s determined only by the
[low pattern. The velocity profile will not be distorted from its en-
tering parabolic shape until a temperature pattern 1s created in the
fluid. This temperature pattern then creates radial density differences,
which, in turn, distort the parabolic velocity profile and thus change
the Nusselt numbers fron the pure forced convection values. A certain
heated length is regyuired Tor this profile to be distorted.

The pure forced convection analysis results in a single relation
2x/D
RePr’
to present the data in terms ol these variables, with Rayleigh nunber as

between Nusselt number and the parameter It is reasonable, then,
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a parameter. OSuch a comparison is given in figare 10. The solid curve
is the zero Rayleigh number analysis (ref. 9), and the data shown are for
a very low Rayleligh number run and for a typical high Rayleigh number run.
Nunbers beside the data indicate local Rayleigh numbers.

The very low Rayleigh number run agrees well with the pure forced
convection analysis ol reference 9. These data are typical of all low
Rayleigh number runs.

The high Rayleigh number run agrees with tae zero Raylelgh number
analysis very near the entrance, but soon breaks away, goes through a
minimum, and rises again. The dashed line is tie fully developed com-
bined forced and free convection analysis (ref. 1) applied locally. The
Raylelgh number increases toward the pipe exit secause of physical prop-
erty variations. The agreement between the data and the dashed line in-
dicates that the concept of a "locally fully developed" heat transfer is
a valid one. Again, this run is typical of many such runs taken and tab-
ulated in tables II and III of reference 5.

LOVYTI~H

The highest Rayleigh nwnber run in which eatrance data were obtained
is shown on the same type of plot in [igure 11. Again the analysis
(ref. 1) applied locally is shown as a dashed 1. ne. In this run the data
fall below the analysis and then gradually clim> to approach the analyti-
cal curve. The effect is most pronounced in th's highest Rayleigh num-
ber run. This effect was observed to a lesser sxtent, in lower Rayleigh
number runs as well. It may be due to experimental error, but this is
considered unlikely. At high values of Rayleig1 number an "undershoot"
occurs, because the large velocity profile distortion involved requires
a considerable length in which to develop.

This argument and discussion are based on jomewhat meager data, but
they are believed to explain the low Nusselt nwibers observed at high
Rayleigh numbers in figure 9. These particular data were taken in the
vicinity of the transition points, discussed laer, and complete entrance
data were not obtalned. It is likely that some of these data are in the
"undershoot" region and hence would fall below “he analysis.

For pure forced convection, it is shown in reference 9 that the
value ol (ZX/D)/RePr at which the Nusselt number came to within 5 percent

of 1ts fully developed value was 0.085.

The entrance length for the high Rayleigh number run (run (U14))
shown in figure 10 was taken to be

(;XPD) = 0.034



and for run (UZ&)(fig. ll) this value was taken to be about 0.0745 wher
the data becone asympbotic to the analysis, applled locally. Values ©
(ZX/D)/RePr at which the data became parallel to the analytical curve
are plotted in rigure 1Z. he scather in the data 1s very large because
o the difficulty in accurately estimating when the fully developed con-
dition is reached. However, the trend delinitely indicates a decrease
in thermal entrance length with increase in Rayleigh number rollowed by
an lncrease at large Rayleigh nuubers.

e
L

Transition data. - A transition [From steady laminar Tlow to a slow,
apparently random, eddy [low was observed On some Iruns. This was evi-
denced by wall temperature rluctuations appeaving on the upper portions
o+ the heated tube. Temperature records taken with a photoelectric re-
corder are shown in Figure 13 for a typical run in which transition oc-
curred. With an increase in heating rate, at a constant flow rate, the
transition point would travel down the tube toward the entrance. Il the
flow rate were ilncreased, keeping the Rayleigh number constant, the tran-

Special runs were made In ovder to gather data on this transition.
A tentative correlation ol these transition data is shown in [lgure 14.

