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a b s t r a c t

The aim of this study was to validate a previously developed mathematical model for pre-

dicting the airflow behavior within individual packages of strawberries (clamshells) during

forced-air cooling applications. The model was validated by using a non-intrusive flow

measurement technique (PIV). The use of PIV required the development of a simplified trans-

parent system that reproduces the packaging structure of typical retail clamshells. The

validation was achieved by comparing the velocity field predicted by the model within this

system against experimental data. The model not only predicted the main flow features,

but also the location of steep acceleration within the packed structure voids. This work

shows that, assuming that the momentum transport can be decoupled from the transport

of energy and mass during forced-air cooling applications, the steady-state Navier–Stokes

equations can accurately predict the airflow within individual clamshells of strawberries.

ª 2008 Elsevier Ltd and IIR. All rights reserved.
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1. Introduction

Ferrua and Singh (Ferrua and Singh, 2009) presented a mathe-

matical model for predicting the local airflow behavior and

cooling rate of packed strawberries during a typical forced-

air cooling application. The model assumed that the complex

interaction of transport phenomena that occurs during the
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cooling process can be modeled by decoupling the momentum

transport from the transport of energy and mass.

The airflow that develops inside the package system was

modeled as a steady, laminar and incompressible fluid flow

of dry air. The thermophysical properties of the air were

assumed constant and equal to those of dry air at the temper-

ature of the air forced into the system. By using a computa-

tional fluid dynamics solver the flow model was used to

predict the airflow that develops within one of the most com-

mon package systems used by the strawberry industry. The

numerical results showed that the heterogeneity of the cool-

ing process is significantly affected by the local airflow behav-

ior, which in turn is largely influenced by the packaging

structure and the shape and vent design of individual pack-

ages (clamshells) and trays. Due to differences in the shape

of clamshells and trays, 75� 2% of the total amount of airflow

bypassed the clamshells (Ferrua and Singh, 2009). Further-

more, 46� 5% of the total mass flow rate forced through indi-

vidual clamshells bypassed the strawberries by the combined

effect of an open headspace within clamshells and the clam-

shell vent design (Ferrua and Singh, 2009).

Until now, the validation of mathematical models used to

predict the airflow behavior within horticultural packages

has been limited to the use of intrusive pointwise velocity

measurements or indirect techniques (such as measure-

ments of pressure drop or product temperature). Ferrua and

Singh (2008) demonstrated the possibility of using a non-in-

trusive flow measurement technique, called particle image

velocimetry (PIV), to trace the flow field within complex

packed structures. However, they also found that in order

to use 2D PIV diagnosis as a validation tool of a 3D flow, a se-

ries of experimental limitations should be considered. In par-

ticular, PIV measurements should be performed within

a transparent setup of the package system, which involved

not only a transparent model of the solid packed structure,

but also a perfect refractive index matching between the

transparent material (fused silica) and the working fluid

(mineral oil mixture). In addition, the use of a 2D PIV system

limited the possibility of accurately measuring the highly 3D

flow that develops within the strawberry package system. Al-

though these experimental constraints prevented the use of

PIV to trace the flow model within the entire package system

modeled in Part I, 2D PIV diagnosis can be used to trace the

flow within a simplified package system of an individual

clamshell. By considering that more critical airflow features

occur within the clamshells, and the lack of fundamental in-

formation to justify the laminar regime assumed by the

model within them (Ferrua and Singh, 2009), the use of PIV

to trace the flow field even within this simplified package sys-

tem would provide useful information to analyze the suitabil-

ity of the model to a great extent.

The objective of the present study was to prove the capabil-

ity of the model to predict the flow field that develops within

a simplified system of an individual strawberry clamshell,

during a typical forced-air cooling application.

2. Materials and methods

2.1. Experimental design of the transparent
packed structure

Ferrua and Singh (2008) developed a simplified transparent

model of the strawberry clamshell used in Part I. This simpli-

fied setup modeled the strawberries as spheres (approxima-

tion that has been customarily done to perform experimental

and numerical studies of horticultural products such as straw-

berries and potatoes (Émond et al., 1996; van der Sman, 2002;

Alvarez and Flick, 1999a,b)), and reproduced the geometric

proportions, porosity, headspace dimension and venting

design of the clamshell. However, the highly 3D flow that

develops close to the headspace within the model limited the

accuracy of the PIV measurements in that region.

In order to overcome this problem and use a 2D PIV system,

a new simplified design of the package structure within clam-

shells was pursued. In particular, the transparent package

system to be used should support the development of a 3D

flow whose x, y and z velocity components are of the same

order of magnitude. This requirement allowed accurate mea-

surement of 2D velocity fields within the system, by carefully

designing the PIV acquisition parameters.

The final system consisted of a symmetrical packed struc-

ture of 35 spheres 6.6� 10�3 m in diameter with a maximum

variation of 7� 10�9 m (Fig. 1). By arranging the spheres in

a cubic centered distribution, the packaging factor of the sim-

plified package system (51%) closely resembled the packaging

factor of the retail strawberry clamshells (54%).

Nomenclature

A surface area, m2

d characteristic dimension, m
_M mass flow rate, kg s�1

P static pressure, N m�2

Rep Reynolds number based on particle diameter and

upstream velocity

ui velocity component in xi direction, m s�1

v 2D velocity, m s�1

Vavg average velocity within the experimental plane

under study

xi Cartesian tensor notation of the spatial

coordinates

x, y, z spatial coordinates, m

Greek symbols

m dynamic viscosity, kg m�1 s�1

v kinematic viscosity, m2 s�1

r density, kg m�3

Subindexes

a dry air

s strawberry
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