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Abstract—For predicting the fully developed upward flow in a uniformly heated, vertical pipe by taking
account of the buoyancy force, the k—& models of turbulence for low Reynolds number flows were adopted.
The regime map for forced, mixed and natural convections as well as for laminar and turbulent flows was
plotted from the numerical predictions. At the same time, experiments were carried out at Reynolds
numbers of 3000 and 5000, with the Grashof number varying over a wide range, by using pressurized
nitrogen gas as a test fluid. In agreement with the prediction, buoyancy-induced impairment of heat transfer
was correctly measured in the mixed convection regime. Furthermore, from hot-wire measurements,
complete laminarization was demonstrated in the mixed-convection region at a Reynolds number of 3000.

INTRODUCTION

IN CERTAIN practical equipment, forced and natural
convection may appear combined together. In these
cases, it is of prime interest to discriminate which
convection regime is dominant as well as to resolve
how much the heat transfer coefficient contributes.
For example, in the case of a hypothetical loss-of-
coolant accident of a pressurized water reactor
(PWR), cold water will be supplied to the downcomer,
and the mean flow rate there will often decrease. In
that case, accurate prediction of the heat transfer
coefficient is needed to estimate the magnitude of the
thermal shock that the reactor wall will suffer. Other
examples are given by solar heat collectors, high-tem-
perature gas-cooled nuclear reactors, supercritical
boilers, and cooling of electronic equipment.

- Combined forced and natural convection, es-
pecially in turbulent flow, is not fully explored. Until
recently, the methods most often used to discriminate
between forced, mixed and natural convections have
been to refer to the classical regime map suggested by
Metais and Eckert [1], or to rely on the more classical
rule proposed by McAdams : one calculates the heat
transfer coefficient from both forced-convection and
natural-convection relations and then uses the larger
value [2]. Shitsman [3] compared heat transfer data
for upward and downward flows of water in a heated
tube at supercritical pressures and reported that, in
the case of upward flow, the temperature distribution
along the tube sometimes showed a local temperature
rise due to the local impairment of heat transfer, while,
for downward flow, heat transfer was stable and better
than the upward flow under the same flow rate and
the same heat flux. With a view to explaining these
phenomena by the effect of buoyancy force, a number
of researches in relation to the combined convection

have been pushed forward in the field of heat transfer
for supercritical fluids, until Watts and Chou [4]
recently presented heat transfer correlations per-
forming experiments over a wide range of parameters
with supercritical pressure water. A detailed review of
the work to date is available in Jackson and Hall [5].
The fruits of these researches are the discrimination
equations between forced, mixed and natural con-
vection in a vertical pipe presented by Hall and Jack-
son [5, 6] and Tanaka er al. [7, 8], as well as the
respective equations for the heat transfer correlation
in each regime [4, 9]. However, some of these results
cannot be easily accepted as universal, since most
of them were based on experiments performed with
supercritical pressure fluids which involved a large
change of physical properties. Other experiments with
air or water [9, 10], on the other hand, needed very
large experimental facilities to attain large Grashof
numbers, and they could only cover fairly limited
ranges of the experimental Reynolds and Grashof
numbers.

Abdelmeguid and Spalding [11] applied, for the first
time, a two-equation model of turbulence to flow and
heat transfer in pipes with buoyancy effects. They
were fairly successful in reproducing the difference of
heat transfer between upward and downward flows
revealed by experiments, as well as predicting velocity
and temperature distributions in agreement with the
experimental results obtained for the upward flow of
mercury in a heated pipe [12]). However, their model
adopted a simple treatment near the wall, utilizing
the wall function; an approach which seems open to
question.

Flow systems in a vertical pipe are divided into two
kinds. Those in which the buoyancy force acts in the
same direction as the flow (e.g. a heated upward flow
or a cooled downward flow) are termed ‘aiding’ flows.
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C,, C,, C;, C, constants in the turbulence
model

¢,  specific heat at constant pressure

D inner diameter of pipe

d  diameter of orifice

f,  function in the turbulence model

Gr  Grashof number, gB(T;— T,.)D>/v?

g  gravitational acceleration

h  heat transfer coefficient, ¢,,/(T,— Tr)

K acceleration parameter, (v/U2)(dU,,/dx)

k  turbulence kinetic energy

l heated length of the test section

Nu  Nusselt number, ¢, D/[(T,,— T,,)A]

p  pressure

p  real pressure

q  heat flux

R radius of pipe

Re Reynolds number, U, D/v;

R, turbulence Reynolds number, k?/(ve)

r radial coordinate

T  temperature

t time

U mean streamwise velocity

u* friction velocity, /7./p

V' output voltage of the hot-wire anemometer

NOMENCLATURE

x  streamwise distance from start of heating
section

¥y distance from the wall

y*  dimensionless distance, u*y/v.

