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ABSTRACT

Various types of tube enhancements have been proposed in order to increase heat transfer while minimizing
any associated increases in pressure drop. This paper presents a numerical study of two different types of
enhanced tubes: the relatively common twisted tape insert tube, and a novel tube with airfoil shaped pins on
the inner surface. Each tube is studied in both the laminar and turbulent flow regime. In addition to the typical
constant temperature and constant flux boundary conditions, a non-constant heat flux boundary condition is
applied on one half of the tube, a situation which may be encountered when absorbing solar radiation. In
general, each type of enhanced tube offers a thermal performance factor greater than unity at certain Re. In
addition, the non-uniform heat flux boundary condition appears to function similarly as the uniform heat flux
boundary condition.
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1. INTRODUCTION

Heat exchangers are very common in many engineering processes, including residential heating and cooling,
chemical processing, waste heat recovery, and power generation. There are often many conflicting constraints
that factor into a specific heat exchanger design, such as size, cost, operating temperatures, and material
compatibility. Due to increased awareness of resource utilization and the effects of man-made pollution, the
ability to improve heat exchanger thermal performance without a large increase in pumping losses is a very
active area of research. One area of specific study is to enhance flow mixing inside tubes and channels,
increasing the coefficient of convective heat transfer h, and thus, the total amount of heat transferred between
fluid streams [8, 12, 18].

Two of the methods of enhancing heat transfer inside tubes are to use inserts, and to modify the surface of the
tube itself. One popular form of insert is a so-called twisted tape insert. Twisted tape inserts can take many
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forms, including alternating twisted tapes [1], perforated twisted tapes [5], twisted tapes with various cuts and
louvers [14], twisted tapes that don’t span the entire inner flow channel [9], and twisted tapes with a tapered
axial dimension [16, 17]. However, the simplest case is a twisted tape that spans the entire inner diameter of
the tube [11]. In general, twisted tape inserts increase convective heat transfer by introducing swirl into the
flow in a tube, which increases turbulence and flow mixing [8].

As with twisted tape inserts, there are many different methods of altering the tube surface to enhance heat
transfer, such as with dimples [13], spiral grooves [4], and corrugations [2]. Flat channels are also good
candidates for surface modification, as a very wide array of surface modifications can be made relatively
easily [6]. One geometry of particular interest that has been studied for flat plate heat exchangers is an airfoil
pin, which is typically based on a NACA profile [7]. These pins are typically made with either an optical
lithography technique (as in printed circuit heat exchangers) or using additive manufacturing methods [10].
The use of additive manufacturing makes it feasible to study the effects of airfoil pins on the inner surface of
round tubes.

This study has two main goals. The first goal to numerically investigate the performance of several types of
enhanced tubes in both the laminar and turbulent regime to identify if certain designs are better suited for either
forced laminar or turbulent heat transfer. The second goal is to investigate the effects of three different thermal
boundary conditions, which are the typical constant wall temperature and heat flux boundary conditions, and a
non-uniform thermal flux boundary condition that could be caused by incident (concentrated) solar radiation.

2. PHYSICAL MODEL

This section will describe the physical domain and boundary conditions used in the numerical simulations, as
well as the parameters of interest.

2.1 Twisted tape insert

The twisted tape insert was modeled as a tube with an inner diameter of 4.23 mm. The twist pitch of the tape
was kept at 8.46 mm, or twice the inner diameter. Three different design variants were used: a twisted tape that
covers the entire tube diameter, a twisted tape with a 2.12 mm gap down the center (referred to as “outer”),
and a twisted tape consisting only of the 2.12 mm center tape (referred to as “inner”). The tape was 0.1224
mm thick. The total length of the simulated tube was 16.92 mm, or one complete rotation of the tape. The
tube thickness was set at 1 mm (although this was mostly for giving a uniform outer surface for calculating
boundary conditions; see subsection 2.3). Except for the “inner” design, the twisted tapes are assumed to be
part of the tube wall, with no thermal contact resistance.

A

(a) Twisted tape (b) Twisted tape “outer” (c) Twisted tape “inner”

Fig. 1 Different twisted tape configurations.

