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Abstract

The bulk storage of foodstu�s, such as potatoes, is common but unfortunately condensation in bulk stores is often observed.

Condensation has been shown to initiate diseases on the foodstu� with subsequent loss of quality or amount of saleable produce. A

numerical model was developed to calculate the air ¯ows, temperature and moisture changes in bulk stores, and solved using a

computational ¯uid dynamics code in order to predict the conditions under which condensation is likely to occur. The model was

able to predict the position of condensation in a typical bulk potato store and it also showed how condensation would occur in other

regions if di�erent operational policies were used. The model showed that condensation occurs due to variations in the air ¯ow, and

hence cooling front, in the bulk and that it could be restricted by increasing the period of forced convection or, more novel, directing

cool air into the regions of slow air movement. Ó 1999 Elsevier Science Ltd. All rights reserved.
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Notation

A surface area of a potato, m2

a speci®c surface area of a potato medium, m2 mÿ3

c speci®c heat, J kgÿ1 Kÿ1

D di�usivity of vapour in air, m2 sÿ1

Deff e�ective di�usivity of water through particle skin,

m2 sÿ1

Dp di�usivity of water through solid particles, m2 sÿ1

dp diameter of solid particles, m

H enthalpy per unit mass, J kgÿ1

h latent heat, J kgÿ1

hm mass transfer coe�cient, m sÿ1

ht heat transfer coe�cient, W mÿ2 Kÿ1

K permeability of a porous medium, m2

k thermal conductivity, W mÿ1 Kÿ1

L� characteristic length of a porous medium,

L� � dp c/(1ÿ c)

m mass transfer rate, kg mÿ3 sÿ1

Fht heat ¯ux across a particle surface, J sÿ1

Fms mass ¯ux across a particle surface, kg sÿ1

Nu Nusselt number, Nu� ht dp/k

Pr Prandtl number, Pr� m/a
P pressure, Pa

Q heat transfer rate between air and potatoes,

J mÿ3 sÿ1

q heating by respiration and conduction through the

bulk, J kgÿ1 sÿ1

q1 heat of respiration, J kgÿ1 sÿ1

Ri resistance components, N mÿ3

Ra Rayleigh number, Ra� gKdpb(TpsÿTa)/(am)

Ram mass transfer Rayleigh number, Ram � gKdpbc

(qv;psÿ qv;a)/(Dm)

Re Reynolds number, Re�Udp/m
r radius, m

Sc Schmidt number, Sc� m/D

Sh Sherwood number, Sh� hmdp/D

t time, s

Dt time step, s

T temperature, K

ui ¯uid velocity components, m sÿ1

U ¯uid velocity, m sÿ1

Xi cartesian coordinates

Y mass fraction of vapour, kg water/kg air

Greek

a thermal di�usivity, m2 sÿ1

b volumetric thermal expansion coe�cient, Kÿ1

bc composition expansion coe�cient of air/vapor,

m3 kgÿ1

c porosity of the porous medium

d thickness of condensation ®lm, m

l ¯uid viscosity, kg mÿ1 sÿ1

m kinematic viscosity, m2 sÿ1

q density, kg mÿ3

qm vapour mass concentration, kg mÿ3

v moisture content, kg water/kg solid material

v0 initial moisture content, kg water/kg solid material

s shear stress, N mÿ2

w water activity (partial pressure of the vapour/

saturated vapour pressure)

Subscripts

a air/vapour ¯ow

bp bulk solid particles, e.g. potatoes
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1. Introduction

Many raw foodstu�s are stored in bulk either in
boxes, bins or piles. Condensation of moisture on the
foodstu� can lead to the development of diseases and the
growth of microorganisms with consequent loss of
quality and saleable produce. For example, potatoes may
su�er from Ôsoft rottingÕ caused by Erwinia carotovora.
Each time condensation occurs it is usually in the same
place in a given store as noted by Hylm�o, Persson and
Wikerb (1976), who found that condensation in com-
mercial bulk potato stores frequently arises in strips
which lie in the top layers between, not above, the air
ducts. However, the region of condensation may move
during the storage period. There is a need to understand
the causes of condensation which can lead to high losses,
and to provide advice on methods of preventing it.