Greek symbols
B volumetric expansion coefficient
dissipation rate of turbulence kinetic
energy
A thermal conductivity
A, turbulent thermal conductivity
1 dynamic viscosity
u,  turbulent viscosity
v kinematic viscosity
p  density
o, 0, constants in the turbulence model
o, turbulent Prandtl number
T shear stress.

™

Subscripts
a  cross-sectionally averaged value
f  value at film temperature T; = (T, + T;,)/2
m  refers to bulk fluid condition
w  refers to wall
0  refers to pure forced convection.

On the other hand, when the directions are opposite,
the systems are called ‘opposing’ flows. The nature of
these two kinds of systems turns out to be intrinsically
different, in view of the apparent difference in the
distortion pattern of shear-stress distributions due to
buoyancy near the wall.

As a first step, this paper deals with the aiding flow,
because in this case the heat transfer impairment that
occurs seems important from theoretical as well as
practical viewpoints. A characteristic feature of the
mixed convection is the rapid change of the shear-
stress near the wall, where, in the case of pure forced
convection, the law of the wall based upon a constant
shear-stress distribution should prevail. At this point,
the foregoing calculations by Abdelmeguid and
Spalding [11] are questionable, as mentioned pre-
viously. Recently, several turbulence models for low
Reynolds number flows have been presented [13],
which can describe the flow right to the wall. They are
expected to have higher predictability in the mixed
convection. In this paper, predictions from two such
turbulence models are presented first. Then, they are
compared with experiments using nitrogen gas as a
test fluid. In the experiments the pressure of nitrogen
gas was changed in the range from atmospheric pres-
sure to 5 MPa, to obtain a wide range of Grashof
numbers extending about four orders of magnitude;
because the Grashof number varies in proportion to

the square of pressure as the dynamic viscosity of a
gas is almost constant irrespective of pressure. The
distinctive features of the present experiments are
(i) that both large values and the wide range of the
Grashof number could be realized in a single test
tube of a laboratory size, and (ii) that the physical
properties could be regarded as essentially constant
except for the buoyancy effect.

NUMERICAL INVESTIGATION

Basic equations

Momentum and energy equations can be written
as follows for upward flow in a uniformly-heated,
vertical pipe, provided that the flow is fully developed
and that the physical properties are regarded as
constant except for the effect in the buoyancy term

d 1d
o [(mﬂt)r ]+pyB(T (AN

d
Lol ntTs W

where the subscripts m and a refer to the bulk fluid
condition and the cross-sectionally-averaged value,
respectively. In deriving equation (1), we have defined
0p/0x = 0p/0x+pg with p being the real pressure.
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Combined forced and natural convection heat transfer

Averaging this definition equation over the cross-
section results in the pressure term together with the
buoyancy term in equation (1). In the case of the
uniformly heated flow, it may be controversial to
assume the fully developed state, since the bulk-fluid
temperature increases constantly along the flow.
However, as a way of realizing a flow with a prescribed
Grashof number, we can imagine a world where the
gravitational acceleration is so large that the wall heat-
flux can be taken to be small enough for the bulk-
fluid temperature rise to become negligible. Under such
a condition, the fully developed state would certainly
be attained. Integrating equations (1) and (2) over the
cross-section of the pipe yields

47,

dp, 4.
dx D’

a7 _
dx

44w
cpDU,’
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As turbulence models, we adopt the K —¢& model of
Jones and Launder [14, 15] and its modified version
by Kawamura [16]. The latter was devised searching
for better predictability in transient turbulent pipe
flows. Both of the models are expressed as

1d[( dk
°—7aiﬁa+”>aﬂ

duy d\/kY
+u.(5) —ps—Zu(:i—r[> @

1d]/ de e (dUY
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- CzPE + C3Vﬂ:(a—r‘z'> ®)
where, in the case of the model by Jones and Launder,

w = Cf,pk*[e C, =2.0[1-0.3 exp (— R?)]

