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Abstract - Heat transfer enhancement is important in many engineering applications such as heat exchangers and chemical reactors.
This enhancement could be boosted by locally analyzing the flow structure and its effect on temperature distribution. Thus the
perception and deep comprehension of the correlation between the flow field and heat transfer is fundamental for many engineering
applications, as well as in natural phenomena like weather prediction. The field synergy principle, based on the variation of the angle
between the velocity vector and temperature gradient to describe and enhance the heat transfer process, has been widely used in the
open literature to analyze convective heat transfer processes and to optimize flow configurations. However, we show in the present
paper that the synergy angle cannot be used alone to describe the convection heat transfer coefficient in elliptic flows. The thermal
diffusion in the streamwise direction plays an important role and thus the variation of the synergy angle contradicts the variation in the
heat transfer coefficient. For this aim numerical simulations are carried out for a flow pas a backward facing step in laminar flow
regime.
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1. Introduction

In 1998, Guo et al. [1] published an article based on a parabolic boundary layer flow where they suggested three
possible ways to increase the heat transfer coefficient by tuning the angle between the velocity vector and temperature
gradient. This angle is defined as synergy angle. Further studies suggest extending this concept to elliptic flows to account
for various heat transfer problems in engineering [2]. The compendium of these concepts is denoted the field synergy
principle. However, the effect of the additional diffusive term in the flow direction k(02T /dx?) was neglected, Tao et al.
[2] then claim that the field synergy principle works for both parabolic and elliptical flows.

Tao et al. [3] later compare the average synergy angle for cases with and without flow interruptions to bolster their
concept. However, the effects of the local changes in the magnitudes of the velocity and temperature gradients were not
considered. Not to mention, the absence of the exclusion of the synergy angles outside the thermal boundary layers in the
calculation of the overall synergy angle. Last but not least, the validation of the assumption of that the thermal diffusive
transport is insignificant was not proved in elliptic flows. For instance, Wu and Tao [4, 5, 6] performed studies on flows
with longitudinal vortex generators without taking into consideration the local variation and comprehension of the field
synergy principle.

In a similar manner, plain plate and triangular wavy fin-and-tube heat exchangers were analyzed numerically by He et
al. [7] and Cheng et al. [8], respectively, by considering always global variation of the field synergy angle versus the
overall Nusselt number.

Meng et al. [9] numerically optimized multi-longitudinal vortices flow in tube based on what is referred to as the
synergy equation, without showing the effect of the synergy angle and its contribution to the enhancement of the heat
transfer.

The work done by Ma et al. [10] on the synergy field vis-a-vis efficiency evaluation is best discussed in Bejan’s
famous Heatlines (1983) vs Synergy (1998) [11] paper where he mentions the flaws in this principle. Bejan [11] pointed
the opposite behavior of the synergy angles 6 and £ defined by Ma et al. [10], where 8 behaves inversely with the
efficiency evaluation criterion, hence in opposition to the whole field synergy principle.

In this paper, we revisit the field synergy principle in elliptic flows where we highlight the importance of the diffusive
term in the heat transfer phenomena which was previously neglected in the field synergy principle. Moreover, we show
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that the field synergy angle alone cannot describe the behavior of the heat transfer coefficient. This is done by analyzing
the local variation of the different components of the energy equation for a laminar flow past a backward facing step.

2. Numerical Procedure
2.1. Computational Domain
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Fig. 1: Computational domain and boundary conditions.

To consistently test the validity of this field synergy principle and the assumption that the diffusive transport in the
flow direction is insignificant in elliptical flows, the wall heat flux must only emanate vertically (keeping in mind that heat
flux is normal to the boundary). Consequently, all horizontal walls are set to a constant temperature T,, = 350 K whereas
the only vertical wall, namely the backward facing step, is thermally insulated.

The working fluid is air, entering at the inlet with a uniform velocity profile at constant temperature T,, = 300 K.
Atmospheric pressure is prescribed at the domain outlet. No-slip boundary conditions are prescribed on all solid surfaces.

The flow Reynolds number is based on the step height H = 1 m and simulations are performed for Reynolds numbers
Rey = 36 and Rey = 36,000. The higher Reynolds number is used to validate our numerical simulations by using the
k — w SST turbulence model while the lowest Reynolds is used for the physical analysis in laminar flow.

2.2. Governing Equations and Numerical Method

The laminar flow field is governed by the two-dimensional (2D) Navier Stokes equations. The continuity and
momentum equations for an incompressible Newtonian fluid are as follows:

V-u=0 1)
1 1

u-Vu= ——-Vp+-V-§ (2)
p p

where S is the viscous stress tensor.
The energy equation is also computed in the fluid domain and is given by:

pc,V - (uT) = V- (kVT) 3
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where c,, is the specific heat and k is the molecular thermal conductivity.

The solver used the CFD code ANSYS Fluent 18.0 [13], which is based on cell-centered finite volume discretization
method. The governing equations are solved sequentially with double precision and a second-order upwind scheme [15]
for spatial discretization of the convective terms. The diffusion terms are central differenced and second-order accurate.
Pressure-velocity coupling is achieved by the SIMPLE algorithm [13].The residual value 107 is set as the convergence
criterion for the solutions of the flow and energy equations.