. RePr | . : o
Plotted here agalnsv ;?;% is a special Rayleigh number delined by

B(r e, = 1 )D“
RaD . P D(L"N() 111 P (2)
ne
Pliysical piopertles are evaluated at the [ilm tenmperature. he dashed
line is glven by the equation
. ~f[RePv Lo .
Rap = 04 «o(gx D) (s)

Since thermocouples were located only at Z-Inch intervals In most cases,
it was dilficult to locate the transition x/D exactly. In addition,
the transition point was difllicult to locate precisely, because the wall
tenperature 'luctuations were damped by the healt capacity ol the tube
wall. The cosrcelation Ls probably adequate for most applicatlions, how-
evelr.

Since trans.tlion is likely to be affected by such things as vibra-
tion level, tube nonuniilovrmitlies, the tube being not exactly vertical,
and so0 lostl, it is rscommended that additlional data be obtalned in an-
otler apparatus.

Transitlon data recently obtained are reported In reference 11. The
transition point was detected by injecting dye into the water upstuea.
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and observing when the dye stream began to fluctuate at the exit ol a
transparent tube. These data are shown in figure 14. Since observations
vere made at the exit only, no x/D varlatior could be made. The tran-
sitlon point rJor stream fluctuation occurs at lower values of Rap than
Jor wall temperature fluctuations. This would be expected, since the
stream fluctuations would have to build up to some magnitude in order to
transport heat radially from the wall.

Selection oi data. - A discussion of the selection ol upflow data
1s perhaps best introduced by relerring to twe representative plots of
temperature against x/D.

Figure 1i(a) shows a representative wall temperature plot for a low
Peclet number (RePr) run. Generally there werz two thermocouples at each
K/D, located diametrically opposite. In some cases, however, only one
Jhermocouple was operative. The dashed line shown is a curve drawn
through che points obtained by averaging temperatures only at axial loca-
tilons where both thernocouples were operative. The circles represent in-
dividual thermocouple temperatures. Several oosservations can be made
fvom this I'lgure. First, a very smooth curve zan be drawn through the
averaged data. BSecond, an asymmetric wall temperature distribution Is
appacent near the tube exit. Third, a slight rise In temperature exists
in the r'itrst several diameters.

The fact that a smooth curve can be drawn through the averaged data
was used to reject data polnts obtained when oaly one thermocouple ex-
isted at a location, since these points generally did not I'all on the
swootic curve because of the asymmetry in wall temperature. The asymnetry
in wall temperature was more severe abt liigher gowers. This could be
caused by a nonuniform tube wall causing nonuniform heating, or it could
be caused by an asymmetric flow pattern set up by free convection effects.
It is belleved to be principally the latter, b:cause in downllow the asym-
metry, which had been near the top in upllow, 10w appeared near the bot-
torl. This Is discussed in the next section. [he theory predicts that
te wall tempsratures should approach the fluii bulk temperature at the
entrance. This does not happen in the experim:nt; in fact, there is a
slight temperature rise very near the entrance. This is caused by
Joulean heat Jjrom the bottom bus bar being conlucted into the bottom
vlange. The ['irst few temperatures were inaccirate because of this.

Figure lg(b) shows a representative wall semperature plot for a high
Peclet mumber run. The small rise in temperatiire near the entrance is
5¢ill present. The asymnetry in wall temperatire is now more severe at
the nilgher power. The striking thing about th.s plot, however, is the
dip In wall temperature near the exit of the tube. This dip was present
In all runs with Peclet numbers of 1500 or mor:. The dips had a minimum
5t & constant x/D ol about 9L (about © in. £ -om exit) which did not
Seadl Lo shily't under any clrcuwastances. The exnlanation for this dip is

LOYT-J



unknovn. It has been established that it is not (l) due to heat conduc-
“ion througll a bundle of tliermocouple leads whicl leaves at this point,
(2) due to a heat lezk In the insulation at this polnt, (z) caused by =
nonuniform tube in this region, or (4) g Ialse temperature caused by a-c
eifects on tlie thermocouple circults. No dip cccurred in any downllow
uns. Data in this reglon are not presented in the results (although
they are tavulated In refl. 5) because the reason ior this behavior is
not mown.

Results foxr Heating witin Downflow

The down.low iuns were characterized by an asymuetry in wall teuper-
ature which became nore severe as the heating rate was increased. For
the higliest heating rates, the flow became unsteady, and tlie wall temper-
atures in the lower portlon ol the heated tube oscillated in a periodic
way.

