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Abstract-An experimental study was undertaken for developing turbulent mixed convection in a hori- 
zontal circular tube with strip-type inserts (longitudinal strip LS and crossed-strip CS inserts) for 
6500 < Re < 19,500 and 5.82 x lo4 < Gr* < 9.78 x 10’. Temperature data were measured and heat transfer 
rates at different heat flux levels were calculated and correlated in the form of relevant parameters. The 
buoyancy effect was detailedly examined for 1.53 x 10e4 < Gr*/R$ < 2.3 1. It is found that the buoyancy 
effect has less influence for tubes with inserts compared to the bare tubes. Moreover, the heat transfer 

enhancement was found 2-3 times than those of bare tubes. 0 1997 Elsevier Science Ltd. 

INTRODUCTION 

Combined free ,md forced convection in the tube 
entrance region has many diverse industrial and engin- 
eering applications, such as heat exchangers and 
chemical processes. It is long recognized that gravity 
plays an important role in characterizing mixed con- 
vection duct flows. If the orientation of the duct is not 
vertical, the buoyancy force induces the secondary 
flow, which enhances heat transfer between the wall 
and the fluid. Such effects are most pronounced in 
horizontal flows and there have been numerous stud- 
ies for various en’closure shapes and thermal boundary 
conditions. A number of studies in the literature have 
been on laminar convection in a horizontal smooth 
duct with buoyancy effect [l]. In spite of this, mixed 
convection with weak buoyancy is also observed for 
Gr*/R2 < 50 in turbulent flow. 

As a practically used displaceable device, a longi- 
tudinal rectangular plate is often inserted in tubes of 
heat exchangers to enhance tubeside heat transfer. 
Recently, Solanki et al. [2, 31 conducted experimental 
and theoretical studies on laminar forced convection 
in tubes with polygonal inner cores. Chen and Hsieh 
[4] numerically lstudied laminar mixed convection in 
a horizontal tub’: with a longitudinal square core. 

Most studies ‘were concerned with fully developed 
conditions. However, it was unclear how the flow 
develops to the final states for turbulent mixed con- 
vection in a horizontal tube, especially with a longi- 
tudinal strip in its core. The developing process would 
not only provide insight into the complicated physics 
involved, but also legitimize the fully developed solu- 
tion. Most recently, Hsieh and Wen [S] made another 
numerical study for the same topic under developing 
entrance flow condition. However, literature on 

developing three-dimensional (3-D) turbulent mixed 
convection tube flow with a longitudinal insert is rela- 
tively scare. The purpose of the present work is to 
extend the previous studies [4, 51 of the developing 
turbulent tube flow and heat transfer with strip inserts 
and to examine the thermal effect on forced con- 
vection in this type of turbulent flow. The geometry 
and dimensions of the insert used in this study is 
shown in Fig. 1 which were chosen to meet the appli- 
cations in waste heat recovery system as a recuperator. 
The insert was made from Plexiglas and considered as 
adiabatic. 

EXPERIMENTAL APPARATUS AND PROCEDURE 

The open air flow loop is similar to that used in 
two earlier studies [S, 61. It consists of a double tube 
structure with four different strip type inserts of isoflux 
peripherally heated, a calibrated orifice flow meter, a 
flow straightener, an entrance section, and the test 
section. The geometry, coordinate system, boundary 
conditions and the details of the experimental appar- 
atus are similar to the one in ref. [6]. The test section 
is a straight, circular tube made of stainless steel. The 
tube wall of the test section is heated uniformly with 
an electric heater, the power input to each heater being 
controlled with a variable transformer. The data to 
be presented are for air (Pr w 0.7) with approximate 
power input of 685,137O and 2055 W. The inner tube 
of the heating part which is the test tube of D = 58 
mm is made of 4 mm-thick aluminum plate. The test 
circular tube is D = 110 mm and 3000 mm in length. 
Figure 2 presents a schematic of the apparatus and 
instrumentation. The heating element was a sandwich 
type heater of 18 mm diameter into a quartz made 
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NOMENCLATURE 

aspect ratio, L/H 
heat transfer area 
specific heat at constant pressure 
tube inner diameter, also tube 
hydraulic diameter 
gravity 
modified Grashof number, gPD4q”/v2kf 
height of insert 
heat transfer coefficient 
thermal conductivity of air at film 
temperature 
width of insert 
length of the test tube 
Nusselt number, ho/k, 
Prandtl number, v/cc 
net convection heat flow rate 
the total heat input to the test section 
heat flux, Q,JA 
radius of inner tube 
Reynolds number based on hydraulic 
diameter, VDjv 
temperature 
bulk average velocity 
rectangular coordinates. 

