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The thermal-hydraulic characteristics of both the inside of and the outside of tube banks of a recuperator are 
discussed in this study.  The radiation effect was considered between the tube wall and the working fluid to 
evaluate the tube exterior performance.  For the tube interior, the heat transfer and pressure drop data for 
turbulent flow are discussed for different kinds of tube inserts, including longitudinal strip inserts with/ 
without holes and twisted-tape inserts with three different twist angles (α=15.3°, 24.4° and 34.3°).  From the 
simulation results, it is found that the heat transfer coefficient and pressure drop of tube banks with strip  
inserts are 5~16% and 90~140% higher than those of tube banks without inserts.  When strip inserts with 
holes are used, the heat transfer coefficient and pressure drop are 12~27% and 220~250% higher than those 
for tube banks without inserts.  The heat transfer coefficient and pressure drop of tube banks with twisted- 
tape inserts of α =15.3°, 24.4° and 34.3° are, respectively, 6~32% & 130~170%, 12~43% & 240~280%, and 
25~61% & 290~330% higher than those of tube banks without inserts.  The numerical results of heat transfer 
coefficient for strip inserts without/with holes and twisted-tape inserts agreed with the experimental data 
within 4.1%, 4.5% and 8.5%, respectively. 

1. INTRODUCTION 

The efficient utilization, conversion and recovery of 
heat are the predominant engineering problems of the 
process industry.  The plate-finned-tube heat exchanger 
is one of the most commonly used compact heat ex-
changers in automobiles, air-conditioners and chemical 
industries.  The recuperator is a special purpose heat 
exchanger utilized to recycle the exhaust gas heat en-
ergy escaping from the furnace. 

There are three different approaches for the en-
hancement of tube-side convective heat transfer: namely, 
insert devices, internal fins and integral roughness.  
Insert devices involve various geometric forms that are 
inserted in a smooth, circular tube.  Internal fins and 
integral roughness require deformation of the material 
on the inside surface of a long tube.  The method of 
preference depends on two factors: the performance 
and the initial cost. 

For displaced enhancement devices, Koch(1) and 
Evans & Churchill(2) tested two types of displaced in-
sert devices, spaced disks and spaced streamline shapes, 
in laminar and turbulent flow.  These two types of in-

sert had a substantially higher pressure drop than that 
for the twisted-tape inserts or the wire coil inserts.  
Tomas(3) tested displaced wires for turbulent flow of 
water in an annulus. When the wires were axially spaced 
in pairs, separated approximately by nine wires diame-
ters, the most favorable ‘St/f ’ (St is Stanton number, f is 
friction factor) performance was obtained.  Xie et al.(4) 
provided the data on the louvered inserts for an oil (Pr = 
41, Pr is Prandtl number) in an electrically heated tube. 
The strips, with an approximately 45-degree angle and 
spaced at a distance P, were bent in alternate directions. 

In wire coil inserts, the inserts are made by tightly 
wrapping a coil of spring wire on a circular rod.  The 
wire coil inserts provide heat transfer enhancement by 
flow separation at the wire causing a fluid mixing in the 
downstream from a wall layer.  The local heat transfer 
coefficient downstream from a wall attached wire has 
been reported on by Emerson.(5)  These studies suggest 
an approximate rule for picking the maximum effective 
wire size.  