Fully developed heat transfer. - The data which appeared to be fully
developed are presented in [ligure 10 as a plot ol Nusselt number againsv
Rayleigh number. The line with wlhich the data are to be coumpared is the

solid line labeled negative Rayleigh nuwiber. This line is derived in
~eference . The two dashed lines, for zero Rayleigh nuwnber and for pos-
itive Rayleigh number, are included to provide a comparison with previ-
ously discussed upllow resulls.

It 1s seen Lthat most of the data fall about 10 percent above the
predicted curve. Each point shown is based on a wall temperature obtained
by averaging the temperatures of two theimiocouples placed diametrically
opposite. These temperature differences were as higl as 70 F in some
cases when the axial temperature rise over the length of the tube was
only 25° F. It is velleved that this asymmetlry in wall temperature 1is
caused by an asymietry in [low pattern. It is not surprising, therelore,
that thie data do nolt agree exactly with the analysis.

Even though most ol the data fall above the analysis, the trend in
the dabta 1s correctly predicted. All the Nusselt nuwnibers are below the
pure forced convection value of 4.30, and considerably below the data
which have exactly the same heating and low conditions but which have
the direction ol flow reversed.

Thermal entrance region data. - A typical plot of Nusselt number
against the paraneter (Bx/D)/RePr is shown in figure 17. The data do not
reach the fully developed analysis (dashed line) for reasons already dls-
cussed. The entrance lengths appeas to be longer than for pure forced
convectlon, although 1t i1s difficult tc estimate entrance lengths accu-
rately. Bstimation is difficult mainly because the local Rayleligh number
decreases (negatively) with length and so the "local fully developed"




Nusselt nuwibers decrease with length. The renge o Rayleigh numbers was
yulte small. A rough estimate [or entrance Jength is

e D)
S5 = 0.1L
(Re Py I

11" the Rayleigh number is not below -120.

Closer to the entrance, the Nusselt nuumlers agree guite well with
thie pure forced convection analysis (as they did for positive Rayleigh
numbers ). The two low points, nearest the ertrance, are belleved to be
caused by bus bar conduction errors.

The approacli section length-to-diameter ratio for downilow was about
15. The length-to-diameter ratio required fcr fully developed flow is
about 0.00°% Re (ref. 10). Most of the runs were made with fully devel-
oped i'low at the entrance to the heated section. The highest Reynolds
nuibe: used was 330, which would require an L/D of 19 lor fully devel-
oped Tlow.

Adally asymmetric and periodic flow. - The wall tewperature was
found to vary around the circumference of the tube for all downi'low runs.
For a ulven run, the variatlons became worse [rom Lnlet to outlet (top to
bottom), and for different runs, the variaticns became more severe with
increasing hieating rates. For low power runs, the averaging of diamet-
rically opposite thermocouple readings gave a smooth curve from top 1o
bottom (flg. 18(a)), whereas for higher power runs an apparent discon-
tinuity in this "average' wall temperature curve is indicated (fip.
18(b)). The variation across the tube below this discontinuity becane
very large in some cases, belng as high as 2C2 F. One might speculate
that above this discontinuity the Tflow is always down, but is asymmet’-
ric; below che discontinulty a cell flow may be set up, with a large
crossllow alb Lhe pesition of the discontinuity. Sinee 1t was nol pos-
5ible to observe the flow, however, one can cnly speculate.

With a still greater increase in heating irate, the wall teumperatures
becarme unsteady in the lower portions of tlie tube. The variations were
nea:rly periodic in nature. The amplitude ol the variations was different
at dllTerent points on the tube, but the fregiency was the same every-
where. IFigure 19 gives a record of the fluctiations observed for one
particular run.®  The variations were more rezular in the upper part of
the region than in the lower part. The frequancy was about 0.2 cycle per
m_nute Tor tils example and was about 0.0 cycle per minute Tor one other
run recorded.

“In figure 19, the indicated position of the recordings with re-
spect to cirvcumlferential location is not significant. The leaders are
used only to indlcate axial position.

