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Abstract-—This experimental study aims to investigate the heat transfer phenomena of an outer tube with
an inner-tube insertion. The naphthalene sublimation method is adopted which measures the sublimation
depth of naphthalene necessary to reduce the local heat transfer through the analogue relation between
heat and mass transfer. The working fluid is air and the data runs are performed for Reynolds numbers of
1058, 1360 and 1965. The comparison between experimental and numerical results shows good agreement.
It is also found that, with an inner-tube insertion, the heat transfer rate of the outer tube increases as the
Reynolds number of the tube flow and the size of inner tube increase, as long as the inner tube is not larger
than a given size.

INTRODUCTION

Circular tubes are widely employed in heat-exchange
equipment, and the problem of how to enhance the
heat transfer rate of a circular tube has become a very
important subject for research. Different methods
have been proposed for this subject, including passive
methods that require no external power such as treated
surfaces, extended surfaces, swirl flow devices, and
active methods that require external power such as
surface vibration, fluid vibration, injection and
suction. Bergles [1, 2] made a detailed survey about
this subject. Many related researches are also available
[3-8].

In [9], Fu and Tseng tried to enhance the heat
transfer rate of tube flow by inserting a coaxial inner
tube into a tube (the outer tube) to deflect the fluid to
the hot wall of the outer tube. Since the configuration
of the inner tube is very simple, the accompanying
pressure drop is not very serious and the results
showed that this method does meet the goal of heat
transfer enhancement. However, the study was purely
a numerical analysis and lacked experimental data
to verify its validity. Therefore in this study, further
investigation cf this issue will be carried out by
numerical and experimental methods. For the exper-
imental part, an inner tube was fixed on the wall of
an outer tube by three rear fins. Four different sizes
of inner tube and Reynolds numbers of 1058, 1360
and 1965 were used during experimental data runs.
Since the diameters of the tube were very small, it was
difficult to measure the local heat transfer rate directly
through the use of electrical heaters, and thus the
naphthalene sublimation method was chosen for the
experiment. The sublimation depth of naphthalene

was measured for each data run to reduce the local
Nusselt number through the analogue relation
between heat and mass transfer. In the numerical
analysis, in order to simulate the experimental situ-
ation more precisely, the method used in Fu and Tseng
[9] was modified and the thickness of inner tube and
the fins in the rear part of the inner tube were taken
into consideration, therefore, the numerical com-
putation for both flow and thermal fields became a
three-dimensional problem.

The results were found to give good agreement
between numerical and experimental analyses. The
heat transfer enhancement of tube flow was dependent
on both the size of the inner tube and the Reynolds
number of the tube flow. In general, the heat transfer
of tube flow increases with the increase of Reynolds
number and size of inner-tube. However, the inner-
tube size should not be greater than a certain limit,
otherwise, the heat transfer of the tube will decrease.

PHYSICAL MODEL AND EXPERIMENTAL
PROCEDURE

In the numerical study of Fu and Tseng [9], the heat
transfer phenomena of a constant-wall-temperature
tube with an inner-tube insertion were investigated
where the thicknesses of inner tube were assumed to
be infinitely small and the thermal conductivity of the
inner tube was assumed to be much larger than that
of the fluid. This numerical model is laminar flow and
shown in Fig. 1. When the flow passes the inner tube,
the fluid separates and two flow paths are formed,
which include the path between the inner and outer
tubes and the path inside the inner tube. By changing
the size of the inner tube, the friction drags of these
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NOMENCLATURE

D diffusivity of the naphthalene in air Umax  Maximum velocity in the axial
[em?s™1] direction [m s™']

d tube diameter [mm] X axial coordinate.

f friction factor

h, local heat-transfer coefficient [W K]

hn.  local mass-transfer coefficient [m s™'] Greek symbols

k thermal conductivity of fluid o thermal diffusivity [m? s~
Wm-'K™ U dynamic viscosity (kg m™'s7]

/ tube length [mm] v kinematic viscosity [m?>s™']

lo»  local depth of the naphthalene ? density of fluid [kg m ™
sublimation {mm] Os density of naphthalene solid [kg m )

m flow rate [kg s™'] pPw  local density of naphthalene vapor

Nu, local Nusselt number, 4 d.;/k (kg m~3

Nu, average local Nusselt number Pveo  density of naphthalene vapor in the

P pressure [Pa] mainstream [kg m~3].

