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Abstract

The present study deals with a numerical investigation of steady laminar mixed convection heat transfer in a hor-
izontal concentric annulus using air and water as the working fluid. Special attention has been paid to the entrance
region effect. The thermal boundary condition chosen is that of uniform heat flux at the inner wall and an adiabatic
outer wall. The basic numerical procedure used is the SIMPLE algorithm [Int. J. Heat Mass Transfer 15 (1972) 1787]
which uses the finite difference method for solving the momentum and energy equations. The investigations reveal that
the Nusselt numbers for air are considerably greater than the corresponding values for fully developed mixed con-
vection values over a significant portion of the annular duct. The numerical results were supplemented with some
experimentally obtained data. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The convective mode of heat transfer is of great im-
portance in many engineering applications. A number of
investigations have been carried out to study single
phase pure forced convection and pure natural convec-
tion in different geometries. However, mixed convection,
i.e., combined free and forced convection is the most
general single phase heat transfer phenomenon and has
received considerable attention in recent years. Such a
process occurs when the effect of the buoyancy force in
forced convection or the effect of forced flow in free
convection becomes significant. In mixed convection
flows, the forced convection effects and the free con-
vection effects may be of comparable magnitudes.

Mixed convection processes may be divided into ex-
ternal flows over immersed bodies, free boundary flows,
and internal flows. In internal flows, mixed convective
flows are quite common and there can be a variety of
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geometries, such as cylindrical, rectangular and trian-
gular cross-sections. The concentric annular duct is of
technical importance, as it is used in numerous heat
transfer and fluid flow devices involving two fluids. One
fluid flows through the inner tube while the other flows
through the annular passage between the two tubes. For
example, gas-cooled electrical cables, heat exchangers
designed for chemical processes require the consider-
ation of mixed convection in an annular flow. Cooling of
nuclear fuel rods is another example where the results
for the buoyancy-influenced convection in an annulus
are useful.

Although mixed convection in horizontal concentric
cylinders has been the subject of many investigations for
quite some time, there are still many aspects of heat
transfer and fluid flow that need to be investigated and
understood. A review of literature reveals that most of
the available studies on combined free and forced con-
vection heat transfer in horizontal annuli are limited to
the fully developed situation [1-8]. Very few studies [9—
11] are available on entrance region effect.

The present study deals with a numerical as well as an
experimental investigation of steady laminar mixed
convection heat transfer in horizontal concentric annuli.
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Nomenclature

Gy specific heat, J/kg K

D diameter, m
Dy hydraulic diameter, (D, — D;), m
g acceleration due to gravity, m/s?

Gr  Grashoff number, (gBD}q)/(v’K)
h heat transfer coefficient, ¢/(T,, — Tp,), W/ m? K
k thermal conductivity, W/m K
Nu  Nusselt number, ADy, /k
Nu,  circumferentially averaged Nusselt number
Pr Prandtl number, uC,/k
heat flux, W/m?
r radial coordinate, radius, m
R radius ratio, r,/r;
Ra  Rayleigh number, Gr Pr
Re  Reynolds number VDy, /v
T temperature, °C
T* dimensionless temperature, ((7; — 7t;)k)/(¢Dn)
14 velocity, m/s
V* dimensionless velocity, V/V,
V. mean axial velocity, m/s
z axial coordinate, m

Z, dimensionless axial coordinate (thermal),
z/(Re Pr Dy,)

Greek symbols

coefficient of thermal expansion, 1/k
difference

dynamic viscosity, N s/m>
kinematic viscosity, m>/s

density, kg/m?

tangential coordinate

T == >

Subscripts/superscripts

* guessed value or dimensionless value of an
entity

fluid

hydraulic

inner, inlet

mean

outer

radial component
wall

axial component
tangential component

Sn g og s

Special attention has been paid to the entrance region
effect. The simultaneous development of the velocity and
temperature fields is considered by employing the con-
servation equations of mass, momentum and energy.
Various combinations of thermal boundary conditions
can be imposed on the surfaces of an annular duct. The
combination selected in this study is that of uniform
heat flux at the inner wall and an adiabatic outer wall.
The numerical method adopted in this work involves the
solution of the non-linear, coupled momentum and en-
ergy equations. Water is used as the working medium in
the experimental investigations.