Ay = Cploy C;=20

g, =10 C,=0.09

6, =13 [ =exp [—2.5/(14R,/50)]
C, =155 R, = k*/(ve).

Kawamura has modified only the coefficient C, as
follows

Cy = 1.5{1+0.15 exp [—(R,/50)°]}.

The turbulent Prandtl number o, is assumed to be
constant at 0.9. The buoyancy-effect terms due to
turbulent mixing have been ignored in both k and ¢
equations, because the main turbulent heat flux in this
system is normal to the gravitational acceleration and
the temperature gradient in the direction of gravity
0T/0x is assumed to be small.

The boundary conditions for equations (1), (2), (4)

HMT 30:1-K
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and (5) are
r=D[2:
dUu dTr ¢,
U‘_07 E__Tw/ﬂ’ T= Tw’ a_T
_o. Y% _de_
=Y T A
r=Df2: k=¢g=0.

For the convenience of computation procedure, the
following additional boundary conditions as to the
symmetry of profiles, which are already included in
the implication of equation (3), are introduced.

av_ar_
dr — dr

Equations (1), (2), (4) and (5) are discretized on 100
grid nodes distributed with larger concentration near
the wall, by means of the control-volume method
described by Patankar [17]. The initial profiles for
iterative solution are set as follows assuming the fully
developed isothermal flow at the given Reynolds num-
ber, i.e. the velocity profile assumes the 1/7th power
law with linear part near the wall, the turbulence
kinetic energy k is given a constant value of 3u*?
with a modification of k = u**y?/v? near the wall, the
dissipation rate is assumed to be 0.41k*?/, and finally
the temperature is set constant as T = T,

r=0:

Numerical results

Eight Reynolds numbers were selected in a range
between 1000 and 25,000. For each Reynolds number,
the Grashof number was varied so as to cover all the
three regimes of forced, mixed and natural convection.
Here, the Reynolds number and the Grashof number
are defined as

U.D T,—T.)D?
Re=—22 Gr= M (6)
\ %3

where the subscript f refers to the value at the film
temperature T; = (T\,+ Ty,)/2. These definitions are
consistent with those used in the data reductions
described later, and assume application of the results
to the case with a large change of physical properties
[7]. From the calculated results, shown in Fig. 1, vari-
ations of the Nusselt number with the Grashof
number, for three Reynolds numbers of 3000, 5000
and 10,000, are obtained. Here, the Nusselt number
is defined as

hD q9. D

M= =TT, W @

At the lowest Grashof number for each calculation,
almost pure forced convection seems to be realized.
As the Grashof number increases, the Nusselt number
begins to decrease, takes a minimum, and then
increases almost in proportion to the 0.45th power of
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FiG. 1. Calculated variations of Nusselt number and cross-sectionally averaged turbulence kinetic energy
with Grashof number, for three Reynolds numbers.

the Grashof number. From the calculated results for
Re = 3000 with Kawamura’s model, the velocity pro-
files together with the shear-stress distributions at six
typical Grashof numbers are shown in Fig. 2. This
figure clearly shows change of the flow state from
forced, via mixed, to natural convection. In Fig. 1, the

F1G. 2. (a) Velocity and (b) shear-stress distributions at

various Grashof numbers under a constant Reynolds number

of 3000, predicted by Kawamura’s model: A, Gr = 2.1 x 103,

turbulent; B, Gr = 6.1 x 10*, turbulent; C, Gr = 8.8 x 10%,

laminar ; D, Gr = 2.7 x 10°, laminar ; E, Gr = 3.3 x 105, tur-
bulent ; F, Gr = 9.2 x 108, turbulent.

cross-sectionally averaged turbulence kinetic energy
k,, nondimensionalized by the square of the friction
velocity u* =./t,/p, is also plotted. The curve
corresponding to the case of Re = 3000 and with
Kawamura’s model reveals that the flow becomes
completely laminar in the range of Grashof numbers
8.8 x 10*-2.7 x 10° (corresponding to points C and D