P,, pressure of the naphthalene vapor [Pa]

Pr Prandtl number [v/«]

R universal gas constant [N m kg~' K™ Subscripts

r radial coordinate i inner radius of the inner tube

Re  Reynolds number, pad,/u io outer radius of the inner tube

Sc Schmidt number [v/D] m mass transfer

Sh,  local Sherwood number, A,,,d.;/D oi inner radius of the outer tube

T,  temperature along the wall of outer 00 outer radius of the outer tube.
tube [K]

u velocity in the axial direction [m s~

i average velocity in the axial direction Superscript
[ms™'] average value.

paths are varied, which causes the flow rate for each
path to be changed. It is shown that the heat transfer
augmentation is reached in the heated region as more
fluid is led to the path between the inner and outer
tubes. The experimental apparatus of this study is set
up according to the numerical model, and is shown in
Fig. 2. A blower (1) with a small flow rate (v = 0.08
m?® min~") is installed to control the flow rate of the
working fluid and a transistor inverter is used to adjust

(1) outer tube

(2) inner tube

N Ly /(1)

the rotating speed of this blower. The convergent sec-
tion (2) is followed by the entrance region (3). The
length of the entrance region is 1200 mm
(l:/d,; ~ 110), which is long enough to make the flow
of the fluid fully developed as the fluid enters the test
section (4). The test section, which is the outer tube,
includes two regions, one being the pressure-drop
region in the front part (shown in Fig. 3) which is
designed to measure the pressure drop of the tube flow

(2)
V 72772778

o _ -
{ |
A
A N Mhnmama
insulated heat transfer
region region

Fig. 1. Physical model for the numerical study in Fu and Tseng [9].
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(1) fan
(2) converging region

(3) entrance region
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Fig. 3. Pressure-drop region.

to ascertain the Reynolds number of the tube flow,
the other being the casting naphthalene region (shown
in Fig. 4) where the mass transfer rate of naphthalene
is measured to reduce the local heat transfer rate. The
stainless-steel mould for producing the naphthalene
coating has the same arc shape as the inside wall of
the outer tube (Fig. 4). The roughness ¢ of the surface
of the stainless-steel mould is less than 3 x 10~° mm
(e/d,; = 3x107*). The final assembly of the casted
naphthalene region is shown in Fig. 5. The assump-
tions of infinitely small tube wall thickness and high
thermal conductivity of inner tube are as made in Fu
and Tseng [9], the inner tube (including the rear fins
to fix the inner tube, Fig. 6) is made of pure gold with
thickness of 0.5 mm. Fins are placed at the rear part
of the inner tube to lessen the influence on the flow

V7 (casting naphthalene

field of the test section. Four different sizes of inner
tube for the data runs are also shown in Fig. 6.

The naphthalene sublimation method is adopted to
measure the local sublimation depth of naphthalene,
which is used to calculate the mass transfer rate of
naphthalene, then the local heat transfer rate is
derived through the well-established relation between
mass and heat transfer, Nu,/Sh, = (Pr/Sc)", where the
value of n is dependent on the flow characteristic and
is suggested in [10-16]. In this study, n = ; is chosen
which is widely used for the measurement of local heat
transfer rate [10-16].

Each experimental data run includes two measure-
ments and a brief outline is given as follows.

