International Journal of Heat and Mass Transfer 54 (2011) 202-209

Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier.com/locate/ijhmt

Flow boiling in constructal tree-shaped minichannel network

Chengbin Zhang, Yongping Chen *, Rui Wu, Mingheng Shi

School of Energy and Environment, Southeast University, Nanjing, Jiangsu 210096, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 19 April 2010

Received in revised form 18 September
2010

Accepted 20 September 2010

Available online 1 November 2010

Flow boiling in constructal tree-shaped minichannel network with an inlet diameter of 4 mm is numer-
ically investigated using a one-dimensional model, taking into consideration the minor losses at junc-
tions. The pumping power requirement, pressure drop, temperature uniformity and coefficient of
performance of the constructal tree-shaped minichannel network are all evaluated and compared with
those of the corresponding traditional serpentine channel, and the fluid stream undergoes a phase change
from saturated liquid to saturated vapor. The effects of the length dimension and top view area (i.e. the
path length) on saturated gas-liquid two-phase flow boiling heat transfer in tree-shaped minichannel
networks are all analyzed and discussed. The results indicated that, the tree-shaped network configured
with length dimension of two is able to maximum flow access; the path length plays a significant role in
the determination of flow boiling in tree-shaped minichannel networks. In particular, compared to the
traditional serpentine channel, flow boiling in constructal tree-shaped minichannnel network possesses
less pressure drop, lower pumping power requirement, better temperature uniformity and higher coef-
ficient of performance (COP).
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1. Introduction

Since the pioneering work by Tuckerman and Pease [1], heat
sinks incorporating mini/microchannels have been introduced as
an attractive option for electronic cooling, due to the large sur-
face-to-volume ratio and high convective heat transfer coefficient.
However, downsizing also leads to large pressure drop, and the
temperature distributions are also non-optimal in parallel or ser-
pentine mini/microchannels. Therefore, the optimal design of flow
heat transfer structure is of considerable importance for the
improvement of thermal performance. Recent researches have
demonstrated that the constructal theory [2,3] has been success-
fully used to optimize the flow configuration. Differing from the
fractal geometry [4] which to describe natural phenomena by
means of infinitely repetitive fracturing algorithms, the constructal
theory is a completely deterministic theory of optimized and orga-
nized systems that evolve in time. The principal of the constructal
theory was formulated by Bejan in 1996 as the constructal law of
the generation of flow configuration: “For a finite-size flow system
to persist in time (to survive) its configuration must evolve in such
a way that it provides an easier access to the currents that flow
through it” [5,6]. Today the constructal theory represents a new
extension of thermodynamics: the thermodynamics of nonequilib-
rium systems with configuration, and it has played a significant
role in the optimization of heat and mass transfer system.

* Corresponding author. Tel.: +86 25 8379 3092; fax: +86 25 8361 5736.
E-mail address: ypchen@seu.edu.cn (Y. Chen).

0017-9310/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijheatmasstransfer.2010.09.051

The advanced heat and mass transfer efficiency has been found
in the blood-circulating arteries and veins of human beings, which
are self-organized as a branching vessel tree system. Predicting
such geometric features is an essential objective of constructal
theory. In this context the tree-shaped architecture by constructal
theory is a promising way to bypass the huge increase in hydrody-
namic resistance that comes with miniaturization. The important
applications of such tree-shaped architectures have been found
in electronics cooling [5], fuel cells [7], etc.

Bejan [5] first proposed tree in electronics cooling with high
conductivity path. To cope with the fundamental problem of how
to collect and channel to one point the heat generated volumetri-
cally in a low conductivity volume of given size, the deterministic
tree networks for fluid flow was introduced [6].

Pence [8,9] proposed a tree-shaped microchannel network for
the convective cooling of microelectronic components with disk
geometric shapes. The three-dimensional CFD results indicated
that the pressure drop and thermal characteristics through the
tree-shaped microchannel network are superior to that through
the straight channel network [10,11]. In addition, Xu and Yu [12]
analyzed the transport properties including electrical conductivity,
heat conduction, convective heat transfer, laminar flow, and turbu-
lent flow in the tree-like networks and derived the scaling expo-
nents of the transport properties in the networks. Chen et al. [13]
studied the effective permeability of composites embedded with
self-similar fractal-like tree networks, and found that the tree net-
works can significantly increase the effective permeability com-
pared to the traditional parallel nets if the structural parameters
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Nomenclature

Aw wall surface area (m?

