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Abstract—The phenomenon of natural convection in a horizontal pipe with different end temperature was
studied experimentally in a cylindrical cavity with the ratio (diameter)/(length) = 0.112. The Rayleigh
number based on diameter was in therange 10° < Ra < 10*®. Tt was concluded that in this range the natural
convection mechanism departs considerably from the pattern known in the limit Ra — 0. Specifically, the
end-to-end heat transfer is effected via two thin horizontal jets, the upper (warm) jet proceeding along the top
of the cylinder toward the cold end and the lower (cold) jet advancing along the bottom in the opposite
direction, The region sandwiched between the two jets is filled with nearly stagnant fluid. In this region the
iemperature varies linearly with depth. In each vertical cross-section, the top-bottom temperature difference
is of the same order of magnitude as the end-to-end temperature difference. The Nusselt number for end-to-
end heat transfer was shown to vary weakly with the Rayleigh number.

NOMENCLATURE

Ao, cross-sectional area of tube [m?];

A, function of Reynolds number [equation
(O]F

B, function of Reynolds number [equation
Ml

Dy, diameter of tube [m];

D, diameter of wire velocity probe [m];

g, gravitational acceleration [ms™?];

K, the radius/length ratio [equation (6)];

k, thermal conductivity [Wm ™1 K];

L, cavity length [m};

Nu, Nusselt number [equation (4)];

Q, net heat transfer rate [W] [equation (4)];

Ra, Rayleigh number based on diameter
[equation (5)];

Re, Reynolds number [equation (2)];

T, warm end temperature [K];

Tis cold end temperature [K];

AT, temperature difference between warm end
and cold end [K];

Az, elapsed time [s];

Usppr  apparent velocity [ms™ '] [equation (1)];

U, free stream velocity [ms~1];

Ax, streak length {m].
Greek symbols
o, thermal diffusivity [m?s~'];
B, coefficient of volumetric thermal expan-
sion [K™1];
v, kinematic viscosity [m2s~!].
INTRODUCTION

IN A 1977 paper, Hong [1] reported results from a
numerical study of natural convection in a horizontal
pipe with different end-temperatures and zero net mass

flow. He was able to show that the end-to-end heat
transfer is effected via a longitudinal counterflow
which fills the entire pipe cross-section : the upper half
of the cross-section is filled with warm fluid proceeding
toward the cold end, while cold fluid returns toward
the warm end through the bottom half of the cross-
section. One consequence of this counterflow is the
temperature variation around the pipe circumference,
the upper side of the pipe being warmer than the lower
side. The wall thermal stresses due to the flow-induced
circumferential temperature variation are known to be
a real problem in the design of nuclear reactor piping.

In a more recent paper Bejan and Tien [2] studied
the same phenomenon theoretically using a per-
turbation analysis valid for small Rayleigh numbers.
Their theory verified the main flow features first
described by Hong [1], also pointing out some
inconsistencies in Hong’s work. For example, the
pertubation analysis revealed a four-spiral secondary
flow superimposed on the main horizontal counter-
flow. Furthermore, the circumferential temperature
distribution predicted by Bejan and Tien was shown to
differ by an order of magnitude from the distribution
obtained numerically by Hong.

The objective of this paper is to describe what we
think is the first experimental study of the natural
convection phenomenon. In the experiment we simu-
lated conditions (size, temperature difference) which
are most likely to be present in a real application. As a
result, the experimental study focused on the high
Rayleigh number range 10® < Ra < 10°. The ex-
perimental results outlined below demonstrate con-
clusively that the flow and heat-transfer mechanisms
differ fundamentally from the Ra — 0 picture painted
in the available literature [1, 2].