Condensation occurs when the temperature of the
potato surface is below the dew point temperature of the
air nearby. In large bulks, the spatial variation of the
temperature of the potatoes depends on the air ¯ow and
the transfer of heat and moisture within the bulk. To
understand the complex interactions between these
transfer processes, and so understand the process of
condensation and predict the regions where it may occur,
it is necessary to construct a mathematical model of the
transfer processes. One-dimensional (Bakker-Arkema,
Bickert & Morey, 1967; OÕCallaghan, Menzies & Bailey,
1971), two dimensional (Casada & Young, 1994a,b), and
three dimensional (Smith, Jayas, Muir, Alagusundaram
& Kalbande, 1992a,b; Khankari, Patankar & Morey,
1995) models of heat and mass transfer in granular bulks
have been developed. However, the application of these
models is restricted to bulks of small particulates, such as
grains, where the temperature within individual grains
can be considered uniform. More recently, Xu and
Burfoot (1999) developed a model to predict the air
¯ows, temperature and moisture changes in three-di-
mensional bulks of larger solids, such as potatoes. That
work, like many others, did not consider condensation
and the aim of the present work is to include this im-
portant phenomenon. Furthermore, we aim to show that
our model can be used to predict the regions of con-
densation as observed by Hylm�o et al. (1976) and com-
monly found in commercial potato stores.

2. Mathematical model

The equations describing the transfers of air, heat and
moisture within porous bulks, such as bulk potatoes,

without condensation are presented by Xu and Burfoot
(in press) and summarised in Table 1. In this model, the
store of foodstu�s is subdivided into a set of imaginary
control volumes called cells. Some of the cells contain
air while others contain air and solid spherical particles
(potatoes). The latter mixture is treated as a porous
medium and the ¯ow resistance of that medium is de-
scribed by the Darcy coe�cient in Table 2. In this
model, one solid within each cell is considered to cal-
culate the local heat and mass transfer rates and is
treated as a representative of all of the others within that
cell. The equations needed to describe the condensation
process are given below.

Condensation occurs only when the air/moisture
mixture experiences a temperature or pressure change
that is su�cient to cause the local moisture concentra-
tion to exceed saturation. Condensation then brings the
local moisture concentration down to the saturation
value. Assuming ®lm condensation, the change of ®lm
thickness due to the condensation within one time step
of simulation is then given by

Dd � ÿmDt
aqw

�1�

where m is the rate of mass transfer between the air and
the potato per unit volume of porous medium; it is
negative for condensation and positive for evaporation.

The condensation ®lm maintains the surface relative
humidity at saturation. In the model, there is no ab-
sorption of water into the potato from the ®lm of con-
densation and the ®lm temperature equals the
temperature of the local potato surface so there is no
heat transferred between them. The enthalpy received by
the air ¯ow during condensation is given by

Q � ht a�Tps ÿ Ta� ÿ m�h� CaTa ÿ Ca;psTps� �2�

where ca;ps is the speci®c heat capacity of the air/vapour
mixture at the surface of the potato. The ®rst term on
the right hand side represents the convective transfer
between the potato surface and the air, and the second
term represents the enthalpy changes due to mass
transfer between air and potato when no condensation
has occurred or between air and the condensation ®lm if
condensation has formed on the potato surface. These
equations, and those in Tables 1 and 2, were solved
using the computational ¯uid dynamics package CFX-
4.1 (AEA Technology, Harwell, Oxford, UK).