Bo boiling number

Cim two-phase interaction parameter

copr coefficient of performance

D length dimension of channel

di branch diameter of the kth level (m)

fr junction loss factor

G mass flux (kgm2s71)

h convective heat transfer coefficient (W m 2 K1)

kio pressure loss coefficient of only liquid flow through a
tube bend

Ly branch length of the kth level (m)

m mass flow rate (kgs™')

P pressure (Pa)

P, pumping power requirement (W)

Q volumetric flow rate (m?s™1)

Qn total heat transfer rate

q heat flux (W m—2)

r latent heat (J kg™ ')

t temperature (K)

U mean velocity (m s~ 1)

v specific volume (m> kg™1)
We Weber number

X steam quality

Greek symbols

o void fraction

A diameter dimension

y) friction factor

o surface tension

2 two-phase multiplier

X? Lockhart-Martinelli parameter
Subscripts

k branching level

l liquid

lo liquid only

local local position

max, min maximum and minimum
v vapor

w wall

of the tree networks are properly chosen. Yu and Li [14] studied the
effective thermal conductivity of composites with embedded self-
similar fractal-like tree networks, and this investigation indicated
that the thermal conductivity of the H-shaped fractal-like tree net-
works does not obey Murray’s law.

In the real application, the square or rectangular shaped heat
sink is preferred due to the fact that the majority of the electronic
or electrical components are square or rectangular rather than disk
shape. However, the free circulation of the cooling fluid is difficult
to be realized in a single layer tree-like network with a rectangular
shape. In order to solve this problem, Chen and Cheng [15] de-
signed a new sandwich structure tree-shaped channel network
heat sink for cooling of rectangular chips. A comparison between
the new design and the traditional parallel network showed that
the new tree-like microchannel network has a stronger heat trans-
fer capability and requires lower pumping power. Senn and Pouli-
kakos [7] also confirmed that there are intrinsic advantages of such
a sandwich structure tree-shaped channel network with respect to
both heat transfer and pressure drop by using three-dimensional
simulation. Hong et al. [16] proposed a modified tree-shaped
microchannel network heat sink which has better performances
in term of thermal resistance and temperature uniformity. Re-
cently, Chen et al. [17] numerically and experimentally investi-
gated heat and fluid flow in sandwich structure constructal
tree-shaped minichannel heat sinks, taking into consideration the
conjugate heat transfer in channel walls. Both the numerical and
experimental results concluded that the constructal tree-shaped
minichannel has inherent advantage of temperature uniformity
companied lower pumping power requirement.

All the above implementation of tree-shaped networks [5-17]
has still been limited in heat conduction and single phase flow.
Due to the large latent energy, as well as the potential for improv-
ing the temperature uniformity of flow boiling, its application in
tree-shaped networks is being explored both experimentally and
through the use of numerical simulations [18,19]. Kwak et al.
[18] experimentally observed the two-phase air-water flows in a
microscale fractal-like flow network embedded in a disk-shaped
heat sink. Daniels et al. [19] investigated the adiabatic flow boiling
in a disk tree-shaped microchannel network through numerical
simulation and experiment. Their results demonstrated that the
tree-shaped network has significant advantage over corresponding

parallel channel array in pressure drops. Due to the fact that the
bifurcations act as a pressure recovery device (i.e. like a diffuser)
for the low bifurcation angle in the disk configuration [20], the ef-
fect of bifurcation on the pressure loss can be reasonably neglected
in the above analytical work for disk configuration. However, the
minor losses at junctions with the 180 degree branching angle as
shown in Chen et al.’s configuration with rectangular layout [15]
are not negligibly small [20]. Furthermore, little research on flow
boiling in this applicable sandwich structure tree-shaped minichan-
nel network [15] is available. Therefore, this paper develops and
numerically analyzes a one-dimensional model for flow boiling in
the applicable sandwich structure constructal tree-shaped mini-
channel network, taking into consideration the minor losses due
to diverging/converging flow at bifurcations. And the comparisons
of the pumping power requirement, pressure drop, temperature
uniformity and coefficient of performance of flow boiling in the con-
structal tree-shaped minichannel network with those of the corre-
sponding traditional serpentine channel are also presented.

2. Constructal tree-shaped net of rectangular shape

As proposed by Chen and Cheng [15], a tree-shaped channel net
with rectangular shape as shown in Fig. 1 can be constructed as
follows:

a. Suppose that every channel is divided into two branches at
the next level, so N =2, the branching angle ¢ is 180°, and
the tree-shaped net has 6 branching levels (as shown in
Fig. 1(a)).

b. We define that the ratio of the length of the channel at the
(k+1)th branching level to the length of the channel at the
kth branching level as

L’i—f =NP (1)
It follows that:
L = LN P, (2)

where Ly is the length at the Oth branching level and D is
length dimension.
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