In extended surface inserts, the inserted device is 
formed as an aluminum extrusion.  The aluminum ex-
trusion is normally formed with five legs, although the 
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number of legs is a design choice and may be between 
four and eight.  Hilding aand Coogan(6) provided the 
Colburn factor (j) and the friction factor (f) versus the 
Reynolds number (Re) data for a six-legged straight 
extrusion in turbulent flow.  Trupp and Lau(7) predicted 
the Nusselt number (Nu) and f for laminar flow in a 
tube having full height fins and with an angle between 
the fin legs that varied from 8 to 180 degrees.  Date 
and Singham(8) and Date(9) first reported the numerical 
predictions of heat transfer and friction performance for 
fully developed flows in tube-side with twisted-tape 
inserts under the uniform heat flux (UHF) boundary 
condition.  Marner and Bergles(10) published the heat 
transfer and isothermal pressure drop data for the lami-
nar flow of a viscous liquid, Polybulene 20, in circular 
tubes with twisted-tape inserts.  The heating and cool-
ing data were obtained in the deep laminar region 
(Reynolds number from 15 to 575) and the heat transfer 
enhancement in Nusselt number (Nu) was about 50 to 
125 percent higher than the tubes without any inserts.  
Smithberg and Landis(11) developed a semi-empirical 
model for the friction factor and showed that the model 
properly predicted the data for tapes having the twist 
ratio (y) from 3.62 to ∞. Thorsen and Landis(12) showed 
that centrifugal force provides an enhancement of heat 
transfer because it can mix the working fluid from the 
core region with the working fluid near the wall.  
Thorsen and Landis also developed the first semi-  
analytical model for turbulent heat transfer with a 
twisted-tape tube insert and indicated that the buoyancy 
effect arising from the density variations in the cen-
trifugal field has an effect on heat transfer.  The corre-
lation of the Nusselt number for heating process and 
cooling process were also obtained in the study.  Lopina 
and Bergles(13) created a superposition model to account 
for the increased speed of the flow causing by the spiral 
flow and the centrifugal buoyancy effects in the tubes.  
Manglik and Bergles(14) provided a correlation of the 
heat transfer coefficient based on the asymptotic method, 
and is valid for a constant wall temperature (Tw) and 
constant Heat flux (q) with Red >10,000.  The correla- 
tion is shown as ⎟
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, , where  

Nud is for a twisted-tape inserts and ∞=ydNu ,  is for a  
tape having no twist. 

From the literature review, there are few related 
three-dimensional numerical analyses for the tube in-
serts.  In this study, a three-dimensional numerical 
analysis with different types of tube inserts is performed 
and compared.  In order to calculate the heat transfer 
enhancement and the correlated pressure drop, a flat- 
plane with holes and a twisted-tape with three different 
twist angles (α = 15.3°, 24.4° and 34.3°) were tested as 
tube inserts in this study. 

 

 
2. EXPERIMENTAL METHOD 

2.1 Mathematical Analysis 

Figure 1 presents the physical model and relevant 
geometrical dimensions in both numerical and experi-
mental studies for the tubes and inserts.  Three differ-
ent kinds of tube insert were investigated in this study 
to compare the heat transfer enhancement with the bare 
tubes.  Figure 2 shows the details of the numerical 
models used in this study.  The working fluid is con-
sidered to be incompressible with constant properties 
and the flow is assumed to be turbulent, steady and to 
have no viscous dissipation.  Heat radiation and dissi-
pation between the tube surface and the working fluid 
were considered owing to the high temperature of the 
working fluid.  For the turbulence calculation, the in-
tensity of the turbulence at the inlet was set to be 3%.  
The three-dimensional equations of continuity, momen-
tum, energy, turbulent kinetic energy, k, and the dissi-
pation rate, ε, in the fluid region can be expressed as 
follows: 
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Equation (2) contains Reynolds stresses expressed 
using the extended εk−  turbulence model proposed by 
Wang and Chen.(15) 

In order to consider the radiation effect, the Dis-
crete-Ordinate Method(16) was applied and the govern-
ing equation is introduced below: 
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where )( Ω⋅rI  is the radiation intensity, )(rIb  is the 
blackbody radiation intensity, and k and ξ  are the 
absorption and scattering coefficients of the medium,
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Fig. 1.   Physical model of different tube inserts. 

 

 
Fig. 2.   Numerical models for tube inserts. 

respectively. )'( ΩΩΦ → is the phase function of en-
ergy transfer from the incoming direction 'Ω  to the 
outgoing direction Ω .  The left-hand side of Equation 
(6) represents the gradient of the intensity in the speci-
fied direction Ω . The three terms on the right-hand side 
represent the changes in the intensity due to the absorp-
tion and out scattering, emission, and the in scattering. 

To obtain an accurate solution, proper boundary 
conditions have been applied on the boundary of the 
computational domain.  At the upstream boundary, a 
uniform flow with the inlet velocity (Uin) and the inlet 
temperature (Tin) were assumed.  At the downstream 
end of the computational domain, the stream-wise gra-
dient (Neumann boundary conditions) for all the vari-
ables was set to be zero.  At the symmetry planes, 
normal velocity was also set to be zero.  At the solid 
surface, a no slip condition and a constant wall tem-
perature (Tw) are specified. 