2.2 Airfoil in tube

The airfoil-in-tube concept was modeled as an elliptical tube with 9 mm and 3 mm major and minor diameter
respectively. The inner surface of the tube is covered in alternating rows of small airfoil shaped pins. The
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airfoils are NACAO0020 profiles, with chord lengths of 1 mm, and a 0.25 mm height. There are 22 fins around
the inner diameter of the tube, and each row of pins is separated by 1 mm from trailing to leading edge. Each
row is staggered so that every pin is in the center of the gap between the immediate two upstream pins. The
total length of the simulated tube was 4 mm, or two complete rows of pins. An smooth elliptical tube was also
modeled for comparison purposes.

Fig. 2 Elliptical tube with airfoil pins.

2.3 Boundary conditions

All tube designs had identical boundary conditions. The tubes were modeled with periodic boundary con-
ditions on the inlet and outlet of the tube, allowing the use of a smaller numerical domain while avoiding
entrance length issues. The bulk fluid upstream temperature was set at 300 K. All fluid/surface boundaries
were modeled as no slip boundaries, and were treated as thermally coupled. Three different thermal boundary
conditions were given to the outer tube surface: a constant temperature boundary condition, a uniform flux
boundary condition, and a non-uniform flux boundary condition which is given by

0 ifa-x<0

= X-a
q qo otherwise M
[l |[]x]]

where a and x are the vectors that represent an incoming direction and the normal of the outer tube surface,
and g, is the maximum heat flux. In this way, this boundary condition simulates an incoming solar radiation
heat flux (and is referred to as “solar” throughout this paper); the non-heated side of the tube is treated as
insulated. The constant wall boundary was set at 350 K for the twisted tape tubes, and at 310 K for the
airfoil pin tube as the periodic solver was unable to handle such a large temperature difference along a shorter
simulated tube. The corresponding heat flux boundary conditions were calculated from the average heat flux
through the outer tube surface of the constant temperature case in order to maintain a similar solution scale
across boundary conditions. Figure 3 shows how the solar boundary condition was applied to both axes of an
elliptical tube.

2.4 Parameters

The thermal hydraulic performance of each tube design is calculated at a given Reynolds number Re, given
by

_ puDy,
u

Re

)

where p is the fluid density, w is the velocity, Dy, is the hydraulic diameter given by four times the flow area
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Fig. 3 How the non-uniform flux boundary condition looks when applied to the elliptical tube. Note the
different maximum value on each scale.

divided by the wetted perimeter of a tube, and p is the dynamic viscosity. The friction coefficient f of a given
tube is calculated by

2Dh Ap
_ = 3
f=27T 3)
where Ap/L is the change in pressure per unit length of tube.
To evaluate the heat transfer performance of a given tube, the Nusselt number N is calculated by
hD
Nu = Th @)

where h is the coefficient of convective heat transfer, and £ is the fluid thermal conductivity. In this study, h
is evaluated at the area averaged tube inner surface temperature and heat flux, and the volume average fluid
temperature.

To assess the thermal performance of a given tube, the performance evaluation criteria (PEC) is defined as

[19]

Nu/Nu,
=GR ©)

where the subscript o refers to a smooth circular tube. Thus, any tube design with a PEC > 1 has a larger
increase in heat transfer than the corresponding increase in pumping power required due to increased internal
friction and pressure loss (such as through fins).

3. MATHEMATICAL MODEL
3.1 Governing equations

This study used the finite volume method (FVM), which is a standard technique of computational fluid dy-
namics (CFD) [15]. It was implemented in Ansys/FLUENT v17, which is a commercial CFD code. For an
imcompressible, flow with constant property fluids, FLUENT solves the following conservation equations [3]:
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Mass conservation:
V-u=0 (6)

where u is the mean velocity.

Momentum conservation:
V-(puu) =-Vp+V-7 (7

where p is the density, p is the pressure, and T is the stress tensor.

Energy conservation:

V- (upE+p)) =V-(kessVT +7-u) (8)
where
p, v
E=h-24+2 ©)
P 2
T
h— / ¢ dT. (10)
Tres

cp 1s the constant pressure specific heat, 7" is the temperature, and ks is the effective thermal conductivity,
which depends on the specific flow model (i.e. laminar or turbulent) used.

