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Abstract

Simulations are performed to study the geometric effect on thermohydraulic characteristics of a
periodic cross-corrugated channel for the Re range of 200-3000. The effect of apex angle and
aspect ratio on heat transfer, pressure drop and thermohydraulic performance in the corrugated
channel is investigated. To accurately predict the transitional flow in the topology, a model
performance evaluation is conducted in two steps through the cross comparisons between
predictions and related correlations (or experiment results). Of the seven turbulence models
selected, the Reynolds stress model fits the correlation and experiment the best and thus is
employed for comparative study. The results show that the Apex angle strongly influence the
heat transfer and pressure loss in a triangular cross-section corrugated channel. For the purpose
of heat transfer enhancement, cross-corrugated triangular channels at the 90°and 120° Apex
angles are recommended. The aspect ratio has a relatively greater impact on flow frictional loss,
compared to its effect on the heat transfer for the studied cases. For this flow regime, the cross-
corrugated triangular duct with the Apex angle of 150° is shown to be the optimum choice over
all the studied channels. The JF factor is enhanced by 4.1 to 7.0 times that in a triangular channel
with Apex angle of 90°.
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1. Introduction

In recent years, energy crisis and the thrust for energy conservation have driven the development
for high efficiency heat exchangers. The demand for economical, high performance, space
saving and lightweight heat exchangers has influenced the research of compact surfaces.
Compact heat exchangers characterised by high heat transfer surface area to volume ratios have

received great attention due to its high heat transfer coefficients compared to other exchanger

types [1].

Cross-corrugated channels are the basic channel geometry in plate heat exchangers and are
widely used in many applications such as electronic cooling, spacecraft, air conditioning,
refrigeration, and so on. It has passive enhancement of the heat transfer process where secondary
flow structures are created by means of corrugated surfaces. Recently, with the development of
membrane technologies, cross-corrugated channels have also attracted attention in membrane-
related industries such as membrane energy recovery [2]. In such applications, both the heat and
mass transfer in the duct and in the membrane itself are important. From material side,
encouraging results are emerging with the introduction of new materials that can offer heat and
moisture recovery at the same time [3-5]. From duct side, the use of cross-corrugated exchangers
has been proven to increase the mechanical strength of the plates as well as the heat transfer rate
[6]. The configuration is shown in Figure. 1, where two unmixed cross flows exchange heat
through corrugated plates. Flat membrane sheets are corrugated to form a series of parallel ducts.
Sheets of the corrugated plates are then stacked together to form a 90°orientation angle between
the neighbouring plates, which guarantees the same flow pattern for both fluids. With a pre-
designed plastic frame, corrugated duct walls are formed to support the ultrathin membranes and

construct the required geometry.



Fig.1 Schematic of the cross-corrugated exchanger applied in heat recovery application

Flow and heat transfer in corrugated channels are complicated and strongly influenced by the
geometrical parameters, including the inclination angle and the corrugation profile of the
channels. Many studies have been carried out to investigate the forced convection flow in
corrugated channels by means of experimental and numerical approaches. Focke et al. [7]
experimentally investigated the effect of the corrugation inclination angle on the thermo-
hydraulic performance of the heat exchanger through the use of the electrochemical mass
transfer analogy. They found that a 90° orientation angle produces the largest driving force that
generates swirl in the furrows. Satisk et al. [8] carried out experimental studies to illustrate the
geometry effect on the heat transfer and pressure drop of corrugated passages. Muley and
Manglik [9] conducted a series of tests to study the thermohydraulic performance of the
corrugated plate with different plate configurations. Zimmerer et al. [10] studied the effects of
the inclination angle, the wavelength, the amplitude and the shape of the corrugation on the heat
and mass transfer of the exchanger. These experimental studies identified that the geometrical

parameters have significant effect on the thermohydraulic characteristics of the exchangers.