EXPERIMENT APPARATUS
The apparatus is a plexiglass tube shown in the scale
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drawing of Fig. 1. The main feature of the apparatus 1s
a horizontal cylindrical cavity of length L = 124.5¢m
(49in.) and diameter Dy = 14cm (5.5in.). The geometry
aspect ratio is therefore D/L = 0.112. The plexiglass
wall thickness is 6.4 mm (} in.). Throughout the experi-
ment, the plexiglass tube was wrapped in a fibreglass
wool blanket 10cm thick. The two ends of the
plexiglass tube were constructed out of aluminum
plate with a thickness of 1.3¢m (3in.). The two end-
discs were epoxied in place, and the outer (visible)
portion of the seal was reinforced with silicone rubber.
We found that this simple design performed very well,
particularly in view of the fact that metal-plexiglass
seals are notorious for leaks in large scale structures
exposed to significant temperature excursions.

The warm end of the cylindrical cavity was heated
with an electric disc heater (300 W maximum) clamped
tightly against the aluminum plate. The exposed part
of the warm end was covered with a plexiglass cup
filled with fiberglass insulation. The opposite end of
the tube was cooled with running water circulated
through a disc-shaped jacket soldered onto the back of
the aluminum plate. The temperature and velocity
measurements reported here were carried out through
nine access ports positioned as shown in Fig. 1. The
ports are labeled A through D, port A being the closest
to the warm end. Each port is connected to a vertical
plexiglass tube which has an LD. of 0.3¢cm (}in.).

The experiments were performed using distilled
water in the cylindrical cavity. A number of steady
states were achieved by varying the electric heat input
to the warm end and keeping the cold end at a constant
temperature. One problem we had to overcome was
posed by fluctuations encountered in the voltage
supplied to the electric heater. We successfully reduced
these fluctuations to less than + 0.3°C by installing a
constant-voltage transformer between the building
voltage supply and the heater. There were also tem-
perature fluctuations of + 1°C in the cooling water
circulated through the cold end jacket. However, these

END VIEW

HEATER

END CUP (r WATER

1
INSULATION

SHIGEO KIMURA and ADRIAN BrJan

fluctuations had a period of 24 h which is about five
times the characteristic response time of the apparatus
(5 h). Consequently, the cold water temperature excur-
sion was tolerated in the experiment.

TEMPERATURE MEASUREMENTS

The temperature field inside the horizontal cylindri-
cal cavity was probed using a 2KQ bead-in-glass
thermistor with a 0.3 mm bead dia. The thermistor was
mounted at the end of a stiff stainless steel capillary
tube which was lowered to any desired depth through
each of the nine access ports. The thermistor resistance
was measured with a digital ohmmeter, vielding
temperature measurements accurate within + 0.1°C.

Representative temperature results are reported in
Figs. 2, 3, and 4a, b. Figure 2 shows the temperature-
depth variation under each access port, for one of the
lowest Rayleigh numbers achieved in this experiment,
Ra = 2.44 x 10%. Figure 3 shows the same set of
measurements this time for one of the highest Rayleigh
numbers, Ra = 8.63 x 10°. To these authors’ know-
ledge, this is the highest Rayleigh number (based on
the vertical dimension) studied experimentally in
connection with natural convection in horizontal
enclosures with different end-temperatures, higher
than Ra = 8.11 x 10% reached by Imberger [3], also
higher than Ra = 1.59 x 10° reported recently by Al-
Homoud and Bejan [4]. Finally, Figs. 4a, b, illustrate
the variation with longitudinal position of the top,
mid-depth and bottom temperatures in the vertical
rectangular section cut through the cylinder axis.

The basic feature of the temperature field is the
presence of a stratified core (inner, mid-depth, region}
which covers almost the entire vertical diameter. In the
stratified region the temperature varies almost hinearly
in the vertical direction and it is practically inde-
pendent of longitudinal position. As shown by
measurements at stations C; and C,, the linearly
stratified mid-depth region extends unchanged in the
direction perpendicular to the plane of Fig. 1. Overail.
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F1:. 1. Schematic of experimental apparatus.
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FIG. 4. Top, center and bottom temperature variation with longitudinal position, (a) Ra = 2.44 x 105,
(b)8.63 x 10°,

the vertical temperature gradient in the inner region
increases with the Rayleigh number, i.e. from Fig. 2 to
Fig. 3.

