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SYMBOLS USED IN EQUATIONS
A is the area of the chiller plate, tank surface, fluid contact surface of the tank (m2).
A is altitude (kilometre)
COP is the coefficient of performance of the refrigerator
(COP)c is the Carnot cycle refrigeration coefficient of performance
cp is the specific heat (J°C-1kg-1)

c pB is the specific heat of the brine (J°C-1kg-1).
dQ BRINE
is the brine total heat flow (W)
dt

dQ AIR _ B
dt
dQTANK _ B
dt

is the heat flow from air to brine (W)

is the heat flow from tank to brine (W)

dQ FERMENTATION
is the heat released by the (W)
dt
dQ PASSIVE
is the natural exchange of heat between the tank and its environment (W)
dt
dTTANK
is the rate of change in tank temperature. (°C s-1)
dt
dQ
is the rate of change tank heat content (W)
dt

H is ferment time (hours)
h is the convective heat transfer coefficient (Wm-2°C-1).
hA is the film coefficient for the surrounding air (Wm-2°C-1).
hB is the film coefficient for the circulating brine (Wm-2°C-1).
Heat(h) is the heat production rate (kWm-3)
hT is the film coefficient for the tank contents (Wm-2°C-1).
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dQSOLAR
is the heat absorbed by the tank from the sunlight (W)
dt
m& is the mass flow rate of the brine (kg s-1).

k is the Newtonian cooling coefficient (s-1)
k is the thermal conductivity (Wm-1°C-1).
L is a length (m)
m is the mass of the contents (kg)
n is the day of the year counted from 1 January
n is the number of samples in the dataset

Peak_t is time of peak fermentation heating (hours)
t is time (s)
TA is the air temperature (K).
TTANK is the tank temperatures (°C)
TAIR is the air temperature. (°C)
TB is the brine temperature (K).
TOBJECT is a temperature. (°C)
Tin _ brine is the brine input temperature (°C)
Tin _ brine _ K is the brine input temperature (K)
Tout _ brine is the brine output temperature (°C)
Tout _ brine _ K is the brine output temperature (K)
Tout _ brine _ MOD is the modelled output temperature of the brine. (°C)
Tout _ brine _ DATA is the measured brine output temperature. (°C)

TT is the tank temperature (K).
TW, T∞ are tank wall and surrounding air temperature (K)
UBA is the HTC from brine to air (Wm-2°C-1)
UBT is the HTC from brine to tank (Wm-2°C-1)
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UTA is the HTC between the tank contents and the air (Wm-2°C-1).
v1 is wind speed measured at 10m (ms-1)
v2 is wind speed around the tanks (ms-1)
ws is the wind speed (ms-1)
x is the thickness of the stainless steel (m)

α wind shear coefficient
β = 1/Tf and Tf is the absolute temperature of the tank
ε is the emissivity of the surface

θ Z is the zenith angle of the sun (horizon = 90°) (°)
δ is solar declination angle (°)

φ is terrestrial latitude (°)

γ S is the solar azimuth. (°)
τb is the atmospheric transmittance for direct beam solar radiation
θZ is the zenith angle of the sun (horizon = 90°). (°)
σ is the Stefan-Boltzman constant (5.67 x 10-8 W m-2 K-4)
ω

hour angle
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ACRONYMS AND ABBREVIATIONS
CSU

Charles Sturt University

HTC

Heat Transfer Coefficient

COP
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Passive Heat Transfer

EW
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ABSTRACT
Refrigeration has become essential to the operation of a modern winery,
particularly in warmer climates such as in Australia. Annual electrical costs may range
from twenty thousand dollars for a small winery to one million dollars for a large
winery. Typically 70% of a winery’s electrical energy consumption is used to run its
refrigeration systems, significantly increasing the cost of production.
Hot grapes coming into the winery are cooled to prevent spoilage. This places a
large peak load on the refrigeration system, as many tonnes of grapes at ambient
temperature of up to 40°C are cooled down to 20°C. Fermenting juice requires cooling
to control the rate of fermentation and to preserve flavours that would be lost at higher
temperatures. Refrigeration enables the ferment to be held near 22°C for red wines and
16°C for white wines. At the conclusion of fermentation white wines are cold stabilised
by chilling to below -2°C to precipitate potassium bitartrate prior to bottling.
Refrigeration is also used to provide environmental control for stored finished wine,
both bottled and in tanks.
Most wineries do not use the output of the evaporator directly for cooling but use
it to cool a secondary refrigerant or brine, which is then reticulated around the winery to
provide cooling. This operational temperature was identified as a key adjustable
parameter to provide improvements in the efficiency of winery refrigeration systems.
Refrigeration efficiency decreases when the temperature difference between
evaporator and condenser is increased. A larger volume of warmer brine can provide the
same cooling as a smaller volume of colder brine but will require less energy to cool it
due to the increased efficiency of the chiller plant. This increased efficiency is a
consequence of a fundamental thermodynamic principle.
This work has examined red wine fermentation and developed recommendations
for an elevation in brine temperature that improves efficiency while still maintaining
effective cooling. If the cooling demands of the fermentation are not met the juice
temperature will rise and the fermentation will accelerate; a runaway ferment. This
maximum allowable brine temperature must provide control in the worst case, when the
fermentation rate peaks on the hottest expected day and with the highest solar heat load.
Maximum allowable brine temperatures for a range of different conditions were
determined using models of heat sources and sinks present during the fermentation
process. Experiments were conducted to measure the heat transfer capacity of the brine
xvii

system and measure the load to the refrigeration system from heat of fermentation, solar
heating and passively driven heat flow.
Measurement and modelling of the solar component of the heat load enabled some
recommendations for tank layout to maximise mutual shading and other shading
options.
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CHAPTER 1 LITERATURE REVIEW
1.1 INTRODUCTION
The Australian wine industry employed twenty eight thousand people and
produced 1.073 billion litres of wine in the year 2011; 464 million litres were consumed
locally and 702 million litres were exported (Winebiz, 2013). The value of the wine
exports generated nearly 1.9 billion dollars.
Humanity has been making wine for thousands of years but efficiently
producing this wine in these large quantities requires input from many aspects of
modern technology. Refrigeration is now one of the key technologies in the effective
operation of a modern winery and optimising the operation of the refrigeration is the
topic of this thesis. Refrigeration reduces the dependence on the local climate to
provide conditions for quality wine production and enables the winemaker to provide a
more consistent product (White, Adamson, & Rankine, 1989). It has been long
recognised that Australian climatic conditions have required the use of larger capacity
chiller plants compared to similar capacity wineries elsewhere in the world (John,
1973).
It has been estimated that refrigeration systems use between 60% and 70% of the
total energy consumed by a winery (White, 1991). White defines a medium scale
winery as crushing between 300 and 3000 tonnes of grapes per year and would require a
chiller plant capacity of 50kW to 500kW. The energy bill to a large winery in Australia
in 1995 was between $500,000 and one million dollars (Hislop, 1995).
This chapter will begin with an examination of the role of refrigeration in a
winery with emphasis on fermentation heat and fermentation control, a more detailed
review will be presented in Chapter 6 Heat of Fermentation. The refrigeration system
removes unwanted heat from the fermenting wine via a secondary refrigeration network.
Current research on the processes involved in the transfer will be examined to identify
options to improve the efficiency refrigeration operation.

The final section of this

introductory chapter will discuss the research questions and an outline of the
methodology used to solve these questions.
The focus of this thesis is the optimising of the use of available refrigeration
plant cooling capacity.
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Initial questions that arise are:
How is this cooling capacity being currently used and managed?
Are there alternative mechanisms to refrigeration?
What other research has been done in this area?
1.2 ROLES OF REFRIGERATION IN A WINERY
Applications of refrigeration in wine production can be divided into three broad
and overlapping areas; fermentation control, processing and storage.
Fermentation control is via refrigeration, the rate of fermentation increases with
increasing temperature and refrigeration enables temperature control and hence
fermentation control. Controlling the fermentation assists the winemaker to deliver
consistent standard product to the marketplace (Ireland, 1995). The use of refrigeration
to control the ferment temperature and hence the rate of fermentation is an established
winery practice (Boulton, Singleton, Bisson, & Kunkee, 1995).
Two major processes demanding the use of refrigeration is cooling incoming
grapes and cold stabilisation of finished wines. Modern harvesting equipment can
deliver large volumes that can arrive hot from the sun which require rapid cooling to
prevent spoilage. Cold stabilisation of wine removes potassium bitartrate from the
finished wine by cooling until the potassium bitartrate precipitates out and was the first
application of refrigeration in Australian wineries, introduced in 1932 (John, 1973)
1.2.1 MUST COOLING; A HIGH PEAK LOAD
Incoming grapes to the winery presents a high peak load to the cooling system
as they arrive in large batches hot from exposure to sun on the vine and need to be
cooled quickly to prevent spoilage. Cooling hot grapes can be one of the largest peak
heat loads on a winery, Rankine et al. (1984) found that harvested grapes closely
follow ambient temperature, which can range from 5°C to as high as 40°C during
harvest. These temperatures were measured at various depths in the fruit storage bins
after harvest and prior to processing in the winery. Temperature measurements on the
vine by Smart & Sinclair (1976) found that individual berries could be up to 12°C
higher than ambient.
These grapes will require prompt cooling to prevent spoilage or fermentation
being initiated by wild yeast (Smart et al., 1976). Lowering the temperature of many
2

tonnes of grapes by twenty degrees in a short amount of time requires significant
cooling capacity.
Containers of incoming grapes are de-stalked and the must, which is a mix of
grapes, grape pulp and juice, is pumped through a must chiller. The must chiller is a
tubular heat exchanger with cold refrigerant circulated in the outer shell. Many tonnes
of hot grapes need to be reduced in temperature by up to 20°C (Rankine et al., 1984) in
the short time it takes to fill a fermentation tank.
High grape temperatures are undesirable, particularly for white wine production.
Rankine (1989) states high grape temperatures result in rapid oxidation of the crushed
grapes, more rapid growth of spoilage micro-organisms and volatilisation of aroma
compounds.
1.2.2 FERMENTATION CONTROL
Fermentation heat production and the effects of temperature on the rate of the
process will be covered in detail in the fermentation heat chapter and is only mentioned
here as part of the overall role of refrigeration in a winery.
The fermentation of grape sugar into alcohol by yeast is an exothermic reaction
(Williams, 1982) yielding 98.3kJmol-1. The rate of the fermentation reaction is
dependent on many factors. Increasing sugar concentration (Marín, 1999) and
increased temperature (Boulton, 1980) both drive the reaction faster and corresponding
greater rate of heat production. Increasing temperature will increase the rate of reaction
up to 45°C, elevation above this temperature has an inhibitory effect on the rate of
reaction (Boulton, 1980).
Allowing the fermentation temperatures to climb will cause the loss of volatile
flavours, promote undesired bacterial activity and affect the product quality (Allen,
1987).
Refrigerated cooling provides a mechanism to control the rate of the
fermentation process (Boulton, 1979; Colombié, Malherbe, & Sablayrolles, 2007). If
insufficient cooling capacity is available then the process temperature climbs which
increases the rate of fermentation and so produces even more heat. This process is
called a run away ferment (Boulton et al., 1995).
Unless checked externally by heat removal, this temperature rise will stop
growth and maintenance of the yeast; a ‘stuck’ ferment (Boulton, 1980). Restarting a
3

stuck ferment can be difficult as the existing alcohol inhibits yeast growth (Marín,
1999).
1.2.3 COLD STABILISATION
Grape juice has saturated concentrations of potassium bitartrate (ASHRAE,
1994 p 22.10).
Cold instability is the formation of unsightly crystal deposits in bottled wine
after exposure to cold temperatures. Potassium bitartrate is the principal component in
these deposits; calcium tartrate to smaller extent (Lasanta & Gómez, 2012). Both are
present in the grapes and have reduced solubility in solutions containing ethanol
(Lasanta et al., 2012). Cold stabilisation is the removal of the potassium bitartrate from
the wine prior to bottling so that if the wine is exposed to cold temperature the crystal
deposits do not form.
Cold stabilisation involves the chilling the wine to between -2°C and -6°C where
the potassium bitartrate is less soluble and it then precipitates (ASHRAE, 1994 p
22.10). Techniques used include chilling of the entire tank to more energy efficient
methods that recycle the cooling by pre-cooling incoming wine with the cold out-going
wine.
Cold stabilisation will not be discussed further in this thesis as the focus will be
on the application of refrigeration to manage fermentation.
1.2.4 SPACE COOLING
Wine storage areas and tanks require cooling to maintain correct temperature to
prevent wine spoilage with recommended temperatures from 5°C to 15 °C (Boulton et
al., 1995, p. 516).
Ireland (1995) shows brine at -5°C used to cool wine stores, a common
temperature brine for all systems. This is not efficient use of the cooling capacity, using
a brine temperature that is much cooler than the desired storage temperature (Boulton et
al., 1995, p. 515).
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1.3 OPTIMISATION OPTIONS IN THE REFRIGERATION SYSTEM
The heat flow from the tank to the chiller plant will be examined for ways to
optimise the efficiency of the delivery of the cooling capacity. From these options
methods will be chosen to implement project objectives.
1.3.1 BRINE SYSTEMS AND ALTERNATIVES
Delivery of the winery chiller plants cooling capacity is via direct expansion of a
primary refrigerant or via a secondary refrigerant. Direct expansion uses reticulated
primary refrigerant to an evaporator in contact with the product (Boulton et al., 1995, p.
516). Secondary refrigerants, usually called brines, are cooled via heat exchanger
connected to the evaporator. This cooled brine is reticulated around the winery and is
pumped through heat exchangers such as chiller plates, product cooling is via sensible
heat gain of the brine. Another less common secondary refrigerant are ice slurries,
cooling is via both phase change and sensible heat gain (Bellstedt & Xiao, 2001).
Secondary refrigerants require the evaporator to be colder than the required
temperature of the brine to effectively cool the brine (White et al., 1989). White et al..
cites this as a major advantage of direct expansion over secondary refrigeration systems
given the loss of efficiency of refrigeration systems with lower evaporator temperatures.
Advantages of reticulating brine rather than a primary refrigerant will be discussed in
detail in Chapter 5.
Cold brine reticulated around the winery absorbs heat from the air; inadequate
insulation results in lost cooling capacity (White et al., 1989). An estimated 20% of the
refrigeration capacity is lost in a brine network operating at +7°C (le Roux, Purchas, &
Nell, 1986). It is not clear whether these losses are in the reticulation network or from
air exposed tank cooling jackets. Insulation of the brine reticulation network offers a
small but obvious improvement for winery refrigeration systems and will not be
pursued further.
Hislop (1995) says pumping accounts for 20% of the electrical power
consumption of a winery. This is all pumping within the winery and would include
wine transfers, waste disposal as well as brine transport.
A range of brine supply temperatures are listed in the literature. Discussion of
experimental work includes Boulton (1979) modelling heat transfer in fermentation
tanks using +5°C coolant and Delves (1999) measured heat transfer characteristic of
5

tank jacket heat exchangers using -8°C to 0°C brines. Work by Boulton and Delves will
be covered in greater detail in Chapter 5. Refrigeration engineers writing about
common usage in the wine industry suggest a temperature of -5°C (Ireland, 1995;
White et al., 1989). From a perspective of good winemaking Boulton et al. (1995)
suggests a temperature between 10°C and 13°C; this being 5°C below the lowest juice
temperature. A 5°C difference in temperature is required to efficiently drive heat flow
into the cool brine.
Reducing the temperature difference between the brine and the air will reduce
the heat flow, and reduce the loss of cooling capacity. Elevating the brine temperature
would also raise the operating efficiency of the chiller plant; the increase in operating
efficiency will be discussed later in this chapter.
Direct expansion cooling is not commonly used in wineries (White et al., 1989)
so while it does have some advantages this idea will not be explored further.
Ice slurries are a suspension of ice particles in an ethanol/water mix (Royon,
Perrot, & Guiffant, 2001). The main advantage of ice slurries is the high cooling
capacity per volume compared to brines or water due to the high latent heat of ice
(Royon et al., 2001), An ice slurry with 10% ice can absorb over twice the heat of
brine, Despite the higher viscosity compared to brines the pumping costs are reduced
due to the smaller required volumes (Bellstedt et al., 2001).
Evaporative cooling by water sprays of the side of the tank is discussed in an
older article (John, 1973). The author describes the use of chilled water sprays to cool
fermentation tanks in South Australia. Water was chilled using otherwise idle chillers
and it was not clear whether this cooling supplemented or substituted for a refrigerated
cooling or its effectiveness.
Water sprays on the roof of green houses was found to reduce the internal
temperature by up to 6°C (Sethi & Sharma, 2007). Evaporation of a water film on
glass surface of the greenhouse roof cooled internal circulating air (Ghosal, Tiwari, &
Srivastava, 2003) but air in the ullage space at the top of the wine tank is not actively
circulated. Water film on the side areas in contact with the fluid contents would provide
better cooling.
Wind and humidity affect the effectiveness of this cooling technique. It offers
reduction in the long term average refrigeration costs but the vagaries of the weather
prevent it reducing the peak loads on the refrigeration system.
6

Ice slurries, evaporative cooling and direct expansion cooling all have merit.
However since the most common current technique uses a secondary refrigeration
network this will be the focus of this work.
1.3.2 TANK JACKET HEAT EXCHANGERS
Wine tanks are cooled by pumping cold brine through a tank jacket heat
exchanger (Delves, 1999; Ireland & McLaughlin, 1997; White et al., 1989). In jacket
heat exchangers cold brine flows in the gap between the tank skin and the wall of the
jacket. A disadvantage of jacket heat exchangers is that only one face of the jacket cools
the tank contents, with the other side absorbing heat from the surrounding air.
Nonetheless, the jacket heat exchanger is one of the most common methods for cooling
tank contents (Delves, 1999). Immersion chillers are plate heat exchangers that are
placed inside the tank and the refrigerant is pumped through it. Unlike jacket heat
exchangers, with immersion chillers heat exchange is only with tank contents. Both
primary and secondary refrigerants can be used with immersion chillers (White et al.,
1989).
1.3.3 TANK JACKET HTC
The heat transfer coefficient (HTC) (ASHRAE, 2009 p4.1) is the reciprocal of
the thermal resistance and is the ease that heat is transferred from that surface. The
heat exchanger HTC between the brine and the tank contents is significant to any
modelling of the heat flow through the system. There are two regions of interest here;
within the heat exchanger with forced flow of the coolant within the tank jacket and
inside the tank with free convective heat transfer. Heat transfer within the tank may be
enhanced by agitation due to carbon dioxide evolution from the ferment. Singh &
Heldman (2008) (Table 2-1) lists a forced flow HTC range of 50 to 10 000W°C-1m-2 and
for within the tank a convective HTC range of 20 to 100W°C-1m-2. Ozisik (1985)
(Table 2-1) suggests a higher possible convective HTC of 440W°C-1m-2 but this is on a
vertical surface and more applicable to this work as the heat exchange surfaces on the
tanks are vertical.
Delves (1999) took measurements using water in actual wine fermentation tanks
with chiller plates. HTC values were determined for three different flow rates though
the chiller plates; values from 470 to 570W°C-1m-2 were obtained. The highest value
resulted from the highest flow rate. Mechanical agitation was used to ensure a uniform
7

temperature so the flow within the tank was not purely by free convection. Delves
measured the cooling for three coolant flow rates; 6, 12 and 18 litres per minute and
found the tank temperature cooling curves to be very similar. It was concluded the low
internal HTC dominates the heat flow so increasing the flow rate did not improve the
tank cooling rate despite the increase in the HTC within the chiller plate and the greater
heat carrying capability of the greater volume of coolant. Trials that increased the
internal HTC via agitation produced much greater improvements in the heat flow.
In an earlier publication Delves (1997) notes the tank wall between the cold
brine and the juice is a relatively good conductor of heat but emphasises ‘…most of the
resistance to heat transfer occurs at the interface of the produce and the tank wall’.
The heat transfer coefficient for these heat exchangers is estimated to be
between 12 and 60 Wm-2°C-1 (Boulton et al., 1995, p. 511) depending on internal tank
circulation. No conditions are specified or experimental methods are listed to support
this estimate but from context the fluid is fermenting wine. These values are similar to
that found by Delves (1999) for internal coefficients and the values listed in Table 2-1
for free convection of water.
Higher heat flow will result from a high HTC, a far less efficient substitute is a
colder brine (Boulton et al., 1995, p. 492). Mechanical agitation caused a five times
increase in the HTC but this is not standard winemaking practice.
1.3.4 CHILLER PLANT EFFICIENCY
It is well recognised that refrigeration efficiency decreases with decreasing
evaporator temperature. It costs more electrical input energy to move the same amount
of heat from a low temperature than from a high temperature. A common measure of
refrigeration efficiency is the Coefficient Of Performance (COP). The refrigerative COP
is the ratio of cooling effect to electrical power used (Delves, 1999) (White et al.,
1989).
An example of this decrease in performance with temperature is given by Ireland
and McLaughlin (1997) who lists the heat transfer capabilities of a 15kW chiller plant.
With a +5°C evaporator temperature the machine can move 41kW of heat, reducing the
evaporator temperature to 0°C has 29kW of heat moved and at -15°C only 14kW is
moved. The COP decreases by approximately 20% for each drop of 5°C. Boulton et al.
(1995, p. 517) suggests a greater decrease in COP, the energy requirements per unit of
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cooling capacity double when the refrigeration temperature is dropped from +8.3°C to
-12.2°C
An upper bound for the theoretical maximum possible COP of different
evaporator and condenser temperatures can be estimated from the Carnot cycle. The
Carnot cycle is the most efficient thermodynamic cycle for converting a temperature
difference to a work output or, in reverse, a work input to a temperature difference
(Gigiel, 1989).

COPC =

T1
T2 − T1

Equation 1-1

Where:
COPc is the Carnot COP
T1 is the evaporator temperature (COLD) (K)
T2 is the condenser temperature (WASTE HEAT) (K)

A comparison between the Carnot cycle and the values listed by Ireland and
McLaughlin (1997) is shown in Figure 1-1. This highlights the difference between the
theoretical maximum and achievable performance. The evaporator temperature was not
listed by Ireland and McLaughlin (1997) and a value of 50°C was used for calculating
the Carnot COP values.
Part loading of a chiller plant will reduce its COP. Bellstedt and Xiao (2001)
lists the performance change of a screw compressor from a COP at optimal load of 4.2
down to 2.1 at 20% load. Increasing the load above optimal will also decrease the COP
(Gordon, Ng, & Chua, 1997) .
.
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Figure 1-1 A comparison between the Carnot cycle coefficient of performance and
achievable performance of an actual machine (Ireland et al., 1997). An evaporator
temperature of 50°C was used in calculating the Carnot COP values.

1.4 OPTIMISATION OPTION SUMMARY
It is clear from an examination of the literature that the need, uses and
applications for refrigeration or cooling in wine production is both well established and
well researched. It is also clear that current state of the art for the machinery that
generates the required cooling has its foundations in good solid research. The
mechanisms to apply the generated cooling also work but energy efficiency
considerations do not appear to have figured highly with the designers. These energy
inefficient heat transfer methods are now entrenched as standard practice. Current
practice has cooling applied via a very cold fluid that is circulated through an external
cooling jacket, the outer side of this jacket is exposed to hot outside air and possibly
sunlight.
The increase in chiller plant efficiency as the evaporator temperature is raised
offers the greatest potential improvement. However, the new higher brine temperature
must be able to meet the cooling demands of the winery. The heat load presented to the
refrigeration system is highly variable and cooling capability must be able to at least
match the peak potential cooling load. Estimating a maximum allowable brine
temperature would require knowledge of the heat transfer capabilities of the system and
a reliable estimate of the potential peak loads of the system.
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Increasing the brine temperature would offer dual benefits of increased operating
efficiency and increased heat removal capacity.
Unwanted heat gain to the brine network can be reduced by insulation and
increased brine temperature. Insulation is already standard practice. Increasing the
brine temperature will decrease the rate of heat gain to the brine network.
The HTC within the tanks can be improved with mechanical agitation of the
fermenting wine but this would certainly be a change in wine making practice. For this
reason it will not be examined further.
1.4.1 MODELING CHILLER PLANT EFFICIENCY
Raising the evaporator temperature and that of the reticulated brine presents one
way of improving the efficiency of the refrigeration system. Quantifying the
improvement requires a model to estimate chiller plant COP. There are many models
available in the literature, mostly they are too complex for this application. Their
intended application is the optimisation of the chiller plants themselves and require
many variables specific to one type of chiller. Gordon et al. (1997) presents one
example in this class with 12 variables. Another such model by Petre et al. (2009)
examines efficiencies improvements with modifications to condenser.
Wu (1995) examines a modification to the Carnot cycle to include temperature
differences across evaporator and condenser that drive the heat flow. This causes the
difference in temperature for the Carnot cycle to be increased, and lowering the
resulting COP. These ideas are further expanded by Chen, Wu and Sun (1996), the
changes are quantified by considering the heat transfer coefficients of both heat
exchangers.
Physical refrigeration systems have COP values below that given by the Carnot
cycle. A ratio of actual and Carnot is given in Equation 1-2 (Bejan, 1989). This is the
second law efficiency of the refrigeration plant. Smaller refrigeration units have lower
second law efficiency due to greater thermal losses resulting from greater surface area
to volume ratios (Bejan, 1989).