In addition to these experimental studies, extensive effort has been made to numerically
investigate thermohydraulic characteristics of the corrugated channels [11-12]. Compared with



experimental method, computational fluid dynamics (CFD) method is an effective and
economical tool for obtaining detailed flow structures between corrugated plates and is widely
used in comparative studies. Before investigating geometric effects on the thermohydraulic
characteristics in the cross-corrugated channels, the reliability and computational cost of using
the numerical method should be evaluated. It is of essential importance to accurately reproduce
the flow features and the hydrothermal behaviour. It is generally agreed that the flow inside the
corrugation plates has an earlier transition to turbulent flow than that of conventional parallel
plates [12]. Laminar flow model would not serve as an appropriate viscous model for simulating
the flow in corrugated channels. The choice of the most suitable turbulence model is essentially
the key to successfully modelling the complex flow in the channel. Ciofalo et al. [11] compared
the use of different viscous models in the Reynolds number range between 1000 and 10000.
They found that Standard k —¢ model with standard wall functions is completely inapplicable at
low Re. Kanaris et al. [13] examined the ability of a general purpose CFD code to predict the
flow and heat transfer characteristics in a corrugated channel. A two-equation turbulence model
(SST) is used and the simulations are conducted for a Reynolds number range from 400 to 1400.
Zhang and Che [14] performed numerical predictions of fluid flow and heat transfer between
cross-corrugated plates. Results predicted by eight turbulence models were compared with
available experimental data for the purpose of model performance evaluation. Han et al. [15]
briefly reviewed the viscous models used in the previous investigations of fluid flowing in
corrugated plates, and it was found that the most appropriate viscous model is still an open issue.
On the other hand, the use of CFD method allows computation for various geometrical
configurations in order to evaluate their effects, during which the computational cost cannot be
overlooked. Some researchers simulated the fluid flowing between the whole cross-corrugated
plates [13]. Tsai et al. [16] numerically investigated the hydrodynamic characteristics and
distribution of flow in two real-size cross-corrugated channels. However, it results in an increase
of computational cost, which is not desired in comparative studies and optimization analysis. An
alternative method is using a single cell as the computational domain, which is the smallest and
repeated element in the cross-corrugated channels [11] [12] [17-19]. Periodicity is used to reduce
the complexity of channel geometry and enables the smallest possible segment of the flow
channel to be modelled. A considerable amount of computational cost could be saved by

utilizing the unitary cell.



For the novel cross-corrugated channels used in membrane recovery application, with
corrugation angle of 90° between two neighboring plates, the duct geometry is expected to
influence the flow and heat transfer capacity of the exchanger. Shah and London [20] studied the
heat transfer characteristics of laminar flow in a wide variety of channel shapes for an extensive
range of thermal boundary conditions. Besides the sinusoidal cross-section ducts that usually
used in metal plate heat exchangers, there have been several reports on heat transfer and friction
characteristics in channels with other-shaped cross-sections, such as semi-circular, triangular and
trapezoidal shapes. Zheng et al. [21] numerically studied the flow and heat transfer
characteristics of channels with a semi-circular cross-section in the laminar flow regime for
different Reynolds numbers and Prandtl numbers. Leung and Probert [22] experimental
investigate the thermal behaviours of turbulent air-flows through triangular passages in compact
heat-exchangers with three different apex-angles. Chen et al. [23] studied numerically the flow
and heat transfer characteristics of smooth triangular ducts with different apex angles for fully-
developed laminar flow conditions. Gupta et al. [24] performed simulations to study the heat
transfer behaviour of an equilateral triangular section duct for fully-developed laminar flows
with Reynolds numbers below 200. Wu and Cheng [25] measured the friction factor of laminar
flow of deionized water in smooth silicon microchannels of trapezoidal cross-section. The results
showed that the friction constant of these microchannels is greatly influenced by the cross-
sectional aspect ratio, which is defined as the ratio of small base to big base of the trapezoid.
McHale et al. [26] numerically studied the heat transfer in the thermal entrance region of
trapezoidal microchannels. The effects of sidewall angle and the aspect ratio (small base of
trapezoid to channel height) upon the local and average heat transfer coefficients in the
trapezoidal duct are explored. These previous studies illustrated that the cross-section shape of
the channel is a major parameter in influencing the thermohydraulic characteristics of heat
exchangers. However, such geometric effect on flow and heat transfer in the novel cross-

corrugated channels used in membrane recovery application has not been studied previously.