For modeling laminar flow, the right hand term in Equation 7 simplifies to £V ?u, where y is the viscosity. For
modeling turbulent flow, the term becomes V (p(Vu — pu/v’)), where pu/u’ represents the Reynolds stresses.
To model the turbulence, the ReNormalization Group (RNG) k£ — € model was used. The RNG k — € model is
a two equation model that discretizes the turbulent kinetic energy, k, and its dissipation rate, €. In this case, the
Boussinesq hypothesis is used to relate the Reynolds stresses to the mean velocity gradients, and the equations
for k and € are given as

V(pku) = V(axter s VE) + G — pe (11)
2
€ €
V(peu) = V(axepesrVe) + CleEGk - 0269? — Re (12)

where C1. and Cy. are constants, GG, represents the production of kinetic energy, and R is defined in [20].

3.2 Numerical Methods

Each simulation was solved with the finite volume method. The SIMPLE algorithm [15] was used to achieve
pressure-velocity coupling. Gradients were computed using a Green-Gauss node based scheme. Pressure was
computed using the PRESTO! algorithm, and the momentum, turbulence quantities, and energy equations
were solved with second order schemes. Simulations were started without considering heat transfer; these
were considered converged when the continuity and momentum residuals had dropped below 10~°; due to
residual stalling and possible oscillatory behavior, an alternative convergence criteria of 10~¢ on the average
velocity passing through a plane midway between the two ends of the domain was used.

Once flow convergence was reached, the momentum and turbulence equations were disabled while the energy
equation was enabled, allowing for each thermal run to proceed from identical initial conditions. The energy
equation was considered converged when the residuals dropped below 10~%, or when the surface area averaged
residual of the wall heat flux at the inner tube surface was below 1076,
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3.3 Meshing and grid independence

All meshing was done in the Ansys meshing application. Due to the complex geometries considered, unstruc-
tured tetrahedral meshes were used. Element size was decreased around sharp geometric boundaries, such as
outside corners, and refinement layers were applied to all solid wall boundaries in order to maintain a first
node height of approximately y™ = 1. Due to the two different geometries under consideration, grid inde-
pendence studies were performed on the full twisted tape geometry and the airfoil pin geometry. It was found
that both systems became roughly grid independent when the maximum element size was reduced to 10% of
Dy,. The total element counts ranged from approximately 450000 for the twisted tape case, to approximately
2000000 for the airfoil pin case. Some examples of the meshes used for this study are show in Figure 4.

LA
DR

o
OO

(a) The elliptical airfoil pin fin mesh geometry (b) Details of the mesh around the pins

(c) Details of the mesh for the outer twisted tape
geometry, showing the boundary layers

Fig. 4 Examples of the tetrahedral meshes used in this study.

4. RESULTS
4.1 Friction factor

Figure 5 shows the results of how f varies with Re for the geometries considered. The regular and outer
twisted tape tubes appear to have a maximum friction factor increase somewhere near the transitional flow
regime. The laminar values for the twisted tape geometries are somewhat higher than others have reported in
the literature, but the effect of twist ratios on these parameters is significant, and this study uses smaller twist
ratios than in the other sources (the choice of turbulence model can have a large impact on predicted values at
higher Re as well). In contrast, the friction factor for the airfoil pins appear to be monotonically increasing, but
potentially approaching a maximum. This is likely due to the impact a particular design has on interrupting the
boundary layer; the twisted tape designs, especially the full coverage and outer designs, reshape the boundary
layer entirely, while the airfoil pins merely protrude into it. The inner twisted tape, while generating its own
boundary layer and associated drag along its surface, does not disturb the boundary layer forming at the tube
wall as much as the other two twisted tape designs. The plain elliptical tube appears to induce more drag than
a plain circular tube in laminar flow, but suffers less drag in turbulent flow; however the difference is very
small, and could still be within the limits of numerical error. It should be noted that, for Re greater than 1000,
both the regular and twisted tape geometries did not converge on the momentum or turbulence residuals. It
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is suspected that there is some sort of oscillatory flow feature being induced by the relatively tight twist ratio
of the designs that is not able to be captured by a steady state solver. In addition, running the two previously
mentioned geometries with a turbulent solver and as a transient simulation did not produce markedly different
results, nor aide in convergence. More investigation for these two specific geometries may be warranted.

33
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Fig. 5 Ratio of f versus Re.