η∏ =

COP
(COP ) C

Equation 1-2

Where:
COP is the coefficient of performance of the refrigerator
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(COP)c is the Carnot coefficient of performance for the same temperature
bounds.
This relationship is demonstrated in a survey of available refrigeration plants, ηπ
= 0.18 for plants delivering 1000W of cooling to ηπ =0.25 for 100kW plants (Bejan,
1989). The refrigeration plants examined provide cooling at 90K and below, far lower
temperature than used in wineries. The second law efficiency improvement with
increasing evaporator temperature can be extrapolated to 270K for ηπ =0.3. The
refrigeration plant discussed by Ireland and McLaughlin (1997) (Figure 1-1) has a ηπ
=0.35.
The COP is also sensitive to the cooling load presented to the evaporator. An
underloaded plant retains many of the losses that occur at optimum load so the COP is
decreased. Gordon et al. (1997) defines the operating point of the chiller as when the
COP is at maximum with respect to evaporator heat flow. Below maximum load the
COP reduction is dominated by internal losses and above maximum load external losses
such as inadequate heat flow through a condenser are dominant (Ng, Chua, Ong, Lee, &
Gordon, 1997).
The relationship examined by Bejan (1989) for second law efficiency offers a
suitable model for predicting expected efficiency from the Carnot model. Use of
Equation 1-2 in the overall system model will provide an estimate of potential
efficiency improvements.
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1.5 PROJECT OUTLINE AND AIMS
1.5.1 AIMS
The objective of this work is the development of a procedure to optimise the
application of refrigeration in a winery. To achieve this objective the following aims
have been formulated.
1. Determine models for components of the total heat load in a
fermentation tank.
2. Measure the heat transfer coefficients for the secondary
refrigeration network.
3. Determine a maximum allowable brine temperature that will
maintain tank temperature under peak expected load.
4. Develop recommendations to minimise solar heating of outdoor
tanks.
1.5.2 OUTLINE
A major assumption in this work is that the individual components in the
refrigeration system work well but the operating parameters can be optimised to reduce
the system running costs. In particular, in depth study of the chiller plant itself is
outside the scope of this work, its efficiency will be estimated using published models.
While it is possible to vary the operating parameters on an operational winery
and so determine optimal values, this would be a long and expensive process. The
method chosen is to develop a model of the heat flows in a refrigeration system that
incorporates realistic heat sources and sinks. This model was used to simulate heat load
and heat flow in the refrigeration system from tank contents to the input of the chiller
plant.
From these simulations recommendations were developed for a number of
aspects of refrigeration operation and winery construction.
The model has four major components that describe the heat sources and sinks
that form the total heat load on the tank. These components are passive heat transfer,
heat of fermentation, solar heat input and the heat removed by the refrigeration system.
This is shown in Equation1-3 and in Figure 1-2 as a set of sources and sinks.
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dQ

SOLAR

dt

Brine return
Electrical
Power

dQREFRIGERATION
dt

Chiller Plant
Waste
heat

Chilled brine

Surrounding Air
TAIR°C

dQ PASSIVE
dt

dQ FERMENTATI ON
dt

Figure 1-2 Diagram showing the interactions between components in the overall
system model.

dQTOTAL dQ PASSIVE dQFERMENTATION dQSOLAR dQREFRIGERATION
=
+
+
−
Equation1-3
dt
dt
dt
dt
dt
Where:

dQTOTAL
is the net heat change of the tank contents as a consequence of passive heat
dt
transfer, heat of fermentation, solar heat input and the heat removed by the
refrigeration system.

dQ PASSIVE
is the natural exchange of heat between the tank and its environment and is
dt
driven the temperature difference. Passive heat transfer is a function of the
difference in temperature between the tank and the surrounding environment and
a Newtonian coefficient. Free or forced circulation of the tank contents and air
movement will modify this coefficient.

dQ FERMENTATION
is the heat released by the yeast while fermenting grape sugar to
dt
ethanol.
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dQ SOLAR
is the heat absorbed by the tank from the sunlight striking the tank skin. Solar
dt

heat is a function of the elevation and azimuth of the sun, attenuation and
diffusion of the solar beam by the atmosphere, shading of the tank, tank size and

tank surface properties.
Elevation and azimuth of the sun is a function of time of day, date, latitude and

longitude.
Attenuation and diffusion of the solar beam is a function of the solar elevation, altitude

of the site and atmospheric quality.
dQ REFRIGERATION
is the heat removed by the refrigeration system. This heat removal is a
dt

function of the tank, brine input and brine output temperatures and the flow rate
of the brine. Cooling losses to the atmosphere are dependent on these factors as
well as the air temperature.
COP ( Brinetemp ) =

cooling _ effect
refrigeration coefficient of performance
electrical _ power _ used

is dependent on the temperature difference between the condenser and the
radiator.
1.5.3 SUB-MODELS
The sub-models were further developed and experimental work was conducted
to support and validate these models, this is shown in Table 1-1. Components of the
total heat in Equation1-3 are not directly separable. Following a method by Falch
(1968) the experimental plan was designed so that one or more components are absent
in some experiments and a model developed for the components present. The modelled
value is subtracted from the total heat in later experiments. The sequence is shown in
Table 1-1.
Passive heat transfer will predict the bidirectional heat flow that is driven by the
difference in temperature between the tank contents and the surrounding environment.
Experiments were conducted to determine the coefficients for a number of different
sized tanks. These coefficients were generalised to different sized tanks.
Heat of fermentation forms a significant part of the total heat load presented to
the refrigeration system and it varies considerably over its multi-day day fermentation
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cycle. Total heat produced by the yeast metabolising sugars and rate of reaction is
available in the literature but the rate of heat presented to refrigeration system has not
been extensively studied. Experimental measurements were used to develop a heat
production rate curve as presented to the refrigeration system.

Literature on this topic

will be discussed in Chapter 6 Heat of Fermentation.
Stainless steel tanks can withstand sun, wind and rain making a building to
contain them superfluous. This of course leaves the tanks exposed to the sun, the wind
and the rain which impacts on the temperature control system for the tank.
Sunlight on the exposed surfaces of the tank will heat the contents of the tank.
The total heat input to the tank will depend on the position of the sun in the sky,
attenuation of the sunlight by the atmosphere and any shadows from nearby tanks.
Table 1-1 1 Role of the experiments that were conducted in the models that were
developed. Note the tanks at the Rutherglen site are outdoors whereas at Wagga Wagga they
are housed in a building.

Tank farm
(indoors)
Tank Farm
(outdoor)
Wagga passive
tank trials
Wagga
refrigerated
tank trials
Wagga
fermentation
trial
Rutherglen
passive tank
trial
Rutherglen
refrigerated
trials
Rutherglen
fermentation
trials

Passive
Heat
Transfer
Measured

Wind
enhanced
PHT
Absent

Solar
heat load

Brine
system

Fermentation
heat

Absent

Absent

Absent

Measured

Measured

Measured

Absent

Absent

Measured

Absent

Absent

Absent

Absent

Modelled

Absent

Absent

Measured

Absent

Modelled

Absent

Absent

Used

Measured

Measured

Measured

Measured

Absent

Absent

Modelled

Modelled

Measured

Absent

Modelled

Modelled

Used

Measured

Two methods were used to measure the solar heat load on the tanks, a
mathematical model and measurements on a model tank farm. The mathematical model
calculated solar elevation and azimuth from model time and date. From the calculated
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elevation of the sun then atmospheric attenuation and diffusion of the direct beam were
calculated. The extent of shadowing and reflection from other tanks can be calculated
from the solar elevation and azimuth. The heat input was calculated from the
illuminated area, tank absorbance and the beam intensity.
Results from the mathematical model were compared with measurements made
using a model tank farm and other outdoor tank trials. The mathematical model enabled
the effect of variation in parameters to be examined easily. It also allowed components
of the heat load such as diffuse and direct beam illumination to be separated.
Experiments were conducted that measured the heat gain of the brine and the
temperature of the brine at the output of the chiller plate. Various brine flow rates,
input temperatures and tank temperatures were tested. Heat transfer coefficients for the
jacket heat exchanger to the tank and the air were determined from this data. An
important step in developing the model was validating a predictor for the output
temperature of the brine. The inputs for the predictor were the flow rate of the brine and
the temperatures of the brine input, the tank contents and the surrounding air.

This

predictor enabled prediction of the heat removed from the tank for any set of input
conditions and was essential in later optimisation.
Another important result was an accurate predictor for the heat load of the
system. Greater confidence in the value of the total heat load will allow better matching
of the size of the chiller plant.
In this research the following questions are answered:
Can the heat load presented to the chiller plant be accurately predicted?
How large are the various heat loads?
How can a winery be designed to minimise the solar heat load?
What can be done to reduce the solar load on an existing winery?
What is the best input temperature for the brine?
Is this temperature constant?
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CHAPTER 2 PASSIVE HEAT TRANSFER
2.1 INTRODUCTION
Passive heat transfer (PHT), is an exchange of heat between the tank and its
environment that is driven by the temperature difference between the two. This is a
bidirectional flow and its magnitude is proportional to the magnitude of the temperature
difference and its direction aligned with the sign of the temperature difference. This
heat flow is enhanced by forced air circulation such as wind past an outside tank.
In the middle of the day, a tank of wine, kept at a carefully maintained
temperature will be enveloped in the hot midday air. Heat from this air will flow into
the tank and this heat must be removed by the refrigeration system to maintain the
required temperature. However at night when the air temperature has dropped below
that of the tank then heat will flow out of the tank. An overestimate of the PHT load
would lead to an oversized and under utilised refrigeration plant, worse still an under
estimate of the PHT would result in an under sized refrigeration plant that in incapable
of meeting cooling demand on hot days (White et al., 1989).
There are three other sources of heat change to the wine tank, solar heating, heat
of fermentation and heat removal by the refrigeration system. These heat sources
needed to be separately measured for inclusion in the overall system model was
developed. They were measured using a strategy suggested by Falch (1968) which
recognises that only the total rate of heat change can be measured and the subcomponents cannot be measured directly. Total heating is modelled from trials with a
single heat source, in this case PHT since it is an ever present component of the total
heat flow. Other components of the total heat load can found subtracting the modelled
PHT from the total measured heating.
A model that will estimate the passively driven heat flow in a tank is an
important component of the overall system model being developed. This model is also
a necessary tool for making the measurements of the other components in the heat load
presented to the winery refrigeration system. Figure 2-1 is a diagram showing the inputs
to the passive heat transfer model.
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Real time inputs
TAIR :Air temperature
TTANK :Tank temprature
Passive
Heat
Transfer
Model
UTA
A
m
cp

Predicted
heat
exchange

Model Parameters
:Heat Transfer Coefficient
:Surface area of the tank
:Fluid mass
:Specific heat of fluid

Figure 2-1 Inputs and output of the passive heat transfer model.

The standard method (Equation 2-1) (ASHRAE, 2009 pp 4.3) for calculating
the heat flow through a surface uses a heat transfer coefficient (HTC), the total exposed
area and the temperature difference.

dQ
= U TA A(T AIR − TTANK )
dt
where:

Equation 2-1

dQ
is the rate of change tank heat content (W)
dt
UTA is the HTC between the tank contents and the air (W°C-1 m-2).
A is the surface area of the tank in contact with the fluid contents (m2).
TAIR , TTANK are the tank and air temperatures (°C)

The HTC, is a measure of the ease of exchange of heat between the object and
its surrounds, a larger value implies a greater heat flow. Lower case h is frequently
used in the literature as a convective HTC, U is used as solely as an overall HTC.
Values in the literature for the HTC listed by Singh and Heldman (2008, p. 268)
and Ozisik (1985, p. 7) are shown in Table 2-1. It can be seen in this table that changes
in the heat flow medium or the motion of the medium can significantly change the rate
of heat flow. A high, low or mean value from Table 2-1 could be used but this would
introduce larger errors in the estimates for the other components determined later in this
work. These coefficients will be constant over a range of temperatures but outside that
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range the thermo-physical properties of the air will change thus changing the HTC
(Cancillo, Morales, Gallego, Vaquero, Garcia, Serrano, & Mateos, 2000; O'Sullivan,
1990; Vollmer, 2009). More importantly the range of expected values for a single
situation can be broad, this highlights the need for experimental determination of the
HTC values.
Table 2-1 Some literature values of the convective heat transfer coefficient.

Fluid
air
air
air
air
air
water
water
water

Conditions
free
free, 0.25m vertical plate
forced
forced (10 ms-1, 0.1m flat plate
forced (10 ms-1, 0.5m flat plate
free
free, 0.25m vertical plate
forced

h (W °C-1 m-2)
5 - 25
5
10 - 200
39
17
20 - 100
440
50 – 10 000

(Singh p268)
(Ozisik p7)
(Singh p268)
(Ozisik p7)
(Ozisik p7)
(Singh p268)
(Ozisik p7)
(Singh p268)

The overall heat transfer coefficient (Equation 2-2 ) (ASHRAE, 2009 p4.3) for
a fluid filled tank in air may be expressed in terms of the internal and external heat
transfer coefficients and the thermal conductivity of the tank skin.
U =

1
1 x 1
+ +
h A k hW

Where:

Equation 2-2

hA is the HTC for air (W °C-1 m-2)
hW is the HTC for water (W °C-1 m-2)

x is the thickness of the tank skin (m)
k is the thermal conductivity of the tank skin. (Wm-1°C-1)
From Table 2-2 it can be seen the HTC to the air is smaller than the HTC to the
water and in some situations it is much smaller. A relatively small coefficient will
dominate Equation 2-2 and it is expected that the overall HTC will be only slightly less
than the air HTC.
The model will require heat transfer coefficients and they may be found in three
ways; values available in the literature (Table 2-1), calculated using theoretical model or
measured experimentally. Literature values as discussed above are too broad in range.
21

2.1.1 THEORETICAL HTC MODELS
Theoretical heat transfer models use the dimensionless Nusselt number for
estimating the HTC. The Nusselt number (Equation 2-3) is the ratio of convective heat
flow to conductive heat flow. (Ozisik, 1985, p. 268)
Nu ≡

hL heat flow by convection
=
k
heat flow by conduction

Equation 2-3

h is the heat transfer coefficient (W°C-1 m-2).

Where:

L is a length (m)
k - thermal conductivity of the convective medium (Wm-1°C-1).
A commonly used (Ozisik, 1985, p. 428) laminar, free convection correlation
for the mean Nusselt number on a vertical surface is shown in Equation 2-4.
Nu m ≡

hm L
Pr


= 0.677 Ra 1L/ 4 

k
 0.952 + Pr 

where:

1/ 4

Equation 2-4

L is the vertical height of the cylinder.
GrL =

gβ (TW − T∞ ) L3
v2

Ra L = GrL Pr =

gβ (TW − T∞ ) L3
vα

(Grasshof number)

(Rayleigh number)

TW, T∞ are tank wall and surrounding air temperature (K)
β = 1/Tf and Tf = mean of the absolute temperature of the tank
and air
g gravitational acceleration (9.8 ms-1)
Pr is the Prandtl number
v is kinematic viscosity (m2s-1)

α is thermal diffusivity (m2s-1)
To estimate the HTC on the base of the tank, a correlation of the Nusselt number
for free convection on a horizontal surface may be used. Ozisik (1985, p. 436) cites
McAdams for a correlation of the Nusselt number for free convection on horizontal
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surface. This correlation (Equation 2-5) uses different coefficients depending on
whether the surface is facing up or down and whether the surface is warmer or colder
than its surrounds. Values for the constant and exponent are shown in Table 2-2
Table 2-2 Constants and exponents to determine heat transfer coefficients for
horizontal surfaces (Ozisik, 1985, p. 436) .

Orientation
Hot top or
Cold lower
Hot lower or
Cold top

Range of Ra
105 to 2x107

c
0.54

n
1/4

Flow
Laminar

2x107 to 3x1010

0.14

1/3

Turbulent

3x105 to 3x1010

0.27

1/4

Laminar

Nu m = c(GrL . Pr) n = cRa Ln
where:

Equation 2-5

Gr is the Grashof number
Pr is the Prandtl number
Ra is the Rayleigh number
L is the characteristic length and is the side length of a square or
0.9D for a disk of diameter D.
c and n are constants

Forced convection by wind around the tank will increase the rate of heat flow
and so the HTC. Colombié (2007) cited a correlation from McAdams (1954).
Nu = 0.32 + 0.4 Re 0.52

Equation 2-6

The Reynolds number Re is:

Re =

s air D
v air

where:

sair is the air speed
vair is the kinematic viscosity of air
D is the diameter of the tank

Ozisik (1985, p. 377) cites Churchill and Bernstein for another correlation of the
Nusselt number for forced convection on a vertical cylinder (Equation 2-7). The air
speed range have been calculated for the 200 litre and the 25 kilolitre tanks and is valid
over the entire expected range of air speeds.
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Nu m = 0.3 +

0.62 Re

1

2

Pr

1

  0. 4  2 3 
1 + 
 
  Pr  

3

1

4

  Re  58 
1 + 
 
  282,000  



4

5

Equation 2-7

valid for: 102 < Re <107
This range for the Reynolds number gives air speeds of :
for 200 litre tank

0.05 to 260ms-1

for 25 kilolitre tank

0.0006 to 52ms-1

0.2 < Re.Pr
All objects radiate heat proportional to the fourth power of their absolute
temperature and net heat flow occurs while two objects are at different temperatures.
Stefan-Boltztman radiative model quantifies this exchange (Equation 2-8). The
emissivity is a surface property that describe the ease of transfer of thermal radiation as
a ratio of black body (Ozisik, 1985, p. 611).

dQ RAD
= εAσ ((273 + T AIR ) 4 − (273 + TTANK ) 4 )
dt

Equation 2-8

where:
A is the tank surface area (m2)
ε is the emissivity of the surface
σ is the Stefan-Boltzman constant (5.67 x 10-8 W m-2 K-4)
2.1.2 AIMS
Aims of this section were to:
1. Determine HTC for the tanks either as a constant or a function of
temperature difference.
2. Determine the HTC for tank base and side.
3. Determine the HTC as a function of wind speed.
Questions asked were:
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Does the heat transfer coefficient change significantly with tank size?
Can a predictor be developed to estimate the heat transfer coefficient given tank
size?
Can a simple Newtonian heat flow model with a constant heat transfer
coefficient be used?
Or alternatively:
How strongly is the heat transfer coefficient dependent on the temperature
difference?
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2.2 METHODS AND EQUIPMENT
2.2.1 DETERMINING THE HTC EXPERIMENTALLY
Experimentally the heat transfer coefficient is determined using the rate of
change in tank temperature that occurs in response to a difference in temperature
between the tank and its environment. The HTC may be determined then by using
Equation 2-11.
Descriptions of similar experimental procedures by Vollmer (2009) using fluid
and solids, Cancillo (Cancillo et al., 2000) using copper bars. Experiments conducted
recorded the temperatures of the tanks and air in a time series, from this data the mean
HTC was computed.
The HTC may be calculated by re-arranging Equation 2-1 to form Equation 2-9

dQ
dt
U=
A(TAIR − TTANK )

Equation 2-9

Using Equation 2-8 a radiative HTC can be determined.
Rate of change in heat content is calculated from rate of change is temperature
using:

dQ
dT
= mc p
dt
dt
where:

Equation 2-10

m is the mass of the contents (kg)
cp is the specific heat of the tank contents (J°C-1kg-1)

Substituting Equation 2-10 allows U to be expressed in terms of the more
commonly experimentally obtained rate of change in temperature.

U =

where:

dT
dt
− TTANK )

mc p
A(T AIR

Equation 2-11

A is the tank surface area (m2)
m is the mass of the contents (kg)
cp is the specific heat of the tank contents (J°C-1kg-1)
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Newton’s law of cooling (Equation 2-12) is a linear approximation that states
that the rate of change in temperature of an object is proportional to the temperature
difference between the object and its surrounds.
dTOBJECT
= − k (TOBJECT − T AIR )
dt

Where:

Equation 2-12

TOBJECT and TAIR are temperatures. (°C)
t is time (s)
k is a coefficient (s-1)

Vollmer (2009) investigated both the temperature ranges and the types of object
that cool in the manner predicted by Newton’s law of cooling. Vollmer conducted
experiments using aluminium cubes, containers of fluid and light bulb filaments and
measured the rates of change in temperature and the temperature difference. It was
found that a non-linearity due to the radiative component of the heat flow occurred at
temperature differences of less than 30K. Low emissivity objects have a dominant
convective transfer and deviations from linearity may not occur for temperature
differences below 500K.
Cancillo (2000) noted that physical properties of air change with temperature
which result in changing heat transport capabilities..
2.2.2 DETERMINING THE HTC OF THE TANK BASE
Since the tanks being studied are elevated with the base exposed to air trials
were conducted to determine a separate HTC for the base and the sides of the tank. If
the two values are close in value then a single coefficient can be used for both surfaces
but if they are very different then the modelling needs to take this into account. Heat
flow can be via the top surface but this flow is treated as zero in all parts of this work.
The base of the tank is in contact with the fluid contents and so has good thermal
contact whereas there is an air gap between the fluid and the tank top. This air gap in the
ullage will insulate the surface of the tank contents from the outside air. The
justification will be explored fully in Chapter 4 Solar Heating Modelling.
The process will involve measuring the thermal response of the tank to a
difference in temperature for at least two fill levels. This will give two different side
areas in contact with the fluid, both with the same base area.
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Applying Equation 2-1 to both surfaces which then yields Equation 2-13 this has
two unknowns, side and base HTC. Side area is the area below the fluid fill line; that is
the side wetted area.

dQ
= U SIDE ASIDE (T AIR − TTANK ) + U BASE ABASE (T AIR − TTANK )
dt

Equation 2-13

Using Equation 2-10 to express the heat flow in terms of rate of change in
temperature yields
mc p

dTTANK
= (U BASE ABASE + U SIDE ASIDE )(T AIR − TTANK )
dt

Where:

Equation 2-14

m is the mass of water at that fill level (kg).
cp is the specific heat capacity of water (J kg-1°C)

Divide both sides of Equation 2-14 by temperature difference term.
mc p

(T AIR

dTTANK
dt
= U BASE ABASE + U SIDE ASIDE
− TTANK )

Equation 2-15

Comparing the LHS of Equation 2-15 with Equation 2-11 it can be seen that the
LHS is the product of the overall U and the total area A, substituting yields Equation
2-16.
U OVERALL ATOTAL = U BASE ABASE + U SIDE ASIDE

Equation 2-16

Using a minimum of two fill levels will generate two equations that can be
solved simultaneously. Three fill levels were used and were solved graphically. The
data from the fill levels is plotted using Equation 2-16 against tank SIDE surface area.
The slope of this graph is the side HTC and the intercept is the product of the base area
and base HTC.
2.2.3 WIND ENHANCED PASSIVE HEAT TRANSFER
Wind forcing air past the tank increases the rate of passively driven heat flow by
stripping away the blanket of air that surrounds the tank. This blanket of air has
achieved partial thermal equilibrium with the tank, while the new air has not.
Considerable effort was made to locate a site for the model tank farm that was
unshaded and had uniform exposure to wind from all directions. The chosen site
unfortunately had a large building on its South West edge. This building may shield the
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arrays from wind coming from the South West and this shielding would reduce the wind
enhanced heat transfer
A weather dataset spaning the duration of the tank farm experiment was
purchased from the Bureau of Meteorology. This dataset had measurements of wind
speed (resolution 0.5ms-1) and direction (resolution 20°) taken at 30 minute intervals
and measured at Bureau of Meteorology Station 072150 at Wagga Wagga Airport
located 7km from the tank farm site.
Bureau of Meteorology measures wind speed at 10m above ground and wind shear
will reduce wind speed at the level of the tanks. The wind profile power law (Gualtieri
& Secci, 2012) can estimate the wind speed around the tanks. The wind shear
coefficient varies from 0.14 during the day to 0.5 at night and from 0.4 in urban areas to
0.1 over smooth ground (Gualtieri et al., 2012). When α = 0.1 the wind speed at the
mid point of the tank is 92% of the wind speed at 10m, at α = 0.14 it is 88% and at α =
0.4 it is 71%.
h
v 2 = v1  2
 h1

Where:





α

Equation 2-17

v2 is wind speed around the tanks (ms-1)
v1 is wind speed measured at 10m (ms-1)
h2 height of tank middle 0.43m
h1 height of wind speed measurement (10m)
α wind shear coefficient

Night time data from the tank farm was used so that PHT was the only heat flow
and no solar heat input occurred. Mean rates of change in tank temperature determined
at 30 minute intervals with Equation 2-11 were used to calculate a series of U values.
The wind speed data was then used to bin the calculated U data. The mean of each bin
provided a U as a function of wind speed.
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2.2.4 TANKS AND EXPERIMENTAL LOCATIONS
Passive heat flow experiments were conducted using four different sized tanks at
three locations. Small scale trials at NWGIC (National Wine and Grape Industry
Centre) CSU (Charles Sturt University), Wagga Wagga used 200 litre drums (Figure
2-2) which were also used to gather data in support of other experiments. In the Charles
Sturt University Commercial Winery, Wagga Wagga winery a 3 kilolitre (Figure 2-4)
and a 7 kilolitre (Figure 2-5) tank were used in a number of experiments including
examining passive heat transfer. A 25 kilolitre (Figure 2-3) red wine fermentation tank
was used at the Rutherglen Estates Winery at Rutherglen, Victoria. The three large
tanks are elevated above ground to facilitate removal of solid grape matter post
fermentation,
The tank farm was designed to measure solar heat input on typical tank arrays
and its layout will be described in greater detail in Chapter 3 Solar Heating
Measurement.
To simulate the mixing that would occur from the fermentation a submersible
pump (Grundfos AP35, 750W AC input) was run inside the larger tanks but not the 200
litre tanks. Trials using this pump are listed as circulated trials, without the pump as an
uncirculated trial. Both input and outlet of this pump were below the water level. The
750W power consumption of the pump appeared as heat in the tank and was accounted
for in the analysis. Using a submersible pump meant the entire power usage of the
pump would appear as heat in the tank rather than a fraction of the total usage using an
external pump.
The total power input to the pump appears as heat in the tank via two paths;
directly as frictional and electrical losses in the pump and indirectly as the moving water
is slowed by friction in the tank.
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Stainless steel drum
Volume: 200 litre
Skin
1.4mmsteel
316drum
Stainless
Vo lum e:200
Surface
area:Li treside 1.61m2
M anufacturer:R hee
topm 0.28m2

Skin: 1.4mm 31 6 s tainle ss st eel.