The present study is aimed to numerically investigate the geometrical effect on the
thermohydraulic characteristics of periodic cross-corrugated channels in typical transitional flow

regime with Reynolds number between 200-3000. Yang et al. [27] investigated the transitional



flow and heat transfer in periodic fully developed corrugated duct in the Reynolds number range
of 100 to 2500, while Zhang [28] examined the flow structure and heat transfer characteristics in
a periodically fully developed cross-corrugated duct in transitional flow regime between Re=100
and 6000. By comparison, very little work has been undertaken on the duct geometry effects on
the thermohydraulic characteristics in this flow regime. In this paper, the effect of apex angle and
aspect ratio upon thermohydraulic characteristics of the corrugated channel is explored. This
study covers a wide range of apex angles from 30° to 150° for isosceles triangular cross-section
channel, and the cross-sectional aspect ratios (small base to big base of the trapezoid) from 0.2 to
0.6 for isosceles trapezoidal cross-section ducts. The results of this study would be helpful for

the design and optimization of cross-corrugated heat exchangers.

2. Method and Models

2.1 Computational domain and Problem formulation

For the cross-corrugated channel geometry described in Figure 1, constant property, periodically
developed flows are considered. In ducts with periodically varying flow cross-section or wall
geometry in the streamwise direction, the concept of periodically developed flow, as treated by
Patankar et al. [29], is applicable. Figure 2 shows the unitary cells used for CFD modelling. The
apex angle of isosceles triangular cross-section channel and the sidewall angle of isosceles
trapezoidal cross-section channel are also depicted in the figure. For the channel with trapezoidal

cross-section, the cross-sectional aspect ratio is defined as B/L.
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Fig.2 Unitary cells used for CFD modelling and the boundary conditions. (a) Triangular cross-

section (Apex angle = 90°), (b) Trapezoidal cross-section (B/L = 0.4, Sidewall angle = 45°)



The hydraulic diameter of the channel is defined as
_M
A

where V, is the volume of the unit cell and A is wetted surface area. To focus on the effect

D, (%)

induced by different cross-section shapes, constant D, is used for all the studied plates here.

Detailed geometrical data of the studied plates are summarized in Table 1.

Tab.1 Detailed geometrical data of different cross-corrugated plates

Vt A Dh I‘i An
Apex=30° | 2.071E-06 | 8.282E-04 | 1.000E-02 | 1.035E-02 | 1.000E-04
Triangula-r Cross- Apex=60° | 1.333E-06 | 5.333E-04 | 1.000E-02 | 1.155E-02 | 5.774E-05
section Apex=90° | 1.414E-06 | 5.657E-04 | 1.000E-02 | 1.414E-02 | 5.000E-05
Apex=120° | 2.309E-06 | 9.238E-04 | 1.000E-02 | 2.000E-02 | 5.774E-05
Apex=150° | 7.727E-06 | 3.091E-03 | 1.000E-02 | 3.864E-02 | 1.000E-04
Trapezoidal B/L=0.2 1.280E-06 | 5.121E-04 | 1.000E-02 | 1.387E-02 | 4.616E-05
Cross-section B/L=0.4 1.379E-06 | 5.517E-04 | 1.000E-02 | 1.486E-02 | 4.639E-05
(Sidewall angle= 45°) B/L=0.6 1.934E-06 | 7.734E-04 | 1.000E-02 | 1.821E-02 | 5.308E-05
Trapezoidal B/L=0.2 2.310E-06 | 9.239E-04 | 1.000E-02 | 2.028E-02 | 5.696E-05
Cross-section B/L=0.4 2.774E-06 | 1.110E-03 | 1.000E-02 | 2.253E-02 | 6.156E-05
(Sidewall angle=30°) B/L=0.6 4.385E-06 | 1.754E-03 | 1.000E-02 | 2.874E-02 | 7.629E-05
The Reynolds number, Re, is defined as
Re = 2nDh (9)
U

where u_ is the inlet velocity (m s?), x is air dynamic viscosity (kg m?s?), p is the density of

air (kg m3).

