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Abgtract: Included angles (o) have vital effect on the flow and heat transfer in
cross-corrugated triangular ducts. The friction factor and Nusselt number were
estimated at different Reynolds numbers from both experiments and simulations.
Results show that the flow in the duck with =90 has the largest friction factor
and Nusselt number. However, the included angle influences the flow and heat
transfer in cross-corrugated triangular ducts in different ways. The field synergy
principle was used to explore the mechanism of the different impacts of the
included angle. Results show that the flow in the cross-corrugated triangular
duct with a=90° has the smallest domain averaged included angle (8,,), which
implies the best synergy performance. The results of the field synergy principle
were also validated by analyzing the performance evaluation criterion and
studying the vel ocity vector and temperature distributions.
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1 Introduction

Cross-corrugated channel is the basic channel gepnie plate heat exchangers and are
encountered in many industrial areas such as etéctcooling, spacecraft, air conditioning, refrigigon,
automobiles, aircrafts, ships, and so on. The litsneff such geometries are that they have efficieat
exchange capabilities and strong mechanical stnepgen with very thin material wall thickness [[L-5

A schematic of cross-corrugated triangular ductshiswn in Figure 1. Flat plates are corrugated
to form a series of parallel equilateral trianguaicts. Sheets of the corrugated plates are tlaehkesd
together to form a 9orientation angle between the neighboring platésch guarantees the same flow
pattern for both fluids.

Literature review shows that most of efforts hagerbfocused on the cross corrugated ducts with
sinusoidal cross section, except our previous stufl-6] that investigate the fluid flow and heainsfer
in the cross corrugated ducts with triangular ceesgion. The simulated results show very complawx f
patterns due to the generated fluid recirculatiorswirl flows. Obviously, the included angles have



significant influences on the fluid flow and, fueth heat transfer. This paper studied the influsrudehe
included angles based on field synergy principl8][7Experimental measurements were also conducted
to verify the simulation results. This work givessights and guidelines to the design and applicataf

the cross corrugated ducts with triangular crosi@e

Fig.1. Flow channel geometry

2 Mathematic models
2.1 Governing equations[9]

The general form of the mass continuity equatiostasvn below is valid for compressible and
incompressible flows:
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wherep is the fluid density (kg/f), t the time (s)u the flow velocity (m/s), subscriptdenotes
coordinates directions.
The conservation of momentum in titie direction in an inertial reference frame is gonsal by:
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where B; is a body force in thath direction. It includes contributions from gratibnal
acceleration and external body forces. The stesst,o;, is given by:
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where the final term is the effect of volume dibati(zero for an incompressible fluid). The
pressure and molecular viscosity are denoteg k§a) andu (Ns/nf), respectivelyd; is the Kroneker

operator, which equals to 1 whitj, and 0 wherizj.
In addition, a general scalar advection-diffusignation for a dependent variabig,is given by:

oY) | acp} S 4)
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[~ is the diffusion coefficient anfa source or sink term representing creation aragon of /-
For fully compressible flow, the energy transpagti@ion is solved for the total enthalgy,
according to:

(5)
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whereA is the thermal conductivity [kW/(mK)] anfithe temperature (KH is expressed in terms
of the static enthalpy, according to:

H=h+Iy ©
2
h=u_+P (7)
e p

For weakly compressible and incompressible flow, kimetic energy term (1¢2°) is assumed to
be negligible compared to the internal tebi, The pressure work termip, may also be safely ignored.

The above equations (Equ. 1-7), also known as theididStokes equations, represent five
transport equations in the seven unknown fieldakdeisu,, uy, u,, p, p, h, andT. The thermal equation of
state provides a sixth equation relating dengityo temperaturd and pressurp. For air, this equation is
called the idea gas equation. The seventh equagtuired to close the entire system is a thermadjma
relation between the state variables. For air, éhisation defines the function of static enthalpyerms
of temperature and pressure, ile=h(T,P). Since the fluid is assumed to be thermally pryfthe static
enthalpy is a function of temperature only.