_in Fig. 1 and distributions C and D in Fig. 2). Further,

it turns out that in the cases of the larger Reynolds
numbers of 5000 and 10,000, the turbulence energy
decreases considerably, though it does not vanish, just
in the range where the Nusselt number decreases. A
jump of the calculation point, indicated by a dotted
line in Fig. 1, appears in the range where the Nusselt
number decreases rapidly. This is caused by the nature
of the systematic calculation which was done with
increasing wall heat flux g,, step by step under a given
flow rate. Then, the balance of heat flux at the wall
becomes unstable in the region where the heat transfer
characteristics change more steeply than Nu oc Gr—';
because Gr is proportional to the moving parameter
(T, —T), while Nu is reciprocally proportional to it.
Figure 3 is the numerically predicted regime map
for combined forced and natural convection, plotted
in the Reynolds number against Grashof number
plane. The upper left part of Fig. 3 naturally supports
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FiG. 3. Predicted regime map for combined forced and natural convection.
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the forced-convection regime, while the lower right
encourages natural convection. The boundaries
between forced, mixed and natural convection are
determined from those Nusselt number variations as
are plotted in Fig. 1 by the following rule. Here, the
Nusselt number in the complete forced-convection
condition is denoted by Nu,. Each of the open circular
and triangular symbols in Fig. 3 (referring to Kawa-
mura’s model and Jones and Launder’s model, respec-
tively) indicates the point at which the Nusselt number
becomes 0.8 Nu, with increasing the Grashof number
from zero. This point is assumed to define the bound-
ary between forced and mixed convections. As the
Grashof number is further increased, the Nusselt
number meets the minimum value at the point denoted
by a solid symbol, and then it recovers to Nu, at the
point indicated by a symbol with a vertical tick. The
last point is regarded as the boundary between mixed
and natural convection. Two straight full-lines drawn
in Fig. 3 represent the following discrimination equa-
tions between turbulent, forced and mixed convection
and also between turbulent, mixed and natural con-
vection, which were derived from considerations of
the shear-stress distributions near the wall by Tanaka
etal [7, 8]

Re = 50Gr¥?! ®)
Re = 16.5Gr¥?", ()

The boundaries predicted numerically by both of the
turbulence models prove to agree well with equations
(8) and (9).

If the turbulence kinetic energy k converges to zero
over the whole cross-section during iterative solution,
the flow is considered to be in the laminar regime. In
this way the boundary between laminar and turbulent
flows can be determined as shown in Fig. 3. Here, the
Jones-Launder model gives the transition Reynolds
number of isothermal flow within a range between
900 and 1000, while that from Kawamura’s model
falls between 1800 and 1900. These values are slightly
lower than those reported by the originators, pre-
sumably because of the difference in the calculation
procedures. Originating from the difference in the
transition Reynolds number of isothermal flow, there
is a slight shift between the two laminar—turbulent
boundaries predicted from the two turbulence models.
Here, it must be noted that the laminar regime makes
inroads right into the turbulent mixed-convection
region. This is because, in the mixed-convection
regime, the local shear stress near the wall decreases
sharply from the value at the wall owing to the buoy-
ancy effect [see Fig. 2(b)], which results in the decrease
in the production of turbulence kinetic energy and the
eventual laminarization [6, 7]. This same decrease in
turbulence kinetic energy causes the decrease in Nus-
selt number even in case the flow remains turbulent,
as shown in Fig. 1.

169

Comparison with laminarization by acceleration

The turbulent boundary layer undergoes a rever-
sion towards laminar flow when its free stream is
accelerated severely [18]. This is again caused by the
rapid decrease in the shear stress with the distance
from the wall [6, 19]. The criterion for the occurrence
of laminarization in the accelerated boundary layer is
given by [18, 19]

—Fﬁ,d—xm>3xm_6' (10)
Since the acceleration of the free stream is expressed
as a = U,(dU,/dx), the acceleration parameter can
be rewritten as K = av/U3,. On the other hand, in the
case of combined forced and natural convection, the
acceleration exerted on the fluid near the wall by the
buoyancy force is a’ = gB(T;— Ty), so the Grashof
number is written as Gr = a’D3/v*. With regard to the
balance of forces acting on the fluid very near the wall,
the foregoing two accelerations are considered to be
effectively the same. Thus, the acceleration parameter
K is rewritten in terms of the Grashof number as
K = Gr/Re®. As a result, the condition (10) for the
occurrence of laminarization in the accelerated
boundary layer can be translated to its equivalence in
the combined-convection framework as

Gr/Re* > 3% 107", 11)

The border of the above inequality is plotted by the
two-dot-chain line in Fig. 3 and it turns out to be
located between the discrimination equations (8) and
(9). Furthermore, the calculated points of minimum
heat transfer lie close to this borderline.