Int ernal h eight
8 14 m m

Extern al hei ght
861m m

Internal 595 m m

External 606m m

Figure 2-2 Diagram of the 200 litre drum used in passive heat transfer experiments
and the Model Tank Farm. These tanks had removable lids.

600mm

Circumferential chiller plate -upper

600mm

Circumferential chiller plate -lower

3600mm

3100mm

3010mm

Front
access door

25 kilolitre fermentation tank
Side fluid contact area 32.15m2
Total fluid contact area 39.36m2
Chiller plate surface area 11.34m2

Figure 2-3 This 25 kilolitre tank was used was used to acquire solar heating data.
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Figure 2-4 Diagram of the 3 kilolitre tank in the CSU Winery. The removable lid was
not used in these trials.

Figure 2-5 Diagram of the 7 kilolitre tank in the CSU Winery.
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2.2.5 DATA COLLECTION AND INITIAL DATA PROCESSING
Data collection procedures are illustrated in Figure 2-6. Temperature
measurements were made using DS18B20 sensors, which is an electronic temperature
sensor manufactured by Dallas Semiconductor. This device measures temperature from
-55°C to +125°C with a resolution of 0.0625°C. It has an integrated bus interface
enabling many devices to share a common three-wire bus, which supplies both power
and communication. These sensors were examined by Bohorquez, Enrique Gomez, &
Andujar Marquez (2009) who found them to have similar accuracy to Pt100 sensors at
an order of magnitude lower cost.
Each 200 litre tank in the model tank farm was fitted with three DS18B20
silicon temperature sensors. The three sensors were spaced at 200mm in a linear array
suspended in the middle of the tank so that each sensor is at the centre of mass of the
top, middle and lower thirds of the tank contents.
Air temperature for the model tank farm was measured using a sensor placed in
a Stevenson screen at a height of 1.2 metre.
Temperature measurements in the 3 kilolitre, 7 kilolitre and 25 kilolitre tanks
also used the DS18B20 sensors. These were assembled into 2.8 metre long linear arrays
of fifteen temperature sensors at 200 millimetre intervals and enclosed in a sealed
stainless steel tube. The stainless steel enclosure was a hygiene requirement for later
fermentation trials. Within the stainless steel tubing the sensors were further sealed in
heatshrink tubing. Each sensor was backed with closed cell foam to press it against the
metal tubing to ensure good thermal conductivity. Depending on the tank used,
between 8 and 12 sensors were immersed below water level. Up to three of these linear
arrays were used in a tank PHT experiments used a single centrally mounted array
except for the reduced level trials which used three arrays mounted centre, intermediate
and at tank skin. Mean temperature of tank contents was calculated using all sensors
below the fluid line. Reduced level trials additionally determined an average
temperature at each sensor level.
Air temperature measurements trials with the 3 kilolitre and 7 kilolitre tanks
were taken with a group of four DS18B20 sensors suspended in the air between the two
tanks and 1.5 metre from both tanks.
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Temperatures were measured simultaneously by each of the sensors on the
network at set intervals using a purpose written logging program TEMPLOG.EXE
which records raw uncorrected data with a timestamp.
Raw logged data is processed using CONVER.EXE to generate corrected
decimal temperature data using calibration data for individual sensors and convert the
time stamp to date and time format. A portion of a line from TEMPS.TXT is shown at
the bottom of Figure 2-6. The raw time stamp is retained in the processed data to
facilitate tracking of the data.

.
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Temperature sensors
connected to the onewire network

DS9097-S09
Sensor serial
number data
Calibration
data

TEMPLOG.EXE

Real time
display

One-wire to
RS232 network
adapter

Data logging
program
running on a PC

LOGFILE.TXT
Text file storing
time stamp and
raw temperature
data

1069951977

461

390

382

373

410

398

388

382 …

LOGFILE.TXT

Calibration
data

CONVER.EXE

Stored time and
temperature data is
combined will
calibration data.
Output is corrected
decimal
temperatures with
date time stamp

TEMPS.TXT

27 Nov 2003 11:52:57 1069951977 29.073 24.703 …
Figure 2-6 Diagram showing the processing steps from the sensor to the final
corrected file.
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2.3 RESULTS AND DISCUSSION
2.3.1 DETERMINATION OF HTC
To develop a model for heat transfer, trials were conducted in three different
sized tanks. The 3 kilolitre and 7 kilolitre tanks were tested with the contents static and
circulated. Multiple trials with these tanks were required to obtain a dataset that
included a wide range of temperature differences. A larger temperature range dataset
(Figure 2-7) was obtained from the 200 litre tank with an initial fill of water at 65°C.
Plots of rate of change in temperature against differences in temperature were
produced for each of the tanks (200 litre Figure 2-8) (3 kl Figure 2-9) (7 kl Figure 2-10)
(25 kl Figure 2-11). The trials all used water except for the uncirculated trial in the 25kl
tank which used 20kl of wine. A non-linearity in the response was apparent for the 200
litre tank due to its greater temperature range. The non-linearity occurred at a
temperature difference greater than 20°C which is less than the 30K difference
suggested by Vollmer (2009).

70

60

Temperature (°C)

50
Air temperature
40

30

Tank
temperature

20

10

0
0

50

100

150

200

250

Time (Hours)

Figure 2-7 Graph of air and tank temperature for the indoor cooling trial. Note the
daily air temperature variations are impressed on the tank temperature.
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200 litre
0.2

Temperature difference (Tair -Ttank)
0
-40

-30

-20

-10

0

-0.2

-0.4

-0.6

10
dT/dt (millidegrees per second)

-50

dT/dt

-0.8

Figure 2-8 Experimental temperature rate data for a 200 litre tank, no mechanical
circulation was used in the tank.

Linear slope and intercept data was extracted from Figure 2-8, Figure 2-9,
Figure 2-10 and Figure 2-11 and recorded in Table 2-3. The HTC UTA was calculated
using Equation 2-11. Wine with a specific heat of 4.35 kJkg-1°C-1 (White et al., 1989)
was used in the uncirculated trial in the 25kl tank all other trials used water with a
specific heat of 4.18 kJkg-1°C-1 (White et al., 1989).
The 25kl tank had the highest HTC which is unsurprising given its exposure to
wind as an outside tank. Wind will increase the rate of passive heat transfer. Internal
circulation also enhances the HTC as seen by comparing circulated to uncirculated.
Heat input from the submersible pump (750W) can be seen in the ‘Constant
heating’ column as can the heat loss from evaporation. The 3kl tank with its open top
has the highest evaporative heat loss and this evaporation also reduced the total
measured heating in its circulated trials. The data for the 25kl uncirculated trial was
acquired after a fermentation trial when the wine was returned to the tank after pressing.
The positive constant heating resulted from either residual yeast fermentation or the
induced malolactic fermentation.
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Table 2-3 PHT results for the tanks. (* this tank part filled with wine post ferment)

Slope

Intercept Fluid

Fluid

HTC UTA

Constant

k (s-1)

(°Cs-1)

contact

mass

(Wm-2°C-1)

heating

(x10-3)

(x10-3)

area (m2)

(kg)

200l

9.205

-1.22

1.61

200

4.79

-1

3kl UN-circ

4.329

-6.02

11.12

3000

4.89

-76

7kl UN-circ

2.479

-1.25

16.68

7000

4.35

-37

25kl UN-circ

3.406

3.436

32.66

20 000*

8.34

275

3kl circ

5.224

44.83

11.12

3000

5.90

563

7kl circ

2.929

26.56

16.68

7000

5.15

778

25kl circ

3.718

8.69

39.36

25 000

9.89

909

0.2

0.15

0.1

0.05

rate 3kl
(CIRCulated)
(Trial A)
rate 3kl
(CIRCulated)
(Trial K)
Temperature difference Tair -Ttank

0
-10

-5

(W)

dT/dt (millidegrees per second)

Tank

0
-0.05

5

10

15

20

rate 3kl (UNCirculated)
(Trial 3_4)
rate 3 kl (UNCirculated)
(Trial 14)

-0.1

Figure 2-9 Experimental temperature rate data for the 3kl tank, showing both
circulated and uncirculated data. Circulated plots are raised by a constant amount due to the
heat input from the circulation pump.
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0.06

0.04

0.02

dT/dt (millidegrees per second)

0.08

rate 7kl (CIRCulated)
(Trial B)
rate 7kl (CIRCulated)
(Trial H)
rate 7kl (UN-Circulated)
(Trial 1_2)

0
-15

-10

-5

0

5

10

15

20

Temperature difference Tair -Ttank

rate 7kl (UN-Circulated)
(Trial 14)
rate 7kl (UN-Circulated)
(Trial 12)

-0.02

-0.04

Figure 2-10 Experimental temperature rate data for the 7kl tank, showing both
circulated and uncirculated data.

25 kl night

Temperature difference (Tair - Ttank)
-20

-15

y = 0.003406x + 0.003436
2
R = 0.587560

-10

0
-5

0
-0.02

-0.04

-0.06

dT/dt (millidegrees per second)

0.02
y = 0.003718x + 0.008689
2
R = 0.719926

5

25kl UN-Circulated

25kl Circulated

Linear (25kl UNCirculated)
Linear (25kl
Circulated)

-0.08

Figure 2-11 Experimental temperature rate data for the 25kl tank, showing both
circulated (GREEN) and uncirculated data (BLUE). This is night time data to eliminate solar
heating input.
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2.3.2 RESULTS: COMPARISON WITH THEORETICAL HTC
Using Equation 2-4 estimates for the convective HTC of the four tanks were
calculated using k=0.02624 Wm-1K-1, Pr=0.708, v =15.68 x 10-6 m2s-1, α =0.2216 x 10-4
m2s-1 (Ozisik, 1985, p. 736) for TTANK = 20°C and TAIR = 40°C. An estimate of the
radiative HTC was made using Equation 2-8 and Equation 2-9 with ε = 0.12
(ASHRAE, 2009 p 33.4), TTANK = 20°C and TAIR = 40°C giving a radiative HTC of h =
0.758 Wm-2°C-1.
Table 2-4 Estimated theoretical HTC for the convective components and the sum of
radiative and convective.

Tank

L (m)

Nusselt

h convective
-2

-1

h convective +

(Wm °C )

radiative

200 l

0.86

102.1

3.11

3.86

3kl, 7kl

2.4

220.5

2.4

3.16

25kl

3.1

267.2

2.3

3.06

(Wm-2°C-1)

The values (Table 2-4) do not include the tank skin conductivity or the internal
HTC which will reduce the overall HTC. Despite this the sum of the convective and
radiative HTC is less than the values obtained experimentally (Table 2-3). Air currents
within the building will enhance the heat transfer.
2.3.3 RESULTS: SEPARATING THE BASE AND SIDE HTC
Using procedures discussed in section 2.2.2 the side and base HTC were
calculated. Two reduced volume trials were conducted in both the 3kl and the 7kl tanks
in the CSU Commercial Winery. Reduction in the level from full of 600mm and
1200mm were tested in both tanks. A Newtonian coefficient k (Equation 2-12) was
determined for the reduced volume datasets with the slope shown in column 3 and
intercept in column 6 of Table 2-5. Data for the full tanks from previously conducted
trials is also listed in this table.
Side area A and the product of the HTC and side area U.A from Table 2-5 are
plotted against each other in Figure 2-12. An equation is fitted to the data from each
tank; the gradient of this equation is the tank side HTC. The intercept of the equations
is the product of the base area and the base HTC.
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The measured constant heating (column 7, Table 2-5) shows variation consistent
with evaporation. The 3kl with its open top has higher rates of evaporation than the 7kl
with its conical top. The evaporation rate decreases as the level is lowered and reduces
the exposure of the water surface to the air.
Values of the side and base HTC calculated from Figure 2-12 are shown in
Table 2-6. The side HTC values are both similar to the overall HTC; unsurprising given
the side area is larger than the base area and so would dominate in defining the overall
HTC.
Values for the convective component of the overall HTC can be calculated with
Equation 2-5 and Equation 2-3 using k=0.026 24Wm-1K-1, Pr=0.708, v =15.68 x 106

m2s-1, α =0.221 6 x 10-4 m2s-1 (Ozisik, 1985, p. 736) and TTANK = 20°C. For the

smaller 3kl tank Gr= 8 x 107 for temperature difference of 1°C and Gr = 1.54 x 109 for a
temperature difference of 20°C so it in the range specified in Table 2-2.
Convective HTC 3 kl base with air warmer than tank contents 0.79 Wm-2°C-1 at
TAIR= 25 °C and 1.04Wm-2°C-1 at TAIR= 35 °C. The base of the 7kl will have a
convective HTC of 0.89Wm-2°C-1 at TAIR= 25 °C and 1.68Wm-2°C-1 at TAIR= 35 °C.
Radiative HTC was estimated in the last section as 0.758Wm-2°C-1.
The sum of the convective and radiative components is 2.4Wm-2°C-1 which
compared very well to the measured value of 2.3 Wm-2°C-1 Experimentally the 3kl had
an overall base HTC of 9.2Wm-2°C-1 that is much higher than the predicted value of
1.8Wm-2°C-1. There is little in the construction of the tanks that would explain the large
variation in measured HTC. The tanks are beside each other and measurements for each
level of the reduced volume trial were made concurrently.
Side area HTC values are consistent with the values found for the overall HTC
for the total fluid contact area.
Experiments have not provided a usable separation of the base and side HTC.
HTC found using the total fluid contact reliably model the passive heat exchange of the
tanks.
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Table 2-5 Trials and data used to determine separate HTC for tank side and tank base

Tank

Fill level

Slope k (s-1)

Side area
(m-2)

U.A
(W°C-1)

Constant
(°Cs-1)

Constant
heating (W)

3kl

Full

0.004 329

9.60

61.9

-0.006 02

-86.1

3kl

-600mm

0.004 445

6.97

46.5

-0.005 68

-59.4

3kl

-1200mm

0.005 457

4.35

36.1

-0.007 50

-49.6

7kl

Full

0.002 479

13.38

69.8

-0.001 25

-35.2

7kl

-600mm

0.002 584

9.60

52.1

-0.009 98

-20.1

7kl

-1200mm

0.002 844

5.82

34.5

-0.006 59

-8.0

Table 2-6 Separated base and side HTC values.

Tank U.A
intercept
3kl
13.9
7kl
7.3

Base area
(m2)
1.51
3.17

side HTC
(Wm-2°C-1)
4.9
4.6

Base HTC
(Wm-2°C-1)
9.2
2.3

Overall HTC
(Wm-2°C-1)
4.89
4.35

90

UA (3kl)
80

UA (7kl)

UA (Wm-1°C-1 )

70
60

Linear (UA
(3kl))

50

Linear (UA
(7kl))

40
y = 4.9078x + 13.955
2
R = 0.9876

30

y = 4.6694x + 7.3394
2
R =1

20
10
0
0

2

4

6

8

10

12

14

16

2

Side Area (m )

Figure 2-12 Determining the heat transfer coefficient of the base of the 3kl and 7kl
tanks. This is calculated from the intercept at zero side area, which is the product of the HTC
and the base area. Gradient of the line is the HTC for the side area.
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2.3.4 WIND ENHANCED PHT
A comparison (Figure 2-13) between indoor trial and outdoor night data shows an
increased heat flow when the tank is exposed to wind. The cloud of outdoor data
points approaches vertically but does not touch the line measured in still air; for any
temperature difference the magnitude of the heat flow is greater outdoors than indoors.
Figure 2-14 shows further graphs of the measured relationship between the overall
HTC and wind speed. Wind speed was not corrected for reduced height. The data
shown is the averages over four quadrants and the overall average for all wind
directions.
At wind speeds from zero to 3ms-1 Figure 2-14 gives UTA = 6.4Wm-2°C-1 which is
higher than the value obtained indoors of 4.79Wm-2°C-1.
Some of the variability in Figure 2-14 will result from differences between actual
wind conditions on the experimental site and the wind speed measurements recorded by
the Bureau of Meteorology at Wagga Wagga airport.
To validate the relationship in Equation 2-6 the mean UTA values were plotted
against (wind speed)1/0.52. Measured slope for the convective component was 0.222
with ά =0.4 (Equation 2-17) and expected slope was 0.296. (using tank dimensions L=
0.86m, r= 0.303m) and ( k=0.0262 4 Wm-1K-1, v= 15.68x10-6 m2s-1 (Ozisik, 1985, p.
736). The slope is sensitive to the chosen wind shear coefficient and makes any model
developed from the model tank farm difficult to apply to differently exposed tanks.
Comparison between the experimental overall HTC and two convective HTC
models (Figure 2-16) shows better agreement with Equation 2-6 (McAdams, 1954).
The experimental overall HTC includes both radiative and convective components so
the modelled convective should be less than experimental values. Due to wind shear
effect the modelled convective cooling will be lower than shown in Figure 2-16.
Trials in the 25kl tank (centre height 8m) recorded HTC of UTA= 8.34Wm-2°C-1
uncirculated and UTA= 9.9Wm-2°C-1 with the contents circulated. Wind data was not
available for the trial with the 25kl tank. Despite the lack of wind data these values are
from tanks of a more representative size and exposure. Since the overall system
modelling was testing extreme rather than average conditions the higher values was
used.
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Although a general model was not developed for estimating the HTC from wind
speed a simple empirical model was produced to estimate HTC for the tank farm
(Equation 2-18). This will enable estimation of the passive heat transfer component of
the total heat load on the tank farm tanks. The relationship was determined from the
data in Figure 2-14
U ( ws ) = 0.073ws 2 + 0.0764 ws + 6.3

Equation 2-18

Where: ws is the wind speed (ms-1)
0.1
0.05

-15

-10

0

-5

0
-0.05
-0.1
-0.15
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Figure 2-13 Comparison between temperature rate against temperature difference
measured indoors (RED) and outdoors (BLUE).
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Figure 2-16 Comparison of experimental results and literature models.

2.4 CONCLUSIONS
Overall heat transfer coefficients were found for the tanks that are at the lower
end of the range listed for air in Table 2-1. These coefficients were a similar value for
all tank sizes that were tested.
Circulation of the tank contents enhances the rate of heat flow compared to a
tank with static contents.
Experiments have not provided a usable and consistent separation of the base
and side HTC. Heat transfer models examined (Ozisik, 1985) suggest the base HTC
behaves in a more complex way than the side HTC, changing depending on whether the
tank base is hotter or colder than the air. Analysis of the data was not able to identify
this effect within limits of the data accuracy. HTC found using the total fluid contact
area do reliably model the passive heat exchange of the tanks.
Wind greatly enhances the heat flow, at 5ms-1 (18km hr-1) the HTC has doubled
from still air values. Wind variability imposes a wide range on estimated PHT loads. A
general model that related wind speed to tank HTC was not developed but a simple
empirical model applicable to the studied tank farm only was developed.
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CHAPTER 3 SOLAR HEATING MEASUREMENT
3.1 INTRODUCTION
It is now a common practice in the wine industry to site tanks outdoors rather
than the traditional approach of within an enclosed building. The very large tanks used
in a modern high volume production winery would demand an equally large building to
house them. The consequence of design change is that these tanks are exposed to the
elements, including direct sunlight. A sheltered tank would experience indirect solar
heating, via air warmed by the sun in turn warming the tank but a solar exposed tank
will be heated by the direct sunlight as well as the warmed air.
This additional heat will need to be removed in part by the refrigeration system
and so forms a part of the cooling load. Determining the total cooling load is a key step
prior to optimisation of the use of the refrigeration systems cooling capabilities.
The impacts of solar heating have long been recognised on other parts of the
winemaking process. Smart (1976) found solar radiation and wind velocity to be the
main factors in determining the berry temperature. Cooling grapes that have been
harvested while hot can present a major heat load to the refrigeration system (Rankine et
al., 1984).
There is a wealth of literature on the positive values of solar energy as an
alternative or renewable source; Smyth (2009). Unfortunately there is little available
examining the negative unwanted heating of solar exposed tanks. Slab sided buildings
are well treated but the cylindrical shape changes the analysis although Kassem (1998)
examined cylindrical windows.
Berdahl (1997) examined surface treatments that reduce solar absorbance,
finding white paint has a solar absorbance of 0.2 compared to stainless steel of 0.37 to
0.52 (Ozisik, 1985, p. 760). Poor paint adhesion to stainless steel may cause problems
with the use of paint.
White (1989, p. 16) observed that a non-insulated solar exposed tank can have a
thermal gradient of 30°C, top to bottom, the top reaching 40°C to 50°C. This elevated
temperature will deteriorate the wine. Sulfur dioxide is depleted at elevated
temperatures (Boulton et al., 1995, p. 442) exposing the wine to microbial action.
Browning reactions at 40°C proceed at 40 times the rate they occur at 10°C (Boulton et
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al., 1995, p. 442). Diurnal variation in temperature will cause the top layer of the wine
to mix and degrade the remainder of the tank contents (White et al., 1989, p. 16)
Outdoor tanks are arrayed in various configurations which will affect both sun
exposure and mutual shading. Storage tanks are usually laid in a grid, this minimises
the extent of the array and the plumbing to service the tanks. Red wine fermentation
tanks are usually elevated and laid out in one or two long lines as they are serviced by a
press which runs on rails that run below the tanks. This greater elevation results in
greater solar exposure of these particular tanks.