Greek symbols 

; 
thermal diffusivity 
thermal expansion coefficient 

V kinematic viscosity 
P density of working fluid. 

Subscripts 
BR bare tube 
b bulk 
cs crossed-strip type inserts 
F forced convection 
f fluid 

:S 
inlet 
longitudinal strip-type inserts 

m mixed convection 
N natural convection 
out outlet 
W wall 
X local position in the main flow 

direction. 

Superscripts 
+ dimensionless 
- average. 

L=3.54cm 
H=3.S4cm 
D=O.96cm 

L=4.85cm 
H-l.Zlcm 
LPl.97cm 

L=4.85cm 
H=l.Zlcm 
D=l.O7cm 

where 
D=hydraulic 
diameter 

AR=L/H IS (AR=l) Ls W-4) 

Fig. 1. The geometry and dimensions of the insert considered in the present study. 
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shield which is also shown in Fig. 2 and was designed 
to provide uniform power dissipation per unit length. 
It comprises a nickel-chromium wire (gage 1.8 mm 
dia.) wound over the glass wool at 120 windings m-‘. 
The heating element was placed inside the outer tube, 
and the annular space between the two was filled with 
electrical Meca and cement. 

All measurements were made with air as the fluid. 
The locations of the thermocouples used to measure 
the tube wall temperature distribution were described 
in ref. [6] and were also shown in Fig. 3. The ther- 
mocouples were installed in holes drilled into the back 
side of the test tube walls to within +2 mm of the 
tube surface. Thirty 24-gage copper-constantan ther- 
mocouples were installed along the axial centerlines 
of the tube. The detailed measurement positions were 
also shown in Fig. 3. Five thermocouples, positioned 
just up/down stream of the tube inlet/exit, were used to 
measure the entering/exiting bulk temperatures. The 
thermocouple voltage outputs were fed into an 
OMEGA pR-100 scanning data logger which had the 
capability to time-average the output. Electric power 
was supplied to the test section heating wire by one 
independent circuit. The source of power for the cir- 
cuit was an autotransformer, supplied from a standard 
220 V 60 cycle a.c. wall outlet. These autotransformers 
were designed for a load voltage output of (r220 V 
with a maximum current of 10 amps. The voltage 
drops across the resistance wire and across one shunt 
resistors were converged to a multimeter. The room 
air was drawn into the channel entrance over the 
heated test section to a downstream blower, which 
was operated in suction mode. 

Mass flow rate of the air was determined from the 
measured pressure drop across an orifice plate. The 
orifice meter was calibrated by measuring the velocity 
profile in the tube in which the meter was installed 
by a hot wire anemometer. The flow meters have a 
calibrated accuracy of 5 percent. The air supply to the 
experimental apparatus was giving a range of Rey- 
nolds numbers of 6500-19,500 based on the hydraulic 
diameter D and nominal average velocity V. Cor- 
responding Gr*/Re’ range from 1.53 x 10e4 to 2.31. 
The present experiments will give us the total heat 
transfer, Q, where Q at the steady state is the sum of 
Qnet due to convection, the radiation heat loss Qr, and 
the conduction heat loss, Qc. Therefore, 

Qnet = Q-Qr-Qc (1) 

The radiation heat loss and the conduction heat loss 
were found approximately 5 and 3%, respectively, of 
the input power. The local total heat transfer 
coefficients h,, would be obtained as follows : 

To prepare the test apparatus for a set of experiments, 
the inserts used in the previous set of experiments are 
removed and the interior surface of the test section 

are cleaned thoroughly with an adhesive solvent. The 
inserts for the experiments are then installed. Extreme 
care is taken to position the insert segments accurately 
and to ensure good contact. After the test section is 
reassembled, the blower is switched on to allow air to 
flow through the test channel and a solution of soap 
and water is used to check for air leakage. To initiate 
an experiment, air at a predetermined mass flow rate 
is allowed to flow through the test tube. 