LOVT-9
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Selection ol data. - In downflow the clrcumlerential wall tempera-
ture varlialtions were much more severe than they were in upllow. For low
Leating rates the averaging of data for pairs of thermocouples at each
axial position resulted in a smooth average wall temperature curve, as
indicated by Tligure 18(a). In that figure, symbols of the same xind are
all on the same side of the tube and a smooth curve could be drawn
through each set of symbols. The temperature differences across the tube
are as high as 49 F for this particular run.

A dilrferent wall tempeirature behavior was observed at higher heating
rates, as shown in figure le(b). The points can be averaged to give a
smooTh curve up to a certalin position, but then very large circumleren-
tial wall temperature difierences exist ror the rest ol the tube, the
dilferences being as high as 9° F. These temperatures are steady in tine.
The temperature pattern would indicate a cell flow. With a still further
increase in power, the periodic fluctuations discussed previously ap-
peared.

Since the flow is now down instead of up, the exit ol the tube be-
comes the entrance. The asymnetries present in upflow do not exist at
the top of the tube, nor was a dip in wall Temperature ever observed
there.

Only wall temperatures which fit the smooth curve before the sudden
change in wall tewperature distribution were used 1n plotting results o
e compared with the analysis. All data are presented in tables V and
VI o: reflerence L. The temperature of each individual wall thermocouple
is reported in table VI of reference & along with the average wall ten-
peravure at each locavion.

CONCLUDING REMARKS

The fully developed solutions of the analysis are all in the nature
ol asyaptotic solutions and are expected Lo apply only far from the en-
trance. The results of the experiment indicate that, for positive
Rayleigh numnbers, these sclutions do apply, and the concept ol locally
m11ly developed results 1s established. It is also coneluded that the
bounda:y conditlons assoclated with these solutlions are physically
realizable.

The results of the analysis were {ound to apply only for values ol
negative Rayleigh number which are small; for large negative Rayleligh
nuiabers axial acymnetry and unsteady i'low were observed, and these con-
ditions malke the analysis inapplicable.

The therual entrance region analysis of Siegel, Sparrcw, and Hallnian
l'or pure Torced convection was experimentally coniirmed. However, the
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fully developed Nussellt mutber of H/ll, predicted ror thils situation, Ls
dlsTicult to veriiy experimentally because of the inlluence of [ree con-

vection elfects.

The transition observed during heating with upilow would lead to tlie
conclusion that similar phenomena are likely to be encountered in other
siullar types of Tlows. This would be expectzd to occur, for example, in
flow olU a heat-generating Lluld in an insulated pipe. It is recom-

e that lturther experinents be 1un to establish tlie region of appli-
bility o those portions o: tlie analysis made in the Hallman thesis
which were nob Investipated by the precent experiment.

wis Research Center
National Aeronautics and Space Aduninistiation
Cleveland, Ohlo, August 24, 19l
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APPENDIX A
SYMBOLS

A axial temperature gradient in [luid, dt/dx, OF/It
Cp specliic heat of [luid atv constant pressure, Btu/(lb)(OF)
D tube inside diameter, 1t
& acceleration due to gravity, ft/secg
I heat-transler coelTiclent, /iy, Btu/(sec)(sq rt)(OF)
I test-sectlon current, amp
i thernal conductivity of rluid, Btu/(sec)(sq Ft)(OF/rt)
Ky taermal conductivity evaluated at [ilm temperature

L length of heated section, It

Nu Nusselt number, hD/k, dimensionless

Pe Prandtl number, pgcp/k, dimensionless

q wall heat-flux density, Btu/(sec)(sq ft)

Ao net electrical input to [rluld, Btu/hr

Ay thermal energy rise of [luid in passing through heated test sec-
tion, Btu/hr
R test-sectlion resistance, ohms

Ra Rayleigh number, pZBgchD4A/lﬁpk, dimensionless

Rap Rayleligh number based on diameter orf tube, pBBgchDS(tw - tm)/pk,

dimensionless
Re Reynolds number, umD/v, dimensionless
L static fluid temperature, ©F
Ty anbient temperature, °F

te exit temperature, °F

w2
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Ly mlxed-mean or bulk fluid temperature, °F