The aims of this experiment were:
1. Measure and compare the heating for the two arrays to determine the
merits of each orientation.
2. Obtain a dataset to validate a solar heating predictive model.
3. Measure the solar heating on a commercial scale tank.
4. Compare results from the model tank farm with the commercial tank to
ensure scalability.
3.2 OVERVIEW OF THE EXPERIMENTS
Two mutually supporting experiments were conducted to determine the solar
heat input to the tanks; measurement using a model tank farm which is described in this
chapter and a theoretically based illumination model which is described in the following
chapter. The model tank farm measured solar heating in two common tank array
geometries and compared this to the heating in an isolated control tank. The
illumination model predicted the heating using available models for atmospheric
attenuation, calculating shadowing by nearby tanks and the tank dimensions. Data from
the tank farm was also used to validate the theoretical model. The theoretical model
was then used to investigate a range of possible tank array configurations. Data similar
to that obtained from the model tank farm was also taken using a single large
fermentation tank at Rutherglen, Victoria.
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3.3 METHODS AND EQUIPMENT
3.3.1 DETERMINING SOLAR HEATING
Solar heating of the tanks was found by subtracting modelled passive heat flow
from the total measured heat change. Passive heat exchange characteristics of the tanks
and the influence of wind were determined from night time data.
Total heating (Equation 3-1) of the tank was measured using the rate of change
in the tank temperature, the water mass and the specific heat of the water.
dQTotal
dT
= mc p TANK
dt
dt

Where

Equation 3-1

dQTotal
is the total heating rate (W)
dt

m is the mass of water in the tank (200 kg)
cp is the specific heat of the water (4186 J °C-1 kg-1)

dTTANK
is the rate of change in tank temperature. (°C s-1)
dt
Passive heat transfer (Equation 3-2) is driven by the difference in temperature
between the tank contents and the surrounding air.

dQ Passive
= U ( ws ) A(TTANK − T AIR )
dt
Where

Equation 3-2

dQ Passive
is the passive heat flow (W)
dt

U(ws) is the HTC as a function of wind speed (W m-2 °C-1)
A is the tank surface area in fluid contact (m2)
U ( ws ) = 0.073ws 2 + 0.0764 ws + 6.3

Equation 3-3

Where: ws is the wind speed (ms-1)
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Solar heating (Equation 3-4) is the total heating experienced by the tank
(Equation 3-1) less the modelled passive heat flow (Equation 3-2).
dQ Solar dQTotal dQ Passive
=
−
dt
dt
dt

Equation 3-4

3.3.2 EQUIPMENT AND DATA COLLECTION
Actual wine tanks used outdoors come in a range of sizes and results from this
experiment are intended to be applicable over that entire range. The expected diurnal
temperature swing of the tank contents was also a significant factor in determining the
appropriate tank size for this experiment. A larger tank, although more representative
of the actual tanks would exhibit a smaller temperature swing and would require higher
accuracy temperature sensors to achieve comparable accuracy. Cost constraints
preclude using large tanks in these trials. A smaller tank has a proportionally larger
surface area to absorb sunlight and exchange heat with the environment and so is more
sensitive to the solar input.
The tanks chosen are 200 litre stainless steel drums with removable lids. The
dimensions are as shown in Figure 2-2. Stainless steel drums were chosen to maximise
the similarity of surface properties to the tanks being modelled. Each tank was filled
with 200 litres of water and the level was periodically replenished to replace
evaporative losses. Tank lids were installed upside down which gave a convex upper
surface so rain water was not able to enter the tank, nor was it able to pool on the tank
lid.
Each tank was fitted with three DS18B20 silicon temperature sensors
manufactured by Dallas Semiconductor. These sensors are described in more detail in
Chapter 2. The three sensors were spaced at 200mm in a linear array suspended in the
middle of the tank so that each sensor is at the centre of mass of the top, middle and
lower thirds of the tank contents. Air temperature was measured using a sensor placed
in a Stevenson screen at a height of 1.2 metre. A wiring diagram of the data collection
network is shown in Figure 3-1
Temperatures were measured simultaneously by each of the sensors on the
network every sixty seconds. Temperature data was sub-sampled from sixty-second
period to a thirty minute period determining a mean temperature and mean rate of
change of temperature.
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Total heating rates were calculated from the rate of change in temperature using
Equation 3-1 and modelled passive heating was subtracted from the total heating
leaving the solar component. Further processing generated daily cycles and weekly
totals of solar heating.
A 25 kilolitre tank was used to acquire solar heating data in a larger commercial
size tank. Fluid temperature was measured using three of the linear array described in
Chapter 2. The arrays are sealed stainless steel tubes 2.8m long and have 15
temperature sensors spaced at 200mm intervals. The sensors are DS18B20 from Dallas
Semiconductor.
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Figure 3-1 Wiring layout for the tank farm temperature sensors and the 1-wire
network.

3.3.3 LAYOUT OF THE TANK FARM
Layout of the tank farm is critical to minimise the unwanted shadowing by the
sub-groups on each other. The tank farm was divided into three groups, each with a
specific role, an isolated control tank, three tanks designated East-West array and two
tanks designated North-South array. This layout is shown in Figure 3-3.
Part of the role of this experiment is to examine mutual shadowing within
groupings of tanks. For example the shadow cast by the east most tank in an east west
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line at sunrise will reduce direct beam solar heating of the next tank in line. However
unwanted shading can occur such as the north south line of tanks on a tank in the east
west line. These shading issues were examined by Budin and Budin (1982) where it
was noted the shadow line extends to infinity at sunrise and sunset. The extent of
shading by an individual tank is shown in Figure 3-2, the north and south limits of the
shadowing are shown as are the east west regions where shadowing can occur. A
similar diagram was produced by Budin and Budin (1982) (fig. 5) for the northern
hemisphere at latitude 45°. Tanks that are displaced east or west will shadow each other
at times throughout the year whereas a sufficient north or south displacement can
eliminate shadowing.
Ideally the sub-arrays in the tank farm should be spread out along a north south
line, however such a place was unavailable. The arrangement that was chosen is shown
in Figure 3-3, this layout minimised the east west shadowing and in particular protected
the control tank from shadowing.
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Figure 3-2 Plan view showing the extent of the shadowing for a single tank
throughout the year. Note the regions north and south that are never shadowed.

N

West Middle East
of EW of EW of EW

Control
North
of NS
Middle
West
of 3
of NS
South
of NS

13 M
Building at south of concrete apron

Figure 3-3 Layout of the tank farm.
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3.4 RESULTS AND DISCUSSION
The model tank farm collected data continuously from late November 2003 to
October 2004 except for short term system faults. The solar heat load cycle for this
period for the isolated and unshaded control tank is shown in Figure 3-4. The solar load
is shown as temperature rise per day which is over 6°C per day in summer to around
1°C in winter. In energy terms a one degree rise is equivalent to 9.6W for this tank or
20.1 W per vertical square metre of intercepted sunlight; both continuous over a 24 hour
day.
The seasonal effects on solar heating are apparent in Figure 3-4, greater heating
during summer and decreased during winter. Cloudy skies account for the short term
variability seen in this graph.
Two factors affect the measured seasonal variability; hours of day light and
elevation angle of the sun at midday. Both of these can be seen in Figure 3-5, the hours
of sunlight are most apparent with solar heat starting before 6am in January. A western
hill cuts late afternoon solar illumination for both dates. The effect of high solar
elevation at midday in January can be seen in this graph, this foreshortens the solar
radiation on the side of the tank giving rise to the pronounced dip in heating at midday.
This midday dip is not seen in July when the sun does not reach a high elevation.
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Figure 3-4 Solar induced mean daily temperature rise; averaged over 7 days.
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Figure 3-5 Solar heating over the course of the day for the Control tank.

This experiment was designed to examine to effects of mutual shading in two
tank configurations; a North South line and an East West line. Both arrangements offer
potential shading benefits. Heating values shown in Figure 3-6 and Figure 3-10 are
relative to the control tank. Graphs of daily heating cycles show data for selected cloud
free days.
Longer term comparisons are made relative to measured heating in the control
tank; a ratio heating measured in the tank to heating in the control tank. In Figure 3-6 it
can be seen that the end tanks of the East West array had similar total daily heating,
which is not unexpected as one is solar exposed in the morning and the other in the
afternoon. During summer the middle tank experienced less heating than the end tanks
but during winter this was reversed with it receiving the greatest heating, even above
that of the control tank.
A graph (Figure 3-7) of the daily heating cycle in January shows the morning
heating of the East tank and afternoon heating of the west tank. During summer all
tanks experienced less heating than the control but the middle tank clearly received
more morning and afternoon shading. In winter the middle tank had more solar heating
than the end tanks or the unshaded control tank. This anomalous heating may be due to
reflection from the two end tanks. Supporting this assumption are plots of the daily
heating during April (Figure 3-8) and July (Figure 3-9) which show additional heating
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for the middle tank occurring around midday. The measured heating is above that
measured in the control tank at the same time.
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Figure 3-6 Comparison between the solar heating experienced by tanks in an East
West line with that of the Control tank.
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Figure 3-7 Daily solar heating cycle for the East West tank array. Average of three
days 8 JAN to 10 JAN 2004.
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Figure 3-8 Daily solar heating cycle for the East West tank array. Average of three
days 26 APR to 28 APR.
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Figure 3-9 Daily heating cycle for the East West array. Sensors on the East tank had
failed.

The most northern tank in the North South line consistently experienced more
heating than the control tank (Figure 3-10). This tank has the same direct sun exposure
as the control tank but also has reflections from the middle tank. Unlike the middle EW
tank that had addition heat via reflection from the low angle midday winter sun the NS
tanks would have low angle sun at each sunrise and sunset throughout the year.
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Surprisingly despite its shading the South tank has similar amounts of heat to the
unshaded control tank. The middle tank of this array does show some benefits of the
shading. A plot of the daily heating cycle (Figure 3-11) for the North South array
provides further insight. At midday the middle tank is being shaded by the north tank
and is experiencing less heating. The south tank is being shaded identically to the
middle tank but Figure 3-11 shows it to be receiving greater heating than the middle
tank. A likely explanation is that the building south of the trial site was reflecting heat
onto the South tank. The middle tank is more representative of the expected heating for
southern tank in a North South array. This middle tank was installed late in the trial and
only operated for the final 21 weeks of the trial. Unfortunately it was not operational
during summer.
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Figure 3-10 Comparison between the solar heating for tanks in a North South line.
(measured relative to control tank heating)

Comparing the self shading capabilities of East West and North South aligned
tank arrays was an aim of this trial. Unfortunately with the late arrival of the middle NS
tank and extraneous heating on the southern most tank; this question cannot be
confidently resolved for summer time. Certainly Figure 3-12 shows the East West
configuration receiving less heat till week 16 of the year and this does encompass most
of the wine making time when additional heat loads are most unwelcome.
Over weeks 34 to 40, leading into summer, the ratio using the southern most
tank drops from slightly over unity to 0.7, indicating the middle EW tank is receiving
58

70% of the heating of the southern NS. Unfortunately the comparison is being made
using the southern most tank with its additional heat input which bias the result toward
the EW line. Results using the middle NS tank from week 34 to 40 also show a
decrease over this time, from 1.1 down to 0.9. No data was collected during Summer
from the middle NS tank but developing trends suggest that East West configuration is
superior during Summer but this is not conclusive.
During winter the middle EW tanks receive between 15% to 40% more solar
heat input than any of the NS array tanks.
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Figure 3-11 Daily heating cycle of the North South array.

Solar heating was also measured in large (25 kilolitre) tanks at Rutherglen
Estates Winery near Rutherglen in Victoria. This was the second tank in a North South
line of red wine fermentation tanks. Using post-fermentation night time data the PHT
and residual fermentation heat was modelled and this modelled rate was subtracted from
day time total heating; leaving solar heating (Weedon, 2003). Refrigeration was not
operated in the post fermentation stage.
With 18 times the cross-sectional area of the 200 litre tanks used in the model
tank farm a similar increase in measured solar heating is expected; the ratio is
approximately 15. The 2002 results (Figure 3-13) show the midday dip due to solar
elevation and the shading from the north tank. By 2004 side shading had been installed
and it can be seen that the solar heat load has been reduced. Unfortunately weather
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conditions were different between the two experiments, with clear sunny days in 2002
and some cloud during 2004 which enhanced the measured differences.
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Figure 3-12 Comparison of the solar heating experienced by shaded tanks in a North
South line to the centre tank in an East West line.
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Figure 3-13 Solar heating measured in a 25 kilolitre tank. In 2002 there was no side
shading but it had been installed by 2004.
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3.5 CONCLUSIONS
In summer the peak solar heating occurs around 9am and 3pm rather than at
midday when the sun is at it highest elevation. Given the lower solar elevation at the
times of these peaks it can be concluded that side shading rather than top shading is
most beneficial in reducing solar heat loads.
Side shading can be implemented by either a dedicated shade structure or using
adjacent tanks to provide mutual shading. Side shading can be easily achieved using
shade cloth hung from existing structures such as gantries and walkways.
Results were not able to support a strong conclusion over the relative merits of
an East West tank line compared to a North South line during summer.

Modelling in

the next chapter supported by the measured data will resolve this question
The strong dip in the solar heating around midday supports an assumption used
later in this work that the sides of the tank below the fluid line represents the main path
for solar heat input. Minimal solar heat enters via the tank top. The dip is explained by
the foreshortening of the direct beam due to increased solar elevation. This increase in
solar elevation will increase the solar intensity on the tank top but is not seen to arrive in
the tank contents.
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CHAPTER 4 SOLAR HEATING MODELING
4.1 INTRODUCTION
Solar heat gains in an outside wine tank will cause unwanted warming of the
product and possible deterioration of the product. The heat can be removed by a
refrigeration system at the cost of additional load on that system.
Last chapter the solar heat load was measured for two particular tank array
configurations. To expand this range of layouts and to consider small variations in sizes
and spacing of these layouts a model was developed to predict solar heating of exposed
tanks. The illumination model was designed to predict the solar heat load on a tank or
an arbitrary arrangement of tanks.
Causone (2010) defines the direct solar load as ‘the proportion of the solar heat
gain that is directly converted to cooling load’. The refrigeration load on the tank
would be the solar input less heat lost by PHT.
Accurately forecasting the total heat load for a winery refrigeration system
allows matching the refrigeration plant to the task. An oversize plant has higher capital
costs and running a system at part load can be inefficient and an undersize plant will not
meet demands (Ireland, 1995; White, 1991) . Additional capital costs will be required
to upgrade the system to meet existing demand.
There is a rich variety of software available to estimate many heating and
cooling factors including solar heat loads for buildings. Software packages such as
AccuRate (supported by NatHERS) and First Rate will provide an estimate of solar heat

load on buildings. Due to their focus on buildings they are not suited to this application
and there seems to be little available for estimating heat load on external tanks.
Gordon and Zarmi (1982) provide a simple method for estimating the annual
solar input to a collector unit. The principal simplification used was to consider only an
equinox day which is 12 hours of sunlight. This represents an average day length.
There is minimal treatment of shading and no capacity to provide information on the
seasonal variability of the solar heat load.
The model was compared with solar heating measurements made with the model
tank farm and a large tank at Rutherglen Estates Winery. Demonstration testing of the
model will also be conducted.
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A further assumption, which was tested by modelling, is that solar heat is only
absorbed via illuminated tank skin that is in contact with the fluid contents
The aims of this section are:
1. Develop a model that will predict solar heating for a range of tank array
configurations.
2. Validate this model by comparing to experimental data.
3. Compare solar heat loads and mutual shading of East West arrays with
North South arrays.
4. Estimate peak solar loads and their variation with season and latitude.
4.2 DESIGN
Predicting the solar heat load for any given time requires treatment of two key
issues; the solar intensity on the surface and any shading of the sunlight. These two
issues will be considered separately beginning with solar intensity before being
integrated into the model.
A variety of techniques are presented by Duffie (1991) that are relevant to
determining the solar intensity. These are the angle of arrival of the solar beam, the
intensity of the direct solar beam and the diffuse solar intensity.
Solar arrival angles must relate to a usable coordinate system on Earth’s surface
so this is a two step process. Firstly the sun’s position in the sky is determined this is
then converted to an azimuth and elevation.
A procedure (Equation 4-1) listed in Duffet-Smith (1990, p. 81) determines
solar declination and hour angle from date and time. The angular precision claimed is a
few minutes of arc, which is considerably better than required for use in this model.
Hour angle and declination angle are a pair of angular coordinates that describe an
astronomical objects position on the celestial sphere, similar to longitude and latitude on
Earth’s surface.
A similar procedure is shown in Duffie and Beckman (1991, p. 13).

δ = 23.45 × sin[360 ×
where:

n

284 + n
]
365

Equation 4-1

is the day of the year counted from 1 January
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δ

solar declination

Duffet-Smith (1990, p. 40) gives a method of converting solar hour angle and
declination to horizon coordinates of azimuth and elevation (Equation 4-2).

θ Z = cos −1 (cos φ . cos δ . cos ω + sin φ . sin δ )
sin ω . cos δ
γ S = sin −1 (
)
sin θ Z
where:

θZ

zenith angle of the sun (horizon = 90°)

γS

solar azimuth

φ

latitude

δ

solar declination

ω

hour angle

Equation 4-2

Above the Earth’s atmosphere the intensity of the solar radiation is 1353 Wm-2
(Incropera & DeWitt, 1996). Passing through the atmosphere the radiation is
attenuated by absorption and scattered and arriving at the surface the intensity in
summer is around 1000 Wm-2.
Scattering by the atmosphere splits the sunlight into two components; direct
beam illumination that has followed a straight line from sun to it target and diffuse
illumination. The apparent source of the diffuse illumination is the entire hemisphere of
the sky and so the diffuse illumination component is less affected by shadowing than
the direct beam component. The total radiation intensity is the sum of the direct and
diffuse components of the sunlight.
Hottel (1976) lists a method of calculating the direct beam transmittance of the
atmosphere as a function of solar zenith angle and altitude. Values listed are for the
23km Visibility Haze Model. This model was used rather than the 5km Visibility Haze
Model.

τ b = a 0 + a1 . exp(−k / cosθ Z )

Equation 4-3

where:
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a 0 = 0.4237 − 0.00821 × (6 − A) 2
a1 = 0.5055 + 0.00595 × (6.5 − A) 2
k = 0.2711 + 0.01858 × (2.5 − A) 2

τb

atmospheric transmittance for direct beam radiation

A

altitude (kilometre)

θZ

zenith angle of the sun (horizon = 90°)

Liu and Jordan (Liu & Jordan, 1960) describe a method of calculating the
diffuse transmission coefficient, τd, from the direct beam coefficient, τb. This
relationship as shown in Equation 4-4 was derived using clear sky data measured at an
altitude of 1430 metre on Hump Mountain, North Carolina, USA.

τ d = 0.2710 − 0.2939 × τ b

Equation 4-4

This mathematical relationship matches everyday experience, when the clarity of
the air is low then diffuse illumination is increased and this is seen as indistinct or
absent shadows.
These models were chosen as they were easily implemented and had a small
number of input parameters. More sophisticated models have been published but the
additional complexity of implementation was judged to be not worthwhile. Muneer
(2004) reviewed a number of these models. Both models are still well cited in the
literature and Liu’s model has become the de facto standard that other models are
compared (Muneer, 2004, pp. 41, 49).
Incident on the tank skin is the direct beam after attenuation by Hottel’s model
(Hottel, 1976) and diffuse radiation estimated by Liu and Jordan’s model (Liu et al.,
1960)
Peak energy for solar radiation is at 400nm; this is both direct beam and diffuse
radiation which have similar spectral characteristics (Duffie et al., 1991, p. 66). A
material’s ability to absorb radiation in the UV-Vis part of the spectrum is its
absorbance α, this is the ratio of the radiation that is absorbed to the incident radiation
(ASHRAE, 2009 pp 4.2).
The absorbing area of the tank for the direct beam illumination is the vertical
cross-section which is the area of the beam that is blocked by the tank. This crosssectional area is reduced as the sun is elevated in the sky. The diffuse component
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arrives from the whole hemisphere of the sky and the entire tank surface is illuminated.
So the absorbing area for diffuse radiation is the entire vertical surface of the tank.
These techniques would enable the estimation of the insolation for an isolated
tank but to perform a similar estimation for an array of tanks would require calculation
of their mutual shading.
Solar heat is absorbed via the tank sides that are in contact with the fluid. Total
heat is the product of the radiation intensity, the absorbance of the tank skin and the
illuminated fluid contact surface area.
4.2.1 IMPLEMENTATION OF THE ILLUMINATION MODEL
A program was written in Visual Basic to calculate the extent of shadowing by
one cylindrical tank on another and determine the expected heating for an exposed tank.
A copy of the model as a VB macro (Illumination) in an Excel spreadsheet is attached to
the back cover. Inputs to the program are the tank dimensions and location relative to
each other as well as location on Earth, as latitude only.
The program calculates solar azimuth and elevation; from these the direct and
diffuse beam intensities are then calculated using the procedures and models listed
earlier. An iterative process numerically integrates the amount of shading on the tank
which is subtracted from the total cross-section of the tank. The amount of heating is
calculated by multiplying the beam intensities by the illuminated areas.
This process is repeated for half hour intervals throughout the simulated day.
Outputs are generated for a single day for each week of the program run. So for a one
year simulation the program would generate 52 daily cycles.
The amount of shading that is occurring at a particular time is calculated by summing
the shading of 100 parallel beams of sunlight across the top of the shading tank. Each
beam is tested to determine whether it contacts the shaded tank. If it does contact the
tank then the horizontal distance from the shading edge to the shaded tank is calculated.
This horizontal distance is labelled as Gap_sh in Figure 4-1 and Figure 4-2. The
horizontal distance, Gap_sh, is multiplied by the tangent of the solar elevation to give
the depression of the shadow line on the shaded tank. This process is repeated for each
of the 100 beams to yield the shaded area.
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Figure 4-1 An overhead view of two tanks illustrating the shadowing algorithm in the
horizontal plane. Labels on the diagram correspond to variable names in the algorithm. The
horizontal distance Gap_sh is the horizontal distance from the shadowing edge to the shaded
tank.
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Figure 4-2 Further diagram illustrating the shadowing algorithm. Side view showing
the vertical components of the quantities calculated in the shadowing algorithm.

In detail, the process of finding the shaded area is as follows. A diameter line is
calculated using the azimuth of the incoming sun and the radius and coordinates of the
centre of the shading tank. This diameter line across the shading tank is orthogonal to
the azimuth of the incoming sunlight. This line is shown on Figure 4-1 as line eeT1 to

weT1, suffixed by x or y these are the variable names used in the illumination model
computer program. The names are abbreviations for east edge Tank 1 and west edge
Tank 1. The iteration process steps along this line while the shading is numerically

integrated. The coordinates of the points along the line are found by using the iteration
counter to ratio the coordinates of the ends of the line. This point is projected along the
azimuth line to the tank edge, this point is the shading edge for that beam, designated

sh.
The point that the beam strikes the second, shaded tank is designated c_sh. Both

sh and c_sh, suffixed by x or y, are variable names in the program. The distance
between sh and c_sh is multiplied by the tangent of the solar elevation to find the
depression of the shadow line. Point c_sh is calculated in a similar manner to sh from
the line ce to cw .