Energy balances are used to determine Tb,x, the local 
bulk mean temperature at any streamwise tube 
location in equation (2). The form of the energy equa- 
tion used for this purpose is given by : 

T,,x = .,,+(&)x ($$) (3) 

where Ax is the stream distance from the beginning of 
heating for the streamwise station of interest, m is the 
air mass flow rate and C, is air specific heat. 

Power is then supplied to the heaters to maintain 
the wall temperatures near the exit about +O.l”C 
above the exit air temperature to avoid the heat trans- 
fer from the surroundings. Steady-state is reached in 
2 h. The heater voltages and currents along with all 
temperatures are then recorded. The maximum vari- 
ations of some of the readings are recorded for the 
uncertainty analysis of the results. The barometric 
pressure is read at the beginning and the end of a test 
run. In separate no-flow experiments, a correlation 
between the rate of heat loss through the fiberglass 
insulation and the average wall temperature is made. 
A qualification test for mass and energy balance as 
stated earlier was also made for each test run. 

EXPERIMENTAL UNCERTAINTY 

An error analysis using the method of Moffat [7] 
was performed to determine the uncertainty in the 
experimental data. The single largest contributor to 
uncertainty in the Reynolds number was the measure- 
ment of the volumetric flow rate. The resulting 
maximum uncertainty in Re is 8.2%. The majority of 
the error in NM can be traced to the uncertainty in the 
convective heat transfer and temperature difference. 
The uncertainty in convective heat transfer is due 
mainly to the simplified analysis for the conduction 
loss correction. Although the conduction loss through 
the insert considered as adiabatic can probably be 
estimated only to within 2 and 3% accuracy, these 
losses are so small that it might be negligible. The 
estimated error in the temperature difference 0.2”C. 
Temperature differences were ranged from 20°C to a 
maximum of 60°C. The resulting maximum uncer- 
tainty in Nu is 8%. 

RESULTS AND DISCUSSION 

The present study was conducted for Q = 685,137O 
and 2055 W with the atmospheric air as the convective 
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medium. The range of Gr*/Re’ varied from 
1.53 x lo-4 to 2.3 1. The velocity (bulk averaged) level 
for the present study was about 2.03-28.63 m s-i. 

The determination of fully-developed Nusselt num- 
bers from the experimental data began with the cal- 
culation of the overall bulk temperature rise based on 
an energy balance on the flowing air. The slope of this 
temperature rise was then obtained by dividing by the 
heated length of the test tube. A plot of the measured 
test tube wall temperature was then prepared in order 
to determine the range over which the slope of the 
wall temperature was equal to the calculated bulk 
temperature slope, indicating the region of fully- 
developed heat transfer. A representative temperature 
distribution for five tubes tested at Gr*/Re2 = 0.254 
at Re = 16,250 as shown in Fig. 4. This also verifies 
the present experimental procedure. 

The most important portion of this figure is the 
central segment through which a straight line has been 
fitted to the line representing the fluid bulk tempera- 
ture. The vertical distance between this line segment 
and the bulk-temperature line indicates the wall-to- 
bulk temperature difference used in calculating the 
fully developed heat-transfer coefficient. It is found 
that the smallest temperature difference exists for LS 
insert with AR = 1 and CS insert with AR = 4. Both 
found having the thermal entrance length about 40. 
While the largest temperature difference happens for 
the bare tube. The departure of the wall temperature 
data from straight line behavior at upstream end of 
the test tube was due primarily to the absence of 
front-side heating at this end. Flow development at 
upstream end seems dominant for the cases of bare 
tube and LS insert with AR = 4 and CS insert with 
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Fig. 4. The variations of tube wall and bulk fluid temperature along x/D at Gr*/Re’ = 0.254 and Re = 16,250 

for different tubes with/without insert. 
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Table 1. Thermal entrance length correlations 