The cycle-average heat transfer coefficient is obtained from the temperature difference between

the inlet and the outlet of a unitary cell,



h= pumAinCp (Tfo _Tfi)
AATlg

where A is the inlet area of the unit cell (m?), c, is specific heat of air (k] kg™ K™) ), AT, is

the log mean temperature difference between the wall and fluid, which is
_ (Tfi _Tw) _(Tfo _Tw)

AT, = (3)
In(Tfi _TW) /(Tfo _TW)
where subscripts “ f,w,i,0 " refer to “air, wall, inlet and outlet” respectively.
The Nusselt number can be calculated by
hD,
Nu=—=" 4
P (4)

where 1is air conductivity (kW m?* K1),

The Stanton number St and Colburn j -factor is then calculated by

St Nu
RePr

j=StPr??

The Fanning friction factor f is calculated by

¢ _(Ap/L)D,
2pu?

where L;is the length of a unitary cell (m), Ap is the pressure difference between the inlet and

outlet of a cell (Pa).

2.2 Numerical procedures:

Due to the small characteristic length of the studied passages, the Reynolds numbers are in the
range of 200-3000, and the flow is in transitional flow regime [18]. In the present study, the
turbulence effect in this regime is modelled with turbulence models. The incompressible flow is
described by conservation of mass (the continuity equation), momentum (Navier-Stokes
equation), and energy (the temperature equation for the fluid).The Reynolds-averaged approach

represents transport equations for the mean flow quantities only, with all the scales of the



turbulence being modelled. For constant air properties, the steady-state Reynolds-averaged

governing equations can be summarized as follows:

0
—~ (pu)=0
X (pu;)

0 op O ou, auj —
—(puu.) =——+—/| pu(—+—>L) - pul!
OX. (put;) OX  OX, l:'u(ax. 6xi) P

J [ J J

o o ot ,
Z(pCuT)=——| -k —+ pC_u/T’

where subscripts (i and j) represent the tensor notation (i=1,2,3 and j=1,2,3). u,, p and T
represent the velocity vector, pressure and temperature, respectively. o, u,kand C represent

the fluid density, viscosity, thermal conductivity and specific heat. Additional turbulence model
IS necessary to close the equations due to more than five unknown variables exist in these

equations.

Standard k —& model (Ske) [30], RNG k —& model (RNG) [31], realizable k —& model (RLZ)
[32], shear-stress transport k —o model (sst-kw) [33], Transition shear-stress transport model
(Trans-sst) [34], k —kl —@ model (k-kl-w) [35] and Reynolds stress model (RSM) [36] are
selected in this study for for the purpose of model performance evaluation. The first four models
are well-known two-equation models that have been widely used for many engineering
applications. The transition SST model is based on the coupling of the SST k- transport
equations with two other transport equations, one for the intermittency and one for the transition
onset criteria, in terms of momentum-thickness Reynolds number. The k —kl —@ model was
developed to predict boundary layer development and calculate transition onset. It is considered
to be a three-equation type model, which includes transport equations for turbulent Kinetic
energy, laminar Kinetic energy, and the inverse turbulent time scale. Abandoning the isotropic
eddy-viscosity hypothesis, the RSM model closes the Reynolds-averaged Navier-Stokes
equations by solving transport equations for the Reynolds stresses, together with an equation for
the dissipation rate. This means that seven additional transport equations are solved in three-

dimensional flow. All the values of y”" on the wall surfaces are less than 5 based on the

preliminary computational results applying standard k —s model. Thus the enhanced wall



treatment [37], which is a near-wall model approach that combines a two-layer model with
enhanced wall functions, can be used for Ske, RNG, RLZ and RSM models. It should be noted
that when RSM is applied to near-wall flows using the enhanced wall treatment in ANSYS
FLUENT, the linear pressure-strain model needs to be modified [37]. In view of the limitation of
paper length, detailed equations of the turbulence models are not listed, and can be found in the

related references.