In the case of an accelerated turbulent boundary
layer, though the shear stress decreases rapidly near
the wall, it does not change sign but tends to zero
with the distance from the wall. Thus, the turbulence
kinetic energy is effectively being produced within a
limited region near the wall. Then, if this energy pro-
duction is suppressed under the fulfillment of the con-
dition (10), the complete laminarization will possibly
occur even at a relatively large Reynolds number.
On the other hand, in the case of turbulent mixed
convection, the shear stress changes sign, and will
become a large negative value away from the wall
when the Reynolds number is large. The turbulence
energy production in this far-wall region would be
large enough to sustain the flow as turbulent. Thus,
the laminar regime does not make inroads into the
turbulent mixed-convection region without limit, but
the inroad is confined to a certain extent as shown in
Fig. 3.

EXPERIMENTAL APPARATUS
AND PROCEDURE

A schematic diagram of the experimental apparatus
is shown in Fig. 4. It formed a closed loop that
endured to pressures up to 5 MPa, with a circulation
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1. Test Tube 7. Cooler
2. Cooler 8. Traversing Mechanism
3. Main Valve 9. Guard Heater
4. Venturi Tube 10- Inlet Heater
5. Manometer 11. Pressure Gauge
6- Blower Case (Blower and 12. Relief Valve
Filter are installed) 13. Ny Bomb

FiG. 4. Schematic diagram of experimental apparatus.

blower together with a motor installed in a pressure
vessel. The nitrogen gas was circulated from the
blower via the test-section, the cooler, the main valve,
the venturi tube and then back to the blower. Figure
5 shows the details of the test-section. The test tube
was made of a stainless-steel pipe of 23 mm I.D.
and 27.2mm O.D. The gas flow was provided with a
definite inlet condition by an orifice with a diameter
ratio d/D = 10/23. The heated length / of the test tube
was 110D. At a sufficiently downstream position from
the start of heating (x/D = 98), the test tube was
equipped with the hot-wire traversing mechanism
which permitted a hot-wire sensor made of 5 um tung-
sten wire to traverse the cross-section in the radial
direction. A constant temperature anemometer
together with a linearizer was employed to obtain

Steel plate &

6 guard heaters
- Glass Test tube
8 wool \ @
\ 5 ]
R 1€ 23
[' 4

Thermal insulation of
test tube

1. Inlet bulk temp.
2.0rifice

3. Electrode

4. Traversing mechanism
5.Electrode

6.0utlet bulk temp.

| e
=

F1G. 5. Details of test-section.

2537
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signals related to streamwise velocity fluctuations. The
inlet bulk temperature was measured by a chromel-
alumel thermocouple just upstream of the inlet orifice.
The outlet bulk temperature was measured after mix-
ing the flow through a contraction—expansion section
with a diameter ratio of 10/23. For measuring wall
temperature distributions, the test tube was fitted with
25 chromel-alumel thermocouples on the outer
surface. The test-tube was heated by means of alter-
nating current directly through it. The outside of the
test-section was thermally insulated, covered first with
thick glass-wool, then with an outer steel tube which
was equipped with a guard heater system consisting
of six individually-controllable ribbon heaters.

EXPERIMENTAL RESULTS AND COMPARISON
WITH NUMERICAL PREDICTIONS

Heat transfer

Heat transfer measurements were performed with
varying Grashof number under constant Reynolds
numbers of 3000 and 5000 (see Table 1). In Fig. 6
wall temperature distributions along the test tube
measured at three Grashof numbers at Re = 3000
are shown. The length of the entrance region
changed considerably according to the experimental
conditions, as is understood from Fig. 6. But, at a
sufficiently downstream section, the flow and heat
transfer were assumed to be fully developed, with the
wall temperature varying almost parallel with the bulk
temperature (the wall temperature distribution in the
region of x/D > 90 was sometimes disturbed by mal-
adjustment of the guard heater due to the existence
of the large heat capacity of the hot-wire traversing
mechanism). The mean wall-to-bulk temperature
difference at the fully developed part was used to
calculate the Nusselt and the Grashof numbers. Fig-
ure 7 shows the measured variations of the Nusselt
number with the Grashof number, along with the
numerical predictions of Kawamura’s model. The