2. Analysis

In view of the annular geometry of the problem a
cylindrical coordinate system, as shown in Fig. 1, is se-
lected. The flow is assumed to be symmetric across the
vertical plane passing through the axis of the annulus so
that calculations need to be done in one vertical half of
the geometry only.

The problem is analysed for constant fluid properties
with negligible viscous dissipation. The variation of
density is taken into account only in the body forces
(Boussinesq approximation). The flow is assumed to be a
three-dimensional with z-direction as the direction of
flow. All terms containing the second derivative of any
quantity with respect to z are neglected. It is assumed that

e > S
Il
o

Fig. 1. Coordinate system.

Vo<V, and V. <V,

The pressure term p is rewritten as
p:ﬁ(z)+pc(r,0,z), (1)

where, p(z) is an average pressure at z which is a func-
tion only of z, and p. is the deviation from average
pressure which is a function of r, 0 and z. Since the
major flow is in the axial direction, the axial derivative
of p. is neglected in comparison to dp,/dz.

All governing equations (conservation of mass, mo-
mentum and energy) are expressed in terms of a single
general differential equation by combining the convec-
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tive and diffusive terms together and presented in the
following form with a general dependent variable ¢:

10 0o 10 I 0¢
;a{@”rw‘”ar}*?@{PV‘*")‘?@}
0
+=[pVg) =5, )

where ¢, I' and S are as given in Table 1. The following
boundary conditions are imposed while solving the
governing equations:

1. Symmetry lines (r; < r < r,; 6 =0 or m):

oA or

h=0, 5= 5=

0 and 0.

2. Inner cylinder (r =r; 0 <0 < n):

T
Vi=V,=V.=0 and fka—:q.
or
3. Outer cylinder (r =r,; 0 < 0 < m):
Vi=V,=V.=0 and a—T:O.
or

4. Inlet (z=0):
Vi=Vy=0, V,=V,; and T=T.

The basic numerical procedure [12] adopted in the
present study is the SIMPLE algorithm. A finite differ-
ence formulation using the control volume-based
method is used. The hybrid scheme, with a three-line
approximation of the exact solution curve, has been
chosen in the present formulation for simplicity. The
three-dimensional discretisation equation for a general
variable ¢, with T and B representing the top and bot-
tom neighbours in the z-direction, can be written as

appp = agPg + awdy + andn + asds + ardr
+agdyp + b. (3)

The equations for conservation of momentum and en-
ergy, and the continuity equation can be discretised by
taking the respective control volume for each one with
the help of Eq. (3). After discretisation, a sequence of
steps is followed for solving the equations simul-
taneously. The procedure involves making a guess of the
pressure field and solving the z-direction momentum
equation to get the axial velocity. Using the axial ve-

locity, these equations and the energy equation are
solved. With the help of the continuity equation, mass
balance is checked. If the continuity equation is not
satisfied, then a correction to the guessed pressure field is
obtained by solving a pressure correction equation. The
process is repeated till a satisfactory balance of all
equations is achieved. The details of this method are
available in [13].

The present numerical code has been benchmarked
with the numerical results (Nusselt number, axial
velocity profile and mean apparent friction factor) for
the case of simultaneously developing laminar flow, pure
forced convection heat transfer in an annulus with uni-
form heat flux at the inner wall and adiabatic outer wall.
The numerical code was further tested by comparing the
predicted Nusselt numbers with the results of Carlo and
Guidice [11] who considered the same problem using
finite element method. Fig. 2 shows that the present
results are in excellent agreement (+4% with the results
of Carlo and Guidice [11].

3. Results and discussion

The numerical investigations were carried out with
10* <Ra<10%, 1.5<R<10, 0.7<Pr<542 and 200 <
Re<1000. All computations were performed with
double precision on a DEC-ALPHA 2100 computer.
Although it is intuitive to consider closely packed radial
and axial grid spacings near the walls and inlet, re-
spectively, to keep the programme simple, uniform grids
were used in all the coordinates. The deviation in Nus-
selt number with 40 x 30 and 30 x 20 grids in the -0
plane was found to be less than 1% and this deviation
reduced (less than 0.5%) with finer grid size (50 x 50).
Grid sensitivity for isotherms and axial, radial and
tangential isovels were also on the same lines. Based on
this sensitivity results analysis to reduce computer time,
a uniform 30 x 20 grid in the -0 plane and Az = 0.25
mm (leading to Az/Dy ranging from 1/80 to 1/640) has
been used in all computations.