The SIMPLEC scheme was used for the pressure-velocity coupling, and the second-order
upwind scheme based on the finite volume method was adopted for the spatial discretization.
Considering the geometrical nature of the unitary cell, the computational domain is meshed with
triangular prism grids in order to reduce the computational cost. The meshes were carefully
examined to avoid unsatisfied skewness which could lead to convergence difficulties and
inaccuracies in the numerical solution. The boundary conditions considered in the present
simulations were shown in Figure 2. The upper and lower walls were set to the ordinary no-slip
conditions. Uniform wall temperature conditions are employed as thermal boundary conditions.
Periodic boundary conditions were imposed in the flow direction for the computational domain
of a unitary cell. At both sides of the domain, the symmetry type conditions were used. A
prescribed mass flow rate in the flow direction was specified. In the present study, the flow field
and heat transfer were calculated separately since the temperature is assumed to be a passive
scalar when the buoyancy effect is neglected. The residuals, together with mean pressure and
temperature gradient were monitored to identify convergence. Convergence is assumed to be
obtained when the scaled residuals [37] of all the governing equations reach 107°, with an
exception for the residuals of energy equation reach 108 The convergence becomes more
difficult for large Re, where smaller relax factors were used. Normally more than 6000 iterations

are required before a satisfactory convergence is achieved.

3. Results and Discussions

3.1 Models Validation



Before starting numerical investigation on the geometrical effect, it is necessary to find the most
suitable turbulence model to accurately predict the complex flow in the channel. The
performance of seven turbulence models (Ske, RNG, RLZ, sst-kw, Trans-sst, k-kl-w and RSM
models) for simulating flow and heat transfer in transitional duct flow is quantitatively evaluated
here. The model performance evaluation is conducted in two steps. Firstly, the heat transfer and
fluid flow in a straight triangular duct is numerically studied. The laminar, transition and fully
turbulent region for such classical geometry is well known, and the prediction results are
compared with the related correlation results in the transitional flow regime. Thus the
performance of different turbulence models for simulating the convective flow in a triangular
duct in the transition region can be assessed. Secondly, based on this preliminary comparison,
selected models are employed for further evaluation. Comparisons are made between the
prediction and experimental data, which was obtained in a cross-corrugated triangular channel.
Same geometry and grid are used during the evaluation process to provide comparison only of

the model performance.

For the flow and heat transfer in triangular duct, the errors of using Dittus-Boelter equation may
be as large as 25%. Such errors can be reduced to less than 10% through the use of more recent,

but generally more complex correlations. In order to get a higher level of accuracy, the
correlation used is as follows, provided by Gnielinski (3000 < Re, <5x10°, including the
transition region 2300 < Re, <10*) [38]

_ (f,/8)(Re, —1000)Pr
1+12.7(f, /8)"*(Pr¥® —1)

where the friction factor is obtained from the correlation developed by Petukhov:
f, =(0.790InRe, —1.64)7
It should be noted that f is the Darcy friction factor, which is four times of the Fanning friction

factor.
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Fig.3 Predictions of periodic mean Nusselt numbers of a straight triangular duct with various

turbulence models (the error bar is with £10% of the correlated results)

Forced convection flow in a straight triangular duct is numerically simulated. Uniform wall
temperature conditions were employed as thermal boundary conditions in the duct walls.
Periodic boundary conditions were imposed in the flow direction. The comparisons of the
Nusselt numbers between simulated and correlated results are shown in Figure 3, with Re
between 4000 and 9000. Of the seven turbulence models employed, Ske, RLZ and RSM models
plus enhanced wall treatment fit the correlation results well over the whole transition region. The
deviations between simulations and correlations are all lower than 10%. RNG, sst-kw and k-kl-w
models predict satisfactory Nu values in some of the cases, while the discrepancies between
predictions and correlations can be larger than 10% in other comparisons. As shown from the
figure, the Trans-sst model provides poorly prediction results compared with the correlations.
The differences between the calculated and correlation results can be up to 21%. It seems



inappropriate to use Trans-sst model for the simulation of duct flow in transition region.