60 —— T
L Wall temperature §
so| (o 6r=4sx 10° )
© i (point A in Fig.7) Lae® T
" ]
S0 ]
3 ' -
E 30 4
2
\ Bulk temperature
20 (b) Gr=9.7%10° (point D) 7
=7.4x10° (point F) :
10 1 1 i 1 1 1 1 i L

0 20 40 60 80
x/D

FiG. 6. Measured wall temperature distributions at three
Grashof numbers under a constant Reynolds number of
3000.
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Table 1. Experimental parameters (in the fully developed region)

Point in

Um qw Tw— Tm 14
No Fig. 7 Re Gr Nu ms™) Wm?) (K (MPa)
301 A 3000 45%x103 114 1.78 57 4.3 0.123
302 —- 3000 8.7x10° 11.7 1.27 56 4.1 0.169
303 — 3000 1.22x10% 11.1 1.09 56 44 0.193
304 B 3000 2.7 x 10* 7.7 0.97 71 7.9 0.22
305 C 2900 4.7x10* 6.4 0.89 88 11.9 0.24
306 — 3000 7.9 x 10* 6.3 0.67 77 10.5 0.33
307 D 2900 9.7 x 10* 6.1 0.68 102 14.2 0.32
308 E 3000 2.6x10° 6.5 0.38 80 10.6 0.58
309 F 3100 7.4%10° 11.8 0.196 111 8.1 1.12
501 — 5000 2.2 % 10* 15.1 1.41 78 4.5 0.25
502 — 5000 9.1 x10* 13.8 0.70 77 49 0.51
503 — 5000 2.2x10° 11.7 0.54 94 6.9 0.65
504 — 5000 3.6x10° 10.1 0.56 142 12.0 0.67
505 G 5000 6.3x10° 8.4 0.26 45 4.7 1.29
506 — 5100 1.01 x 10°¢ 8.6 0.29 88 8.8 1.23
507 — 4800 1.65x10° 10.0 0.25 147 12.3 1.43
508 H 5200 3.5x10° 14.9 0.113 77 44 3.1
509 — 4800 9.4x10° 17.3 0.076 134 6.3 4.6

data points with the lowest Grashof numbers fell well
within the forced-convection regime, giving the Nus-
selt number close to Nuy. The corresponding wall
temperature distribution [see curve (a) in Fig. 6] dem-
onstrates that the heat transfer was fully developed
within the range of approximately x/D = 25. With
increase in the Grashof number, the Nusselt number
decreased from Nu,, as predicted, and it exhibited a
minimum value in the range from data point C to E
for Re = 3000, this minimum occurred at point G in
the case of Re = 5000. Keeping pace with this decrease
in the Nusselt number, the entrance region for heat
transfer got longer, as is clearly demonstrated by curve
(b)in Fig. 6. As the Grashof number increased further,
the Nusselt number increased and recovered to Nu,
at point F in the case of Re = 3000, and at point H
for Re = 5000. At this stage, a wavy pattern appeared
in the wall temperature distribution [see curve (c) in
Fig. 6], though it was not so pronounced as was
reported for the case of supercritical fluids [3, 5].

Hot-wire measurements
Hot-wire anemometer measurements were made
simultaneously with the heat transfer measurements

for the Reynolds number of 3000. Though the
hot-wire traverse of the cross-section was made, the
output signals obtained at a fixed sensor position of
y = 1.65 mm from the pipe wall (corresponding to
y* =u*y/v =16 under the pure forced-convection
state) were chosen as representatives, and are shown
in Fig. 8. The ordinate of Fig. 8 is the fluctuation V’
of the anemometer output, nondimensionalized by the
mean output at the pipe center V., while the abscissa
is time ¢, nondimensionalized by the time scale D/U,,.
If the flow was in a turbulent state, the fluid crossing
the hot-wire sensor would naturally accompany tem-
perature fluctuations. Fluctuations in the anemometer
output voltage were, therefore, caused by fluctuations
in both the velocity and the temperature. Here, the
hot-wire anemometer was run at an over-heat ratio
of 1.5, where the temperature difference between the
sensor and the ambient fluid amounted to about
125°C. Compared with this, the wall-to-bulk tem-
perature differences were relatively small, being about
10°C or less. Further, the linearizer was set so that in
the case of isothermal flow almost linear charac-
teristics between the output voltage and the flow
velocity could be obtained. As a result it seems that