3.1. Development of secondary flow

The development of isotherms for Ra = 109,
Pr=20.7, R =2 and Re = 200 is shown in Fig. 3. Near

Table 1
Expressions for ¢, I' and S
Governing equations ¢ r S
Continuity 1 0 )
d oV
r-momentum Vi —% 4 pgB(T —T) cos 0+ 20 — 2430 1
f-momentum v u — 1% _ peB(T — T;) sin 0 — 2% — Q% _
z-momentum V. m —&
oz

Energy C.T k

0
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Fig. 2. Comparison of the present results (Nusselt numbers) with the results of Carlo and Guidice [11] for Pr=0.7, R =2 and

Re = 1000.

the entrance, at Z = 4.46 x 1073 (Fig. 3(a)) the iso-
therms are almost circular and are virtually unaffected
by the secondary flow. At this location, most of the fluid
is still at the inlet temperature, and there is little non-
uniformity in the temperature distribution. As the fluid
moves from the entrance, the buoyancy forces become
stronger and start affecting the temperature field. At
Z, = 1.79 x 107% (Fig. 3(d)), it is observed that the iso-
therms at the lower part of the cross-section are still
nearly circular, indicating weak secondary motion in this
region. The stronger buoyancy effect in the upper half of
the cross-section, however, causes noticeable distortion
in the temperature field. The isotherms at this location
have a tendency to become horizontal, approximating
the temperature distribution to that of a stable stratified
field. Farther downstream, more thermal stratification
takes place, and consequently, the buoyancy forces be-
come stable.

The development of secondary flow due to buoyancy
effect is presented in Fig. 4. In order to study the effect of
temperature field on the secondary flow pattern, Fig. 4 is
plotted for the same values of parameters as for the
isotherms in Fig. 3. In the absence of free convection, the
radial components of velocities are directed away from
the walls of the annulus and the tangential components
of velocities are zero. As the free convection effect is in-

cluded, the secondary flow pattern changes. At Z, =
4.46 x 10-* (Fig. 4(a)), a location near the inlet, the
magnitude of the secondary velocities is small due to
weak buoyancy effect, as is clear from the isotherms in
Fig. 3(a). As the fluid proceeds downstream, the strength
of the buoyancy forces increases and consequently, the
magnitude of the secondary velocities increases. Fig. 4(b),
which corresponds to Z; = 1.79 x 1072, shows that the
secondary velocities in the upper region of the cross-
section are of relatively higher magnitude than those in
the bottom region. The isotherms (Fig. 3(d)) correspond-
ing to this location, clearly indicate that the buoyancy
effect in the upper region of the cross-section is more
intense than that in the lower region. It is also noticeable
that the fluid near the inner wall rises with relatively
high velocity and falls slowly over the rest of cross-sec-
tion. Since the inner wall is heated, the buoyancy effect
causes the fluid near the wall to move upward. It is
evident from the nearly circular shape of the isotherms
at the bottom region of the cross-section in Fig. 3(d)
that the buoyancy effect in this region is still small.
Farther downstream (Fig. 4(c) and (d)), the secondary
flow becomes weaker, but the qualitative behaviour
remains unchanged. Results were obtained for locations
at far downstream, where the secondary flow becomes
almost stable and the flow is nearly fully developed.
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Fig. 3. Development of isotherms for Ra = 10°, Pr=0.7, R =2 and Re = 200.

3.2. Development of axial flow

The axial velocity profiles for mixed convection are
presented in Fig. 5 with the help of dimensionless axial
isovels (¥*). In the absence of buoyancy effects, the axial
isovels are circular in shape. It is seen in Fig. 5 that the
buoyancy-induced secondary flow has a tendency to
distort the axial velocity profiles. At Z, = 4.46 x 1073
(Fig. 5(a)), a location near the entrance, the axial isovels
are seen to be very much similar to those for pure forced
convection. This is due to a weak buoyancy effect at this
location. As the fluid moves away from the inlet, the
axial isovels start deviating from the corresponding axial
isovels for pure forced convection. It is seen in Fig. 5(b)
that the axial velocities in the top region of the cross-
section are highly distorted due to the strong buoyancy

effect in this region, whereas little distortion is noticed in
the bottom region. This results in nonuniform distribu-
tion of axial mass flux, the minimum being at the top
and the maximum at the bottom. Farther downstream,
the isovels have a tendency for attaining the fully de-
veloped situation.

