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Abstract. Aiming at improving heat transfer efficiency of heat exchanger tube,
this paper proposes two types of tape fitted in tubes with adaptive transform capa-
bilities(different twisted ratio and shrink ratio at different temperature) and study
on the heat transfer and flow characteristics inside the tube. In this study, the
performance of inserts is simulated by commercial computational fluid dynamics
(CFD) solver. Two types of inserts are presented as twisted tape and ripple tape.
To value the performance of the tapes, the results simulated by CFD are presented
in dimensionless form such as Nusselt number(Nu), friction factor(f) and perfor-
mance evaluation criteria (PEC). Meanwhile, through the results, several dimen-
sionless correlations are developed to predict the heat transfer characteristics and
flow resistance of the heat exchanger tube with different types of tape.
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1 Introduction

As the demand of high thrust-weight ratio of aircraft engine increases more and more,
the heat load inside the engine is also becoming heavier. Therefore heat transfer for a
better temperature distribution inside the engine is necessary. As the most important
component for the heat transfer, heat exchangers are used heavily. The efficiency of the
heat ex-changer is the key to value the performance. In recent years, Many researchers
have been studying on heat transfer enhancement measures [1-10].

Heat transfer enhancement measures can be divided into two parts: active heat trans-
fer enhancement and passive heat transfer enhancement. Active heat transfer enhance-
ment requires outside power such as vibration or else to change the flow field and to
enhance the heat transfer. However, the passive heat transfer enhancement does not
require outside power to create the high intensity flow to improve heat transfer. Base on
this feature, passive heat transfer enhancement measures are applied in a large amount
of engineering practices. Many researchers have studied on the mechanism of passive
heat transfer. Zimparov et al. [11-14] studied the flow and heat transfer characteristics
of spiral grooved tube com-bined with twisted tape experimentally, and summarized
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the flow and heat transfer correlations. Bas et al. [15]. studied heat transfer and flow
characteristics of tubes fitted with twisted tapes by experiments. It is found that the heat
transfer intensity is affected by the twisted ratio of the tape, the intensity of heat transfer
is improving when the twisted ration decreases. Savekar, Arsha, Salman et al. [16-18].
studied on the relationship between Nusselt number, Reynolds number and twisted ratio.
The study found that Nusselt number increases when the Reynolds number increases.
Hossain el at. [19] found that compared to the tube without obstacle, the heat transfer
capacity of the tube with obstacles inside it is larger. The distance between obstacles has
a crucial effect on heat transfer. Meng et al. [20]. found that the heat transfer intensity in
discrete double-inclined ribs tube is much higher than the normal tube. Nusselt number
inside the tube is 250%—-650% of the tube without discrete double-inclined ribs and the
flow resistance is 120%—-300% simultaneously. The study of Bhuiya et al. [21]. shown
that by inserting two-reverse-direction twisted tape, the Nusselt number, friction and
PEC in-crease when the twisted ratio decreases. When Reynolds number is low and the
twisted ratio reaches to 1.95, the maxi-mum PEC is acquired. Zhang et al. [22]. studied
on the heat transfer intensity of tube with different types of inserts. It is found that com-
pared to the plain tube, the tube with triple and quadruple tape has a higher heat transfer
intensity. Mahfouz et al. [23].study on the heat transfer inside tube with different types
of inserts and fitting the formula of Nusselt number, Reynolds number and twisted ratio.

Through the study of the above researchers, it can simply come to a conclusion
that fit different types of obstacles can improve heat transfer intensity inside a heat
exchanger tube. This paper is aiming at analysis the heat transfer mechanism in a tube
with different kinds of inserts and to find out the relationship between Nusselt number,
Reynolds number and geometry of the obstacle.

2 Model and Calculation Configuration

To analysis the effect on the heat transfer and resistance characteristics of different
inserts, two types of inserts (twisted tape and ripple tape) are studied. The geometry of
the twisted tape is showed in Fig. 1. Thickness of tape (8) is 0.8mm. The screw pitch (L)
and diameter of tape(D) are used to describe the twisted ratio(e = L/D). Geometry of the
ripple tape is showed in Fig. 2. Thickness of the ripple tape is 3, ripple tape conforms to
sinusoidal law, the shrink ratio (0) is de-scribe by k and A (6 = k/A).
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Fig. 1. Geometry of twisted tape Fig. 2. Geometry of ripple tape