2.2 Methodol ogy

A commercial computational fluid dynamics (CFD)tsafre Fluent [10] was used to simulate the
flow and heat transfer in cross corrugated triamgdlcts. The governing equations were solved mgus
standard finite difference methods that employ m@ntolume based discretization techniques alonify wi
a pressure-correction algorithm. The N-S equat{@&ugi. 1-7) were solved by SIMPLEC scheme, while



the convective term and the diffusive term in tmergy equation were solved by first-order upwind

implicit approximation and second-order centralaténce scheme respectively.
The meshes on the outside walls of a computatibloak are shown in Fig.2. The graph depicts

the meshes only for the first 3 and a half cyclegyet an amplified view of the mesh structure.alligt
there are 10 cycles in this block. Boundary condgiare defined. A uniform temperature and non-slip
velocity wall conditions are assumed. At the inletiocity is set to uniform and parallel to therogation

of the upper wall.
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Figure 2 External mesh on the plate surfaces

3 Experiment setup

A test rig, as shown in Fig. 3, was used to perfogat transfer and pressure drop experiments. It
is an open circuit system comprising of five maamponents: a variable speed blower, a wind turamel,
upstream section, a test section, and a down-stseation. Air conditioned indoor air is suppliedte
tunnel by a variable speed blower. The volumetiicflaw rates can be adjusted to have different Re
numbers from 50 to 30,000. The low speed wind tlisn® ensure a continuous, steady air supply. The
volumetric air flow rates are measured by a setazzles in the wind tunnel. In the upstream andrdow
stream sections, wind screens are installed indtlet to have steady and uniform air flow to thethea
exchanger. In the test section, a heat exchangbeiform of cross-corrugated triangular duct @éfled
between the upstream and the down-stream seclitiesmaximum air velocity to the test section is 30
m/s, with centerline turbulence intensity levelsleahan 0.35%. The ducting work is made of high-
precision smooth acrylic-glass tubes. In the upstrgection, the pipe length to diameter is L/D Z.58
The different sections are connected by custongdesl couplings. The whole ducting work is insulated

with 10mm thick fiber glass.
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1) blower, 2) straightener, 3) reducing pipe, dlpgity measurement section 5) data acquisitioriceed)
direct-current main, 7) manometer, 8) entrancd@®c®) experimental section, 10) exit section

Figure 3 System sketch of experimental setup

According to the defined boundary conditions, afami temperature was required at the wall
surface. However, with the geometry shown in Figuré is difficult to realize uniform wall tempertae
or constant wall heat flux during experimentald¢edn order to overcome the difficulties, triangleughs
were etched on two copper plates, which sizes @0&160*7mm. The number of trough is 15. The duct
wall thickness at apex angle is 2mm. Then one eftto plates was reversed and vertically overlapped
with the other, as shown in Figure 2. Comparingghemetries shown in Figure 1 and 2, they have the
same channel structures, except the wall. The gepsigown in Figure 3 was used in all of the tegith
different included anglesi(= 45°, 60°, 90° and 120°).

Fig4 Peripheral structur e of geometry



Thermal couples, type K and 1.5mm in diameter, vatti@ched to the inner surface to measure the
temperature. The measured temperatures are thaagade transversely across y-axis to have the
transversely local mean temperatures along the @ucthe outer surfaces of the copper plates, tmifo
heating is provided by means of electrically heatietirome heater wire (0.5mm thick) which is woumhde
uniformly around the external surface of the exgjesnDue to the excellent heating efficiency (99%b)
the nichrome heater wire, nearly all the electogver supplied can be converted to heating powee. Th
electric power supplied to the heater can be agtjubom 50 to 1000W via a variable transformer and
monitored by a multimeter throughout every experitn@he entire exchanger assembly is thermally
insulated from its ambient environment by a 10miuoktisilica aerogel foam. The exchanger plate has a
very thin wall thickness of 1 mm, which is usednmimize the thermal resistance through the dudt wa
to achieve high heat transfer from the heater wirtgich is attached on the outer surface, to therinn
surface of the exchanger.

On fluid side, six thermal couples are installetbbmand after the exchanger to measure the fluid
inlet and outlet temperatures. The six signalsaamraged to get the mean values for inlet and toutle
temperatures. Pressure drop across the exchanglsoisneasured by a digital pressure drop gauge (DP
1000l11), reading to 0.1 Pa. Anemometers (Testoy3ité& used to measure the mean velocities to and fr
the exchanger. Thus the air flow rates throughdhet can be calculated and are checked with the
measured values from wind tunnel nozzles. The rdiffees between nozzle measured and anemometers
measured are controlled to within 1%.