3.3. Effect of Ra on secondary flow

The effect of Rayleigh number on secondary flow has
been studied by comparing isotherms, cross-sectional
flow patterns and V' isovels at Z = 1.79 x 1072, for
Pr=20.7, R =2, Re =200 and for various values of Ra.
Fig. 6 shows the effect of Rayleigh number on the iso-
therms. For Ra = 10° (Fig. 6(a)), the isotherms are
nearly circular in shape. As the Rayleigh number is
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Fig. 4. Development of secondary flow pattern for Pr = 0.7, R =2, Re = 200, and Ra = 10°.

increased, the isotherms are seen to get more and more
distorted, indicating a stronger buoyancy effect. It is
noticed that as Rayleigh number increases, the bound-
ary layer on the inner cylinder becomes thinner and the
isotherms have a tendency to become horizontal.

The secondary flow pattern is also affected by in-
creasing Rayleigh number. It is observed in Fig. 7(a)
that at Ra = 10°, the magnitude of the secondary
velocities is very small. As the Rayleigh number in-
creases, the magnitude of the secondary velocities in-
creases. It is important to note that with increasing
Rayleigh number, the secondary velocities near the inner
wall are greatly affected, whereas the velocities near the
outer wall remain essentially unaffected. This is due to
the fact that the heat supplied at the inner surface also

increases with increasing Rayleigh number and hence,
stronger buoyancy effects exist near the inner wall.

3.4. Influence of Ra on axial velocity profile

The effect of Rayleigh number on axial velocity
profiles is presented in Fig. 8 for the same values of
parameters for isotherms in Fig. 6. As the Rayleigh
number increases, the location of maximum velocity at
0 =0 and 0 =m/2 is seen to be brought nearer to the
inner wall, while at the top region (0 = n) of the cross-
section, with increasing Rayleigh number, the peak has
a tendency to shift toward the outer wall. Since the
secondary flow at the top region intensifies with in-
creasing Rayleigh number, the distortion in the axial
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(a) Z¢ = 4.46x1073

(b) Z¢=1.79x102

(c) Zy = 3.57)(10_2
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d) Z¢=T7.14x1072
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Valuesof V) 04 0.8 1.0 1.2 1.5

Fig. 5. Development of axial isovels (V") for Pr=0.7, R =2, Re = 200, and Ra = 10°.

velocity profile at this region also increases. It is inter-
esting to note that as the Rayleigh number increases,
the discrepancy between the mass fluxes at the top and
bottom region of the cross-section increases, the maxi-
mum flow being at the bottom and the minimum at the
top.

3.5. Heat transfer

The phenomenon of heat transfer has been charac-
terised in terms of circumferentially averaged Nusselt
numbers calculated at the inner wall of the annulus
where a uniform heat flux is provided. The circumfer-
entially averaged Nusselt number, is obtained as

4Dy

Nu, = k—(Twz — Tb) s (4)

where, T,, is the average inner wall temperature and T;, is
the bulk fluid temperature at any cross-section. 7; is
calculated from

B f V.Tr dr dO

= rardn ®

where the integrals are evaluated over the cross-section
of the annular duct.

Effect of Ra on Nusselt number is presented in Fig. 9.
It is seen in Fig. 9 that near the inlet, since the free
convection effect is insignificant, all the curves follow the
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Fig. 6. Influence of Rayleigh number on isotherms (7*) for Pr = 0.7, R =2 and Re = 200 at Z, = 1.79 x 1072.

pure forced convection (Ra = 0) curve. As the buoyancy
forces become significant, the curves for combined free
and forced convection rise above the pure forced con-
vection curve. At Ra = 103, the increase in Nusselt
number is very modest but becomes appreciable at
higher Rayleigh numbers owing to the stronger buoy-
ancy effect. Also with increasing Rayleigh number, the
location of maximum Nusselt number shifts toward the
inlet. It should be noted that this location roughly cor-
responds to the axial position where the secondary flow
s most vigorous.