Therefore, only Ske, RLZ, RNG, sst-kw, k-kl-w and RSM models are used for further evaluation.
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Fig.4 Predictions of periodic mean Nusselt numbers of a cross-corrugated triangular duct with

various turbulence models

Further evaluation is performed through the comparisons between the predicted results and
experimental data. A cross-corrugated triangular duct with geometric parameters identical to

Scott and Lobato [5] is numerically simulated. The inclination angle of the channel is 90°, with

X, =2mm, y, =1mm, L, =2mm. Figure 4 shows the comparisons between experimental results

and the predictions of fully developed periodic mean Nusselt numbers with various turbulence
models. Experimental data was obtained by the Scott’s experiment using the heat-mass-transfer
analogy [18] [19]. As shown from the figure, sst-kw significantly underpredicts the Nu values,
and the discrepancies between predictions and experiments are over 30%. By using Ske and RLZ

models, the CFD results and experimental data agree to within approximately 14%, except at the



Reynolds number of 200. Of the selected models, the RSM model fits the experiment the best.
The overall behavior of the Nusselt number is predicted fairly well. The differences between
simulated and experimental values are within 7%. By employing RSM model, the level of
agreement between CFD and experiment presented here is considered good enough to provide
comparative studies for different geometries, and thus is employed in the following

investigations.

3.2 Geometric effect on heat transfer and pressure loss

A number of computations have been conducted to study the dependence of flow and heat
transfer on geometrical parameters over Reynolds number ranges of 200-3000. As shown in
Table 1, five different values of apex angles (30°, 60°, 90°, 120° and 150°) are considered under
isosceles triangular cross-section channel. While two different values of sidewall angles (30° and
45°) with three different values of B/L (0.2, 0.4 and 0.6) are considered under isosceles
trapezoidal cross-section channel. Note that the triangular channels are special cases of the
trapezoidal channels with B/L=0. When the sidewall angle is 45° and B/L= 0, it becomes the
triangular channel with Apex angle of 90°.
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angles
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Fig. 6 Friction factors of a cross-corrugated triangular duct with different apex angles

Heat transfer and pressure drop are two key parameters to be considered in analyzing heat
exchangers, and they are characterized by the Nusselt number (Nu) and the Fanning friction
factor (f), respectively, in the current study. Figure 5-6 report the variation of Nu and f as a
function of the Reynolds number under different Apex angles. The Nusselt numbers are
increased with increasing Re numbers for all the geometries under consideration, while the
friction factor are decreased. The results illustrate the influence of Apex angle on the heat
transfer and pressure loss in a triangular cross-corrugated channel. Both Nu and f are strongly
affected by this geometric parameter, but not vary linearly with the Apex angle. Comparing with
other angles, the Apex angle of 30° provides the lowest Nu values under the same Reynolds
numbers. At the 150° and 60° Apex angles, the Nusselt numbers are increased by 26%-54% and
58%-69%, respectively. The Nu values are of almost the same level when the Apex angles equal
to 90° and 120°, with the differences lower than 7% over the studied Reynolds number range.



The maximum Nu values are obtained at the 90° and 120° Apex angles, which are generally two
times of the values with Apex angle of 30°, implying the best heat transfer enhancement in the
triangular channel with these angles. However, as shown in Figure 6, the friction factors under
these two Apex angles are clearly different. When the Apex angle equals to 120°, the f values are
of 47%-60% of that with Apex angle of 90°, indicating a substantially lower friction losses when
Apex angle is 120°. The minimum f values are obtained at the 150° Apex angle under the same
Reynolds number. The f values decrease with increasing Re for all the studied angles, while the
gradient generally decreases as the Apex angle increases. When the Apex angle is 150°, the f

values decrease more gently than that of other angles.
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Fig.7 Periodic mean Nusselt numbers of a cross-corrugated duct with different aspect ratios
(Sidewall angle = 30°)
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Fig.8 Friction factors of a cross-corrugated duct with different aspect ratios (Sidewall angle =
30°)