(1) The measurement of Reynolds number of the tube
Aow. The Reynolds number of the tube flow can be

b1t
Lr 60 60 1 | )&\
Vo]
® ® o ki

— 30— 20

o4 L a0 __rf Jel=T1

¢ 3mm feeding hole
¢ 1.5mm hole for thermocuple

Fig. 4. Casting naphthalene region.
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Fig. 5. Assembly of the casting naphthalene region.

obtained by two methods. One is to employ a Pitot
tube directly to measure the fluid velocities for 21
points across the tube to attain the velocity profile of
the tube flow under the fully developed condition. As
shown in Fig. 7, the velocity profiles measured by the
Pitot tube shows excellent agreement with the ana-
lytical expression for fully developed flow. Then, the
average fluid velocity is obtained by a Simpson’s rule
integration of the velocity profile ; this quantity is thus
used in the computation and the Reynolds number of
the tube flow (Appendix 1, equation (Al)) can be
obtained successively. The other is to measure the
pressure drop (Appendix 1, equation (A2)) as the
fluid of fully developed flow passes the pressure-drop
region (100 mm in length). The average velocity of
the tube flow can then be calculated with the aid of
the friction factor f'(equation (A3)), and the Reynolds

number of the tube flow (equation (A4)) can be
obtained. The values of Reynolds number obtained
from the above two methods are shown in Appendix
1. The deviation of these Reynolds numbers are within
1.5%. The Reynolds number of the tube flow for
each experimental data run is calculated by the latter
method (equations (A2), (A3) and (A4)), which is
accurate and convenient.

(2) The measurement for sublimation depth of naph-
thalene. The procedures are primarily according to
the methods of [10-16). The sublimation depth of
naphthalene caused by natural convection is estimated
at first. Molten naphthalene is poured into the mould.
After the naphthalene solidifies, the thickness of the
naphthalene coating layer measured by an ultra-pre-
cision depth gauge (the resolution is 1 um) is recorded.
Then the naphthalene coating layer is put into the

outside diameter | inside diameter
type of inner tube dio | of inner tube dii
1 3 mm 2 mm
11 5 mm 4 mm
I 8 mm 7 mm
v 8 mm 8 mm

L——zo———-%

Fig. 6. Different types of inner tube.
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Fig. 7. Velocity profile at exit of pressure-drop region.

laboratory to evaluate the sublimation due to natural
convection. The thickness of the naphthalene is mea-
sured at grid points spaced at 0.025 cm interval (total
80 points). Measurements are taken each hour with
each set of measurements taking 6-8 minutes. After
several repetitions of the above measurements, the
sublimation by natural convection is estimated to be
at about 3 um h~'. Next, the coating layer of naph-
thalene is installed on the test section and the blower
is started. The Reynolds number of the tube flow is
adjusted in accordance with the pressure drop of the
test section as described earlier. The duration of each
data run is about 2h and the change of the mean
thickness of naphthalene during the course of the
experiment is about 40 um. Then the naphthalene
coating is removed from the test section to the plat-
form of the depth gauge to measure the local sub-
limation depth of naphthalene. The sublimation depth
due to natural convection is subtracted, and these
values are substituted into the analogue relation
between mass and heat transfer (equations (1)—(4)) to
get the local Nusselt number Nu, distribution.

The local depth /,, of the naphthalene sublimation
distributions for Re = 1360 is shown in Appendix 2.

Nu,/Sh, = (Pr/Sc)" (1)
Nu, = h.d,jk @
Sh, = hy.dy;|D (3)
e = Lpx X P/ (Pow — Pyco) C))
1 19.75(mm)
N = 16 5(mm) Lzs(m) Nu, dx

p,=1145kgm=> (293K) from [17]

pVW = VW/RTW
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log (P/133.3) = 12.8612—4577.47
(T.+30.544) from [18]
R=6487Nmkg ' K
D = 0.06885 cm® s~ (293 K)
Pr=071(293K) from [19]
Se = v/D = 2.152(293 K).

Since the laboratory is far larger than the exper-
iment setup, the ambient naphthalene vapour density
is negligible. The temperature used to decide the
properties of naphthalene and the working fluid is
measured by a thermocouple set 0.5 mm beneath the
surface of the naphthalene coating layer. The relative
uncertainty proposed by Kline [20] is used to analyse
the results and the uncertainties for Nusselt and Reyn-
olds numbers are about 5.5% and 1.31% respectively.