Since the heat and mass transfer and the occurrence
of condensation in crop stores are always time-depen-
dent processes, the equations presented in Tables 1 and
2 are solved at each time step and then local heat and
mass transfer rates are updated after each solution.
These transfer rates are then used in the next solution of
the equations and this procedure is repeated for each
time step throughout a storage period.

map mass-averaged property of the solid particles

inside a cell

p individual solid particle, e.g. a potato

ps surface of a solid particle, e.g. a potato

w water
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3. Experiment

Hylm�o et al. (1976) noted that condensation had been
observed in commercial bulk potato stores and this
phenomenon occurred in strips in the top layer of the
potatoes. The regions of condensation were found to lie
between, and not above, the air ducts and the conden-
sation occurred after stopping the fans. This is a prob-
lem that is generally recognised although condensation
can be found in other regions. Hylm�o et al. (1976) report
on observations in a store measuring 100 ´ 20 m con-
taining 5600 ton of potatoes in a pile of 4 m depth. The
potatoes were ventilated at 70 m3 tonneÿ1 hÿ1 through
ducts located on 4 m centres (Fig. 1). The initial con-
ditions of the potatoes and the ambient air conditions
are not reported. However, after cooling for 8 h, the wet
bulb temperature of the incoming air was 3.4°C and the
temperature of the top layer of potatoes directly above
the ducts was 5°C while it was 6°C halfway between the
ducts. Ventilation was stopped at this time and con-
densation was observed later on the top layer of the
potatoes halfway between the ducts.

4. Computations

Air ¯ows, and the associated transfer of heat and
moisture, are always three-dimensional and time de-

pendent in crop stores. We have simpli®ed the problem
because complete information about the store observed
by Hylm�o et al. is not available and a direct simulation
of the whole process would be lengthy and require a
huge computing resource. The three-dimensional prob-
lem was reduced to a two-dimensional case (Section A-A
in Fig. 1) by assuming that the air ¯ow around each duct
was periodic along the store i.e. all of the ducts behave
the same, and that the ¯ow was constant along each
duct. The latter assumption may be doubtful in the re-
gions near to the walls of the store. The computational
mesh of cells created for the simulation is shown in Fig.
2. All of the boundary conditions were symmetrical
about the centre line so this was speci®ed as a plane of
symmetry and only half of the section was used in the
simulation. A wall without frictional resistance was the
boundary condition applied at the side of the compu-
tational domain. The distance between the top of the
bed of potatoes and the roof of the store was not known
and in the simulation a distance of 2 m was given to
provide almost fully developed ¯ow at the exit of the
computational domain. The simulation included forced
air cooling for 8 h followed by natural convection.

At the inlet, a mass ¯ow boundary condition was
speci®ed for the air ¯ow and the temperature and
moisture were assumed to be uniform across the duct
during the period of forced ventilation. The initial
temperature of the potatoes was 6°C and the incoming

Table 1

Equations describing the transfers of air, heat and moisture in bulks of porous media (Xu & Burfoot, in press)

Transfer process Equation

Air ¯ow continuity (air/water vapour mixture) o�cqa�
ot
�r�qacui� � m

Air ¯ow momentum (air/water vapour mixture) o�cqaui�
ot

�r�cqauiuj ÿ csij� � ÿc
oP
oXi

ÿ Ri

Energy equation for the air ¯ow (air/water vapour mixture) o�cqaHa�
ot

�r�cqauiHa ÿ ckarTa�

� r�kbprTmap� ÿ
o�1ÿ c�qmapHmap

ot

Moisture transfer in the air o�cqaY �
ot

�r�cqauiY ÿ cqaDrY � � m

Heat transfer within single spherical particle o qpHp

ÿ �
ot

� qqp �
1

r2

o
or

r2cwqwDpTp

ov
or

� �� �
� 1

r2

o
or

r2kp

oTp

or

� �� �
Mass transfer within single spherical particle ov

ot
� 1

r2

o
or

Dpr2 ov
or

� �� �
Heat and mass transferred at surface of particles Fht � htA Tps ÿ Ta

ÿ �ÿ Fms h� caTa ÿ ca;psTps

ÿ �
Fms � hmA qv;ps ÿ qv;a

ÿ � � Sh D A qa Yps ÿ Y
ÿ ��

dp
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air was at 3.6°C and 90% relative humidity. After the
period of forced ventilation, the air velocity at the inlet
duct was reduced to zero and the ambient air tempera-
ture and relative humidity of 0°C and 100% respectively
were used as boundary conditions at the top of the
computational domain.