4.2 Nusselt number

Figure 6 shows the results of how Nwu varies with Re for the three thermal boundary conditions. The results
compared to a plain tube are similar for each given geometry compared across boundary conditions. Again,
the laminar values for the twisted tape geometries are somewhat higher than reported in the literature. When
comparing thermal performance, the non-uniform flux boundary condition typically behaves more like the
uniform flux boundary condition; it is expected that the performance difference between these boundary con-
ditions will shrink as the thermal conductivity of the tube material goes up. In reality, this will also depend on
the tube material’s optical properties, as well as the heat loss conditions on the non-irradiated side of the tube.
For the elliptical cases, the solar flux applied normal to the major axis performed better than when applied
normal to the minor axis, and is what is plotted. This is due to the larger amount of surface area being close to
perpendicular to the incoming radiation, and the shorter distance energy needs to diffuse from the heated side
of the tube into the fluid stream.

4.3 Performance enhancement criteria

Figure 7 shows the PEC of each geometry under the various thermal boundary conditions considered. Clearly,
the regular and outer twisted tape designs offer relatively large increases in performance in the higher laminar
flow regimes, but suffer too much excess pressure loss in turbulent flow to make up for the increase in heat
transfer. In contrast, the airfoil pin fins may offer increased performance at lower turbulent flows; parametric
studies need to be conducted to assess the impact of varying pin geometry and placement on heat transfer and
pressure drop. The inner twisted tape design only shows a PEC greater than unity in the upper laminar flow
regime, although the size of the tape (i.e., the amount of the channel width the tape spans) has a large impact
on its performance, and this is a somewhat narrow tape. Overall, this study calculated lower PEC at every Re
except 1000 than in other studies, but overall trends are similar to other findings.

5. CONCLUSIONS AND FUTURE WORK

Heat transfer and friction factors of various internally enhanced tube designs have been numerically studied in
both laminar and turbulent flow. Three thermal boundary conditions were considered: constant temperature,
uniform flux, and a non-uniform flux which was proportional to the angle between the tube surface and a
given direction. A performance enhancement criteria was calculated for each design variant. In summary:
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Fig. 6 Nu versus Re for different thermal boundary conditions.

1. Except for the smooth elliptical tube, all geometries considered had higher friction factors than a smooth
circular tube, which is expected. The smooth elliptical tube may have a slightly smaller pressure loss at
turbulent flows than a circular tube. All of the twisted tape designs had a peak friction factor increase
at an Re of 1000. The elliptical airfoil pin tube had a monotonically increasing friction factor. Possible
oscillatory behavior for the regular and outer twisted tape designs made convergence very difficult or
unobtainable via the standard momentum (and turbulence) residuals.

2. Except for the inner twisted tape design, all of the modeled tubes offered increased heat transfer perfor-
mance over a wide range of Re for all thermal boundary conditions. By far, the largest increases in heat
transfer were from the regular and outer twisted tape designs, which showed increases of up to 500% in
Nu performance at an Re of 1000. This could be very useful for a heat exchanger designer if overall
volume is the main constraint. The smooth elliptical tube appears to only perform better than a smooth
circular tube in laminar flow, while the elliptical airfoil pin tube only performs better in turbulent flow.
The inner twisted tape tube only offers better performance at an Re of 1000, likely due to the minimal
disturbance of the hydraulic and thermal boundary layers when compared to the other designs. The non-
uniform flux boundary condition appears to behave more like a uniform flux boundary condition, rather
than a uniform temperature boundary condition. For the elliptical tubes, there was more heat transfer
when the heat flux was applied normal to the major axis.

3. A non-uniform heat flux boundary condition was applied to each geometry, and normal to both the major
and minor axes of the elliptical tubes. It was found that it behaved more like a uniform temperature
boundary condition. In the case of elliptical tubes, aligning the flux to be normal with the major axis
produced a higher Nu than in the other case.

Future work will include producing some or all of these tubes for experimental validation. Except for the inner
twisted tape design, it is expected that some form of additive manufacturing will be used in order to assess
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Fig. 7 PEC versus Re for different thermal boundary conditions.

the feasibility of the given manufacturing technique for producing enhanced tubes for heat exchangers. Once
these models have been validated, parametric studies can be performed to assess the impact of various design
parameters on the PEC of a given design. Of particular interest is the impact of differing airfoil pin geometries
and spacings in a given tube to determine their impact on the overall PEC.
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