3. Results and Discussion
3.1. Meshing and Numerical Validation

A non-uniform structured three-dimensional mesh is generated while paying special attention to the near-wall
refinement at all solid boundaries, so as to take into account the high velocity and temperature gradients in these regions.
To determine the appropriate mesh density for solution grid independence, the solver is run with increasing mesh densities
until no significant effect on the results is detected. The mesh validity verification is performed by using the method
proposed by Celik [16] where the grid convergence index (GCI) and the apparent order of convergence p. can be obtained.
The mesh validity verification is applied to the global Nusselt number Nu:

_Hh

Nu = " (4)

where h is the overall convective heat transfer coefficient (W /m?K), H the step height, and k is the thermal conductivity
of the working fluid.
In Eq. 4, h is calculated from the logarithmic mean temperature difference:

q
= 5
h=7 ATy, ©)
where ¢ is the overall rate of heat transfer:
¢ = mc,AT (6)
where 1 is the mass flow rate (kg/s) and AT is the bulk temperature difference between the inlet and outlet:
AT, = (Tw - Tin) - (Tw - Tout)
Tw - Tout

The uncertainty in the fine-grid solution is found to be about 0.02% and the order of convergence is 7.6. For more
details about the calculation of the parameter GCI and p,, the readers can refer to Celik [16]. It should be noted that the
mesh study presented here is performed for the highest Reynolds number i.e. Rey; = 36,000 representing the critical case
due to highest fluctuations and gradients. The numerical simulations are performed on eight parallel Intel Core i7-7700
2.80 GHz processors. Each run takes less than one day.

The numerical results are validated with NASA’s experimental data [12] for the local friction coefficient as shown in
Fig.2. From this figure fair agreement is observed between the present numerical result and that obtained from
experimental study.
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Fig. 2: Numerical validation with NASA’s experimental data.

3.2. Examining the Field Synergy Principle

Guo’s [1] “Novel concept for convective heat transfer” suggest increasing the convective heat transfer by changing the
synergy angle. They overlooked the fact that the simplified version of the energy equation becomes obsolete when the
synergy angle is changed, since the diffusive transport in the horizontal direction can no longer be neglected because the
whole structure of the flow has changed locally.

A more correct representation of the heat transfer for a horizontal heating in an elliptical flow should be as follows:

( 6T+ 6T>_ 0 <k6T>+ 0 (k6T> ®)
P "oy ”ay “ox\ dx/)  oay\ ay

Isolating and integrating in the y direction:

_kaT_farh (aT+ 6T> f‘?rha(kaT) )
Aw =55y~ 0 P \"ox " Vay o 0x\ dx

Calculating the local Nusselt number based on the step height H from g,,, the validity of the Field Synergy principle
can be put to the test. The results of the local Nusselt are shown in Fig. 3 comparing Nu obtained from the wall heat flux
defined in Eq. 6 to that obtained from Eg. 9. In addition, the synergy angle is plotted on the secondary vertical axis to
juxtapose its effect on the span-average local Nusselt number.

The Field Synergy principle’s assumption is valid throughout the entrance and the developed region of the flow,
except near the proximity of the step as shown in Fig. 3 (a). That’s where the synergy angle is varied greatly, hence the
claim that the convective heat transfer can be improved by increasing the synergy angle becomes unreliable since the
equation defining this principle is not fully representative of the heat transfer. A close-up on the variation of the Nusselt
numbers near the step is shown in Fig.3 (b), where it is clear that the behaviour of the transport described in the Field
Synergy Principle [1, 2] is completely different than the actual phenomenon. However, the present study’s claim of the
importance of the diffusive transport in the x direction upon the change in the flow structure is clearly representing the
transfer of the thermal energy.
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Fig. 3: Local nusselt number for the different methods and the synergy angle (a) for the whole domain and (b) close-up on
—2<x<2

Obviously, advection is not solely responsible for the heat transfer in this elliptic flow. Especially when the synergy
angle is changing, which further supports the claim in this manuscript. This issue will be further elaborated by showing the
contribution of the advective 1 and the diffusive & terms defined respectively in the following expressions:

Stn aT oT
_ 10

£ = f " 2 (11)

It can be noticed from Fig. 4 that near the step region where the synergy angle exhibits changes, the contribution of
diffusive term cannot be neglected because its magnitude reaches values higher than advection. This results in the contrast
between the heat transfer coefficient and the field synergy angle.
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Fig. 4: Close up on the variation of ¢ and ¢ terms with the streamwise direction.
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4. Conclusion

Heat transfer enhancement is fundamental issue in many engineering applications such as heat exchangers, chemical
reactors, internal combustion engines and plasma physics like in tokomaks. This enhancement could be increased by
locally analyzing the flow structure and its effect on temperature distribution. Thus the comprehension of the correlation
between the flow field and heat transfer is fundamental for many engineering applications, as well as in natural phenomena
like weather prediction.

The field synergy principle, based on the variation of the angle between the velocity vector and temperature gradient
to describe and enhance the heat transfer process, has been widely used in the open literature to analyze convective heat
transfer processes and to optimize flow configurations.

In this paper, we revisit the field synergy principle in elliptic flows where we highlight the importance of the diffusive
term in the heat transfer phenomena which was previously neglected in the field synergy principle. Moreover, we show
that the field synergy angle alone cannot describe the behavior of the heat transfer coefficient. This is done by analyzing
the local variation of the different components of the energy equation for a laminar flow past a backward facing step.

The numerical results are compared and validated against experimental data obtained in the open literature.
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