A time step of 1 sec was used in the simulation of
forced ventilation and 0.5 sec for natural convection.
The cpu time on a DEC Alphastation 250 with 196 MB
of RAM was 36 h for the forced convection and 48 h for
the natural convection period.

5. Results and discussion

In the store observed by Hylm�o et al., the air ¯ow
across the potato pile was not uniform. Air near to
the duct was moving faster than the air in the side
region, and the air movement was very slow near to
the ¯oor halfway between two neighbouring ducts.
This ¯ow pattern, which changed slightly as more
potatoes were cooled, resulted in parabolic distribu-
tions of air temperature and moisture across the
potato pile. The cooling front penetrated the potato

pile much easier and faster in the centre than at the
side and consequently a warm region having both a
high temperature and moisture concentration was
formed at the side. Fig. 3 shows the predicted distri-
butions of air ¯ow, temperature and moisture across
the potato pile after cooling for 8 h. Above the pile,

Table 2

Equations used to calculate the properties of the air or potatoes and the surface transfer coe�cients

Property or transfer coe�cient Equation

Darcy coe�cient describing resistance of porous medium to air ¯ow Ri � l
K

ui � bqUui

where

K � d2
pc3

150�1ÿ c�2 b � 1:75�1ÿ c�
c3dp

Surface heat and mass transfer coe�cients for forced convection Nu � 0:5Re1=2 � 0:2Re2=3
ÿ �

Pr1=3

Sh � 0:5Re1=2 � 0:2Re2=3
ÿ �

Sc1=3

for 10 < Re < 104

Surface heat and mass transfer coe�cients for natural convection Nu � 0:362Ra1=2

Sh � 0:362Ra1=2
m

Moisture di�usivity inside potatoes

Dp � 5:128� 10ÿ13e13:5ve
ÿ3151:5 1

Tp
ÿ 1

313:15

� �
Moisture di�usivity of potato skin Deff � Dp=40

Heat of respiration of stored potatoes q1 � 6:99Tp ÿ 17:7�J Kgÿ1 hÿ1�
Speci®c heat capacity of potato cp � 904� 3266v for v > 0:5

Thermal conductivity of potato kp � 0:58

Thermal conductivity of potato bulk kbp � kp�1ÿ c2=3�
Sorption isotherm for potato w � 0:95 for v > 0:8

w � 0:95ÿ 0:28�0:8ÿ v� for 0:36 v6 0:8

�

Fig. 1. Schematic diagram of a quarter section of a bulk potato store

as used in the test by Hylm�o et al. (1976). The hatched region is rep-

resented in the numerical model in the way shown in Fig. 2.
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air moved towards the side because of the strong
buoyancy caused by the warm region at this stage.
The air temperature in the centre of the computational
domain was about 0.8°C lower than the temperature
at the side, at the mid-height of the pile. The pre-

dicted temperature in the top layer of potatoes above
the supply duct was 4.9°C and it was 5.9°C mid-way
between the ducts (the side of the computational do-
main). These predictions agree well with the mea-
surements by Hylm�o et al. of 5°C above the supply
duct and 6°C mid-way between the ducts. Fig. 4 also
shows good agreement between the measured and
predicted temperatures at the top and the bottom of
the centre line of the pile after the cooling period.