The effect of twisted tape and ripple tape on the heat transfer and flow resistance
characteristics was studied. To analysis the specific characteristics inside the tube, the
commercial computational fluid dynamics software (Ansys Fluent19) was used to solve
the governing equation (conservation of mass, momentum, energy and turbulence equa-
tions). SIMPLE algorithm was applied to resolve the coupling between velocity and pres-
sure fields with second-order accurate scheme. The working fluid was Air and the flow
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was assumed to be steady-state, incompressible and turbulent. Base on the assumption
mentioned above, the conservation equation can be described as follow:
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Where u is the flow velocity, p is the density of the fluid, x;, x;j are the Cartesian coor-
dinates, | is the fluid dynamic viscosity, it is the turbulent viscosity, P; is the Prandtl
number, T is the fluid temperature, o is the turbulent Prandtl number for the tempera-
ture, k is the turbulent kinetic energy, Gk is the generation of turbulent kinetic energy,
w is the turbulent specific dissipation rate, Gy, is the generation of specific dissipation
rate. Fy is the blending function. ok and o, are the turbulent Prandtl numbers for k and
w respectively. B1, B2, 04,2 are model constants. The Geometry of calculation model is
shown in Fig. 3. The CFD model specifications and boundary conditions are shown in
Table 1.
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Fig. 3. Geometry of accuracy validation model

3 Grid Independence and Mode Validation

The quantity and quality of grid will have great influence on the calculation results. A
grid independence test is performed to minimum the effect on the accuracy of simulation
results. The relationship between Nu and the number of grid is shown in Fig. 4 and the
relationship between f and the number of grid is shown in Fig. 5, It shows that the
correlation between calculated results and number of grid is no longer obvious as the
grid number increasing up to 3 x 106.
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Table 1. CFD model specifications and boundary conditions.

Geometry/boundary condition Specification Value
Tube Inner diameter 10 mm

Outer diameter 12 mm

Length 100 mm
Twisted tape Twisted ratio (g) 1,1.5,2,4,6,9

Ripple tape Shrink ratio (6) 3.33,4.67, 6.67, 10
Turbulent model SST k—w %35 Turbulent intensity
Velocity boundary Hot inlet (m/s) 5, 10, 15, 20, 25, 30, 35
Cold inlet (m/s) 5
Temperature boundary Hot inlet 473 K
Cold inlet 300K
Pressure boundary Hot outlet 101325 Pa
Cold outlet 101325 Pa

Nusselt number
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Fig. 4.
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Some researchers have studied about the turbulence models previously to testify the
accuracy of this kind of flow. It was shown that the SSTk — w turbulence model is in
good agreement with the experimental data. A simulation was performed to verify the
calculation model accuracy compared to the experimental work from Eiamsa-ard et al.
[24]. The result of the simulation was shown in Fig. 6 and Fig. 7. It can be seen from the
diagram that the result of Nusselt number is in good agreement with the experimental data
where the Reynolds number between 0—12000. The calculated result gradually deviates
from the test value as the Reynolds number increasing. It shows that the maximum error
of the Nusselt number below 5% when the Reynolds number between 0 to 12000 and
the error of friction factor(f) not more than 10%. Considered of the uncertainty of the
experimental data (10% of the Nu, 12% of the f). The definition of Nu, Re and f are
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given as follow:

Nu = hA—D 6)

Re = % (7
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Where Q is the heat transfer capacity, Tin, Tout are the fluid temperature of the inlet and
outlet. A is the heat transfer area, h is the heat transfer coefficient, AP is the pressure
difference between inlet and outlet, \ is the thermal conductivity of fluid, v is the fluid
velocity.
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Fig. 6. Comparison of Nu between calculated Fig. 7. Comparison of Friction factor
results and experimental data between calculated results and experimental
data

4 Results and Analysis

4.1 Effects of Twisted Tape on Heat Transfer and Flow Characteristics

The relationship between Nusselt number and Reynolds number at different twisted
ratio are given in Fig. 8. It can be seen that the heat transfer intensity increases when the
Reynolds number increases. At the same twisted ratio, the Nusselt number with small
twisted ratio is higher than which with big twisted ratio.

To find out the specific effect of twisted ration on heat transfer, ANu, is given
to describe the increment of Nusselt number at unit twisted ratio drop. The definition
of ANu, is presented below. Nu(ei, Re;) represent the Nusselt number when the € is i
and the Re is j. Figure 9 shows that as the twisted ratio decreases, the ANu, increases
correspondingly. This suggests that the growth of Nusselt number is not linear with the
decrease of twisted ration. When the twisted ration is large, the growth of Nusselt number
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Fig. 8. Relationship between Nu and Re at Fig. 9. Changes in growth of ANug
different twisted ratio

caused by decrease of twisted is not obvious. As the twisted ratio decrease gradually, the
heat transfer benefits of the decreasing twisted ratio becoming more and more apparent.
When the twisted ratio decreasing from 1.5 to 1, the unit Nusselt number increment is
171% of the Nusselt number as the twisted ratio decreasing from 9 to 6.