T inside tube wall temperature, OF

Uy, mean velocity of fluid in tube, ft/sec

e distance measured along axis of tube upward from start oi heated
length, 't

B thermal coefficient of volume expansivity, —%Q%%)p, (cu ft/OF)/cu It

S mixed-mean to wall tewmperature difference, OF

) dynamic viscosity of Iluid, (1b)(sec)/sq It

v kinematic viscosity of [fluid, sg ft/se:

0 mass density ol fluid, (1b)(sec?)/rt*

Subscripts:

U ['ilm temperature

d fully developed
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APPENDIX B
ACCURACY OF RESULTS
Error Analysis

A detailed error analysis was made [for one set o thermocouples 1in
one run (run (U30)), and the result i'or Nusselt number was 6.12£0.25, ov
an accuracy of about 4 percent. The most important Factor affecting the
accuracy in this case was the accuracy ol the temperature difference
4, - tp. The uncertainty calculated here was the uncertainty hased on
20 to 1 odds.

Factors Affecting Accuracy oi Results

A heat balance between electrical energy input and the thermal en-
ergy lncrease ol the fluld will glve some indication ol the magnitude o
ercors (known and unknown ) which affect reduced guantities such as local
nlied-mean temperature and wall heat flux. A plot of net electrical en-
elgy input (alter heat loss corrections) against measured thermal energy
sise is given in figure 20. A deviation Irom the line indicates an 1m-
perfect heat balance. Except for the two lowest power runs, the heat
balance is within © percent, and for most runs it 1s much better. The
heat valance improves with increase in power and in almost all cases the
electrical input (alter loss corrections) is greater than the thermal
energy rise. Since, by the use ol the a-c potentiometer, the electrical
powei rmeastrement accuracy should be nearly independent of power level,
it is felt that this discrepancy is largely due to errors in bus bar heat
loss corrections and Lo erors in measuring bulk temperature rise. One
would expect the percentage eiror in measuring a tenperature dilference
with a calibrated tlerzocouple to become less as the temperature differ-
ence s incieased. This is consistent with the trend in the heat balance
data. It is concluded bthat the unknown erxyor in overall heat balance I1s
smell.

There is some evidence that there are unknown errors in the measure-
ment ol wall temperature. These are felt to be largely caused by the in-
Fluence ol stray alternabing current on the d-c thermocouple clrcultry.
The thermocouples weie spot-welded directly to the test section, which
was a-c resisbtance heated. An electronic null indicator was used with
a Rubicon, Model B, potentiometer to aeasure theruccouple voltages. 1t
was Iirst observed that the null indicator lost sensitlvity whenever a
test-section thermocouple was being cead. When connected to an oscillo-
scope, a U0-cycle a-c signal was observed. This could be elimlnated by
using o 400-nicrolarad capaciitol acloss the input terminals to the poten-
tiometer and by grounding one end of tie uest sectlion (whicli previously
nad been “loating). These changes gave good sensitivity except when

= W
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reading thermocouples near the ungrounded end >f the test section. This
problem was corrected vy using a ground at eac: end and a toggle switch
to select thie end to be grounded. The sensitivity was good at each end
and tolerable at thie center of the test sectior. The central test-
section thermocouple was read twice, once with eachi end grounded. The
maximul discrepancy noted was 0.017 millivolt (about 0..50 F), and in
nost cases Lt was less than this.

The fcoregoing changes are believed to hav: removed the greatest past
o. Ghils error vul probably not all o it. One anomaly was that the
standardization point of the potentiometer kept changing when a tempera-
ture traverse ol the test sectlion was being male. Apparently the alter-
nating current still getling into the potentioneter ailTected the stand-
ardization point. The potentiometesr was standardized belosre each ther-
nocouple reading.
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Flgure 18. - Periodic wall temperature var .atious encountered with
heating during downflow. Run (D12); Ray.eigh number, -105; Reynolds
number, 435. (Dimensions are in inches; TS and MB numbers identify
test-section and mixing-box thermocouple:, respectively.)
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Figure 20. - Heat balance.