10° ——T T
[ A F ]
e —p [ =

)

2i0p—=9 %0 B LCUpPa 22K w 4
3 T3 oo g— E
I Numerical Predictions - \E G Experimental Data 1
I (Model by Kawamura) QO Re = 3000 Turbulent b
- Re = 3000 Turbulent Re = 3000 Intermittent b

----- Re = 3000 Laminar Re = 3000 Laminar L
= - — Re = 5000 A Re = 5000
1 sl Lol Lol 2ol SR
3 4 5 6 7 8
10 10 10 or 10 10 10

FIiG. 7. Comparison between measured and predicted variations of Nusselt number with Grashof number.



172

e

)
- O

oo

'
To-

oo

Co
P g N

)
oo

VIV,
o

]
. o
P N N

o _oo_ oo
o-

A
B
c
D
E
F

75
tU,/D

100
»

FiG. 8. Instantaneous signals of hot-wire placed at y = 1.65 mm, for various Grashof numbers under

a constant Reynolds number of 3000: A, Gr=4.5x10%;
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D, Gr = 9.7x10*; E, Gr = 2.6 x 10°; F Gr—74><10S

the output signals in Fig. 8 reflected the velocity
fluctuations acceptably well.

The uppermost signal A of Fig. 8, which cor-
responds to point A in Fig. 7, exhibits typical tur-
bulent fluctuations. With increase in Grashof number,
quiescent, supposedly laminar periods appeared inter-
mittently in the signals (B—C in Fig. 8). At point D,
where the minimum Nusselt number was brought
about in Fig. 7, the flow became completely laminar,
as can be seen from signal D in Fig. 8. With further
increase in the Grashof number, turbulent fluc-
tuations revived first at the region remote from the
wall (E), and then active fluctuations spread to the
near-wall region (F).

Regime map

The experimental results are summarized in the
form of the regime map in Fig. 9. A symbol with a
horizontal tick indicates the datum at the boundary
between forced and mixed convection, while one with
a vertical tick stands for the datum at the boundary
between mixed and natural convection. The dis-

tinctions between the regimes were made by applying
the same rule as was employed in the numerical pre-
dictions. The boundary points obtained in this way
are in good agreement with the discrimination equa-
tions (8) and (9), hence, they also agree well with the
boundaries predicted by the turbulence models. The
laminar—turbulent distinction obtained by hot-wire
measurements at Re = 3000 agrees very well with the
prediction of Kawamura’s model. Thus, it has been
experimentally demonstrated that the laminar regime
makes inroads into the turbulent mixed-convection
region.

CONCLUSIONS

Upward flow in a uniformly heated, vertical pipe
(aiding flow) was studied, first by means of a numeri-
cal investigation utilizing the k—¢ models of turbulence
for low Reynolds number flows, and second by an
experiment using nitrogen gas as a test fluid, whose
pressure was changed in a range from atmospheric
pressure to 5 MPa to cover four decades of the Gras-
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Fi1G. 9. Experimental data plotted on regime map for combined forced and natural convection.
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hof number. Discriminations between forced, mixed
and natural convections, as well as between laminar
and turbulent flows were discussed in the Reynolds
number against Grashof number plane. They are sum-
marized in Figs. 3 and 9. The boundaries between
forced, mixed and natural convections in the turbulent
flow state, determined both by the numerical investi-
gation and by the experiment, were in good agreement
with the semi-theoretical equations (8) and (9) by
Tanaka et al. [7, 8]. With regard to the boundary
between laminar and turbulent flows, the numerical
investigation predicted that the laminar regime made
inroads into the turbulent mixed-convection region.
This behavior was experimentally demonstrated. The
reason for this behavior, being the same as the reason
for heat transfer impairment in the mixed-convection
regime, is attributed to the decrease in the production
of turbulence kinetic energy which is caused by the
rapid decrease in the shear stress with the distance
from the wall.
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CONVECTION MIXTE DE CHALEUR POUR UN ECOULEMENT ASCENDANT DANS
UN TUBE VERTICAL UNIFORMEMENT CHAUFFE