RESULTS AND DISCUSSION

The working fluid is air, the temperature of which
is conditioned at about 20°C. For validating the accu-
racy and availability of the experimental apparatus,
the local Nusselt number Nu, distributions without
inserting an inner tube along the outer-tube wall are
first examined. The results shown in Fig. 8 are for the
situations of Reynolds numbers of 1058, 1360 and
1965 respectively. The experimental results of three
data runs are indicated in each situation, and those
data for which the reproducibility is acceptable are in
good agreement with the numerical results (dashed
lines). The local Nusselt number decreases when the
length of the test regions increases. To save time, two
experimental data runs are conducted for each latter
situation.

In Fig. 9, for Re = 1058, the consistency of the
results obtained from the experimental and numerical
methods is good for type-II and type-III cases, but
slightly deviates for type-I and type-IV cases. When
the inner tube is smaller (type 1), the path inside the
inner tube is narrow, which is apt to cause the fluid to
flow through the path during the experimental data
run, which makes the numerical calculation process
different. It is suggested that the slight deviation of
the results of the type-I case is caused by the above-
mentioned factors. The largest deviation is about 3%
as indicated in Table 1. In Fig. 10, for Re = 1360, the
phenomena are similar to those shown in Fig. 9. The
difference between the results of experiment and
numerical calculation for the type-IV case is more
remarkable than those of the other types. As the inner
tube is larger (type 1V), the path between the inner
and outer tubes becomes narrow, which causes the
phenomena to be similar to those mentioned above.
The largest deviation is about 10%, as indicated in
Table 1. The phenomena shown in Fig. 11 for
Re = 1965 are like those shown in Figs. 9 and 10, the
largest deviation still occurs for the type-IV case.
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Fig. 8. Local Nusselt number distribution for empty-tube situation.
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Fig. 9. Local Nusselt number distribution for Re = 1058.
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Table 1. The deviation between the experimental and numerical results

Average Nusselt number Mx

Experimental Numerical Deviation (%)
Re no. Type results (A4) results (B) {(4— B)/B|
empty 11.868 11.541 2.84
I 13.659 13.256 3.04
1058 11 15.267 15.081 1.24
111 16.629 16.194 2.69
v 12.577 12.879 2.35
empty 12.009 12.221 1.73
I 15.035 15.298 1.72
1036 1I 16.568 16.866 1.77
11 18.371 17.494 5.01
v 13.768 15.229 9.59
empty 13.966 13.686 2.05
1 16.639 16.314 1.99
1965 II 19.021 18.672 1.87
I 20.321 20.784 2.23
v 17.569 18.791 6.51
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CONCLUSIONS

This experimental study employs the naphthalene
sublimation method to investigate the heat transfer
phenomena of an outer tube with an inner-tube inser-
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numbers of 1058, 1360 and 1965 are considered and
the conclusions are summarized as follows.

(1) Good agreement is found between the numerical
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formance. As the Reynolds number of the tube flow
increases, the heat transfer rate also increases.
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APPENDIX

Table Al. The measurement of the Reynolds number (piid,;/u) of the tube flow (for air, 293 K)

Runs Integrate the velocities of the fiuid at 21 points

measured by pitot-tube with Simpson integrate

Use @ to calculate the Reynolds number (pid,;/u) of
the tube flow (equation (A1))

method to obtain the average velocity @ (ms™") of

the tube flow

1 2.669 1957
2 1.828 1340
3 1.541 1130
Runs The pressure drop (Ah) in  Utilize Ak to calculate Use to calculate the The deviation between
the pressure-drop region  the average velocity & Reynolds number the Reynolds number
(100 mm in length) (m s~") of the tube flow (piad,/p) of the tube flow (A1) and (A4) = [(Al)-
(equation (A2)) (equation (A3)) (equation (A4)) (A4)]/(A])
1 0.26 2.679 1965 0.37%
2 0.18 1.855 1360 1.49%
3 0.15 1.546 1138 0.71%
Re = padyi/tair (AD
AP = py ogAh  Ah=mm—-H,0 (A2)
AP = fn(l/d,)
f=64/Re
AP 64 1 Puoghh  pl
pair"72 B Re d‘)i pairaz pairﬁd(zwi
i, = 10.304Ah (A3)

Re = pairadoi/ﬂair' (A4)
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