Near the top and bottom of the horizontal cavity the
temperature distribution departs significantly from the
linear distribution present in the mid-depth region. As
demonstrated by the flow visualization experiments
reported in the next section, the nonlinear top and
bottom extremities of the vertical temperature profile
are a reflection of horizontal jet flow. In addition to a
strongly non-linear variation in the vertical direction
(across the jet), the jet-layer temperature shows a
variation with longitudinal position (Fig. 4a, b).

In conclusion, the temperature field differs fundam-
entally from the field determined numerically by Hong
[1] and analytically by Bejan and Tien [2]. The
difference is due to the fact that in the present
experiment the Rayleigh number is considerably
higher than in the low Ra limit considered in [1 and 2]
in which the natural counterflow was modeled as fully-
developed (without a linearly stratified mid-depth
region).

VELOCITY MEASUREMENTS AND FLOW VISUALIZATION

Velocity measurements were made uvsing the pH
indicator (thymol blue) technique first described by
Baker [5]. This technique was used successfully in a
number of natural convection experiments [3,6-8]. In
the present experiment we lowered a vertical stainless
steel wire (welding rod, 0.8 mm dia.) through each
access port. We then applied 6V between the wire
(cathode) and the nearest aluminum end-plate. As
shown in Figs. 5 and 6, the vertical wire generated dark
equidistant streaks in the water—thymol blue solution.
The equidistant streaks were the result of painting the
wire with Varathane = over sections 4.8 mm long
leaving exposed sections 1.2 mm long in between.

The velocity measurements were based on photo-
graphing the streak pattern, at the same time recording
the time elapsed in the development of the pattern.
However, at a given depth, the local velocity is not
equal to the streak length Ax divided by the time
interval At. As pointed out by Imberger [3,9], the
difficulty with the thymol blue method is that the blue
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F16. 5. Streak pattern of top jet at access port C, Ra = 3.09 x 10% At == 62165,

dye is generated in a thin layer around the wire and
then swept into the wake of the wire. The dye is only
slowly released from the wake into the free stream
whose velocity U . is to be measured. Therefore, the free
stream velocity cannot be assumed equal to the
‘apparent’ velocity U,,, = Ax/At.

With the above argument in mind, we found it
necessary to calibrate the velocity probe. We towed the
actual wire at known speed (U ) through a tank filled
with stagnant thymol blue solution. In the laboratory,
it was easier to run the towing in reverse, by placing the
tank on the slow-moving table of a quier milling
machine and by holding the vertical wire in the chuck.
For each run (U,) we took a sequence of approx-
imately six photographs (sets Ax, Ar). As shown in
Fig. 7, the results are correlated reasonably well by the
expression

WPy e BAX/D) (1)

UT

where D is the wire diameter, Ax the distance behind
the wire and 4, B empirical functions of Reynolds
number Re = U _D/v,

A = 0.84 Re®*°

—
5]

b=0029Re "' 3

With Ax, D and U,,, = Ax/At known from each
photograph, the local free stream velocity U, follows
from equation (1) using an iterative procedure. The
calculation is a tedious one, particularly since one
must take into account the variation of viscosity (v)
with temperature from streak to streak along the wire.
Figure 8 shows the resulting velocity profiles at
stations B, C, D for an intermediate Rayleigh number,
Ra = 1.78 x 10°. Each velocity profile was calcu-
lated from a set of three photographs taken from
different angles in order to record the entire streak
pattern. As shown in Figs. 5 and 6, in each photograph
the extremities of the streak pattern are invisible due to
the curvature of the apparatus.

In the central portion of the pipe the flow consists of
two thin jets, one flowing toward the cold end along
the top line and the other flowing in the opposite
direction along the bottom. In both jets, the fluid
decelerates in the direction of flow. Due to the
viscosity—temperature variation in the vertical direc-
tion, velocities in the warm (upper) jet are noticeably
higher than in the cold (lower) jet.

In the mid-depth region the fiuid is practically
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F1G. 6. Streak pattern of core region at access port B, Ra = 3.09 x 108, At = 62.46s.

stagnant. Figure 8 suggests that a very weak clockwise
counterflow may persist at mid-depth where, as shown
in the preceding section, the fluid is thermally stra-
tified. Streak patterns photographed at stations C,
and C, (not shown) demonstrate that the nearly
stagnant region extends laterally without any visible
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Fi1G. 7. Calibration curve for the velocity probe.

change in vertical dimension.