After attaining a maximum, the Nusselt number
gradually decreases and then attains a practically con-

stant value corresponding to fully developed mixed
convection condition. It is observed that, depending on
the value of Rayleigh number, the Nusselt numbers are
considerably higher than the corresponding pure forced
convection values over a significant portion of the an-
nular duct. It can be noted that for Ra = 107, the Nusselt
numbers in the entrance region are 80-150% greater
than the corresponding pure forced convection values.
Influence of radius ratio on Nusselt number for
Pr=0.7, Re =200 and Ra = 10° is presented in Fig. 10.
The radius ratio curves show that the effect of higher
radius ratio is to shift the location of maximum Nusselt
number toward the inlet indicating that the thermal
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(c) Ra =107

(b) Ra =10°

(d) Ra = 108

Fig. 7. Influence of Rayleigh number on secondary flow pattern for Pr= 0.7, R = 2 and Re = 200 at Z, = 1.79 x 1072,

entrance length (in terms of z/Dy) for higher radius ratio
is relatively smaller. However, it is difficult to identifiy
an entrance length in these cases because the Nusselt
number goes through a minimum, then a maximum, and
finally approaches a constant value.

Results concerning the effect of Prandtl number and
Reynolds number showed that these parameters had
little effect on Nusselt number. It can be mentioned that
Z; is a function of Pr and Re. Hence, it is the conse-
quence of nondimensionalisation of z-axis that Prandtl
number and Reynolds number show no significant effect.

3.6. Pressure drop
In the entrance region of an annular duct, apart from

the shear pressure drop, part of the pressure drop is
attributable to the increase in the total fluid momentum

flux, which is associated with the development of the
velocity profile. Pressure drop calculation in this region
must consider the variation in momentum flux as well as
the effects of surface shear forces. The combined effect of
surface shear and momentum flux have been incor-
porated in a single apparent mean friction factor, f;pp.
The pressure drop from inlet (z = 0) to the point of in-
terest (z) is then evaluated from
L pV? oz
Ap=4f., 2 D (6)

The pressure drop results are presented with the help of
mean apparent friction factor, f;pp, plotted against the
dimensionless axial length, Z;. In order to have a realistic
assessment of pressure drop characteristics, these figures
are plotted for the same values of parameters as in the

case of heat transfer characteristics.
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(a) Ra=107

(b) Ra=10°
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Fig. 8. Influence of Rayleigh number on axial isovels (¥*) for Pr=0.7, R =2 and Re = 200 at Z, = 1.79 x 1072,

The effect of Rayleigh number on mean apparent
friction factor is illustrated in Fig. 11. The figure shows
that the curve corresponding to Ra = 103, closely fol-
lows the pure forced convection curve, indicating very
weak secondary flow. For Ra > 10°, the mean apparent
friction factor curves rise above the Ra = 0 curve due to
higher flow resistance. This indicates that the increased
Nusselt number in simultaneously developing mixed
convection does not come without a penalty. However,
it is important to note that the increase in the value of
mean apparent friction factor, fapp, is substantially
smaller than the corresponding increase in Nusselt
number. For example, the mixed convection Nusselt
number for Ra = 107 and Z; = 0.2 is about 100 % higher

than the pure forced convection value at the same lo-
cation. On the other hand, the corresponding mean
apparent friction factor for mixed convection is only
about 25% higher than the pure forced convection value.

The effect of Prandtl number on the mean apparent
friction factor is shown in Fig. 12 where £, is plotted
against Z,.. The mean apparent friction factor is seen to
be always higher for the lower Prandtl fluid. As the value
of Z, increases, the ;pp for both values of Prandtl num-
bers tends to become constant, indicating that the flow is
approaching the fully developed situation. Results for
different radius ratios and Reynolds numbers were also
obtained. These results showed that the effect of R and

Re on mean apparent friction factor was very small.
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Fig. 11. Influence of Rayleigh number, Ra, on mean apparent friction factor, ;pp for Pr=0.7, R =2 and Re = 200.
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Fig. 12. Influence of Prandtl number, Pr, on mean apparent friction factor, j;pp for R =2, Re =200 and Ra = 107.
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Fig. 13. Comparison of experimental Nusselt numbers with the predicted values for Pr ~ 3.25.

3.7. Comparison of predicted results

The numerical results were supplemented with ex-
perimentally obtained data. The details of the exper-
imental investigations are given in [14]. Only necessary
results for comparison of predicted and experimental
Nusselt numbers are presented here.

