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a b s t r a c t

This work aims to study the characteristics of multi-nozzle spray cooling using CFD method based on the
fundamentals of air flow and liquid droplet collision dynamics. A mathematical model for the two-phase
flow was presented. The simulations were performed using a EulerianeLagrangian approach. Focus was
placed on revealing the flow behavior with multiple nozzles, the droplet trajectory, and the influencing
factors. The predictions by the present simulations matched well with the experimental results available
in the literature, with a comparison showing deviation below 10%. It is concluded that the multi-nozzle
spray characteristics including the Sauter Mean Diameter (SMD) of droplets and the mass weighted
average droplet velocity are influenced by the nozzle inlet pressure, the mass flux, the nozzle-to-surface
distance and the number of nozzles. With increase of the inlet pressure, the droplet SMD decreases and
the mass weighted average droplet velocity increases. With increase of the mass flux, both the droplet
SMD and the mass weighted average droplet velocity increase. The nozzle-to-surface distance is a very
sensitive parameter to the droplet velocity distribution. Nevertheless, the droplet velocity distribution is
not a monotonic function of the nozzle-to-surface distance. With increasing nozzle number, the change
in droplet size is not appreciable; whereas the mass weighted average droplet velocity decreases and the
distribution of the droplet size is improved significantly.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Spray cooling is important in a wide spectrum of industrial
applications. It has great potentials in the cooling of high power
systems. Traditionally, spray cooling was utilized to cool highly
heated surfaces for equipments and processes in metallurgy,
chemical and nuclear industry. Recently, it has received increasing
attention in the development of modern technologies, such as the
cooling of electronic devices and high power solid-state lasers. In
the process of liquid spray, the liquid is usually injected into
a chamber through an atomizing nozzle, resulting in the production
of a spray comprising a large number of liquid droplets. The
research of spray cooling involves three major subtopics: liquid
atomization, interaction between droplets and surface, and the
associated mass and heat transfer. A well-controlled particle size
distribution is desirable in liquid atomization because the huge
interfacial contact area between liquid and vapor can enhance heat
and mass transfer rate and directly determines the cooling
performance [1]. Hence, understanding the details of liquid

atomization, such as the droplet diameter and velocity profiles, is
essential in the design and performance optimization in spray
cooling applications.

A number of review papers in spray cooling have addressed
important issues focusing on the critical heat flux (CHF) and para-
metric studies [2e5]. However, littleworkhas been done toward the
disclosure of the spray characteristics. Experiments providing
comprehensive information with regard to the droplet character-
istics close to the injection point are very scarce since it is difficult to
perform accurate measurements at locations very close to the
atomizing nozzle. The experimental studies of Kurt and Mudawar
[6] and Cheng et al. [7] both used the Phase Doppler Anemometry
method to test a single nozzle and obtained the Sauter Mean
Diameter (SMD) of droplets at different nozzle-to-surface distances.
Such experiments are very costly, not to mention that it is not so
easy to realize non-intrusive measurement. To this end, numerical
simulation is a good means which can predict the spray character-
istics and provide a theoretical guidance for experiments. However,
numerical simulation of droplet dynamics in a two-phase flow is
a particularly challenging problem because of the complicated
process of film formation, droplet breakup, collision, coalescence
and evaporation.
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