A body-fitted coordinate system along a multiblock 
system is used in this study in order to generate a curvi-
linear coordinate system with a proper control of grid 
densities.  The governing equations are solved numeri-
cally by using a control-volume-based finite-difference 
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formulation.  The SIMPLER algorithm is used to solve 
the system of finite-difference equations iteratively.  To 
fit the different types of tube inserts, axial-symmetry 
grids for bare tubes and biradial-symmetry grids for the 
flat-plane inserts, with and without holes, and twisted- 
tape tube inserts are used in this study. 

2.2 Experimental Setup and Data Acquisition 

The three types of tube insert configurations, 
namely flat-plane inserts, flat-plane inserts with holes 
and twisted-tape inserts with three different twist an-
gles (α = 15.3°, 24.4° and 34.3°), tested in this study 
are shown in Fig. 1.  Geometric parameters of all the 
tube inserts are also listed in Fig. 1.  The experiments 
were conducted in an induced draft air system, as 
shown in Fig. 3.  The hot air was driven by a 0.75 KW 
centrifugal fan and heated from room temperature to 
300~700°C by an electronic heater.  The inlet and exit 
temperature across the test section were measured by a 
K-type thermocouple.  The variation of these thermo-
couples was within ±0.2°C and the thermocouples were 
pre-calibrated by a quart thermometer whose accuracy 
is within 0.01°C.  The working fluid inside the tube 
was cold air and both the inlet and the outlet tempera-
tures were measured by two pre-calibrated RTDs (Pt- 
100), whose accuracy was within 0.05°C.  The pressure 
drop was calculated from the static and dynamic pres-
sures detected by the pitot tube.  All the data signals 
were collected and converted by a data acquisition sys-
tem. 

The estimated uncertainty is 3% for the mean tem-
perature and 7.1% for the pressure drop.  Using the 
method proposed by Kline and McClintock,(17) the 
maximum uncertainty of the calculated local convec-
tive heat transfer coefficient is ±7.8%. 

 
3. RESULTS AND DISCUSSION 

The numerical results for the bare tube (inside  
diameter of the tube = 0.042 m), flat plane inserts (δ = 
0.0016 m), flat plane inserts with holes, and the twisted- 
tape inserts with different twisted angles (α = 15.3°, 
24.4° and 34.3°) are shown in Figs 4~6.  Figure 4 illus-
trates the velocity distribution for the circular tube with 
flat plane inserts, flat plane inserts with holes, and 
twisted-tape inserts with an inlet frontal velocity 9.5 
m/s. 

For the flat plane inserts and flat plane inserts with 
holes, Figs. 4(a) and 4(b) show that the velocity along 
the central line are much higher than that of the bare 
tube.  Furthermore, as shown in Fig. 4(a), the boundary 
layer is repeatedly interrupted by the holes on the flat 
plane inserts and results in the flow re-mixing near the 
holes.  The velocity distributions of three types of the 
twisted-tape tube inserts are shown in Figs. 4(c), 4(d) 
and 4(e).  The flow inside the tubes was mixed by the 
twisted-tape inserts and was accelerated to a value 40% 
higher than the inlet velocity due to the distortion of the 
flow field. 

The numerical results of pressure distribution for a 
circular tube with inserts with an inlet velocity 9.5 m/s 
is presented as Fig. 5.  As shown in Fig. 5(a), the 
working fluid flows pass-by the flat plane and results in 
a great pressure drop due to the resistance on the sur-
face of the inserts.  Comparing Figs. 5(a) and 5(b), it is 
clear that the pressure drop for the flat plane inserts is 
about 50% higher than that for the flat plane with holes 
due to the destruction of the boundary layer near the flat 
plane.  Figures 5(c), 5(d) and 5(e) show the pressure 
distribution of the working fluid in a circular tube with 
twisted-tape inserts.  The pressure drop for the insert  

 

 
Fig. 3.   Schematic diagram of the experimental setup. 
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Fig. 4.   Velocity distribution inside the tube with tube inserts. 

 

 
Fig. 5.   Pressure distribution inside the tube with tube inserts. 

 
with α = 34.3° is 109% higher than that for the insert 
with α = 15.3° and 59% higher than that for the insert 
with α = 24.4°. 