Line ce to cw is parallel to line eeT1 to weT1. The centre of the
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second tank and the points ce and cw are collinear but the centre is not necessarily
within the two points
Prior to calculating the c_sh the program tests if the point c is within tank 2, the
distance from the centre of tank 2 to c should be less than the radius of the tank. If c is
outside the tank then that beam will not fall on the tank so shading calculations are not
needed for that beam. If c is inside the tank then c_sh is calculated by projecting c back
along the beam path to the tank edge.
The distance between sh and c_sh is the distance between the shading edge and
the point on the edge of the shaded tank that is directly above the point this beam strikes
the shaded tank. This distance is labelled Gap_sh on Figure 4-4 and also on the side
view Figure 4-5. The distance below the top edge of the shaded tank that the beam
strikes can be calculated using the distance Gap_sh and the solar elevation angle. If the
distance is less than the height of the tank then part of the tank is in shade. This
distance is labelled shad_h on Figure 4-5.
Since 100 beams are integrated then the shaded area for each slice is shad_h
times the cross-sectional area of the tank divided by 100. The integrated shaded area is
subtracted from the cross-sectional area of the tank to determine the illuminated area.
The illuminated area multiplied by the cosine of the solar elevation gives the
area of sunlight intercepted by the tank. Direct beam solar heat input is the product of
the intercepted area, tank surface absorbance and direct beam intensity. Direct beam
intensity is calculated by multiplying the extra-terrestrial beam intensity by the
atmospheric transmission coefficient τb. The atmospheric transmission coefficient is
calculated using Hottel’s model (Hottel, 1976) as described earlier.
There is no shading calculations performed to find the heat input from diffuse
sunlight, this is assumed to be unaffected by nearby objects. Heat input from the
diffused sunlight is calculated by multiplying the diffuse intensity by half of the
cylindrical area of the tank sides.
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4.2.2 TESTING ASSUMPTIONS IN THE ILLUMINATION MODEL
The top of the tank presents a large surface area that is exposed to sunlight for
much of the day. This heat input could be as large as that intercepted by the sides of the
tank, which are in closer contact with the tank contents. An assumption was made in
the development of the illumination model that the heat flow from the tank top could be
ignored. This assumption will be tested in this section using a heat flow model that will
predict the vertical heat flow and compare this to the expected input into the side of the
tank.
A model was developed that would quantify the vertical heat flow and compare
this to the solar heat flow into the side of the tank. Two assumptions were made to
simplify the heat flow model. Firstly heat flow is either by radiation or purely
conductive within the tank. Since buoyancy forces will keep the hotter air at the top of
the tank then circulation currents will be small in extent. The second assumption is that
the liquid is an infinite reservoir at 20°C; this is valid given active temperature control.
Comparison will be made between the heat input from a metre square area
through the tank top and through the tank side (Equation 4-5).
dQ SIDE
= αH SUN − U TA (TTANK − T AIR )
dt

Equation 4-5

Figure 4-3 shows the vertical heat flow through the tank that is examined in this
model. Solar elevation is set at 45° which splits the 1300Wm-2 solar beam into equal
vertical and horizontal components of HSUN = 900Wm-2. Net heat absorbed at the
surface is shown in Equation 4-6. This is the absorbed beam less the convective loss
from the tank skin following a method by Berdahl (1997). Solar heating is beam
intensity multiplied by the absorbance of the stainless steel tank top and convective loss
is proportional to the difference between the tank skin temperature and the air
temperature. Tank skin temperature, labelled T1, is determined in the model by
balancing heat input with heat flow through the skin and the heat loss to the surrounding
air. Determining T1 is critical to the model, this temperature drives the heat flow into
the tank and away into the surrounding air. The temperature of the metal will rise until
equilibrium is reached between the solar heat gain and heat loss by convection and
radiation.
dQTOTAL
= αH SUN − U TA (T1 − T AIR )
dt

Equation 4-6
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Coefficients and values used in the model are shown in Table 4-1.
Heat flow through the tank skin is shown in Equation 4-7, heat flow is
proportional to the difference in temperature between the inner and outer surfaces of the
tank skin and the thermal conductivity of the tank skin. This temperature difference
will be quite small as the modelled skin thickness is 3mm and the stainless steel is a fair
thermal conductor. Locations of T1, T2 and L1 are shown as an inset on Figure 4-3
dQTOTAL
(T − T2 )
= K STEEL 1
dt
L1

Equation 4-7

Heat flow from the inner tank skin surface to the tank contents via both radiative
and conductive transfer is calculated using Equation 4-8. The distance L2 is the air gap
between the tank top and the fluid level.

dQTOTAL dQcond dQrad
(T − T3 )
4
=
+
= K AIR 2
+ eσ (T2 − T34 )
dt
dt
dt
L2

Equation 4-8

Equation 4-6 to Equation 4-8 were solved simultaneously to calculate expected
temperatures and heat flow.
Heat flow down the metal skin of the tank was also calculated as a comparison
with heat flow through the air gap. The vertical heat flow in the tank skin per metre of
the circumference of the tank calculated by Equation 4-9. This is an auxiliary
calculation that uses values of T2 calculated during the vertical heat flow modelling but
the heat flowing down the side does not form part of the vertical heat flow.
dQ SKIN K STEEL .1.L1 (T2 − T3 )
=
dt
L2

Equation 4-9

Horizontal heat flow into the side of the tank is calculated in the same manner as
the heat into the top of the tank, using Equation 4-6. Since the solar elevation is at 45°
the solar intensity on the vertical surface will be equal to that on the horizontal tank top.
The value of T1 used for the side heat input will be the temperature of the tank contents
that is constant at 20°C. As with the heat flow down the side of the tank this horizontal
heat flow is not part of the vertical heat flow modelling.
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Table 4-1 Coefficients and values used in the vertical heat flow model.

Symbol

Value

Description

Reference

α

UTA

0.4 (model)
Range 0.37 to 0.52
8 (Wm-2°C-1)

(Ozisik, 1985, p.
760)
Chapter 2

KAIR

0.026 24 (Wm-1°C-1)

KSTEEL

40 (Wm-1°C-1)

L1

0.003 m

Absorbance of the
stainless steel.
Coef. for convective heat
loss.
Thermal conductivity for
air.
Thermal conductivity for
steel.
Steel skin thickness

L2

1m

Air gap thickness

e

0.28

Emissivity of steel

σ

5.670 x 10-8 (Wm-2K-4) Stefan-Boltzmann
constant

(Ozisik, 1985, p.
736)
(Ozisik, 1985, p.
746)

(Ozisik, 1985, p.
757)
(ASHRAE, 2009 p
4.12)
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Convective loss
=UTA(T1-Tair)

Air temperature = Tair
Reflected sun = (1-α)x900 w/m2
Sun= 900 w/m2

Surface
temperature
=T1

y=0
L1
y=0.003m

Lower surface
temperature
=T2
L2

Heat flow
=dQCOND + dQRAD
dt
dt

y=1.003m

Fluid temperature
T3=20°°C (constant)

Figure 4-3 Shows dimensions and heat flows in the vertical heat flow model

4.2.3 PRELIMINARY TESTING OF THE ILLUMINATION MODEL
Prior to comparing the illumination model predictions with the measured values
from the tank farm a number of tests were conducted with the model. These tests will
demonstrate the capabilities of the model to deal with variations in latitude and tank
farm geometry.
These tests are described in line with the results.
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4.2.4 COMPARISON OF MODEL AND MEASURED DATA
Two datasets are available for comparison with the illumination model; eleven
months of tank farm data and a week of data from a twenty five kilolitre tank storing
wine.
Cloud free days were chosen from the tank farm dataset for comparison with the
model.
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4.3 RESULTS AND DISCUSSION
4.3.1 MODELLING VERTICAL HEAT FLOW
Using the vertical heat flow model developed earlier an estimate of this heat
flow was determined and compared with the solar heat input on the side of the tank.
Results of the model (Table 4-2 and Table 4-3) show that at the maximum tested
temperature of 45°C the vertical heat is only 4% of the horizontal component. At 45°C
combined solar and passive heat flow into the tank sides is 560 Wm-2 compared to only
22Wm-2 from the tank top. The major mode for the vertical heat flow is via radiation.
Table 4-2 Results from the vertical heat flow model.

Air
Tem
p.
(°C)
5
10
15
20
25
30
35
40
45

Skin Conduction
Temp (Wm-2)
. (°C)

Radiation
(Wm-2)

Skin
Total
(Vertical) flow
(Wm-2)
(Wm-1)

Total
(side)
(Wm-2)

ratio
V: H

38.0
42.8
47.5
52.3
57.1
61.8
66.5
71.2
75.9

5.63
7.29
9.03
10.85
12.75
14.72
16.78
18.91
21.14

6.04
7.82
9.67
11.60
13.60
15.68
17.85
20.09
22.43

240
280
320
360
400
440
480
520
560

0.025
0.028
0.030
0.032
0.034
0.036
0.037
0.039
0.040

0.414
0.523
0.634
0.743
0.852
0.961
1.069
1.178
1.287

2.16
2.73
3.30
3.88
4.45
5.01
5.58
6.15
6.71

Table 4-3 Comparison data for heat entering the side of the tank

Air
Temperature
(°C)
5
10
15
20
25
30
35
40
45

Total
Vertical
(Wm-2)
6.04
7.82
9.67
11.60
13.60
15.68
17.85
20.09
22.43

Convective
(side)
(Wm-2)
-120
-80
-40
0
40
80
120
160
200

Solar
(side)
(Wm-2)
360
360
360
360
360
360
360
360
360

Total
(side)
(Wm-2)
240
280
320
360
400
440
480
520
560

ratio
Vertical:
Horizontal
0.025
0.028
0.030
0.032
0.034
0.036
0.037
0.039
0.040

It was assumed that heat transport by the air was via conduction as the thermal
gradient would preclude convective circulation. The assumption of no circulation
currents in the air would hold true during the day. Buoyancy forces would keep the
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hotter air at the top of the tank. Circulation currents would certainly exist at night when
the top of the tank is colder than the contents. At this time the convective heat transfer
component could increase significantly.
The assumption that the heat input into the top of the tank can be ignored in the
illumination model is shown to be valid. This is despite the high temperatures that the
metal top can reach when exposed to sunlight. The air gap forms an effective insulator
to heat flow into the tank. The insulation causes the temperature of the skin to elevate
as the heat loss via convection reaches equilibrium with the solar heat input.
4.3.2 PRELIMINARY VALIDATION OF THE ILLUMINATION MODEL.
A number of demonstration tests were conducted using the illumination model
to establish that the outputs of the model were reasonable and matched expectation.
Tests conducted examined the output of the model with changes in latitude, two linear
geometries and offset tanks in a linear geometry.
The illumination model generates a series of daily heating cycles that the tank
will experience throughout the year. The daily cycles will not be shown individually
but are presented in a group as a surface plot. Week of the year is on the horizontal axis
and time of day on the vertical axis in half hour increments. The day progresses
vertically downwards, sunrise and sunset is labelled on the plots. Heating of the tank in
Watt is shown using the surface colour as per the legend. Extraterrestrial solar beam
intensity is 1300Wm-2, atmospheric attenuation is calculated in the model and the tank
surface absorbance is 40%.

Tank dimensions used in this demonstration are the same

size as the tanks used in the tank farm experiment. Tanks are 1.2 metre high and 0.6
metre in diameter.
Using a single tank four different latitudes were tested, 0°, -23°, -35 (Wagga
Wagga) and -46°. This will examine the models capability to deal with the changing
solar geometry and treat solar elevation. Below are the lists of expectations of features
that should be seen in models output if variations in latitude are correctly handled.
•

At 0° latitude. The sun will be directly overhead at midday twice per
year. This would be at each equinox. This will be seen as a deep
minimum in the solar heating. The only heating at this time will be from
diffuse illumination. There should be a very small variation in the rise
and set times.
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•

At -23° latitude. The sun will be directly overhead at midday around the
southern summer solstice. The only heating at this time will be from
diffuse illumination. Maximum length of day will be late December.

•

At -35° latitude. Should be similar to the 46° and the 23°. The sun will
not pass directly overhead but a minimum in midday heating should be
seen at the summer solstice. The minimum will not be as deep as the 23°
test.

•

At -46° latitude. The sun will not pass directly overhead but a shallow
minimum in midday heating should be seen at the summer solstice. This
will have the largest variation in the rise and set times.

The outputs of the model for the four trials are plotted in Figure 4-4. All
expected features are seen in the four plots. Midday minima for heating do not reach
zero despite the sun being directly overhead due to the presence of diffuse illumination.
Steps in the sunrise and sunset line are due to the half hour steps in the model data
output.
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Figure 4-4 Demonstration of the illumination model. Calculated solar heating (W)
for an isolated tank at four different latitudes as listed on the diagram. The plots represent a
year of data and the time of year is on the horizontal axis, time of day is on the vertical axis.
Rate of heating in Watts is represented by the colour.
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The algorithm was tested using a north south line of tanks the same size as those
in the tank farm. The second tank was separated from the northern most by 100mm.
The third tank was separated by 400mm from the second tank.
Table 4-4 tank centres for the first North South line trial.

Tank x
y
1
0
0.0
2
0
-0.7
3
0
-1.7
The modelled heating (Figure 4-5) shows the northern most tank experienced no
shadowing and showed an identical heating pattern to the single tank at 35° south. The
second tank experienced considerable shadowing with most shadowing around midday
particularly in winter due to lower solar elevation. The third, most southern tank
experienced less shadowing than tank 2 due to the larger spacing between tanks 2 and 3
compared to between tanks 1 and 2
heating N-S line
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Tank 1

Tank 2

Tank 3
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July

August
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101-151
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Figure 4-5 Demonstration of the illumination model showing calculated solar heating
(W) with shadowing in a North South line. Tank 2 experiences the most shadowing as it is
closer to its shading tank than tank 3
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The algorithm was tested with an array that is similar to the first N-S trial except
the third tank is displaced south east of the second tank (Table 4-5).
Table 4-5 Tank centres for the second North South line trial

Tank x
y
1
0.00
0.00
2
0.00
-0.70
3
+0.49 -1.19
As expected, the second tank shows (Figure 4-6) the same shadow patterns as in
the first N-S trial. The third tank is shaded more during the afternoon than the second
tank but received more sunlight during the morning.
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Figure 4-6 Further demonstration of the illumination model showing calculated solar
heating (W) with shadowing. Tank 3 is offset of the North South line and experiences
shadowing that is unsymmetrical over the day. Tank 2 is maximally shaded at noon
throughout the year whereas tank 3 is most shaded in the afternoon.

An East – West line of tanks was modelled using the algorithm. Tanks were
again the same size as those used in the tank farm and had a separation of 100 mm
(Table 4-6).
As expected the heating plot (Figure 4-7) shows the western tank is shaded
during the morning and the eastern tank is shaded during the afternoon. The middle
tank is shaded morning and afternoon. All tanks receive unshaded midday sun but
during summer the heating will be reduced, as the sun will be at a high elevation and
sunlight will strike the tank side at a lower angle.
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Table 4-6 tank centres for the East West trial.

Tank
1
2
3

x
0.0
0.7
+1.4

y
0
0
0
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Figure 4-7 Demonstration of the illumination model calculating solar heating (W)
with shading of tanks in an East West line. The western tank has most shading in the morning
and the eastern tank is shaded in the afternoon. Shading on the middle tank is a sum of the
shading of the east and west tanks.

The illumination algorithm has performed to expectation. The predicted shadowing
patterns and resultant heating matches expectation. These graphical representations of
the model output do not demonstrate the full expected precision of the illumination
calculations but the numerical outputs have been examined to verify expectations. An
example is the expected minimum in solar heating at midday on the equator at the
equinox, the minima is visible in the graph and has also been confirmed in the
numerical output. Sub-components of the model such as the shadowing and solar
position have been independently checked numerically.
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4.3.3 ILLUMINATION MODEL COMPARISON WITH TANK FARM DATA
Experimental data from the model tank was compared with predictions from the
Illumination model.
A package of data was purchased from the Bureau of Meteorology, this included
wind speed and direction, solar intensity; diffuse and direct, and cloud cover.
Measured heating for the isolated control tank (middle graph Figure 4-8) shows
features corresponding to the modelled heating (lower graph); most noticeable are peaks
in heating that occur mid-morning and mid afternoon during summer. In contrast the
direct beam illumination intensity (top graph) has a peak in the middle of the day. The
high angle of arrival of midday sun on the side of the tank results in low heat input. A
low angle solar beam is attenuated by the long atmospheric path and also results in low
heating. Both of these effect result is the mid-morning and mid afternoon peaks. During
winter the solar elevation at midday is similar to its elevation in summer at midmorning and mid afternoon. This causes the midday peak in winter. All of these effects
are successfully predicted using the model.
The model predicts the mid-morning and mid afternoon peaks are of identical
magnitude but this is not seen in these and later graphs. Possible explanations are
increased atmospheric attenuation in the morning as night-time condensation is
evaporated. Another explanation is greater than predicted passive heat transfer. Tank
temperature was measured in the central core and the sun is heating skin. This heated
skin will lose more heat to the cooler morning air than would be expected given the
cooler core temperature.
A comparison (Figure 4-9) between the total daily heating in the modelled and
measured data shows that while the measured data varies considerably its maximum
approximates that of modelled data throughout the year. Cloud cover has caused the
observed reductions in the total daily heating.
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Figure 4-8 Heating on the control tank. Top graph Solar radiation (direct beam)
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(Wm ), middle graph Measured heating (W), lower graph Modelled heating (W)
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Figure 4-9 Total daily heating (MJ). Comparison between modelled and measured.

Three cloud free days were selected and daily heating cycles are shown for the
control tank (Figure 4-10), the North – South array (Figure 4-11) and the East – West
(Figure 4-12).
The dip in heating at midday for the isolated control tank can be clearly seen in
the top plot of Figure 4-10, model accurately predicting the measured data.
Features in the North South array comparison (Figure 4-11) are well matched
between modelled and measured data. The lower plot for 5 May shows a strong peak in
midafternoon when the measured values exceed the model predictions. A similar peak
can be seen for the west tank of the East West array (Figure 4-12).
Shading predictions for the East West array on 12 DEC 03 show quite complex
patterns, these correspond well with the measured values. Some excess heating can be
seen for the East and Middle tanks in late afternoon. This may be mutual reflection but
similar peaks are not present in the morning for the West and Middle tanks.
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Figure 4-10 Comparison between modelled and measured heating of the control tank.
Cloud free days were selected for this comparison.
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Figure 4-11 Comparison of daily heating measured and modelled for the North - South
array.
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Figure 4-12 Comparison of daily heating measured and modelled for the East - West
array.
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Data from the tank farm experiment was not able to determine whether an eastwest or a north-south array provided better self shading. The model, supported with
tank farm data was able to resolve this issue (Figure 4-13). From September to early
April the self shading capacity of an east-west array is superior. This is the hottest part
of the year and includes most of the wine production.
Modelling showed that during winter north-south array displayed better self
shading but the measured data showed the two arrays to have similar heating. Mutual
reflection between the tanks is not included in the model but its effects can be seen in
Figure 4-13, the middle tank of the EW array (RED) in winter.
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Figure 4-13 Comparison, model and measured, of an East West array and a North
South array.

The model was used to calculate the daily temperature rise due to solar heating
alone for the 7kl tank (Figure 4-14) for a range of latitudes that encompassed the major
wine making regions of Australia. Similar heat gains were predicted for all latitudes
tested and through the year except for during winter when the 42° south test had 30%
less solar heating. Daily solar heat gains do not vary greatly with latitude during the
first four months of the year when wine is being made.
Also shown in Figure 4-14 are other tanks, larger tanks experience less
temperature change than the smaller tanks. This is due to the large tanks having a
smaller surface area to volume ratio.

88

9
8

Temperature gain

7
6

7kl (42 S)
7kl (38 S)
7kl (34 S)
7kl (30 S)
25 kl (42 S)
3.5kl (42 S)
200 litre (42 S)

5
4
3
2
1
0
0

13

26

39

52

Week of the year

Figure 4-14 Showing modelled temperature rise due only to solar heating. The 7
kilolitre tank is modelled for latitudes 42 south to 30 south. Other sized tanks shown only for
latitude 42 south.

The refrigeration system can control temperature if it can match the rate of input
with its rate of removal. Peak daily solar heat load were extracted from the output of
the model (Figure 4-15). Peak heat load, as predicted by the model, is constant
throughout the year and is largely unaffected by latitude. This constant value is a
consequence of simplicity of the model used. Atmospheric solar transmittance to a
vertical surface is a product of Hottel’s model (1976) for atmospheric transmittance and
the cosine of the solar elevation. Atmospheric transmittance increases with solar
elevation and the cosine decreases (Figure 4-16). The product has a maxima at a solar
elevation of 26°. Solar elevation passes through 26° morning and afternoon in summer
and in winter it culminates at 28° for latitude 38° south.
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Figure 4-15 Peak daily intensity over the year for the 7 kilolitre at latitudes 42 south
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Figure 4-16 Determining solar transmittance to a vertical surface.
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4.4 CONCLUSIONS
Low solar heat flow via the tank top was demonstrated using a simple heat flow
model. This supported treating the tank sides in fluid contact as the only solar absorbing
area.
The Illumination model satisfactorily predicts solar heating for cylindrical tanks
in various array configurations. The model predicts a heating value for full sunlight
without any reduction due to clouds. This is not a shortcoming for the intended
application which requires maximum potential heating values.
During summer peak solar heat loads occur mid-morning and mid-afternoon,
peak intensities at these times are independent of latitude over the winemaking regions
of Australia. Modelling showed a solar elevation of 26° generates peak solar heating,
this elevation occurs mid morning and mid afternoon in summer and at midday in
winter. In the 7kl tank the peak solar heat input is 1140W and in the 25kl tank it is
2120W.
The priority for most effective shading for tanks is vertical side shades on east
and west ends followed by shading on the north end in the southern hemisphere.
Comparison of the relative merits of an East West line of tanks to one aligned
North South was resolved in favour of the East West line during summer only. During
summer the East West line provides better self shading and so receives less solar
heating. During winter the reverse applies, the low midday sun provides more heating
to an East West line. Shading blocks more heat input than either tank array
configuration.
Mutual shading by surrounding tanks is calculated but not mutual reflection.
The stainless steel is reflective and the effect of mutual reflection was observed in the
experiments. The North tank in the NS array had modelled heating identical to that of
the isolated Control tank however measured heating was greater. Similar gains were
observed in the other arrayed tanks
The currently available dataset was not adequate to resolve the extent of mutual
reflection sufficiently well to allow its incorporation in the model. Any future
development of this model must incorporate the effect of mutual reflection.
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CHAPTER 5 BRINE SYSTEM PERFORMANCE
5.1 INTRODUCTION
The refrigeration system used in commercial wineries normally involves a
central primary refrigeration system providing cooling for a distributed secondary
refrigeration network. Primary refrigeration systems cool due to the energy absorbed
during liquid to vapour phase change (though sensible heat also makes a minor
contribution), while secondary refrigeration systems provide cooling via an increase in
their sensible heat content (rise in temperature of the secondary refrigerant).
The overall efficiency of a winery refrigeration system depends not just on the
chiller plant but also on the efficient flow of heat from the tank via the chain of
secondary and primary refrigeration systems, while minimising heat absorption from
other sources (e.g. surrounding air) by the refrigerants. Key bottlenecks in the efficient
flow of heat along this chain are interfaces between the subsystems. These interfaces
are the heat exchangers between the fermenting wine and the secondary refrigerant and
the heat exchangers between the primary and secondary refrigerants.
5.1.1 PRIMARY REFRIGERANTS
Primary refrigerants such as ammonia undergo phase changes to generate the
cold which is then used to cool a secondary refrigerant which transports the cooling
capability
The most common primary refrigerant used in wineries is ammonia (Ireland et
al., 1997) in vapour compression chiller plants. In 1989 White et al. (White et al.,
1989, p. 27) wrote that ammonia (R717) and the freons R12 and R22 were among the
most commonly used primary refrigerant. The Montreal Protocol (White et al., 1989,
p. 29) required the phasing out of R12 but R22 was unaffected. Boulton et al. (1995, p.
514) stated that R717 and R12 were in common use but R12 was being phased out.
Low temperatures are generated by the boiling or evaporation of the ammonia in the
evaporator. These gases are then compressed and the extracted heat is shed to the
surrounding air in the condenser which causes the ammonia to liquefy and the cycle
repeats.
The evaporating primary refrigerant can be used to directly cool products in the
winery but by far the more usual method is to use a secondary refrigerant as an
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intermediary between chiller plant and the product. White et al. (1989) (1991) is a
strong supporter of the direct cooling method citing increased efficiency of generating
the cold where it is required rather than reticulating very cold secondary refrigerants
around the winery. Liquid ammonia can be reticulated at ambient air temperatures and
does not cool until its pressure is reduced in the evaporator, however this would require
large quantities of refrigerant. Typically 900 to 1130 kg (Inlow & Groll, 1996) is
required for a supermarket using a reticulated primary refrigerant as suggested by
White. Up to 30% of this load could be lost annually in leakage from the large network
(Inlow et al., 1996). White also notes that the evaporator temperature needs to be set
lower when using secondary refrigerants, to enable heat flow from the secondary
refrigerant to the primary refrigerant. Typically the evaporator temperature needs to be
7° to 10°C colder for a secondary refrigeration system as opposed to a direct or primary
refrigeration system to allow effective heat flow from the brine (White et al., 1989).
Decreasing the evaporator temperature reduces the efficiency of the chiller plant, heat is
removed at a lower temperature so more power is consumed (Ireland et al., 1997).
5.1.2 SECONDARY REFRIGERANTS OR BRINES
The usual method for meeting cooling needs in many places around a winery is
a secondary refrigerant network that is cooled at one point by a central primary
refrigeration plant (Ireland, 1995; White et al., 1989). This cold fluid is pumped
through a heat exchanger at the product requiring cooling; a typical network is shown in
Figure 5-1. Early secondary refrigeration systems used water with calcium chloride or
sodium chloride to depress its freezing point. As a consequence secondary refrigerants
are generically called brines (Delves, 1999). The secondary refrigerant is a liquid that is
used to transport heat, generally as sensible heat. The exception to this is ice slurries,
where a phase change occurs in the heat exchanger at the product (Bellstedt et al.,
2001; Royon et al., 2001).
Warmed secondary refrigerant is returned to the primary refrigeration plant to be
cooled before being pumped back into the brine system. Understanding the capabilities,
efficiencies and losses of this heat transport system are essential to modelling and
understanding the load placed on the winery chiller plant.
White (1989) notes that there is no ideal secondary refrigerant and any choice is
a compromise. Ideally a secondary refrigerant will be low cost, have high heat capacity,
high heat conductivity, low viscosity and be both non-toxic and non-corrosive (White et
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al., 1989). For operation above 0°C water meets many of the requirements it is cheap,
has a high heat capacity, is non-toxic, is non-corrosive, has a low viscosity and is easily
pumped (White et al., 1989).