After forced cooling for 8 h, the air ¯ow rate at the
inlet was reduced to zero in 5 sec to transfer the
simulation from forced convection to natural convec-
tion. Air at the top of the computing domain, having a
temperature of 0°C and 100% relative humidity, started
to fall onto the potato pile in the central region and
cooled the potatoes at the top. It then rose towards the
ceiling at the side because air moved out of the pile from
the warm region due to buoyancy. Consequently, a
small amount of cooling air was drawn into the potato
pile at the top of the central region and formed a gentle
circulation inside. This small amount of cooling air
reached equilibrium with the surrounding potatoes very
quickly while circulating through the pile and so the
cooling e�ect on the warm region was very weak at this
time.

As more potatoes in the top layer of the pile were
cooled by the falling cold air, the ¯ow patterns above
and within the pile changed accordingly. The region
where the air was falling above the pile began to
gradually move away from the centre towards the
side. Fig. 5 shows the air ¯ows and temperature near

Fig. 3. Predicted patterns of air ¯ow, temperature (°C) and humidity (kg water/kg air) through the potato pile after forced cooling for 8 h.

Fig. 2. Two-dimensional domain representing the bulk store investi-

gated by Hylm�o et al. Flows were symmetrical about the centre line so,

only half of the section was used in the simulations.
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to the top of the pile after 3.5 h of natural convection.
The change of ¯ow pattern increased the size of the
region of cooled potatoes in the top layer but the
potato temperature in the warm region had changed
very little. After a further 1.5 h of natural convection,
the region of falling cold air moved further towards
the side and the air temperature in the top layer had
dropped to around 4°C (Fig. 6). Condensation then
occurred at the top of the pile halfway between
neighbouring ducts, as observed by Hylm�o et al., be-
cause the cooled potatoes and cold air on the top
encountered the rising warmer air from the warm re-
gion. The greatest thickness of the condensation ®lm
predicted at that time was 83.2 lm.

The performance of the store was examined further
by varying the operational parameters within the model.
Results revealed that if ventilation had been stopped
after 6 h then condensation would have occurred earlier
and would have been found within the potato pile in-
stead of at the top of it. At this time, the cooling front
was still largely within the potato pile even in the central
region and condensation would have occurred in that
region when warm air in the top layer of the pile was
convected backwards across the cooling front by the
gentle circulation mentioned above. However, when
cooling for 8 h, the cooling front in the central region
had already passed through the pile and the danger of
condensation within the pile therefore was removed.
This explains why the location of condensation can
vary.

The main cause of condensation was a warm region
produced by the non-uniformity of air distribution
during forced cooling. Above-¯oor ducts, as used in
the current simulation, and ¯ush ¯oor ducts (built into
the ¯oor and covered with spaced slats) are both used
in the potato industry. Simulations were carried out to
compare the e�ectiveness of these two types of duct.
The results showed that the overall uniformity of the
air ¯ow across the pile can only be improved margin-
ally by using above-¯oor ducts compared to in-¯oor
ducts. The warm region found in bulk stores could be
eliminated by lengthening the period of forced venti-
lation but this would result in increased moisture loss
from the potatoes near to the ducts. Reducing the risk

Fig. 5. Predicted patterns of air ¯ow and temperature near to the top of the potato pile after forced ventilation for 8 h and natural convection for

3.5 h.

Fig. 4. Predicted and measured air temperatures on the centre line of

the pile after forced cooling for 4 and 8 h.
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of condensation could be achieved by either reducing
the distance between neighbouring ducts or by divert-
ing some cooling air into the region of slow air
movement.

6. Conclusions

Considerable computing resources were required to
predict the air ¯ows, temperature and moisture changes
in the bulk of potatoes and this forced the use of a 2-
dimensional model. Nonetheless, we have shown how
condensation develops and why it can be found in var-
ious regions of the bulk, but most commonly at the top
of the bulk and mid-way between the air supply ducts.
The variations in air ¯ow, leading to di�erences in the
movements of the cooling front, are the main cause of
condensation. Increasing the period of forced ventila-
tion to ensure that the cooling front has passed through
the entire bulk of the potatoes is the easiest way to re-
strict condensation but produces increased moisture
loss. Directing air into regions where there is currently
the least air ¯ow is a more novel solution.
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