The temperature distributions for a cross section 

for different tube inserts are presented in Fig. 6, 6(a) 
and 6(b) show the temperature distribution for a cross 
section in a circular tube with flat plane inserts with 
and without holes.  It is seen that the low tempera-  



72 Heat and Fluid Flow Analysis over Different Tube Inserts of Recuperator 

ture region for a flat plane insert with holes is larger 
than that for a bare flat plane insert due to the heat 
transfer enhancement by the holes on the flat plane 
insert.  The temperature distributions of a circular tube 
with the twisted-tape inserts are presented in Figs. 6(c), 
6(d) and 6(e).  A cross section of the twisted tube for 
temperature field was selected and the temperature dis-
tributions are presented in two dimensional forms in 
these figures. 

Figure 7 demonstrates the pressure drop per unit 
length in a circular tube with different kinds of tube 
inserts versus Reynolds number ReDh.  It is seen from 
Fig. 7 that the highest pressure drop occurred when the 
twisted-tape insert type C with twist angle 34.3° was 
used.  Significantly, the pressure drop in a circular tube 
with twisted-tape inserts was about 45~102% larger 
than that with flat plane inserts.  It is also observed that 
for the flat plane tube insert with holes, the pressure 
drop was about 5~38% higher than that for twisted-tape 
inserts type A with twist angle 15.3°, since boundary 
layer destruction occurs due to the holes in the flat plane 
inserts. 

The numerical results and the experimental data of 
the mean Nusselt numbers obtained for the bare tube, 
the tube with flat-plane insert, the tube with flat plane 

insert with holes, and the tube with twisted tape insert 
type B with twist angle 24.4° are shown in Fig. 8.  It is 
seen that the heat transfer performance of the twisted- 
tape tube insert type B, with twist angle 24.4°, is the 
best one among all test cases in this study.  The mean 
Nusselt number for the twisted-tape inserts with twist 
angle 24.4° is 6~18% higher than that for flat plane 
inserts with holes, 12~27% higher than that of flat 
plane inserts and 22~35% higher than the bare tube. 

In Fig. 9, the mean Nusselt number data with dif-
ferent twist angles (α = 15.3°, 24.4° and 34.3°) are com-
pared.  The results of the heat transfer performance 
from the correlation predicted by Thorsen and Landis,(12) 
Donevski et al.(18) and Kidd(19) are also graphically pre-
sented and compared in Fig. 9 on the basis of the fol-
lowing: y = 2.5,δ/di = 0.05, L/di = 150.  It is seen that 
there is a fair agreement between the results reported 
by Thorsen & Landis and Donevski et al. and the cor-
relation obtained by Kidd was a little over-predicted.  It 
can be seen from Fig. 9 that the correlation obtained in 
this study predicts the mean Nusselt number as well as 
that for correlations of other investigators within 20%. 

Figure 10 presents the variations of the Colburn 
factor (j) and the friction factor (f) with the Reynolds 
number ReDh for the bare tube, the tubes with flat-plane 

 

 
Fig. 6.   Temperature distribution inside the tube with tube inserts. 
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Fig. 7.   Pressure drop per unit length of tube for different 
kind of tube inserts. 

Fig. 8.   Nusselt number for different kind of tube inserts.

 

 
Fig. 9.   Nusselt number for twisted inserts with different 
twist angles. 

Fig. 10.   Heat transfer and friction factor for various inserts.

 
inserts, flat-plane inserts with holes, and the twisted- 
tape inserts type B, with twist angle 24.4°, respectively.  
Although the Colburn factor (j) of the twisted-tape in-
serts is only 2~5% higher than that of the flat plane 
inserts with holes, the friction factor (f) of the twisted- 
tape inserts is 3~8% lower than that of the flat plane 
inserts with holes.  As a result, the twisted-tape tube 
inserts with twist angle 24.4° are more suitable and 
economical for industry applications. 

Finally the correlations obtained from numerical 
method for the Nusselt number (Nu) and friction factor 
(f) are shown in Table 1. 

4. CONCLUSIONS 

The numerical and experimental studies of three- 
dimensional turbulent flow inside the tubes with flat 
plane inserts, flat plane inserts with holes and twisted- 
tape inserts with three different twist angles (α = 15.3°, 
24.4° and 34.3°) have been presented.  Heat transfer 
performance and related pressure drop were also dis-
cussed in this study.  The numerical results demon-
strate that the average heat transfer coefficient of tubes 
with twisted-tape inserts are 6~35% higher than that for 
flat plane inserts with holes according to the different 
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twist angles from 15.4° to 34.3°.  The numerical pre-
dictions agree well with the experimental results and 
with the data presented in the literature.  The influence 
of the different types of tube insert in a circular tube 
may be summarized as follows: 
(1) The flat plane inserts with holes in a circular tube 

have the greater enhancement of the heat transfer 
coefficient than that for a flat plane insert and result 
in a higher pressure drop and a larger friction factor.  