Figure 5-1 Example of a typical secondary refrigeration network (Ireland, 1995)

Below 0°C secondary refrigerants are water containing solutes to depress the
freezing point, or some other fluid with a low freezing point. Solutes used to depress
the freezing point of water include sodium chloride, potassium chloride, calcium
chloride, methanol, ethanol, ethylene glycol, propylene glycol and potassium formate
(Aittomaki & Lahti, 1997; Ireland, 1995; White et al., 1989). In general, solutions of
organic compounds have a higher viscosity than the salt solutions (White et al., 1989)
which makes pumping these solutions more expensive. Aqueous salt solutions such as
sodium chloride, potassium chloride and calcium chloride are corrosive to many metals
(Aittomaki et al., 1997).
5.1.3 THERMAL STRATIFICATION
Thermal stratification of the tank contents as a consequence of the applied
refrigeration needs to be considered. Typically the chiller plates are installed mid-way
to two third up the tank possibly giving rise to thermal stratification of the tank
contents. In the absence of other circulation in the tank the cooled (more dense) juice or
wine will descend by natural convection, while the juice or wine above the jacket heat
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exchanger may not receive adequate cooling. This has implications for storage of
finished wine.
Lack of mixing of cooled and uncooled juices could explain the high thermal
resistance noted by Delves (1997). Heat flow is driven by a difference in temperature,
and cooled juice stagnating around the chiller plate would reduce the heat flow rate.
Guymon and Crowell (1977) examined a form of thermal stratification that
occurs during a red wine ferment. This is within the cap, a region on top of the fluid
layer comprising the grape pulp and skins. Fermentation is occurring in the cap and
since there is poor circulation due to the solid matter the heat formed tends to
accumulate. Thermal stratification will be examined in the lower fluid region below the
cap.
Zenteno et al. (2010) found temperature inhomogeneities of 2°C to 4°C that
occur within the fermenting juice and associated variation in nutrient concentration with
in the tank. These temperature variations in the fermenting juice are not generated by
the refrigeration system. Schmid et al. (2009) measured much smaller temperature
variations with height in the tank that persisted for 3.1 hours after the cap was irrigated.
Plunging or irrigation of the cap is a procedure that is carried out during the ferment to
mix the cap and lower juice. Plunging is a mechanical mixing and irrigation involves
pumping juice from below the cap and spraying this over the cap. Internal circulation in
the tank did not appear to dissipate the temperature variations.
Thermal stratification of wine and juice within a winery has received little
attention in the literature but the use of stratified thermal storage is covered. Thermal
storage is used to time shift refrigeration capacity from night time off peak power times
to daytime and to increase the peak load handling capability of the refrigeration system.
Use of thermal storage will not be considered in this work but the principles are
applicable to an understanding of stratification.
Ghaddar and Almaarafie (1997) examined the formation and decay of a
thermally stratified layer in a thermal storage tank using simulation and empirical
measurements. Hot water was fed into the top of the tank via a diffuser and the thermal
profile measured with an array of temperature sensors. They found higher flow input
rate degraded the stratification through increased mixing. Tank wall conductivity and
environmental exchange contributed more to the degradation than the thermal
conductivity of the water.
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5.1.4 FERMENTATION CONTROL
A major role for refrigeration within a winery is to control the temperature of the
fermenting juice, since the rate of fermentation is strongly dependent on the temperature
of the fermenting juice (Boulton, 1980; Williams, 1982). Boulton (1979) modelled the
performance of chiller plates and brine systems in balancing heat removed and
fermentation heat production. It is possible to control fermentation temperature with
warmer brine if the coverage of jacket heat exchanger is high enough. It was calculated
that even for a relatively large 101 kl tank, covering 50% of the tank surface with jacket
heat exchangers would allow successfully fermentation temperature control with a +5C°
secondary refrigerant (Boulton, 1979). Unfortunately the heat transfer coefficients
used in the model were not reported. While 50% coverage with chiller plate is a larger
than typical ratio it highlights the possibility of improving the heat transfer capability
and maintaining control of the ferment with a higher temperature brine.
5.1.5 REFRIGERATION EFFICIENCY AND BRINE TEMPERATURE
Chiller plant efficiency was discussed in Chapter 1 and it improves as the
difference in temperature between evaporator and condenser decreases (Ireland et al.,
1997). Using a warmer brine allows the chiller plant to operate more efficiently and so
the same amount of heat can be shifted with a smaller quantity of electrical energy.
Temperature difference, brine flow rate and the tank jacket surface area and its
HTC are the drivers of the heat flow from tank to brine. Elevating the brine input
temperature and so reducing the temperature difference requires increasing the
effectiveness of other drivers such as brine flow rate, jacket surface area and jacket
HTC to maintain effective heat removal. Later overall system modelling will find this
optimal brine temperature that matches cooling needs with the most efficient operation
of the chiller plant.
To support this model the HTC between the tank contents and the brine was
measured for three tanks. This interface has been identified as point of maximum
resistance to heat flow in the refrigeration path (Delves, 1997). Values available in the
literature are listed with wide possible ranges. Delves (1999) as listed earlier measured
some actual HTC values for cooling jackets of fermentation tanks but these are for a
single tank and neglect the effect of heat gain from the air.
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5.1.6 AIMS
The three aims of this section are to:
1. Measure heat transfer coefficients from brine to tank contents and from
brine to the surrounding air.
2. Develop and test a predictive model that will estimate heat removed from
the tank using the brine system.
3. Examine the formation and decay of thermal stratification with static and
fermenting tank contents.
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5.2 METHODS AND EQUIPMENT
5.2.1 BRINE SYSTEM MODELS
Two different heat flow models were tested with the brine system. A predictive
model was developed and tested that will estimate the brine output temperature given
the brine flow rate and the temperatures of the air, tank and brine input. This model will
be an essential tool during the system simulations to determine maximum allowable
brine input temperatures.
A heat balance model was also tested using data gathered during brine system
trials. This compares the measured heat gain of the brine with the heat loss of the tank
contents. This model was used during the fermentation trials to measure the heat
production of the fermenting juice.
It is important to understand the different roles the two models will hold in this
work. The predictive model will be used in simulation studies in testing the heat
removal capacity of combinations of brine temperature and flow rate when applied to
different tank and air temperatures. It will estimate the brine output temperature and
from that value the heat removal can be calculated. The heat balance model will use the
measured brine output temperature in calculating heat gain in the brine so that it can be
compared to the heat loss in the tank. This is a validation of the process that will be
used to determine the heat production during fermentation.
5.2.2 BRINE SYSTEM PREDICTIVE MODEL
During simulation studies to optimise the use of the winery cooling capacity it is
essential to know how effectively heat is removed from a tank. The brine system
predictive model is the tool that will perform that task. It will calculate brine output
given brine input temperatures and flow rates as well as the tank temperature.
The standard heat exchanger equation models one thermal interface but the
developed model includes two thermal interfaces with different thermal characteristics.
Heat input to the brine comes from two sources; the tank and the air. The inputs to the
predictive model are brine flow rate, temperatures of the brine input, the tank contents
and the surrounding air, from these the model can calculate the temperature of the brine
output. The inputs and outputs of the predictive models are shown in Figure 5-2. The
winemaker may set some of these input conditions but the brine output temperature is a
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consequence of both the inputs and the heat transfer capabilities of the system. Using
the predicted brine output temperature the heat removal from the tank can be calculated
as well as the heat absorbed from the air. This model was used to establish maximum
usable brine temperature that will maintain a steady tank temperature.
Incorporated in the models is the heat transfer characteristics between the tank
and the brine and for the second model transfer between the air and the brine, which
will be determined experimentally in this section.

Input variables:
• Brine INPUT temperature
• Tank temperature
• Air temperature
• Brine flow rate
Required constants:
• Tank fluid mass
• Chiller plate area
• Brine - specific heat
• UBA – HTC to air
• UBT – HTC to tank

Output:
• Brine
OUTPUT
temperature

Figure 5-2 Inputs and output of the brine predictive model.

All chiller plates examined in these experiments are of a horizontal wrap cavity
type. The chiller plates are an additional layer of stainless steel that has been attached
to the outside of the skin of the tank and extend almost the complete circumference of
the tank. The edges are welded to the tank and an array of dimples is contact welded to
the inner tank skin. Brine flows in the gap of 3mm to 5mm between the two layers.
In Chapter 2 Passive Heat Transfer coefficients were found for the heat flow
between the tank contents and the surrounding air. Similarly heat transfer coefficients
were determined for the chiller plates. Since there are two interfaces then two separate
coefficients are required: UBT for heat flow between the tank contents and the
refrigerant brine and UBA for heat flow between the surrounding air and the brine. The
two letter subscript is derived from the first letters of each end of the heat flow path, BT
for Brine and Tank contents, BA for Brine and Air.
These heat transfer coefficients may be broken down into the component film
coefficients as shown in Equation 5-2, Equation 5-1 and as a diagram in Figure 5-3.
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U BT =

1
1 x 1
+ +
hT k hB

U BA =

1
1 x 1
+ +
h A k hB

Where:

Equation 5-1

Equation 5-2

k is the conductivity of the stainless steel. (Wm-1°C-1)
x is the thickness of the stainless steel, which may be different for

the tank skin and the chiller plate skin. (m)
hB is the film coefficient for the circulating brine. (W °C-1 m-2)
hA is the film coefficient for the surrounding air. (W °C-1 m-2)
hT is the film coefficient for the tank contents. (W °C-1 m-2)

The environment for brine is identical on the air side or the tank side of the
jacket and it is equally capable of driving heat flow. However the tank contents are far
more able to deliver a heat flow than the surrounding air due to its higher heat capacity
and conductivity.

It is expected that the rate of heat transfer from the air will be

significantly lower than that to the tank contents. Circulation within the tank will
further enhance the transfer of heat between the brine and the tank contents and alter hT
and so the UBT values. Both free and forced circulation of fluids occurs during winery
operations. Fermenting wine produces heat and carbon dioxide bubbles that in turn
circulate the tank contents. Results from Zenteno et al. (2010) suggest very weak
circulation given the temperature inhomogeneities that were found but Schmid et al.
(2009) found contrasting results; few temperature irregularities in the lower fluid
region. Cold settling and cold stabilisation involve cooling a still fluid, the only
circulation being thermally induced currents.

101

Figure 5-3 Convective heat transfer coefficients and thermal conductivity contributing
to the overall heat transfer coefficients for heat flow from air to brine, and from tank contents
to brine.
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5.2.3 BRINE OUTLET TEMPERATURE PREDICTIVE MODEL
DEVELOPMENT
The following analysis will determine the brine output temperature from its flow
rate and temperatures of the brine input, tank and air.
In Figure 5-4 brine enters the chiller plate at temperature Tin_brine, absorbs heat
and exits at the chiller plate at temperature Tout_brine. Heat flows from the tank contents
to the brine in response to the difference in temperature between the brine and that of
the tank contents and the surrounding air. As the brine absorbs heat from the tank its
temperature rises and this decreased temperature difference reduces the rate of heat
flow. This rise in temperature of the brine as it flows along the chiller plate is shown on
the diagram. Brine flow is assumed to be uniform across the width of the chiller plate
so length of the chiller plate and cumulative area are used interchangeably.
The tank contents and surrounding air are treated as infinite heat reservoirs.
This can be supported for several reasons; compared to the changes in the brine
temperature the temperature changes that occur in the tank contents are smaller in
magnitude and happen over a longer time scale. Also the usual operation of the brine
system is to maintain a constant temperature within the tank. The predictive model
does not consider changes in the tank temperature induced by either the brine system or
passive heat flow. These effects are treated separately in other models.
The rate of flow of heat is proportional to the difference in temperature between
the air or tank and the brine. As heat flows into the brine its temperature rises, and the
heat flow rate decreases. The output temperature of the brine was found by integrating
the heat flow across the entire chiller plate. Heat gain though a small element of the
chiller plate is calculated in Equation 5-3 and Equation 5-4 and the corresponding heat
gain of the brine is calculated using Equation 5-5.
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Temperature (K)
TA

Air temperature, assumed constant

Tank temperature, assumed constant
TT
∆TT
∆TA

Tout_brine_K

Tin_brine_K

dA

Distance along the chiller plate

A

Figure 5-4 Diagram used to derive the brine output temperature. This derivation
includes the effect of heat absorbed from the surrounding.

The differential element of the rate of heat flow from the tank to the brine
through dA:
d

dQTANK _ B
dt

where:

= U BT (TT − TB )dA

Equation 5-3

TB is the brine temperature (K).
TT is the tank temperature (K).
A is the area of the chiller plate (m2)
UBT is the HTC from brine to tank (Wm-2°C-1)

The differential element of the rate of heat flow from the air to the brine through
dA:
d

dQ AIR _ B
dt

where:

= U BA (T A − TB )dA

Equation 5-4

TA is the air temperature (K).
UBA is the HTC from brine to air (Wm-2°C-1)

Rate of heat flow to the brine from the tank and air:
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d

dQ BRINE
= m& c pB dTB
dt

Equation 5-5

m& is the mass flow rate of the brine (kg s-1).

where:

c pB is the specific heat of the brine (J kg-1 °C-1).
Total heat input to the brine ( d
dQ AIR _ B

the air ( d

dt

) and the tank ( d

dQ BRINE
) will be the sum of the heat flows from
dt

dQTANK _ B
dt

).

m& c pB dTB = U BT (TT − TB )dA + U BA (TA − TB )dA

Equation 5-6

Re-arrangement prior to integration:
1
1
dTB =
dA
U BT (TT − TB ) + U BA (TA − TB )
m& c pB

Equation 5-3

and integrating both sides:
Tout _ brine _ K

∫

Tin _ brine _ K

A
1
1
dTB = ∫
dA
0
U BT (TT − TB ) + U BA (TA − TB )
m& c pB

Equation 5-4

Giving:
ln(

Z − (U BT + U BA )Tin _ brine _ K
Z − (U BT + U BA )Tout _ brine _ K

)=

− (U BT + U BA ) A
m& c pB

Equation 5-5

Z = U BT TT + U BATA

Where:

Solving for the brine output temperature:

Tout _ brine _ K =

(U BT TT + U BATA ) (U BT TT + U BATA )
− (U BT + U BA ) A
−(
− Tin _ brine ) exp(
)
U BT + U BA
U BT + U BA
m& c pB

Equation 5-6
Defining :

U * = U BT + U BA
T* =

(U BT TT + U BATA )
U BT + U BA

Substituting U* and T* into
Equation 5-6.
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Tout _ brine _ K = T * − (T * − Tin _ brine _ K ) exp(

−U*A
)
m& c pB

Equation 5-7

Determining a logarithmic mean temperature difference (∆T**) expression for
this dual surface heat exchanger.

Heat gain to the brine = Heat lost by tank and air

m& c pB (Tout _ brine _ K − Tin _ brine _ K ) = U * A∆T **

Equation 5-8

From Equation 5-5 and substituting T*, U* and Z.

m& c pB =
ln(

U*A
T * − Tin _ brine _ K
T * − Tout _ brine _ K

Equation 5-9

)

Substituting Equation 5-9 into Equation 5-8 and solving for ∆T**.

∆T ** =

Tout _ brine _ K − Tin _ brine _ K
ln(

T * − Tin _ brine _ K
T * − Tout _ brine _ K

Equation 5-10

)

The components of the total heat draw into the brine are:

dQTANK _ B
dt
dQ AIR _ B
dt

= U BT A(TT − T * + ∆T ** )

= U BA A(T A − T * + ∆T ** )

Equation 5-11

Equation 5-12

From a set of input values the thermal response on the brine system can be
predicted. Brine output temperature is predicted using Equation 5-7, total heat draw
from the tank can be calculated with either side of Equation 5-8. The separate heat
flows from air or the tank can be calculated using Equation 5-12 and Equation 5-11
respectively
5.2.4 PREDICTIVE MODEL COEFFICIENTS: UBA AND UBT
A least squares accuracy estimation was performed to determine UBA and UBT
by minimising the square of the difference between the modelled (Tout_brine_MOD) and the
actual value of the brine output temperature (Tout_brine_DATA). Using
Equation 5-6 values for both coefficients were
tested and a computer program generated a three dimensional surface. This surface has
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independent coordinates (UBT, UBA) and the mean square difference error functional as
the response variable as shown in Equation 5-13.
2

∑ (T
n

out _ brine _ MOD

E ( U BT , U BA ) =
where:

− Tout _ brine _ DATA )

1

n

Equation 5-13

Tout _ brine _ MOD is the modelled output temperature of the brine.
Tout _ brine _ DATA is the recorded brine output temperature.
n is the number of samples in the dataset

The values of UBT and UBA that generate the lowest mean square difference were
the values that were used in further modelling.
5.2.5 BRINE SYSTEM: HEAT BALANCE MODEL.
A heat balance model (Equation 5-14) was used to enable cross checking of
measured heat quantities, ensuring heat flow from the tank matches heat input to the
brine. Also heat gain from the air can be estimated from the small additional heat
content in the brine flow compared to that removed from the tank. For the later
fermentation trials heat balance will be used to isolate the heat of fermentation. This
first heat balance model will equate heat gained by the brine to be heat lost by the tank.
The next heat balance model will incorporate heat flow from the air. Passive heat flow
was modelled during the fermentation trial using models developed in the Passive Heat
Transfer chapter and this will enable the isolation of the fermentation heat.
In balancing the heat flows the total input to the brine is the sum of the losses
from the air and the tank contents.

dQBRINE dQTANK _ B dQ AIR _ B
=
+
dt
dt
dt

Equation
5-14

Where:
dQ BRINE
is the brine total heat flow (W)
dt
dQTANK _ B
dt

is the heat flow from tank to brine (W)
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dQ AIR _ B
dt

is the heat flow from air to brine (W)

Heat flow into the brine and assumed flow out of the tank is calculated using
Equation 5-15.
dQ BRINE
= m& c pB (Tout _ brine − Tin _ brine )
dt

Equation 5-15

m& is the brine mass flow rate (kgs-1)

where:

c pB is the specific heat of the brine (J°C-1kg-1)
Tout _ brine is the brine output temperature (°C)
Tin _ brine is the brine input temperature (°C)

Net heat change of the tank is given by Equation 5-16.
dQTANK
dT
dQ PASSIVE dQTANK _ B
= Mc pW TANK =
−
dt
dt
dt
dt

where:

Equation 5-16

M mass of the tank contents (kg)
c pW is the specific heat of the tank contents (J°C-1kg-1)
dTTANK
is the rate of change of the tank temperature (°Cs-1)
dt
dQPASSIVE
is the modelled passive heat flow (W)
dt

The rate of heat flow from the air was determined from the difference of the
other two heat flows. Measurements of the heat from the air are subject to considerable
relative error since values are small and the error is the sum of the errors of the other
two measurements.
5.2.6 STRATIFICATION
Thermal stratification was examined in two situations, static tank contents and
circulated tank contents. Static contents emulate a storage situation where finished wine
is held in the tank and temperature control is applied to prevent spoilage. The induced
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circulation test was during an actual fermentation where rising carbon dioxide bubbles
generated by fermentation process causes circulation.
It is expected that a thermal stratification will form with static contents and this
will have implications for cooled wine stores. This is beyond the focus of this work
which is the efficient temperature control of red wine fermentation. Comparison of the
stratification on in the uncirculated water with any formed in the fermenting juice will
aid the understanding of the heat transfer from the tank. If the refrigeration system were
able to generate a thermal stratification in a tank of fermenting juice this would impact
on it ability to effectively control the ferment.
Analysis of the formation and decay of stratification in the uncirculated water
will use previously developed PHT models to estimate relative contribution to the decay
of internal and external heat flow.
5.2.7 EXPERIMENTAL EQUIPMENT
To eliminate scale factors and ensure that the results are applicable to the broad
range of tank sizes used in the wine industry, three different sized tanks (3, 7 and 25 kl)
were used in these trials. The 3kl and 7 kl tanks are located within a building at the
Charles Sturt University Commercial Winery. The 25 kl tank is sited outdoors at
Rutherglen Estates winery in Rutherglen, Victoria. The tanks and experimental setups
are described in Chapter 2 Passive heat transfer.
As with trials described in earlier chapters water was used in the tanks as a
substitute for the wine. Water has a specific heat of 4.18 kJkg-1°C-1 this is similar to
juice at 3.60 kJkg-1°C-1 and wine at 4.35 kJkg-1°C-1 (White et al., 1989). Thermal
conductivities of water, juice and wine are also similar; water is 0.603 Wm-1°C-1, wine
is 0.51 Wm-1°C-1 and juice is 0.52 Wm-1°C-1.
Secondary refrigerant flow rates were measured using a Controlotron 1010P
uniflow universal portable flow meter ( Controlotron Corporation, Hauppauge, NY,
USA ). The sensor unit for the flow meter was mounted on a section of copper pipe
inserted in the brine return line. Secondary refrigerant flow rate was controlled by a gate
valve mounted in the return line.
Temperature data for the tank contents, the air and brine lines were obtained
using DS18B20 sensors on a 1-wire bus. Both sensors and the network are described in
more detail in Chapter 2 Passive Heat Transfer.
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For use within the tank these were assembled into 2.8 metre long linear arrays of
fifteen temperature sensors at 0.2 m intervals and mounted within sealed stainless steel
tubes. Depending on the tank used, between 8 and 12 sensors were immersed in the
water. The upper sensors were above the liquid level but again depending on the tank
being used, could be all within the tank or in open air above the tank. Mean tank
temperature used in the analysis was the mean reported value of all submerged sensors.
Stratification trials used three linear arrays, central, midway between centre and outer
skin and at the outer skin across the slope of the tank base.
Brine temperature sensors were mounted on the entry and exit coupling for the
chiller plates. Insulation was placed over the sensor to isolate the sensor from the
surrounding air.
Air temperature was measured using three sensors in a vertical line located one
metre from the tank skin. Air temperature was a mean of the three sensors.
To simulate the mixing that would occur from the fermentation a submersible
pump (Grundfos, model AP35, 750W AC input) was running inside the tank. Both
input and outlet of this tank was below the water level. Heat input from the operation of
the pump was accounted for in the analysis. Using a submersible meant the entire
power usage of the pump would appear as heat in the tank rather than a fraction of the
total usage using an external pump. This simplifies the process of accounting for the
heat input from the pump.
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5.3 RESULTS AND DISCUSSION
5.3.1 DETERMINING UBT AND UBA
A number of refrigerated trials were conducted in the listed tanks to determine
their heat transfer coefficients. Using equipment listed earlier temperatures of the tank,
air, brine input and brine output was recorded. Brine flow rate was also recorded.
A Visual Basic program was written to solve Equation 5-13 for the two
coefficients UBT and UBA. Surfaces were generated using this program from data
gathered during refrigerated trials. An example of the correlation surface for the 7
kilolitre tank is shown in Figure 5-6.
The coordinates of the surface minima was located and tabulated in Table 5-1.
Table 5-1 Overall heat transfer coefficients for air to brine heat transfer (U BA) and
tank contents to brine heat transfer (U BT ).

Initial UBT
( Wm-2°C-1)
3 kl
3 kl Un-Circ
7 kl
7 kl Un-Circ
25 kl Circ.
25kl Un-Circ

UBT
( Wm-2°C-1)
405

UBA
( Wm-2°C-1)
10

390

30

260
170

40
10

270
250

While trials were conducted in the 3kl and 7kl without circulation of the
contents there was insufficient data to extract meaningful values for both UBT and UBA
using this procedure. Lack of circulation causes the heat transfer to slow dramatically
when the fluid in contact with the chiller plate cools. UBT in the uncirculated 7kl and
3kl trials was estimated using the logarithmic mean temperature difference (LMTD)
with data from the beginning of the trial. The LMDT only considered one thermal
interface, between the tank and the brine. These values are shown in Table 5-1 as initial
UBT.
There was however sufficient data to determine both UBT and UBA for the
uncirculated case in the 25kl tank as a number of short cooling trials were conducted
Figure 5-5.