AN = NM(EU,E) _Nu(go'—l’E) (10)
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Fig. 10. Relationship between f and Re at Fig. 11. Changes in growth of Afy
different twisted ratio

The effect of twisted tape is shown in Fig. 10, compared to the tube without twisted
tape, flow resistance in the tube with twisted tape is much higher and the friction factor
increases as the twisted ratio decreases. At the same twisted ratio, the flow resistance
decreases when the Reynolds number increases. That is because as the Reynolds number
increasing, the viscous boundary layer is getting thinner, so the drag from the surface is
smaller. This phenomenon is much more obvious when the Reynolds number between
2000- 6000. To find out the specific effect of the twisted tape on resistance, Af; is
defined to described the unit flow resistance increment as follow:

Afo-:f(SU’Re) _f(80—13Re) (11)

Eo — E0—1

Figure 11 shows that the rate of flow resistance increment is variable, as the twisted
ratio decreasing, the flow resistance becoming higher and higher. However, the unit flow
resistance increment reaches maximum when the twisted ratio near 1.5, as the twisted
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ratio continue goes up, the unit flow resistance increment becomes lower, that means the
rate of flow resistance increment declined.

Based on the CFD results shown in Fig. 10, and Fig. 12, two dimensionless corre-
lations (Eqgs. 17 and Egs. 18) for estimating the heat transfer and pressure drop in tubes
with twisted tape were developed. The Eqs. 17 relates the Nusselt number to the twisted
ratio and Reynolds number while the Eqs.18 relates the Friction factor to the twisted
ratio and Reynolds number.

Nu = 1.6267034ReOH (12)

f =26.9¢7161Re™0-21 (13)

4.2 Effects of Ripple Tape on Heat Transfer and Flow Characteristics

In this section, the effect of ripple tape on heat transfer and flow characteristics is
discussed, Itis found that the ripple tape have the ability to improve heat transfer intensity
to some degree, with different shrink ratio, the heat transfer enhancement is different.
Figure 12 shows the velocity distribution of fluid with different shrink ratio. As the
existence of the ripple tape, many acceleration channel are formed at the peak of the
tape, this kind of acceleration channel increases the velocity of fluid and the intensity of
heat transfer. The larger the shrink ratio is, the more acceleration channels formed, that
illustrates how shrink ratio affects the heat transfer intensity.

Figure 13 shows the relationship between the Nusselt number and Reynolds number
at different shrink ratio, it can be seen that at the same Reynolds number, the Nusselt
number increases as the shrink ratio increases. Figure 14 shows that the ripple tape can
also increase the flow resistance despite the heat transfer enhancement.

0=333 0=10

Fig. 12. Velocity distribution of fluid with different shrink ratio

Similar to the twisted tape, two dimensionless correlations (Egs. 19 and Eqs. 20) for
estimating the heat transfer and pressure drop in tubes with ripple tape are developed as
follow:

Nu = 1.62e7 03RO (14)
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f =26.9s7161Re021 (15)

In order to find out how to fulfill the most benefits according to inserts, PEC is
presented to value the performance of the tape combine the heat transfer and friction
effects. PEC is defined as the ratio of the Nusselt number ratio (with tape to without
tape) to the friction factor ratio at the same inlet parameters.

_ Nu — Nug
f —fol??
The variation of PEC with Reynolds number at different twisted ratio and different
shrink ratio is shown in Fig. 15 and Fig. 16. In general observation, the PEC value

decreases as the Reynolds number increases, additionally, the twisted ratio at 4 and the
shrink ratio at 3.33 provide higher PEC values.

PEC (16)
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Fig. 15. PEC of twisted tape Fig. 16. PEC of ripple tape

5 Conclusions

In this paper, the heat transfer enhancement measures of heat exchanger tube are studied
by numerically method. By means of inserting different types of tape, the heat transfer
intensity can be improved significantly despite the pressure drop will increases corre-
spondingly. For the twisted tape, the intensity of heat transfer enhancement is affected
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by twisted ratio, the lower twisted ratio, the higher reinforcement. When the Reynolds
number is 10000, the Nusselt number with twisted ratio at 1 is 267% of the Nusselt
number without twisted tape. For the ripple tape, the intensity of heat transfer enhance-
ment is affected by shrink ratio, the Nusselt number will increases when the shrink ratio
increases. PEC is defined to value the overall performance of the inserts, it shows that in
general the twisted tape with twisted ratio at 4 and ripple tape with shrink ratio at 3.33
provide the best performance in consideration of the heat transfer and pressure drop.
Base on the results of the CFD, four correlations were developed to predict the heat
transfer and flow characteristics of the tube with inserts.
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