4 Experimental results

The measured fluid velocity, pressure and temperatere used to calculate cycle friction factors
and Nusselt numbers.
The cycle-average friction factor is calculated by:

p, — 8

Py ®)
L

f _ cyc

1o
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where L. is the length of a cycle, (mp andp, are pressure at inlet and outlet of a cycle,

respectively, (Pa)u, is the area-weighted mean velocity through a esestion, (m/s), which is
calculated as:

u,A,dx ©)
u,=+——
Ve ! Ly

Dy, is the hydraulic diameter of the channel, whictiéfined as:
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whereV, andA. are the volume and the surface area of the chamasglectively.
The cycle-average Nusselt number,Nis defined as:
h D
Ny =-m-"
" k
where h, is the cycle-average heat transfer coefficient lansl the thermal conductivity.his
evaluated from the temperature difference betweeriniet and the outlet of a cycle:

— /aJmeA\:i (Tl _To) (12)
" A, AT
wherec, is the specific heat of fluid, kJ/(kgKA; is the cross-sectional area at inlet or outled of

cycle, (nf); T, and T, are fluid temperature at inlet and outlet of aleycespectively (K)AT is the
logarithmic temperature difference between the amadl the fluid, which is calculated by:

(11)
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whereT,, is the wall temperature (K).
Experiments were conducted firstly for the crosswggated triangular ducts with an included
angle of 96. The mean friction factors and mean Nusselt numb@re evaluated at different Reynolds

numbers, which are calculated as:

D
Re= PP (14)
wherep is fluid density angh is fluid molecular viscosity. Results are showrkigure 5.
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Figure5 f,, and Nuy, of each cycle for ductswith included angle a=90°

It is quite clear that the values of channghfid Ny, are quite stable except in the 2 or 3 channels
at the inlet and 1 or 2 channels at the outleteHie stabilized values were considered as fidhebbped
mean friction factor ) and fully developed mean Nusselt numberNu

In order to study the impacts of included angledlow and heat transfer, the same procedures
were conducted for cross-corrugated triangularguith different included angles. The fully deveddp
mean friction factor and fully developed mean Niissember were evaluated at various included angles
and Re. Results were illustrated by scatters in Fig 6tha meantime,;fand Ny were also simulated
based on the previously described model. The pestiicalues were presented by the curves in Fig 6. |
general, the simulated results agree with the tesbkained from measured parameters.
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Figure6 fp and Nup of ductswith different included angles

Comparing Fig 6 shows that the included angle liffareint effects onf and Nw. The flow in
the duck witha=90 has the largest friction factor and Nusselt b@mUnder the same Reynolds number,
fp ata=12C is lower than § at a=60° and 45, whereas, Ngiat a=120 is higher than Ngiat a=60°" and
45, This difference indicates that the included anigléuences the flow and heat transfer in cross-
corrugated triangular ducts in different ways. Hwer, it is difficult to explain this phenomenontfwthe
mathematic model (Equ 1-7). Therefore, the fieldesgy principle was introduced to further expldre t
mechanism.

5 The effects of included angles on flow and heat transfer
5.1 Introduction to thefield synergy principle

To improve heat transfer performance, Guo et a8][roposed the principle of field synergy —
the synergy of the velocity field and the tempemagradient field in the fluid domain. By introdagitwo
dimensionless variables:

_ U __ vT
U=—,VT=——— (19)
U.. (T = T.)/ 6.

the energy equation of a steady, 2-D boundary |#ger over a cold flat plate at zero incident
angle can be written as:

L (16)
Nu, = REIPT'J. (U-VT)dy
0

The vector dot produd? - VT in the dimensionless integration can be expreased

U-VT = |E||ﬁ|cosﬁ (17)



Wherep is the included angle between the velocity veatat the temperature gradient (heat flow
vector). Equ 17 shows that in the convection donttaéne are two vector fields, U ald, or three scalar
fields, |E| |ﬁ| and coB. Hence, the value of the integration or the stiteref the convection heat
transfer depends not only on the velocity, the temure gradient, but also on their synergy. Thélfi
synergy principle indicates that improving synefgy the velocity and temperature gradient/heat flow
fields can markedly enhance heat transfer withilesgased flow resistance.

5.2 Application of the field synergy principle

The flow in the cross-corrugated triangular duah ¢ee simplified to 2-dimension as well, as
shown in Figure 7. According to the filed synerginpiple, the energy equation can be written as:
[[ e, (U tOT)dxdz~ [nkOTds~[n(kOTds = [nfkOTds+ [n(kOTds (18)
Q=abcdea cd ea abc de
Where— is the surface unit normal vector asig the arc length along boundary.
The first item on the left side of Equ. 18 preseahtsheat transfer caused by flow and the second

and third items present the heat transfer by candiyc The difference equals to the heat trandfgr
convection.