111

25 kl
40

400
350

Temperature (°C)
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HEATED
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5

50

0
9:00 12:00 15:00 18:00 21:00 0:00

3:00 6:00
Time of day

-2

-1

Contents
CIRCULATED

Heat transfer coefficient ( Wm °C )

35

mean AIR
temperature

mean TANK
temperature

Ubt (estimated
using LMTD)

0
9:00 12:00 15:00 18:00

Figure 5-5 Determination of the heat transfer coefficient between the chiller plate and
the tank contents using the LMTD. The LMTD allow simple determination of the HTC but
does not allow for heat input from the air.
7kl
500

460
440
420
400
380
360
340
320
300
0
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60

Uba brine to air ( Wm-2°C-1)

80

Ubt brine to tank ( Wm-2°C-1)

480

0.56-0.64
0.48-0.56
0.40-0.48
0.32-0.40
0.24-0.32
0.16-0.24
0.08-0.16
0.00-0.08

Figure 5-6 Correlation plot for the 7 kl tank with circulated contents. Z axis is mean
square difference between measure and modelled data. Best fit when Uba = 30 (Wm -2 °C -1 )
and Ubt = 390 ( Wm -2 °C -1 ).

The HTC between the brine and the tank contents increases in every case when
mechanical circulation of the contents is applied. This is an expected result given the
values listed in Table 2-1 for the hT and hB convective film coefficients. The low hT
value will dominate over the higher hB in determining the overall HTC. What was
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unexpected was the decrease in the external UBA coefficient when the internal contents
are uncirculated.
One explanation could be that the internal convective circulation created a cool
region on the tank skin below the chiller plate. Water cooled by contact with the chiller
plate descends and cools the tank skin below the chiller plate. This will reduce the
convective movement of air down past the chiller plate and so will reduce the effective
heat flow. This tank had two horizontal chiller plates (Figure 2-3) which may have
enhanced this effect.
The internal coefficient were around the value convective coefficient cited from
Ozisik (1985) in Table 2-1 and two of the coefficients to air are within the ranges listed
in this table and two are above. The higher values are due to the tanks exposure to air
movement.
The ratio of the two heat transfer coefficients varies between 2.5% and 15% and
this ratio reflects the lost cooling capacity of the brine due to heat gain from the air,
provided the temperature difference is the same between air to brine and tank to brine.
However on a hot day with air temperatures above 40°C, a greater amount of the
cooling capacity is lost.
Using estimated values for coefficients UBT and UBA the predictive model was
compared with measured data (Figure 5-7)(Figure 5-8). The model is an excellent
predictor when the air temperature is close to that of the tank. At elevated air
temperatures the accuracy is reduced. This is most apparent when the air temperature is
high and the brine temperature is low which gives a large temperature difference.
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Figure 5-7 Temperature and brine flow rate data for a concatenation of several trials
in the 3 kl tank.
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Figure 5-8 A demonstration of the brine temperature prediction model. Data is a
concatenation of a number of trials in the 3 kl tank.
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5.3.2 STRATIFICATION
A thermal stratification was created in the tank during an extended uncirculated
refrigerated tank trial at the CSU Commercial Winery. The 3kl tank was equipped with
three vertical temperature sensor arrays as described earlier in this chapter. The
circulation pump was not used. Refrigeration was applied to the tank for two hours,
during this time the temperature of the water below the chiller plate fell from 21°C to
9°C. Temperatures above the chiller plate remained at 21.2°C with a variation of less
than 0.15°C. As the temperature of the tank contents fell the effectiveness of the chiller
plate decreased, this can be seen in the reduction of the difference in brine temperature
between input (Blue) and output (Yellow) (Figure 5-11).
Temperatures and brine flow rates for the refrigerated phase of the experiment
and the first 30 hours of the decay are shown in Figure 5-11. The formation of the
stratification is shown as a series of vertical temperature profiles in Figure 5-9, these
profiles are taken at 15 minute intervals. A similar set of profiles showing the decay of
the stratification is shown in Figure 5-10; these profiles were taken at 8 hour intervals.
Clearly thermal stratification was induced and took a significant amount of time
to decay.
To establish whether the stratification decayed due to thermal exchange within
the tank or exchange with external air the models developed in chapter two were used.
Rate of change in temperature from the two zones (sensor 9 high, sensor 14 low) was
compared with that predicted by PHT models. This is shown from two perspectives, as
a time series (Figure 5-12) and temperature rates against the difference in mean
temperature of the tank contents and the surrounding air (Figure 5-13). In the time
series (Figure 5-12) the measured rate (RED) of the upper sensor in the warm zone
exhibits a lower rate of heat gain than then modelled rate (ORANGE) predicts. This
loss of heat in the upper section over the first 56 hours of the decay is matched by
excess warming in the lower section.
The comparison of rate of temperature change (Figure 5-13) shows sensor above
the thermocline (RED) warming at a lower than modelled rate (GREEN) and below the
thermocline (BLUE) warming above modelled rate. When the mean tank temperature is
below that of the air then the upper sensor (RED) cools considerably faster the modelled
rate. Decay of the stratification is driven by both internal heat flow and exchange with
the air.
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Figure 5-9 Vertical temperature profile in a 3 kL tank during the formation of the
thermal stratification.
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Figure 5-10 Vertical temperature profile during the decay of the induced thermal
stratification.
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Figure 5-11 Formation of thermal stratification in a 3 kL tank during chilling (0 to 2
hours) and decay of thermal stratification after chilling ceased (2 to 32 hours). Sensor 9 is
above the chiller plate and sensor 14 is below the thermal stratification.
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Figure 5-12 Actual and predicted rates of change in temperature as a time series.
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Figure 5-13 Actual and predicted rates of change in temperature against difference in
temperature of the mean tank contents and the air. Decay of the stratification is aided by
internal conduction as seen by the different rate of change in temperature above and below the
thermocline.

5.3.3 STRATIFICATION IN FERMENTING JUICE
Formation and decay of thermal stratification was examined in fermenting juice
below the cap. As previously described temperatures in the tank were measured using
three vertical linear arrays of temperature sensors. Sensor arrays were located at the
tank centre, beside the tank skin and the middle array at an intermediate distance
between the centre and edge. The resolution of these sensors is 0.0625°C, a sixteenth of
a degree. After a single cooling cycle there was no clear pattern visible in the
temperature cross section. Temperature variation over the fluid region was within a
few sixteenths of a degree. Clearly the internal circulation due to the fermenting yeast
was mixing the contents sufficiently to prevent a gross thermal stratification as observed
in the uncirculated water. Schmid et al. (2009) found similar results and noted ‘ The
temperature of the liquid, which appears to be void of large gradients, can be easily
controlled’. This is in contrast to the findings of Zenteno et al. (2010) who found local
temperature irregularities of up to 4°C in the lower section of the tank.
The dataset was examined over a large number of cooling cycles to determine a
mean cooling response. A series of temperature difference profiles (Figure 5-14)
depicting an average cooling cycles was generated using techniques described earlier.
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Temperature differences both during cooling and post cooling are relative to the
commencement of the cooling cycle.
At the top of Figure 5-14 are three graphics illustrating the generation of the
interpolated temperature profiles. The taller sensor leg is central in the tank and the
shorter leg in adjacent to the tank side and the chiller plate. Sensors are located in the
lower section between the grey horizontal segments. The upper section of the housing
routes cables out of the tank and provides structure. Red wine is fermented with the
grapes skins to extract colour; the grape skins and grape pulp float on the juice to form
the cap. This forms two distinct regions in the tank, the lower section is juice and the
upper section is the cap. Fluid circulation is restricted within the cap (Guymon et al.,
1977) and so is not cooled as effectively by the chiller plate and can give an illusion of
thermal stratification.
The three cooling profiles firstly show cooling around the chiller plate, in the
next five minutes of chiller plate operation the entire juice region is cooled. While there
is some irregularities in the cooling no thermal is stratification formed. Cooling applied
to the side of the tank is carried quite well into the centre of the tank.
The top right of all temperature difference profiles except the very first one
shows an unexpected cooling. This is probably cooled juice that has been entrained
with rising CO2 bubbles against the very side of the tank.
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Figure 5-14 Formation and decay of the thermal stratification in fermenting juice.
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5.4 CONCLUSIONS
The measured HTC are close to expected ranges of published coefficients. The
model has reliably predicted the brine output temperature for a range of input conditions
using water as a test medium. The coefficients for the air while small compared to the
internal coefficients are of a sufficient magnitude to continue to include them in the
model
Validation during actual fermentation conditions is essential.
Stratification was successfully induced in a tank that had no circulation imposed
on its contents. The stratification decayed through a combination of internal heat flow
and heat exchange with the surrounding air. Boulton et al. (1995, p. 494) notes that this
occurs with the cooling of stored wine.
Thermal stratification did not occur within actively fermenting juice.
Circulation induced by the fermentation process was able mix the lower fluid region and
distribute the applied cooling.

121

122

CHAPTER 6 HEAT OF FERMENTATION
6.1 INTRODUCTION
Fermentation by yeast is a key step in the transformation of grapes into wine but
unfortunately for the refrigeration system it is an exothermic process (Colombié et al.,
2007). The yeast is distributed throughout the tank contents and as they burn sugar they
release heat into their fluid world. This heat is a waste product and like other waste
products it can accumulate if not removed.
If heat accumulates it can raise the temperature of the tank contents above a
lethal level for the yeast (Boulton, 1979). Between 40 and 45°C the yeast are injured
and fermentation ceases; Boulton (1979) describes this as a ‘stuck fermentation’ and is
difficult to restart due to reduced sugar levels and elevated alcohol content.
Temperature control via the refrigeration system provides more than a
survivable environment for the yeast. Elevated fermentation temperatures will cause the
loss of volatile flavours, promote undesired bacterial activity and affect the product
quality (Allen, 1987). The rate of fermentation and the cycle duration is also dependent
on the juice temperature (Boulton et al., 1995, p. 200; White et al., 1989), rising
linearly with increasing temperature (Gualtieri et al., 2012). Boulton et al. (1995, p.
145) places a limit on this increase at 30°C. In a graph of cell growth rate against
temperature the rate is an approximately linear climb below 30°C however above 30°C
the rate drops sharply, highlighting the need to maintain control of the ferment
temperature. The peak temperature is sensitive to the ethanol concentration; in the
absence of ethanol it is 41°C and dropping to 30°C at 10% ethanol.
This temperature dependency also allows control of the rate by control of the
juice temperature. Temperature control of the fermenting juice via the refrigeration
system is the winemakers means to control the fermentation rate (Boulton et al., 1995,
p. 200; White et al., 1989, p. 11) and helps enable production of a consistent product.
Heat generated by the wine fermentation process needs to be incorporated into
the overall model for heat flows in a winery as it is a significant part of the total heat
load presented to the refrigeration system.
The rate of production of the heat is a more important quantity for refrigeration
systems than total heat produced. If the refrigeration systems rate of removal cannot
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match the rate of production then a temperature rise is inevitable, along with the
consequent increase in the rate of heat production. White (1989, p. 11) observed the rate
of heat production varies through the fermentation cycle; an early peak at 1.5 time the
mean rate and followed by a slow decline. Similar results were presented by Lopez
(1992).
Williams (1982) examined a number of published experimental results for the
heat release during fermentation and suggested a value of 99.8 kJ mol-1. Boulton
(1979) cites measured heat release during fermentation of between 83 and 100.5
kilojoule per mole of grape sugar; using 99kJmol-1 for fermentation calculations.
The heat presented to the refrigeration system is less than the total produced
during the fermentation due to two other heat loss mechanisms. Some heat is lost to the
air surrounding the tank and this mode of heat transfer was examined in Chapter 2.
Another suggested heat removal mechanism is via warm carbon dioxide (White et al.,
1989, p. 11) (Boulton et al., 1995, p. 515) which evolves during fermentation and is
saturated with water and ethanol vapour when released into the atmosphere. Boulton et
al. estimates it carries 10% of the heat, White suggests a higher value of 20%.

Neither

author explained how the evolved CO2 carried the heat as the gas temperature would be
not very different from the surrounding air or perhaps cooler given effective refrigerated
temperature control of the juice. White did note the evolved gas held moisture and
Boulton said water and ethanol. Evaporation of water and ethanol may be the
mechanism for the observed heat loss.
Williams (1983) examined the loss of ethanol during fermentation, two possible
modes of loss are listed; entrainment of droplets from burst bubbles in the CO2 stream
and evaporation. Loss by entrainment was discounted as a significant loss mechanism.
Evaporation was considered the only viable loss path and the associated cooling needs
to be considered. The developed model was applied to a dataset for a commercial
ferment giving an estimated total loss of 0.212 gram per litre.
Using this value and assuming all lost ethanol has evaporated then a total
possible cooling effect can be estimated at 178 Joules per litre, or a 0.04°C reduction
over the duration of the ferment. This would not explain the 20% loss via CO2
suggested by White al (1989).
The rate of heat production varies through the fermentation cycle with an initial
fast rise followed by a slow decline, White al (1989) states that the peak value is 1.5
times the average value. Boulton (1980) certainly produces some useful kinetic models
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but the models are based on a set of experimental data published by Castor and Archer
(1956).
Lopez et al (1992) measured heat production curves and modelled the heat
production rate as two opposing exponentials. The heat production curves were
measured for white wine but are a useful comparison with the red wine ferments.
Colombié et al (2005) determined a number of heat production curves using
juice simulants that replicated 23 different varieties of grape from six French regions.
These curves were used to validate a model developed by Malherbe (Malherbe,
Fromion, Hilgert, & Sablayrolles, 2004) . While temperature dependence of the
fermentation rate is a part of Malherbe’s model it was criticised by Coleman et al.
(2007) for being unable to predict stuck or sluggish fermentations. This deficiency
would not have a major effect on its utilisation as a predictor of generated heat during a
normal fermentation but would be a serious flaw if it were used as a fermentation
control tool.
A later paper by some of the same authors (Colombié et al., 2007) made the link
to the heat flow to the refrigeration system. The author developed a model to estimate
passive heat exchange with the atmosphere although both day (20°C) and night (15°C)
time model temperatures were below the set tank temperature (28°C). The surrounding
air was always a sink rather than in the Australian case when it is usually a source
during the day.
In the model that was developed the heat presented to the refrigeration system
was the excess heat required to be removed for the system to remain at the set
temperature. This is after passive exchange and presumably the loss via evolved CO2
although this is not explicitly stated. This process does not allow for additional heat
gain to the refrigeration system from air but it would not be a difficult addition to the
model with appropriate coefficients.
Certainly the tested model provides a useful comparison for measurements on a
commercial scale, something the authors note has not yet been done.
Literature values for the heat produced by the fermentation reaction are not
sufficient to estimate the proportion of the total heat presented to the refrigeration
system. White et al. (1989) presents some approximations to the rate but still not
sufficient to enable modelling. Colombié et al. (2007) have developed and tested a
useful model that provides estimates of heat rates, time of peak heat generation and
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ferment time. However the essential link between the heat generation and the actual
load on the refrigeration system needs to be established.
The aims of this section:
1. Measure the rate that heat is generated throughout the fermentation

cycle, compare this with theoretical models and literature values.
2. Determine a heat production curve that can be used in the overall model.
3.

Test brine system models developed in Chapter 5.

126

6.2 METHODS AND EQUIPMENT
6.2.1 EXPERIMENTALLY DETERMINING THE FERMENTATION HEAT
PRODUCTION RATE
Heat from fermenting yeast is one of several sources and sinks for the total heat
change experienced by the fermenting juice. Net heat change can be calculated from
the change in tank temperature but separating this net change into its individual
components is more complex. This section will describe the methods used to separate
this heat from other sources of heat. The method follows a procedure suggested by
Falsch (1968) where the individual contribution to the heat flow are isolated where
possible so that the total heat change can be then assigned appropriately.
dQTOTAL
dT
dQ FERMENT dQ PASSIVE dQ BRINE dQ SOLAR
Equation 6-1
= Mc P TANK =
+
−
+
dt
dt
dt
dt
dt
dt

Total heat in Equation 6-1 is found using the rate of change in temperature of the
tank contents as determined from the measured dataset and is the sum of four
identifiable and separable sub-components. Passive heat flow, heat removal by the
brine and solar heat was determined using models developed in earlier chapters and is
described briefly in this section. This will leave the heat of fermentation as the only
remaining unknown in Equation 6-1.
The total rate of heat from all sources can be determined from the rate of
temperature rise of the tank contents as shown in Equation 6-2 .
dQTOTAL
dT
= Mc P TANK
dt
dt

where

Equation 6-2

M is the mass of fluid in the tank.
cp is the specific heat of the fluid contents. (J°C-1kg-1)
TTANK is the temperature of the tank contents.
t is time (s)

In the absence of other heat sources this would be the rate of production of
fermentation heat. However as shown in Equation 6-1 the yeast fermenting is not the
only cause for a change of heat content in the tank.
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Passive heat transfer is the heat that flows in and out of the tank from the
surrounding air in response to the temperature difference between the air and the tank.
The relationship was investigated in Chapter 2.

dQPASSIVE
= U TA A(TAIR − TTANK )
dt
where

Equation 6-3

UTA is the air to tank HTC (Wm-2°C-1)
TAIR is the air temperature. (°C)

The refrigeration system is a major heat sink for the tank and the effects of this
cooling need to be removed if the fermentation heat is to be isolated. Heat removal
from the tank by the refrigeration system was examined in Chapter 5. Tanks sited
outdoors have an additional heat input; sunlight striking the tank will heat the tank
contents. Tanks used in the fermentation trial at Charles Sturt University Commercial
Winery, Wagga Wagga were sited indoors and did not have solar heat input. Tanks
used at Rutherglen were outdoors and in 2002 trials were unshaded, by 2004 sunshades
had been installed.
Daily solar heating cycles for the tank at Rutherglen Estates Winery, Rutherglen
have been estimated from data measured in the absence of fermentation heat and
subtraction of the passive heat exchange (Weedon, 2003).
6.2.2 BRINE PREDICTIVE MODEL
A predictor for the brine output temperature was also developed in Chapter 5
which would determine the response of a system to set input conditions. Since the brine
output temperatures was measured in all fermentation trials the predictor is not
essential. The predictor was used in this trial as a validation of the brine system model.

Tout _ brine =
Where:

Z − ( Z − (U BT 2 + U BA )Tin _ brine ) exp(
U BT 2 + U BA

− (U BT 2 + U BA ) A
)
m& c

Equation 6-4

Z = U BT 2TTANK + U BAT AIR

The important difference between Equation 6-5 and Equation 6-4 is that the heat
flow measured using Equation 6-5 is dependent on circumstances but the brine output
temperature predicted using Equation 6-4 is calculated from those circumstances. The
circumstances in this case are the temperatures of the tank, air and brine as well as the
brine flow rate.
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6.2.3 HEAT BALANCE MODEL
A heat balance model that included passive heat flow (Equation 6-3) and the
removal of heat from the tank via the brine network (Equation 6-5) was examined in
Chapter 5.
dQ BRINE
= m& c PB (Tout _ brine − Tin _ brine )
dt

where:

Equation 6-5

m& is the mass flow rate (kg.s-1), equals brine flow rate (l.s-1)

c PB is the specific heat of the brine (J.°C-1.kg-1)
Tout _ brine is the brine output temperature (°C)
Tin _ brine is the brine input temperature (°C)

Heat flow from the tank into the brine raises the temperature of the brine and
using Equation 6-5 the quantity of heat that flows can be calculated. Heat gained by the
brine will equal the heat lost by the tank contents and the surrounding air. Calculating
the brine heat while the brine system is active from Equation 6-5 and hence the
fermentation heat from Equation 6-1 is not possible without the brine flow rate.
Not all heat flowing into the brine will come from the contents of the tank; some
will be absorbed from the air. This can approximated using a LMTD (logarithmic mean
temperature difference) between the air and the brine temperatures. Using the LMTD in
this application is an approximation as this version of the LMTD deals with a single
interface rather than the dual interfaces for the chiller plate of tank and air. This
approximation is valid provided UBA << UBT and the air temperature is outside the
temperature range between brine input and output.
(Tout _ brine − Tin _ brine )
dQ AIR
= U BA A
dt
 T AIR − Tin _ brine 

ln
T −T

out _ brine 
 AIR

Equation 6-6

6.2.4 FILTERED HEAT BALANCE MODEL
Brine flow rates were measured during the trial in Wagga Wagga but were not
measured in either fermentation trial in Rutherglen. This is significant as without the
brine flow rate it is not possible to determine the amount of heat removed by the
refrigeration system using this heat balance method.
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An alternative procedure was developed to calculate the rate of fermentation
heat production without the brine flow rate. Since the brine system is only switched on
in response to demand for heat removal then the dataset can be filtered to eliminate
times when the brine is flowing.
In the absence of refrigeration total heat change in the tank reduces to the sum of
fermentation heat generation, passive heat transfer and at Rutherglen, the solar input.
This filtering procedure eliminates brine heat removal by ignoring times when the brine
is flowing. Fermentation heat data is generated only using data sampled when the
refrigeration system is inactive.
Onset of effective brine flow can be detected from the rapid decrease in the brine
input line temperature. An algorithm was written to isolate the influence of the
refrigeration system on the heat change in the tank so that the fermentation heat could
be calculated. The brine was flowing when the input temperature was lower than the
hourly minimum plus 2.5°C and a drop of 1°C between brine input samples indicated
commencement of brine flow. A buffer time is needed at the conclusion of brine flow
for several reasons; to allow for uncertainty in the stop time, cold brine resident in the
chiller plate will continue to absorb heat and cooled juice near the chiller plate needs to
mix throughout the tank.
6.3 DESIGN
Fermentation heat trials were conducted at the CSU Commercial Winery in
Wagga Wagga, New South Wales. This trial was conducted in a 7kl tank. This tank and
the 3kl tank were studied during PHT (Chapter 2) and brine system (Chapter 5)
experiments. A description of the experimental arrangement was given in Chapter 2
Passive Heat Transfer.
Trials were also conducted at Rutherglen Estates Winery near Rutherglen,
Victoria in 2002 and 2004 using a 25kl fermentation tank. This tank is significantly
larger than the 7kl tank used in the Wagga Wagga fermentation trial, which was the
largest tank available at CSU Commercial Winery.
The ferments at both Wagga Wagga and Rutherglen were commercial operations
and under the control of the winemaker. Experimental activities were restricted to
monitoring of the process. The brine systems were automatically operated by the
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winery process controller in response to the tank temperature; measured by a sensor
independent of the experimental sensors.
A description of the winery and the experimental arrangements at Rutherglen
was given in Chapter 2 and Chapter 3
Temperature measurements were made using DS18B20 sensors from Dallas
Semiconductor; these were connected on a 1-wire network. The sensors and the 1-wire
network were described in Chapter 2. A PC running a purpose written program
TEMPLOG.EXE interrogated all temperature sensors on the 1-wire network and
recorded the raw data on its hard drive. The program TEMPLOG.EXE and 1-wire
networks were described in Chapter 2.
At Charles Sturt University Commercial Winery, Wagga Wagga:
Tank temperature was measured using a single linear array of 15 temperature
sensors mounted vertically in the centre of the tank. External sensors mounted on the
brine lines measured input and output brine temperatures. Air temperature was
measured using 3 sensors and the mean temperature was used during data analysis.
Brine flow was measured and recorded during the ferment at Wagga Wagga
using a Controlotron Doppler flow meter. This unit and its operation were described in
Chapter 5.
At Rutherglen Estates Winery, Rutherglen:
External temperature sensors were mounted on the brine input and bot output
lines. A single air temperature sensor was used during the 2002 trials and in 2004 three
air temperature sensors were used.
The internal sensors were three vertical, linear arrays of 15 sensors each. One
linear array was in the central core of the tank and the other two were spaced between
the centre and the side of the tank. In 2002 the sensors were mounted in a housing
constructed by the Rutherglen wine maker at his own expense. A different housing was
used during all trials in 2004.
The flow meter was not used during the fermentation trials at Rutherglen, it was
not considered practical to have staff at Rutherglen stop and start the flow meter. The
flow meter was used during refrigerated trials at Rutherglen. Fermentation heat rate
measurements for the trials at Rutherglen used the filter method listed earlier.
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6.4 RESULTS AND DISCUSSION
6.4.1 PREDICTIVE MODEL TESTING
To validate the predictive model a ferment was monitored. Data acquired
included temperatures of the air, tank contents, brine input and output as well as the
brine flow rate. This ferment was in the CSU Commercial Winery using a seven
kilolitre tank.
Data collection (Figure 6-1) commenced at 3:20 pm on 8 April 2004, (15.3
hours). All data was sampled at sixty second intervals. The data collection was started
the day prior to fruit being loaded in the fermentation tank. Fermentation was started on
9 April (36 hours) and had gone to completion by 18 April (250 hours).
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Figure 6-1 Dataset for the fermentation in the 7kl tank at Wagga Wagga. Brine
temperature and flow only shown while active. Memory capacity for the flowmeter was
exhausted at 210 hours.