Tube Correlations (Pr = 0.7) 

Bare 
LS (AR = 1) 
LS (AR = 4) 
CS (AR = 4) 
CS (AR = 5) 

LJD = 5.05Re”~‘68P~‘58 
L,/D = 1.11 Re0,‘“Pr0.‘58 
L /D = 1.98Re”~‘57Pr0~‘58 
Li/D = 1.1 5Re”.‘50Pro~‘58 
L./D = 2.58Re0.‘63Pro.‘58 

AR = 5. Detailed correlations of LJD vs Re and Pr 
for thermal entrance length were tubulated in Table 
1. Since the working fluid is air and the value was 
considered as constant (= 0.7), the exponent for Pr 
was chosen as the same as that for Re. 

The developing process can be illustrated from heat 
transfer distribution along the downstream distance. 
Figure 5 shows the results from bare tube at two 
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different Reynolds numbers for three different heat 
flux levels and indicates the heat transfer in the cross- 
section is enhanced by the secondary flow due to buoy- 
ancy. The local Nusselt number does not rise immedi- 
ately, however, because the flowing thermal boundary 
layer impedes the heat transfer. The balance between 
these two effects is reached at x/D z 10 at Re = 6500 
in which 0.95 < Gr*jRe’ < 2.31 and hence occurs the 
minimum of Nu in Fig. 5(a). This is also the point 
(x/D c~ 13) when the Nusselt number starts to deviate 
from the forced convection values from [6] in Fig. 
5(a). As Re increased to 19,500 as shown in Fig. 5(b), 
secondary flow orthogonal to the forced flow can be 
much less prominent and effective. Moreover, at this 
stage, it suggests that the axial velocity exhibits pre- 
dominantly forced convection flow behavior. Actu- 
ally, the values from pure forced convection are a little 
different from the present results for mixed convection 
in the beginning of the flow. This is because the entry 
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Fig. 5. Local Nusselt number variations along x/D under different heat flux level at : (a) Re = 6500 ; (b) 

Re = 19,500 for bare tube. 
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region boundary layers at Re = 6500 could be laminar 
like or less fully developed when x/D < 12. A similar 
phenomenon was also observed and discussed in Choi 
and Choi [8] in mixed convection flow in a horizontal 
tube. 

Furthermore, the developing process at Re = 6500 
shown in Fig. 5(a) indicates that the secondary motion 
due to buoyancy in this case is much stronger than 
that of Fig. 5(b) at Re = 19,500, which is expected. 
The fact that the secondary flow is most intense at this 
axial location (i.e. x/D < 20) and causes the Nusselt 
number to have their maximum values at this location 
at Re = 6500 where 0.95 < Gr*/Re’ < 2.31. Farther 
downstream, at x/D > 20, the secondary flow 
becomes weaker due to the disappearance of natural 
convection effects. At sufficiently far downstream 
locations, the secondary flow disappears altogether as 
the fluid reaches wall temperature and the flow 
becomes fully developed which can be seen in Fig. 5. 
This was evidenced by flow visualization reported 
from [5] for laminar flow. Nu data in Fig. 5 show a 
systematic increase with increasing Gr*/Re2, but this 
is not clearly noted for Re = 19,500. This was further 
confirmed in the later section in Fig. 10. This is obvi- 
ous because the present buoyancy assists the forced 
flow at Re = 6500 more than that at Re = 19,500. 
Because the NM increases with Gr*/Re’ in the present 
study occur at all x/D, the qualitative character of the 
changes are the same regardless of thermal boundary 
layer development. Regions where Nu decreases with 
x/D in Fig. 5 are regions where the tube thermal 
boundary layer are less than fully developed. At a 
particular Gr*/Re2 (say g 0.11) at Re = 19,500, this 
occurs at x/D < 15. Also shown in Fig. 5(b) is the 
results from Dittus and Boelter [9], comparisons show 
that fully developed values from the present study at 
Re = 19,500 match at downstream locations except 
that the values of present study show a little bit higher 
than the Dittus and Boelter’s due to thermal buoy- 
ancy. The buoyancy induced motions in this situation 
may thus locally augment advection very near tube 
surface giving mixed convection NM which may be 
locally higher than Nu values of pure forced con- 
vection especially at a low Re (= 6500). 