Figure7 Two dimensional flow field

Since for the most cases of elliptic type convectieat transfer, the Peclet number is larger than
100, the transferred heat by conductivity can loeiigd. Therefore, the integratiomt) of the left side of
Equ. 18 can be written as:

Int = Ipcp|lT||DT|cos [ds (19)
5.3 Domain averaged included angle
Based on Equ 18, the most efficient method to ecéddine convective heat transfer is to reduce

the angleB. To reveal the variation trend of the includedlarggtween velocity and temperature gradient,
a domain averaged included angle was defined as:



- 1w grad(®) AV (20)
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Bm was calculated for the flow in the cross-corrugatiéangular ducts with different included
angles. Results were displayed in Fig 8. Obviouslg, flow in the cross-corrugated triangular dugthw
a=90 has the smallest domain averaged included amdieeh implies the best synergy performance.
Moreover, for a specified included angl@),(B, first rises and then drops along with the chanfje o
Reynolds number. There always exists an extreme&gewahich normally appears in a Reynolds number
range of 800-1200. At the extreme valuggf flow and heat transfer has the worst synergyoperénce.
It shall also be pointed out that it is not necgstahave a small amount of heat transferred Imyveotion
or Nu, at big B, because the convection depends on the absollie @ velocity vector and the
temperature gradient as well, according to Equ 17.
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Figure 8 B, of different flow channels

5.4 Validation of thefield synergy principle

To evaluate the performance of plate heat exchargelimensionless performance evaluation
criterion (PEC) was defined as [11]:

PEC=SPr3/f, (1)

Where St is Stanton number.

Fig 9 shows the PEC of the cross-corrugated trimnglucts with different included angles. It is
clear that the duck with=90" has the highest PEC, which implies the best perdoce of heat transfer.
This is consistent to the results of the field sggerinciple.
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Figure 10 Velocity vector at y =0.5 with different included angles

In addition, the results of velocity vector and parature distribution also support the conclusion
of the field synergy principle. Fig 10 and 11 shtwe velocity vector and temperature distribution at
y* = y o = 0.5 with different included angles. It is easy to urstiend that the generated vortex in the
lower pgrt of the channel section can greatly iniprohe synergy between flow and heat transfer.
Comparing the vortexes formed in different chanméth different included angles, those in the chann



with a=90 have the highest intensity and, consequensfiud the flow in the upper part of the channel.
Therefore, the duck with=90 has the best performance of heat transfer.

(c) a=12C

Figll Temperaturedistribution at y'=0.5 with different included angles

6 Conclusions

The impacts of included angles on the fluid flovd aonvective heat transfer in cross-corrugated
triangular ducts were investigated under uniformathfiux boundary conditions. The results about the
friction factor and Nusselt number from both expemts and simulations show that the flow in thekduc
with a=9C has the largest friction factor and Nusselt numblewever, the included angle influences the
flow and heat transfer in cross-corrugated triaagdlcts in different ways. For example, underséme
Reynolds numberpfata=120 is lower than § ata=60 and 45, whereas, Ngiata=12C is higher than
Nup ata=60 and 45.

By introducing the field synergy principle, thefdilent impacts of the included angle was further
explored. Results show that the flow in the crassumated triangular duct with=90° has the smallest



domain averaged included anglg.X, which implies the best synergy performance. dditon, there
always exists an extreme valuefaf which normally appears in a Reynolds number raofgg@00-1200.
At the extreme value df, flow and heat transfer has the worst synergygoerince. The results of the
field synergy principle were also validated by gmadg the performance evaluation criterion and wugl
the velocity vector and temperature distributions.
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Nomenclature

A cross-sectional area at inlet or outlet of a c{(mé
Acyc surface area of the channelzlm

Co specific heat [kJ/(kgK)]

Dy hydraulic diameter of the channel (m)

f friction factor

fo fully developed local or cyclic mean friction fact
h static enthalpy (kJ/kg); or heat transfer coedfinti[kW/(nfK)]
H total enthalpy (kJ/kg)

k thermal conductivity [kW/(mK)]

Leye length of a cycle in flow direction (m)

Nu Nusselt Numbers

Nup fully developed local or cyclic mean Nusselt nunsber
p pressure (Pa)

Pr Prandtl Numbers

Re Reynolds number

St Stanton number

t time (s)

T temperature (K)

u flow velocity (m/s)

Veye volume of channel (f)

X,y orz coordinates (m)

Yo pitch of the repeated segment of the duct (m)
Z width of the repeated segment of the duct (m)

Greek letters
0 fluid density (kg/n)
7 molecular viscosity (Ns/f)

Superscripts



* dimensionless

Subscripts

D Fully developed
i inlet

L local

m mean

0] outlet

w wall
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