The effect of cross-sectional aspect ratio on heat transfer and friction loss in corrugated channel
is illustrated in Figure 7-10. When the sidewall angle is 30°, the Nu and f values under various
Reynolds numbers are shown in Figure 7-8 with different aspect ratios, while Figure 9-10 show
the Nu and f values at the 45° sidewall angle. The correct trend that Nu increases with increasing
Re is clear in the studied Re range for all the channels, while f decreases with increasing Re.
Comparing with different aspect ratios, generally the maximum Nu values are obtained with B/L
= 0.6 for both studied sidewall angles. And the f values are the lowest at this aspect ratio,
indicating a lower pressure drop penalty comparing with other aspect ratios. As shown in Figure
7 and 9, changing B/L has relatively small influence on the heat transfer in the ducts. At the 30°

sidewall angle, the differences of Nu values among different aspect ratios are less than 12%. For



the studied cases, the aspect ratio has a relatively greater impact on flow frictional loss,

compared to its effect on the heat transfer.
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Fig.9 Periodic mean Nusselt numbers of a cross-corrugated duct with different aspect ratios
(Sidewall angle = 45°)
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Fig.10 Friction factors of a cross-corrugated duct with different aspect ratios (Sidewall angle =
45°)

3.3 Performance evaluation

Considering that the improvements in heat transfer are always accompanied by increases in the
frictional losses, it is necessary to evaluate the net enhancement obtained in different channels.
One way of assessing the relative thermal-hydraulic performance enhancement is to consider the
area goodness factor. This factor is defined as the ratio of the Colburn factor to friction factor
(/f), which establishes a relation between friction and heat transfer [39]. The measure seeks to
evaluate the free-flow area (and hence the frontal area) requirements of a heat exchanger. It is a
useful parameter when comparing surfaces with different cross-sectional shapes, and is widely
used for many comparative studies [17] [40-42]. For a heat recovery application, high area

goodness is required to minimize any increase in installed frontal area and hence drag.
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Fig.11 Normalized JF factor with different Apex angles
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Fig.12 Normalized JF factor with different aspect ratios

Figure 11-12 show the variations of the normalized JF Factors ((j/ f)/(j,/ f,)) as a function of

Reynolds number. The subscript (0) denotes the triangular cross-corrugated channel with Apex
angle of 90°, which is the geometric shape used in Scott’s experiments. As shown in Figure 11,
when the Apex angles are 30°, 60° and 90°, the JF values are similar under the same Reynolds
number. Substantial performance enhancement is observed at the 150° Apex angle, and the JF
values are improved by 4-7 times comparing with the values at the 90° Apex angle. With regard
to the aspect ratio effect, B/L=0.6 provides the greatest advantage under both studied sidewall
angles, due to the maximum heat transfer capability with the lowest pressure penalty at this

aspect ratio.

4. Conclusions



Simulations show the Apex angle of a triangular cross-corrugated channel strongly influences the
thermohydraulic characteristics in the channel. The highest heat transfer capabilities in the
triangular channel are obtained at the 90° and 120° Apex angles, and the periodic mean Nu
values are generally two times of the minimum values when the Apex angle is 30° under the
same Reynolds number. Thus the cross-corrugated triangular channels with these Apex angles
are recommended for the purpose of heat transfer augmentation. With regard to the cross-
sectional aspect ratio effect, for the studied cases, the aspect ratio has a relatively greater impact
on flow frictional loss, compared to its effect on the heat transfer. The results also show that
cross-sectional shapes influence the thermal-hydraulic performance in the channels. Generally
the cross-corrugated triangular duct with the Apex angle of 150° offers the greatest performance
enhancement over all the studied channels. The JF factor is enhanced by 4.1 to 7.0 times that in a

triangular channel with Apex angle of 90°.
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