The lack of three-dimensional motion in the inner
(mid-depth) region is explained by the fact that the
temperature varies only with depth. Therefore, in the
mid-depth region of the pipe cross-section the iso-
therms are horizontal, i.e. almost perpendicular to the
wall (in agreement with the adiabatic wall condition),
Since the isotherms must also be perpendicular to wall
in the upper and lower portions of the pipe cross-
section, we expected to detect a spiraling secondary
flow concentrated in the two jet regions. To the best of
our technique we could not detect three-dimensional
motion in the cxtreme regions. We feel that the further
study of such effects requires an apparatus with more
than two transverse access ports (C,,C,).

In conclusion, we demonstrated that in the range
Ra = 10°-10° the flow pattern differs fundamentally
from the pattern known previously [1, 2]. In the earlier
studies the counterflow was envisioned as fully de-
veloped ; this counterflow would appear in Fig. 8 as S-
shaped velocity profiles independent of longitudinal
position. Using Fig. 8, it can be argued that if the
Rayleigh number were to decrease from the present
level toward the Ra — 0 limit of [1,2], the jets would
gradually slow down and grow vertically. This process



SHIGEO KIMURA and ADRIAN BEJAN

1124
STATION B o STATION c . - STATION 0 7
5 £ ¢
57 g d
xz ! :
- by ;
a e ¢
: ; ]
10 i
— Q/‘J“‘\A L __l [ . VC“K S T N x.im__;_(;_';;n:';.,.o,, S
-3 -2 -1 0 i 2 3 -3 -2 -1 0 | 2 3 -3 -2 -1 0 | 2 3
VELOCITY  mm/s VELOCITY  mm/s VELOCITY  mm/s
Fic. 8. Velocity distribution at stations B, C and D; Ra = 1.78 x 10°.
would eventually eliminate the stagnant mid-depth _ o 4
region, yielding fully-developed S-shaped profiles as in w= kAAT/L t4
(L2].
D3AT
Ra = PP 8T (5)
o

HEAT TRANSFER RESULTS

The net transfer rate in the longitudinal direction
through the horizontal pipe was measured experimen-
tally. The results are summarized in Fig. 9 as a plot of
Nusselt number vs Rayleigh number,

In the above definitions, Q, Dy, A, and AT are the net
heat transfer rate (W), pipe diameter, tube cross-
sectional area and end-to-end temperature difference,
respectively. The physical properties appearing in

108
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F1G. 9. Summary of heat-transfer measurements.
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expressions (4) and the
Nomenclature.

For each steady state achieved in the apparatus we
measured the end-plate temperatures using thermis-
tors imbedded in the center of each plate. The physical
properties appearing in the definitions of Nu and Ra
were evaluated at the arithmetic mean temperature of
the two ends.

The heat transfer rate @ was measured electrically,
by recording the voltage across and current through
the warm end heater. Before substituting this quantity
in the Nusselt number definition (4), we ran a full-size
experiment to determine the actual heat leak from the
apparatus with no cooling water supplied to the cold
end jacket [10]. A succession of steady states were
achieved by dissipating a small number of Watts in the
warm end heater. This heat input was balanced by the
leakage of heat across the fiberglass insulation packed
around the apparatus. The object of the experiment
was to reproduce an apparatus—ambient temperature
difference comparable with the difference recorded
during actual experiments. The heat leak experiment
provided a quantitative, albeit approximate, estimate
of the heat leak for a known temperature difference.
Using this method we found that the heat leak is
indeed minimal, reaching a maximum of 7%/ in the case
of maximum heating rate supplied by the electric
heater (300 W). In conclusion, for most of the data
assembled in Fig. 9 the power supplied electrically to
the end heater is convected horizontally through the
pipe and reaches the cold end nearly intact.