Near the inlet, the buoyancy force is yet to be 
developed as stated earlier in Fig. 5 and all the curves 
follow that of the forced convection flow. As x/D 
increases, however, the buoyancy effects become 
noticeable and each curve again shown in Fig. 6 starts 
to deviate from the limiting curve. The situation 
becomes more evident as Q increases and when Re is 
small. The enhanced effect due to present flow and 
heating condition can be clearly observed. The reasons 
can be explained as follows: the buoyancy force 
induces secondary flow and the resulting mixing 
increases the flow resistance and the heat transfer 
between the wall and the fluid. 

The developing thermal boundary layers 
(x/D < 16) can also be noted and one contained 
mostly within the low Re portion (e.g. Re = 6500) 

of the momentum boundary layer where buoyancy 
induced motions have at least equivalent magnitudes 
(see Gr*/Re2 for details). Furthermore, such buoyancy 
induced secondary flows enhance NM over pure forced 
convection values in tubes. This is more obvious in 
tubes especially for large heat inputs and low Rey- 
nolds numbers which can be seen from Fig. 6. 

When tube thermal layers merge to become fully 
developed (x/D > 16), Fig. 6 shows that buoyancy 
induced motions augment Nusselt numbers compared 
to pure forced convection values. At a particular x/D, 
NM increases continuously as Re decreases (i.e. Gr 
increases relatively). Velocities induced by natural 
convection with this situation are generally sig- 
nificantly competent with that streamwise advection 
velocities associated with the forced flow. Thus, the 
effect of the buoyant motions is to enhance the forced 
velocities and accelerate the flow especially near tube 
surfaces. 

Based on hydrodynamics considerations, the flow 
field is significantly influenced by the present insert 
blockage and the secondary flow circulation. The 
insert increases the wetted perimeter and reduced 
the flow cross-section area. Figure 7 shows the un- 
noticeable buoyancy effects on the local Nusselt num- 
ber in the entrance region of a horizontal tube with 
strip type insert with AR = 1 at different heat flux 
levels. From then on Nu decreases uniformly as it 
behaves in pure convection. Comparing with Fig. 6 
for a bare tube, tubes with inserts strongly suggest 
that a mixed convection effect seems small. This again 
indicates that the buoyancy effects are dominant at 
x/D < 20 especially for the bare tube at a higher Q 
and lower Re (e.g. Re = 6500). In addition, the 
enhanced heat transfer effect shown in Fig. 7 is clearly 
noted and it is found that the value of enhanced heat 
transfer increases as Re decreases. This situation per- 
sists for tubes with LS and CS inserts (not shown 
here). The thermally entrance length in a tube with 
LS insert and AR = 1 was found about 40 in Fig. 
7, which is smaller than that for a bare tube. The 
corresponding figures of Fig. 7 for LS and CS insert 
with AR = 4 are shown in Figs 8 and 9. Again, it is 
shown that the buoyancy effect seems negligible which 
is quite different from those from a bare tube due to a 
possible higher mixing resulting in a forced convection 
dominance caused by the present insert geometry 
(AR = 4). Overall, the Nusselt number distribution 
still behaves like a mixed convection environment with 
negligibly small buoyancy for LS and CS insert with 
AR = 4. The enhanced effect for these types of inserts 
in this study was found 1.5-2.8 times of the values for 
bare tubes by observing Figs 7-9. 