The experimental set-up consisted of a test section
with a working fluid loop and a cooling water circulating
loop. The inner tube of the test section was made of
stainless steel and had an effective length of 1.0 m. The
outer diameter of the inner tube was 38.1 mm and the
wall thickness 1.0 mm. The stainless steel tube was en-
closed in a glass tube of 66.7 mm inner diameter to form
a horizontal annular passage through which water was
made to flow. The test section (inner stainless tube) was
provided with 20 copper—constantan thermocouples
placed on the outer wall to monitor temperatures at the
side, bottom and top positions of the test section at five
different axial locations. A honey-comb type flow
straightener was placed in the annular space between the
copper tube extension and the glass cover to ensure a
nearly flat velocity profile at the inlet of the test section.
Uniform heat flux at the surface of the test section was
provided by passing alternating current through the in-
ner tube of the annulus. A high current three phase to
single phase, step down, power transformer capable of

supplying 2300 A at 28 V was used for the power supply
to the test section.

The comparison of heat transfer results (Nusselt
numbers) for Pr~ 3.25 is presented in Fig. 13. Com-
parison of Nusselt numbers for different Rayleigh
numbers are also presented in Fig. 13. The curves for the
numerical results indicate that near the entrance, the
Nusselt number decreases rapidly and after a certain
axial distance, it gradually increases and then remains
uniform. This gradual increase in Nusselt number is so
small that it is beyond the scope of the present facility to
identify. It is observed in Fig. 13 that the numerical re-
sults are in fairly good agreement (+15%) with the ex-
perimentally obtained data in the later part of the test
section. Although the present experimental investigation
was intended to study combined free and forced con-
vection in horizontal annulus with special attention to
the entrance region effect, the effective part of the en-
trance lengths for water is so small that even the first
location of measurement does not fall within that range.

4. Conclusions
The numerical code developed has successfully been

used to analyse the problem considered. Present results
(Nusselt number) were found to agree with the results of
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Carlo and Guidice [11] within +4%. A reasonably good
grid sensitivity (+1%) was achieved by using a 30 x 20
grid in 70 plane with Az/Dy, ranging from 1/640 to 1/80.

The effect of secondary flow due to the buoyancy
forces is found to be significant. The secondary flow is
more intense in the upper part of the cross-section. It
increases throughout the cross-section until its intensity
reaches a maximum, and then it becomes weak at far
downstream. The development of axial flow and tem-
perature field are strongly influenced by the buoyancy.
The buoyancy influence is more pronounced near the
inlet section where it is characterised by a deceleration of
the axial flow in the upper part of the annulus and an
acceleration of the axial flow in the lower part of the
annulus. This influence increases with increasing Ray-
leigh number. At far downstream, however, the inter-
action between the axial flow and the secondary flow
becomes weak.

The effect of increasing the Rayleigh number is to
increase both the heat transfer and pressure drop.
However, the increase in heat transfer is substantially
greater than the corresponding increase in pressure
drop. For Ra = 10° and Ra = 107, Nusselt numbers at
Z, = 0.1 are about 30% and 110% higher than the cor-
responding pure forced convection Nusselt numbers,
respectively. The corresponding increase in mean ap-
parent friction factor due to free convection is only
about 4% and 28%, respectively.

The Nusselt number is found to increase with in-
creasing radius ratio. At Z; = 0.01, Nusselt number for
R =10 is about 120% higher than that for R = 1.5. At
Z, = 0.8 also, Nusselt number for R = 10 is about 90%
higher than that for R = 1.5. However, the effect of
radius ratio on mean apparent friction factor was found
to be insignificant.

The influence of increasing the Prandtl number is to
decrease the Nusselt number up to a certain dimen-
sionless axial length, Z,. After this, Nusselt number in-
creases with increasing Prandtl number. However, the
mean friction coefficient decreases with increasing
Prandtl number throughout the length. Higher Prandtl
number leads to early development of flow. The effect of
Reynolds number on Nusselt number as well as mean
apparent friction factor is found to be vary small.

The effective part of the entrance lengths for water is
so small that it is beyond the scope of the experimental
facility to identify. The predicted Nusselt numbers
compare well with the experimental results in the later
part of the test section where experimental data were
obtained. Nusselt number in this region is more or less
constant.
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