The heat transfer results assembled in Fig. 9 provide
additional evidence that at high Ra the heat transfer
mechanism differs greatly from the fully-developed
counterflow known previously. Next to our results we
show the Nusselt number predicted with the Bejan and
Tien theory [2]

(5) are defined in

7
14—
* 2949120

were K, is the radius/length ratio, K, = 0.056. Our
results show that in the range Ra = 10%-10'° the
Nusselt number dependence on Ra is considerably
weaker than in the Ra — 0 limit. This conclusion is
qualitatively similar to recent findings regarding over-
all heat transfer in two-dimensional horizontal en-
closures at high Rayleigh number [4].

(K{ Ra)? (6)

CONCLUSIONS

In this article we reported representative results
from what we see as the first experimental study of
natural convection in a horizontal pipe heated in the
end-to-end direction. We demonstrated that in the
Rayleigh number range 10® < Ra < 10'° the heat
transfer mechanism and the fluid mechanics of the
phenomenon differ fundamentally from the mech-
anism thought to prevail in the Ra — 0 limit [1,2].
The experimental results enabled us to point out the
following new features:
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FIG. 10. Circumferential temperature distribution around the
mid-section.

1. The natural circulation in the pipe is effected via
two thin jets running in counterflow. The warm jet
advances toward the cold end along the top line of
the cylindrical cavity, while the cold jet flows in the
opposite direction along the bottom.

2. Most of the pipe volume sandwiched between the
two jets is occupied by nearly stagnant fluid. The
temperature in this ‘mid-depth’ region varies linearly
with depth and is practically uniform in any given
horizontal plane (at points not too close to the vertical
end-walls).

3. The overall Nusselt number for end-to-end heat
transfer through the pipe shows a relatively weak
dependence on Rayleigh number. The net heat transfer
rate differs greatly from estimates based on available
theoretical results such as the theory given in [2]. We
also expect the Nusselt number to depend on the
aspect ratio Dy/L. Unfortunately, in our experimental
study D,y/L was fixed by the apparatus, and a systematic
evaluation of the effect of Dy/L on Nu was not possible.
Some understanding of the role played by Dy/L may be
gained from comparing the present measurements
with those made by Elder [11] in a tall rectangular
cavity. We would expect Elder’s results to agree
approximately with the picture in a short horizontal
cylinder (Dy/L > 1).

Finally, in Fig. 10 we present the circumferential
temperature distribution in the middle of the pipe. As
pointed out by Hong [1], this information is relevant
to the thermal stress analysis of piping systems en-
countered in nuclear reactor engineering. It is clear
that at high Ra the top-to-bottom temperature differ-
ence is of the same order of magnitude as the end-to-
end temperature difference. Of engineering signifi-
cance is the fact that when the Rayleigh number is high
enough, the temperature variation induced around the
pipe circumference does not depend on the length of
the pipe.
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ETUDE EXPERIMENTALE DE CONVECTION NATURELLE DANS UN
CYLINDRE HORIZONTAL AVEC DES TEMPERATURES
DIFFERENTES AUX EXTREMITIES

Résume—Le phénomene de convection naturelle dans un tube horizontal avec différentes températures
d’extrémité est étudi¢ expérimentalement dans une cavité cylindrique avec un rapport diamétre/longueur
égal 40,112. Le nombre de Rayleigh basé sur le diamétre varie tel que 10® < Ra < 10'°. Dans ce domaine, la
convection naturelle différe considérablement de la configuration connue pour la limite Ra—{. Spécifique-
ment le transfert thermique d’une extrémité a 'autre se fait par deux courants horizontaux minces. le courant
supérieur (chaud) avangant le long du sommet du cylindre vers I'extrémité roide, le courant inférieur {froid)
se déplagant dans la direction opposée. La région entre ces deux courants correspond a du fluide immobile
Dans cette région la température varie linéairement avec la profondeur. Dans toute section droite verticale, la
différence de température entre haut et bas est du méme ordre de grandeur que la différence de température
entre les extrémités. Le nombre de Nusselt pour le transfert entre extrémités varie faiblement avec le nombre
de Rayleigh.