The length-averaged Nusselt number was defined 
as : 

where Qnet = &(TbO- T,,,). The local values of the 
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Fig. 6. Nu,/Nu,, vs x/D at different heat flux for bare tube. 

thermophysical .properties of air were obtained at a 
reference fluid temperature of Tc = O.S( Tin + To,,). 
Figure 10 show:r the data and the five correlations 
(bare tube and tubes with inserts) for the average 
Nusselt number plotted against Gr*/Re’. However, it 
is shown that the tube with insert usually has a better 
heat transfer rate than the one without insert. It stron- 
gly displays that. LS insert with AR = 1 has the best 
heat transfer performance, followed by CS insert with 
AR = 4 and 5, and LS with AR = 4. The thermal 
buoyancy effect was also examined. The slope of the 
average Nusselt number curve in Fig. 10 indicates the 
influence of the parameter of Gr*/Rti. It is found that 
the buoyancy effect has a relatively little influence in 
tube with insert as one can see from the magnitude of 
exponent for Gr*/Re’ especially for LS insert with 
AR = 1 when G,r*/R2 d 0.004. 

A composite correlation of the experimental heat 
transfer data for all the tubes with inserts with differ- 

ent Gr*/Re’, and D/J was formulated. All of the exper- 
imental data were then plotted in Fig. 11 and cor- 
related with the equation which was also shown in 
Fig. 11. The equation shown in Fig. 10 is valid for 
air flow with Reynolds number in the range 
6500 =$ Re < 19,500, 5.82 x lo4 < Gr* < 9.78 x lo7 
(1.53 x 10e4 < Gr*/Re2 < 2.31), and 3.18 x lo-’ < 
D/t’ Q 6.57 x 10e3. The empirical correlation predicts 
the experimental data with an average error of 2.45% 
and a maximum error 3.79%. 

Nusselt number data for mixed convection from the 
present study are plotted in Fig. 12 as a function of 
Gr* for Reynolds number 6500, 9750, 13,000, 16,250 
and 19,500 to illustrate the effects of a wide range of 
this parameter. This plot was redrawn from [6] with 
several slight modifications for adding pure forced 
and natural convection data. The natural convection 
results were obtained when shut off the power supply 
for driven motor. Consequently, the forced con- 
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Fig. 7. NuX/NuO vs x/D for LS insert with AR = 1 at different heat flux level. 

vection results were secured from the following 
relation [lo] : 

NuF = (Nu; -N&f. (5) 

Regardless of the Reynolds number forced convection 
Nu data calculated from Dittus Boelter correlation [9] 
also lie on the ordinate at Gr* = 0 with a lower value 
than the corresponding one obtained from the exper- 
iments in Fig. 12, and pure natural convection values 
are located at bottom of each collection of data. Mixed 
convection data are located much higher than the 
natural convection. As the Reynolds number 
decreases, Nu data are located at smaller values of 
Gr*, and spread over a smaller portion of the graph 
over a smaller range of Gr*. After then, the increasing 
rate approaches a plateau. This situation becomes 
moderate as Re increases for bare tube. This is quite 

similar to the laminar results of Ligrani and Choi [ 1 I]. 
However, this behavior no longer exists for tube with 
inserts which can be seen in Fig. 12(b). 

CONCLUSIONS 

Developing turbulent mixed convection in a hori- 
zontal circular tube with strip-type inserts was 
extensively studied in the range of 
1.53 x 10m4 < Gr*/R$ < 2.31. The major conclusion 
can be drawn as follows : 

(1) Systematic experimental data for steady-state 
mixed convection heat transfer are obtained and 
they were correlated in terms of Gr*/Re2 and D/L 
and shown in Figs 10 and 11 for tubes with LS 
and CS inserts. 

(2) The effect of the secondary flow and the aug- 
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Fig. 10. Nu vs Gr*/Re* at Re = 6500,9750, 13,000, 16,250 and 19,500. 
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Fig. 12. Buoyancy effects on heat transfer in a horizontal circular tube with (LS, AR = l)/without insert. 

menting main flow direction buoyancy force has 
been found to be significant for the tube without 
insert at Re = 6500. However, with insert in the 
tube, the buoyancy effect could be negligible even 
at Re = 6500. 
The enhanced effect could be up to 2-3 times 
compared to the bare tube for the cases under 
study. It is found that LS with AR = 1 has the 
best thermal performance and the least inlluence 
of buoyancy effect. 
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