Résumé—On adopte le modéle k—¢ pour prédire I'écoulement pleinement établi, ascendant dans un tube
vertical chauffé uniformément, en tenant compte des forces d’Archiméde. On détermine numériquement
la cartographie des régimes pour les convections mixtes et naturelles, aussi bien que pour les écoulements
laminaires et turbulents. En méme temps, des expériences sont conduites 4 des nombres de Reynolds de
3000 et 5000, les nombres de Grashof variant largement, en utilisant de 'azote pressurisé comme fluide
d’essai. En accord avec le calcul, le transfert de chaleur est mesuré dans le domaine de la convection mixte.
De plus, a partir des mesures au fil chaud, on trouve une compléte laminarisation dans la région de
convection mixte 4 un nombre de Reynolds de 3000.
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DER WARMEUBERGANG BEI MISCHKONVEKTION FUR AUFWARTSSTROMUNG
IN EINEM GLEICHMASSIG BEHEIZTEN SENKRECHTEN ROHR

Zusammenfassung—Zur Berechnung der voll ausgebildeten Aufwirtsstrémung in einem gleichmiBig
beheizten senkrechten Rohr unter Beriicksichtigung der Auftriebskraft wurde das k—e-Turbulenzmodell
fiir Strdmungen bei kleinen Reynolds-Zahlen angewandt. Anhand der numerischen Berechnungen wurden
sowohl fiir laminare als auch turbulente Strémungen Bereichskarten fiir erzwungene, gemischte und
natiirliche Konvektion erstellt. Zur gleichen Zeit wurden Versuche mit verdichtetem Stickstoff als Ver-
suchsfluid bei Reynolds-Zahlen zwischen 3000 und 5000 in einem weiten Bereich von Grashof-Zahlen
durchgefiihrt. In Ubereinstimmung mit den Berechnungen wurde im Bereich der Mischkonvektion eine
Beeintriichtigung des Wirmeiibergangs durch die Auftriebsbewegung gemessen. Dariiber hinaus wurde
aufgrund von Hitzdrahtmessungen der vollstindige Umschlag zur Laminarstrdmung im Bereich der
Mischkonvektion bei einer Reynolds-Zahl von 3000 gezeigt.

TENJIOITEPEHOC COBMECTHO¥ BbIHYXXJIEHHOI W ECTECTBEHHOI KOHBEKIIUEN
IIPX BOCXOJSIEM TEYEHMHM B PABHOMEPHO HATPEBAEMOI BEPTHMKAJIbHOM
TPYBE

Annotawns—/I)1si pacyeTa MOJNHOCTBIO PAa3sBHTOrO BOCXOSLIETO MOTOKA B PaBHOMEPHO HarpeBaeMoi
BEPTHKAJILHOH TPYGE C y4ETOM NOABEMHEBIX CHJI IPELTOXKEHDBI k—& MOIEM TypGy/IEHTHOCTH [Is1 TeYeHns
¢ ManbM wHCnioM Peiinonbaca. Ilo aHHBIM YHCEHHBIX PAacuETOB MOCTPOEHBI rpaduky TeueHmil s
BBIHYX/ICHHOH, CMELIAHHON W €CTECTBEHHOH KOHBEKLMH B JAMHHAPHOM H TypOyJIEHTHOM peXHMax.
OnxoBpemeHHo npu 3Havennsx 4ucna Peitnonbaca B muanasose ot 3000 o 5000 u npu 4ucne Ipac-
roda, H3MeHSIOMWEMCS B IIHPOKOM [MANA30He, MPOBOJMIACH OMBITH, B KOTOpBIX B KauecTBe paGouei
KHUIKOCTH HCIOJIB30BANCA a30T. U3sMmepeHHOoe ocnabiieHHe TerI006MeHa, BHI3BAHHOE NOXBEMHBIMU
CHJIaMH B CMEIIAHHOM KOHBEKTHBHOM DEXHMe, HAXOIMTCs B COOTBETCTBHH ¢ pacueTamu. Kpome Toro,
TEPMOAHEMOMETPUYECKHUMH U3MEPEHASIMA NIOKa3aHA MOJIHAS JIAMUHADH3ALMA B CMEILAHHON KOHBEKIHUH
npH 1ucie PeitHonbaca 3000.