(2) A higher twist angle of the twisted-tape inserts in-
duces a larger heat transfer coefficient, but give rise 
to a flow penalty in the form of an increased fric-
tion factor. 

(3) The heat transfer coefficient for a circular tube with 
flat plane inserts with holes is greater than that for  
a twisted-tape insert type A, with α = 15.4°, and 
worse than that for a twisted-tape insert type B, 
where α = 24.3°.

 
Table 1   Correlations of Mean Nusselt Number and Friction Factor 

 1C  1m  2C  2m  

7000 ≤ Re ≤ 20000 0.02209 0.7673 0.7594 -0.3274 

 20000 ≤ Re ≤ 50000 0.01809 0.7875 0.2743 -0.2246 

7000 ≤ Re ≤ 20000 0.1889 0.5824 11.1752 -0.5065 

 20000 ≤ Re ≤ 50000 0.5025 0.4836 16.195 -0.544 

7000 ≤ Re ≤ 20000 0.2291 0.5679 6.647 -0.4125 

 20000 ≤ Re ≤ 50000 0.6577 0.4614 8.3624 -0.4356 

7000 ≤ Re ≤ 20000 0.04318 0.7159 0.5965 -0.2097 

 20000 ≤ Re ≤ 50000 0.02432 0.7739 0.5369 -0.1991 

7000 ≤ Re ≤ 20000 0.03132 0.7496 0.9108 -0.1989 

 20000 ≤ Re ≤ 50000 0.0293 0.7563 0.6504 -0.1646 

7000 ≤ Re ≤ 20000 0.5746 0.4745 1.5301 -0.3042 

 
(α=15.3o) 

20000 ≤ Re ≤ 50000 0.8845 0.4317 2.673 -0.3617 

7000 ≤ Re ≤ 20000 0.7685 0.4531 2.3676 -0.3245 

 
(α=24.4o) 

20000 ≤ Re ≤ 50000 1.546 0.3837 2.949 -0.348 

7000 ≤ Re ≤ 20000 1.2035 0.4191 2.6511 -0.3166 

 
(α=34.3o) 

20000 ≤ Re ≤ 50000 1.663 0.387 3.019 -0.3281 

1Re1
mCNu = ； 2Re2

mCf =  
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NOMENCLATURE 

A Heat transfer area of tube inserts (mm2) 
d Diameter of the tube (mm) 
do Outside diameter of the tube (mm) 
di Inside diameter of the tube (mm) 
C Heat capacity (W/kg-K) 
Dh Hydraulic diameter (mm) 
f Friction factor 
Gr Grashof number 
H Width of the tube inserts (mm) 
h  Heat transfer coefficient (W/m2-K) 
h  Average heat transfer coefficient (W/m2-K) 
j Colburn factor 
jbare tube Colburn factor of the bare tube 
K Thermal conductivity (W/m-K) 
L Axial length (m) 
Nu Nusselt number 
Nud Nusselt number of the tube with twisted-tape  
 inserts 
Nud,y=∞  Nusselt number of the tube with flat-plane  
 inserts 
Nu  Average Nusselt number 
Uin Inlet velocity 
P Pressure (Pa) 
Pin Inlet pressure (Pa) 
Pt The length of the twisted-tape twist from  
 0o to 180° (mm) 
Ptotal Total pressure drop (mm-Aq) 
Pr Prandtl number 
Q Heat transfer rate (W) 
q or q" Heat flux (W/m2) 
Re Reynolds number 
Red Reynolds number based on d 
ReDh Reynolds number based on Dh 
St Stanton number 
T Temperature (K) 
δ Thickness of the tube inserts (mm) 
Tin Inlet temperature (K) 
Tw Wall temperature (K) 
tw Tube wall thickness (mm) 
u,v,w Flow velocity along x,y,z axis (m/s) 
y Twist ratio 
α Twist angle 
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