EXPERIMENTELLE UNTERSUCHUNG DER FREIEN KONVEKTION IN EINEM
HORIZONTALEN ZYLINDER MIT VERSCHIEDENEN ENDTEMPERATUREN

Zusammenfassung-—Das Phianomen der freien Konvektion in einem horizontalen Rohr mit verschiedenen
Endtemperaturen wurde experimentell in einem zylindrischen Hohlraum mit dem Verhiltnis (Durchmes-
ser)—(Linge) = 0,112 untersucht. Die Rayleigh-Zahl, bezogen auf den Durchmesser, lag im Bereich 10* <
Ra < 10'°. Es wurde festgestellt, daf in diesem Bereich der Mechanismus der freien Konvektion stark von
dem fiir den Grenzfall Ra — 0 bekannten Muster abweicht. [nsbesondere wird der Wérmetransport von
Ende zu Ende durch zwei diinne horizontalle Strahlen bewirkt, dem oberen (warmen) Strahl, der oben am
Zylinder entlang zum kalten Ende strémt und dem unteren (kalten) Strahl, der sich an der Unterseite in
umgekehrter Richtung bewegt. Das zwischen den beiden Strahlen gelegene Gebiet ist von nahezu ruhendem
Fluid gefiillt. In diesem Gebiet verindert sich die Temperatur linear mit der Tiefe. In jedem vertikalen
Querschnitt ist die Temperaturdifferenz zwischen oben und unten von gleicher GréBenordnung wie dic
Temperaturdifferenz von Ende zu Ende. Es wurde gezeigt, daB die Nusselt-Zahl fiir den Warmetransport von
Ende zu Ende sich leicht mit der Rayleigh-Zah! verindert.

3KCNEPUMEHTAJIBHOE MCCIEJOBAHUE EC:I"ECTBEHHOVI KOHBEKLIUH
B FOPU3OHTAJIBHOM LIWJIWHAPE C PA3TUYHON TEMMEPATYPOU HA TOPLIAX

Annoraums — [1poBeieHO IKCIEPUMEHTAILHOE HCCNENOBAHHE ECTECTBEHHOM KOHBEKLMM B T'ODU3OH-
TanbHOW TpyGe C pa3nuuHON TeMrepaTypod Ha TOpUax [IpH OTHOLIEHHM AHAMETPA K [THHE
uwinHapa, paBioM 0,112, Uucno Pejles, OTHeCeHHOE K [AMAMETPY, W3MEHANOCH B JIHANA30HE OT
10® mo 10'9. HajimeHo, 4TO B TOM /JHANAa30HE MEXAaHM3IM ECTECTBEHHOM KOHBEKLMHM CYLIECTBEHHO
OT/IMYAETCS OT MEXaHM3Ma, HMelolllero MecTo B npefeie Ra — 0. B wacTHOCTH, nepeHoc Temia o1
TOPIIA K TOPIY OCYIECTBAAETCS NOCPENCTBOM ABYX TOHKHX FODM3OHTAJIBHBIX CTPYH, NPHYEM BEPXHAS
(HarpeTas) CTPys ABMXETCS B BEPXHEH 4aCTH LWIMHApDa B CTOPOHY XOJIOJHOIO TOPUA. & HUXHAS
(xon0aHas) CTPYA — B HIDKHEH 4acTH B NPOTHBOMONOXKHOM HarnpabiieHud. O6nacTe mexay AByMs
CTPYSMH 3aN0/IHEHA MOUYTH HEMOABIKHOM XHAKOCTBIO, B KOTOPOH TEMIEPATYPa H3IMEHACTCH JHHEHHO
no raybune. B xaXa0M NONEPEYHOM CEHEHWH Pa3HOCTh TEMIEPATYP MO BEPTHKANH MEXAY BEPXHEH
H HWKHEH YaCTAMH LMIMHIPA SBJIACTCH TOrO XK NMOPAAKA BEJIMYHHBI, YTO M Pa’jHOCTL TEMIEPATYD
mexny Topuamu. [Moxasano, yro 4kcno Hyccenbta ans TennonmepeHoca OT Topua K Topuy cmabo
U3MeHseTCs ¢ U3IMEeHeHHeM uncna Penes.