Compared to either fermentation trial at Rutherglen the temperature control was
more relaxed. The temperature of the fermenting juice increased by up to 2°C before
the refrigeration system switched on to cool the tank contents. A consequence of this
relaxed control was that there were fewer refrigeration cycles during the fermentation,
which aided the calculation of the fermentation heat curve.
The vertical temperature profile (Figure 6-3) there is a high peak temperature
resulting from the cap to be on the same level as the chiller plate.
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The level of circulation present during the ferment is sufficient to mix the fluid
region but did not penetrate the cap. Schmid et al. (2009) found it is difficult to control
the temperature of the cap region which can reach high temperatures. Only the daily
irrigation of the cap is seen to reduce the temperature of this region. These effects are
further illustrated in Figure 6-4, which shows conditions during the refrigeration cycle
from 153 hours to 162 hours. During hour 153 the cap was irrigated by pumping free
run juice from below the cap and the refrigeration was started. The cross-section shows
the cap cooled by the irrigation and the lower fluid section rises in temperature as the
fluid returns. The refrigeration is seen to reduce the temperature of the fluid region but
the cap temperature continues to rise. Zenteno et al. (2010) measured and modelled
temperature irregularities up 4°C within the lower fluid region; much larger than can be
seen in either Figure 6-3 or Figure 6-4. Schmid et al. (2009) found temperature
inhomogeneities of more than 1°C persisted for more than 3.1 hours after the cap was
irrigated. Temperature inhomogeneities in Figure 6-4 occur over 3 hours but this is the
refrigeration system cooling the juice, actual inhomogeneities as a consequence of the
pump over dissipate in 30 minutes.
A comparison between the measured brine output temperature and predicted
output temperatures for three different values of UBT can be seen in Figure 6-2. Up to
137 hours a UBT between 50 and 100Wm-2°C-1 gave good agreement between the model
and experimental results. During the final parts of the fermentation the UBT coefficient
decreased below 50Wm-2°C-1. Boulton et al. (1995, p. 511) estimated heat transfer
coefficient to be between 12 and 60Wm-2°C-1 during fermentation but does not provide
other details.
A higher heat flow would occur if the chiller plate were mounted lower on the
tank, the cap would not occlude the chiller plate. The 3 kl tank has the chiller plate
mounted in a lower position and the 25 kl tank has two chiller plates, one of which is on
the lower third of the tank.
In Chapter 5 using circulated water a value of 390 Wm-2°C-1 1 was found.
Delves (1999) estimated film coefficient internal to the chiller plate from 470 to
570Wm-2°C-1 using actual wine fermentation tanks; with mechanical agitation to ensure
a uniform temperature. Earlier Delves (1997) said ‘…most of the resistance to heat
transfer occurs at the interface of the produce and the tank wall’. The circulation
applied to the water in both of these experiments appears to be more vigorous than the
circulation generated by the fermentation.
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Poor tank design in allowing the cap to block the chiller plate may explain the
low heat flow but in light of these results and estimates from Boulton et al. (1995) a
lower value for the UBT coefficient is appropriate.
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Figure 6-2 A comparison between measured and predicted brine output temperatures
for various values of Ubt. The time axis is discontinuous, only refrigerated portions of the
fermentation trial are shown. Measured brine output temperature is shown as a thick red line
and predicted temperature as thin coloured lines
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Figure 6-3 This shows temperature variation vertically up the 7 kl tank, recorded at
11:20 on 13 April 2004. Sensor height is measured from the lower edge of the tank shell, not
the lowest fluid level.

Sensor 1 is 100 mm above the tank floor The high temperature region

starting above sensor 8 and the middle of the chiller plate is the cap.
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Figure 6-4 Two plots of the conditions during the refrigeration cycle that ran from
153 hours to 162 hours. The upper surface plot shows a temperature cross-section during this
time and the lower line graph shows brine and air temperatures as well as the mean
temperature of the lower fluid region and cap temperature. Cap temperature was measured
using sensor 11 in the linear array of 15 sensors. During hour 153 and 159 the cap was
irrigated and the refrigeration was started.
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6.4.2 DETERMINING THE FERMENTATION HEAT CURVE
Fermentation heat curves were determined for three ferments, two at Rutherglen
Estates Winery in Rutherglen and one at the CSU Commercial Winery in Wagga
Wagga. The dataset for the ferment in the CSU Commercial Winery was used in the
previous section with the brine temperature predictive model. Fermentation trial results
will be presented separately and collective results discussed.
6.4.3 WAGGA WAGGA FERMENT
The dataset for the ferment at the CSU Commercial Winery was analysed using
the heat balance method (Figure 6-5) and the filtering method (Figure 6-6).
Fermentation heat estimates from both methods are compared in Figure 6-7.
Between 24 and 60 hours when the fruit had been loaded but fermentation had
not commenced the components balance to zero, indicating that passive heat transfer
has been accurately modelled. After 60 hours the residual of the heat balance, the
fermentation heat, increases to peak of 1.5kW at 84 hours.
In Figure 6-5 when the brine is flowing the tank heating (GREY) is strongly
negative and the brine heat (BLUE) is strongly positive. Ideally these balance leaving
just the fermentation heat unfortunately the imbalance affected the fermentation heat
data. The cap is irrigated at times; these can be identified on Figure 6-5 by the positive
tank heat value rather than the negative tank heat during a refrigeration cycle.
Determining the fermentation heat using the heat balance method was not
successful while the brine was flowing. A major contributor to this lack of success was
that the heat change in the tank was calculated from temperature changes in the lower
fluid region rather than the over the entire tank contents. Circulation present in the
lower region means that temperature measurements made in this region are reflective of
the temperature of the entire region. However the cap lacks circulation and centrally
located sensors do not respond to refrigeration cycles or air temperature. This can be
seen in sensor 11 on the lower graph in Figure 6-4 and the top of the upper plot also in
Figure 6-4.
A fermentation heat curve was also generated using the filtering procedure
described earlier. In this procedure the dataset is filtered to eliminate times when the
refrigeration system is active. The heat curve is shown in Figure 6-6 also shown in this
figure are the components of the brine heat transfer averaged over the day. These are
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the overall refrigeration heat transfer and this total divided into the air gain and the heat
removal from the tank.
A comparison between the fermentation heats as determined using heat balance
method and the filtering procedure is shown in Figure 6-7. Also shown in this figure is
the filter flag data used in the filter procedure, the flag is true if the brine is flowing or
the cap is being irrigated. As expected the comparison shows that both methods
generated identical results when the brine was not flowing.
Isolating the fermentation heat from the brine heat flow has proved difficult but
the additional heat input from cap irrigations is more difficult to isolate.

7kl ferment
8

Heating (kW)

6
4

Tank heat (kW)

2

Passive heat
(kW)

0
0

24

48

72

96

120

144

-2

168

192

216

240

264

Brine heat gain
(kW)
Fermentation
heat (kW)

-4
-6
-8
Time (Hours)

Figure 6-5 Determination of the fermentation heat by using a heat balance. Heat
change of the tank contents was determined using sensors in the lower, fluid region. Part of
the heat removed by the brine is removed from the cap and the cap was irrigated while the
brine was flowing which added heat to the lower fluid region. Both of these circumstances
disturbed the calculated heat balance.
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Figure 6-6 Determination of the fermentation heat using the filter method.
Components of the heat removal by the brine, averaged over the day, are also plotted. Breaks
in the curve are times when the cooling brine is flowing. These times were not included in the
analysis. No solar component is included as the tank is located inside a building
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Figure 6-7 A comparison between the fermentation heats as determined using heat
balance and the alternate procedure. Also shown is the filter flag used in the alternate
procedure, the flag is true if the brine is flowing or the cap is being irrigated. Both methods
produce the same results and the points overlay when the flag is not true but the heat balance
results are scattered when the flag is true.
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6.4.4 RUTHERGLEN FERMENT 2002 RESULTS
The dataset for the fermentation trial conducted at Rutherglen Estates Winery,
Rutherglen, Victoria is shown in Figure 6-8. Data collection commenced at 14:39 on 16
April 2002 and is plotted at 14 hours 39 minutes, zero hours for this graph is at
midnight at beginning of this day. Data was sampled every 2.5 minutes. Brine input
and output temperature data shown in this figure are the hourly minimums at times
when brine flow is present rather than the complete data series for these temperatures.
Fruit was loaded into the tank shortly after data collection was started and
fermentation was started on 18 April 2002 and had completed by 25 April. The tank
contents were pressed and the wine returned to the tank for storage. Data collection
continued for five days on the stored wine. This provided data on the response of the
tank the passive heat flow and solar input.
A solar heating curve was generated from the data recorded during the latter part
of the trial when the tank was used to store finished wine (Weedon, 2003). Briefly the
process determines a coefficient for the passive heat transfer using night time data and
then subtracts the modelled passive heat flow leaving the solar component. The daily
solar heating curve generated using this process is shown in Figure 6-9, also shown is
the modified curve which has all night time points set to zero. The modified daily solar
heating curve was subtracted from the tank heating data to remove the effects of solar
heating and enable the isolation of the fermentation heating data.
The components of the heat load on the tank are shown in Figure 6-10. The
wine stored in the tank in the latter part of the trial did not have the solid matter of the
cap floating at the top
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Figure 6-8 Data for fermentation in a 25 kilolitre tank at Rutherglen. Data on the
graph commences midnight 16 April 2002. Brine temperatures shown are hourly minimums
and the switching of the brine flow cannot be seen.
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Figure 6-9 Solar heating curve used with this dataset. This heating curve was
extracted from the data post fermentation, when finished wine was stored in the tank. The
cycle shown in red was subtracted from the measured heating to eliminate the solar heat input.
The red, modified curve was generated using the measured data but setting night time solar
heating to zero.
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Figure 6-10 Measured and calculated components of the heat load during the trial.
Passive heating and the solar heating were determined from the wine storage phase. Solar
heat load was larger during the storage phase as a larger volume of wine was in the tank.

6.4.5 RUTHERGLEN FERMENT 2004 RESULTS
The fermentation that was studied at Rutherglen in April 2004 was in a 25
kilolitre tank and had 21 kilolitres of fruit. This same tank was used for the
fermentation trial in 2002 and trials using water later in 2004. Temperature data was
sampled every 30 seconds and logging was started on 3 April 2004 at 5:16pm two days
prior to grapes being loaded into the tank. Brine flow rate was not measured for this
trial but the brine input and output temperatures were recorded.
Passive heat transfer characteristics of the tanks used in processing this data
were measured during tank trials conducted between May and August 2004.
The daily solar heating curve was extracted from data from the tank trials
conducted between May and August 2004 mentioned earlier. The curve was not
modelled as the shading patterns formed by the installed sunscreens were deemed too
complex to model.
Sun shades were installed over these tanks between the 2002 trial and trials
conducted in 2004.
Internal temperature sensors used in this trial was three vertical linear arrays of
15 sensors. A different housing for the sensors was used in the trials conducted in 2004
than the housing used in the 2002 trial.
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The dataset for this fermentation trial is shown in Figure 6-11. Also shown is
the hourly minimums for the brine input and output temperatures. These were used by
the filter procedure to identify times the brine system is active
The tank temperature is maintained below 25°C by the refrigeration system.
The ferment studied in 2002 was maintained at 22.3°C and took 186 hours to complete,
and the 2004 ferment was complete after 140 hours at the higher temperature.
As with the Rutherglen trial in 2002 the brine flow rates were not measured and
fermentation heat was separated from the total heat using the filter method. The filter
algorithm determined brine to be flowing when the measured brine temperature was
lower than 2.5°C above the hourly minimum.
A daily solar heating cycle was generated using data from trials conducted in
this same tank later in 2004. The sun shading that was installed dramatically reduced
the amount of heat the tank absorbs from the sun. In 2002 the solar heating had two
daily peaks of 3 kW but in 2004 there was a single heating peak of 0.25 kW at midday.
After filtering the effect of the refrigeration system from the dataset the heating
components can be separated, this is shown in Figure 6-13. The other fermentations
that have been examined have clear initial peak in heating. This initial peak was
reached with a fast climb followed by a slow decline. The fermentation heating curve
shown in Figure 6-13 has two early peaks separated by 24 hours, each peak occurring
around midnight. Between the peaks the heating decreases to zero. Disturbances in the
cap temperature as shown in Figure 6-11 suggest the cap was irrigated twice in the
middle of the day on 6 April 2004 but tank temperature had stopped climbing hours
before this irrigation
Ethanol content affects the maximum temperature that yeast can tolerate
(Boulton, 1980; Marín, 1999); and this may be seen in the peak temperature of the cap.
At 120 hours (Figure 6-1) it reaches 35°C but later in the ferment at 175 hours the cap
peaks at 28°C.
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Figure 6-11 Data for fermentation in a 25 kilolitre tank at Rutherglen. Data on the
graph commences midnight 3 April 2004. Brine temperatures shown are hourly minimums
and the switching of the brine flow cannot be seen. Data collection was commenced prior to
the grapes being loaded into the tank.
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Figure 6-12 Solar heating curve used for the 2004 ferment trial. Heating curve was
extracted from data measured during passive trials during 2004. This heating curve differs
from the one determined during 2002 as sun shades had been installed since the 2002 trial.
The red modified curve was generated using measured data but setting night time solar
heating to zero.
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Figure 6-13 Measured total heating in the tank and the following separated
components; passive heat flow, solar heating and the fermentation heat. Brine heat flow was
eliminated using the filtering procedure.

6.4.6 COMPARISON OF FERMENTATION HEAT TRIALS
Fermentation heat results for all three trials is shown in Figure 6-14 and Figure
6-15. All three curves have a heating peak that occurs between 40 and 50 hours,
although the 2004 Rutherglen curve shows an additional peak at 10 hours.
Results from the Wagga Wagga ferment are not as scattered as those from
Rutherglen. This is expected as the tanks are enclosed in a building and are not
subjected to either wind or sun. Table 6-1 and Table 6-2 show data for all three
fermentations that were studied. Rates shown are for a linear climb up to a peak and a
linear decay unlike Lopez (1992) who modelled them with exponentials. Exponential
are a more appropriate model and would have been used if the data quality supported
them. White et al. (1989) suggest a peak value of 1.5 time the average heat production
rate. Peak values in these ferments are twice the mean rate but this ratio is a
consequence of the linear model being used.
With an initial sugar content of 20 brix and heat yield of 98.3 kJmol-1 (Williams,
1982) the expected total heating is 30 kWhrm-3. From Table 6-2 it can be seen all are
less than this expected value and only the Wagga Wagga ferment is close to this value.
For this reasons the trial in the 7kl tank is more suited for use as a model for the overall
system model.
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Accuracy of the reported fill volumes from Rutherglen staff may explain the low
values, the fill heights may have included floating solid grape pulp. Also since the tank
was outdoors it may have experience additional cooling due to wind. Both White et al
(1989, p. 11) and Boulton et al. (1995, p. 515) suggested the evolved gas carried heat
with it. White estimated 20% and Boulton 10%. Losses in the Wagga Wagga ferment
of 13% were between these estimates giving support to White’s and Boulton’s estimates
but not necessarily their explanation.
Table 6-1 Fermentation heat curve results

Peak
Heating
(kWm-3)
Wagga 7kl 0.26
Rutherglen 0.22
2002
Rutherglen 0.185
2004

Initial slope
(kWm-3hr-1)

Declining
slope
(kWm-3hr-1)
-0.0015
-0.0015

Finish
(hours)

Ferment
temp.

0.0084
0.0073

Time
of peak
(hours)
31
30

200
173

21°C
22.3°C

0.0054

34

-0.0015

160

25°C

Table 6-2 Additional fermentation data

Ferment temp.

Total heat
(kWhrm-3)

Mean heating

Wagga 7kl

26

0.13

21°C

Rutherglen
2002
Rutherglen
2004

19

0.11

22.3°C

14.8

0.092

25°C

(kWm-3)

for 0 < H < Peak_t

Heat ( H ) =

Peak _ h
H
Peak _ t

Equation 6-7

for Peak_t < H < Completion

Heat ( H ) = Peak _ h −
Where:

Peak _ h
( H − Peak _ t )
Completion − Peak _ t

Equation 6-8

H is ferment time (hours)
Heat(h) is the heat production rate (kWm-3)
Peak_t is time of peak heating (hours)
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Peak_h is peak heating (kWm-3)
Completion is the time the ferment is complete (hours)
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Figure 6-14 Comparison between fermentation heat curves determined for each of the
fermentation trials. Start time from the individual experiments have been adjusted so each
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Figure 6-15 Comparison of the heat generation per cubic metre for each of the
fermentation trials. On the right vertical axis is the potential temperature rise per day if no
refrigerated control were to be applied.
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6.5 CONCLUSIONS
The predictor for brine output temperature did not perform well with the
coefficients determined using water as the UTB value varied during the ferment cycle.
Values between 250 and 405Wm-2°C-1 were measured using water compared to 50 to
100Wm-2°C-1 during the ferment. At the time of peak heating UBT =100Wm-2°C-1. A
lower range of 12 to 60Wm-2°C-1 was suggested in the literature (Boulton et al., 1995,
p. 511).
The large value for UBT compared to the UBA measured during trials with water
would mean only a small amount of lost cooling due to heat gain from the air.
Implications of the lower values for UBT found during the fermentation trials are far
larger heat gain from the air. Insulating the air side of the dimple plates is an obvious
solution.
For further modelling a value of 100Wm-2°C-1 was chosen allowing effective
modelling at the time of peak heating.
A simple two slope linear model was chosen to represent the heating occurring
in the tank in the overall system model. This model is shown in Equation 6-7 and
Equation 6-8. More intensive modelling of the winery refrigeration would demand a
more sophisticated model for the fermentation heat such as the model suggested by
Lopez (1992).
The cap is a thermally isolated region. Cooling from the refrigeration system
does not reach the cap except during a irrigation of the cap. Juice pumped over the cap
during a cap irrigation carries heat from the cap into the fluid region. This heat flow
contributed to difficulties in estimating the fermentation heat.
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CHAPTER 7 OVERALL SYSTEM MODEL
7.1 INTRODUCTION
Brine temperature was identified in Chapter 1 as the key adjustable parameter
for optimising the efficiency of winery refrigeration. Raising the temperature of the
evaporator that cools the brine results in increased efficiency and greater heat transfer
by the chiller plant (Boulton et al., 1995, p. 517; Ireland et al., 1997).
Warmer brine has a decreased capacity to remove heat (Ireland et al., 1997).
Raising the brine temperature improves the operation of the chiller plant but raise it too
high and the rate of heat removal from the fermenting juice will be less than the rate of
heat input and the juice temperature will rise.
To identify this maximum allowable brine temperature a model of heat flows,
sources and sinks in the winery refrigeration system was developed. In the preceding
chapters the various heat loads were quantified and heat transfer efficiency of the brine
network was measured and modelled. Using these models an overall system model of
the heat flows from the sources at the tank to the brine network was developed.
This overall model was used to simulate heat flows and temperatures with
elevated brine temperatures.
Aim: To determine maximum allowable brine input temperature that will meet
cooling requirements.
7.2 METHODS AND EQUIPMENT
7.2.1 REFRIGERATION MODEL
In Chapter 1 the efficiency of refrigeration systems was investigated. To
evaluate efficiency gains from raising the circulating brine temperature required a
method of estimating COP given brine and condenser temperature. The most effective
simple model was the product of the Carnot COP (Equation 7-1) and η (Equation 7-2),
the second law efficiency (Bejan, 1989).
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(COP ) C =

T1
T2 − T1

Equation 7-1

Where:
(COP)c is the Carnot coefficient of performance
T1 is the evaporator temperature (COLD) (K)
T2 is the condenser temperature (WASTE HEAT) (K)

η∏ =

COP
(COP ) C

Equation 7-2

Where:
COP is the coefficient of performance of the refrigerator
(COP)c is the Carnot COP for the same temperature bounds.
From Bejan (1989 Fig 2) a value of η =0.3 can be estimated, data from Ireland
(1997) has a η =0.35. The refrigeration COP model (Equation 7-3) will use η =0.35.
COP = η ∏ (COP ) C

Equation 7-3

White (White et al., 1989) suggested the evaporator should be 7 to 10°C below
the brine temperature to allow effective heat flow from the brine evaporator
temperature. Boulton et al. (Boulton et al., 1995, p. 515) recommends it should be 5°C
below the required brine temperature. An evaporator temperature of 5°C below that of
the brine was used in the modelling.
7.2.2 PASSIVE HEAT TRANSFER MODEL
A model and associated coefficients was developed in Chapter 2 that will
estimate the passively driven heat flow that occurs between a tank and the surrounding
air.

dQ
= U TA A(T AIR − TTANK )
dt

Equation 7-4

where: UTA is the HTC between the tank contents and the air (W°C-1 m-2).
A is the surface area of the tank in contact with the fluid contents.(m2)
TAIR , TTANK are the air and tank temperatures (C°)
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The 25kl tank has the highest UTA values due to its exposure to wind.
Measurements of the 200 litre tanks show the UTA could reach similar values in wind
speeds of 4 to 6ms-1. In the interests of determining a maximum potential heat input the
modelling will use a UTA = 9Wm-2°C-1.
Table 7-1 PHT results for the tanks. (* finished wine and filled by winery staff)

Tank

Fluid contact

Fluid

HTC UTA

area (m2)

mass (kg)

(Wm-2°C-1)

200l

1.61

200

4.79

3kl UN-circ

11.12

3000

4.89

7kl UN-circ

16.68

7000

4.35

25kl UN-circ

32.66

20000*

8.34

3kl circ

11.12

3000

5.90

7kl circ

16.68

7000

5.15

25kl circ

39.36

25000

9.89

7.2.3 SOLAR HEATING MODEL
Solar heat input to the tanks was determined using both models and
measurement. The model developed can predict solar heating on cylindrical tanks and
includes the effects of shading by nearby tanks.
The 7kl tank used earlier model development was in a building and not solar
exposed but for this modelling it was treated as an outdoor tank.
Modelling showed solar heating on a vertical surface peaks with a solar
elevation of 26°, this occurs mid morning and mid afternoon in summer and at midday
in winter. In the 7kl tank the peak solar heat input is 1140W and in the 25kl tank it is
2120W.
One outputs of the model is daily heating cycles showing heating calculated at
30 minute intervals throughout the day. Daily heating cycles calculated using the
Illumination model were used for the solar component of the total heat load on a tank.
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7.2.4 BRINE SYSTEM HEAT FLOW MODEL
A model of the heat transfer via the secondary refrigeration network was
developed in Chapter 5. The model uses coefficients measured in tank trial with water
in the tank as a wine substitute and during actual fermentations. From a set of inputs
condition the model will estimate heat gain by the brine from the surrounding air and
the tank contents. The individual components of the total heat gain by the brine can be
determined by the model.
m& is the mass flow rate of the brine (kg s-1).

where:

c pB is the specific heat of the brine (J kg-1 °C-1).
TB is the brine temperature (K).
TT is the tank temperature (K).
A is the area of the chiller plate

Tout _ brine _ K is the brine output temperature (K)
Tin _ brine _ K is the brine input temperature (K)
UBA is the HTC from brine to air (Jm-2s-1°C-1)
UBT is the HTC from brine to tank (Jm-2s-1°C-1)
Defining :

U * = U BT + U BA
T* =

(U BT TT + U BATA )
U BT + U BA

∆T ** =

Tout _ brine _ K − Tin _ brine _ K
ln(

T * − Tin _ brine _ K
T * − Tout _ brine _ K

)

The temperature of the brine leaving the tank jacket heat exchanger can be
predicted with Equation 7-5.
Tout _ brine _ K = T * − (T * − Tin _ brine _ K ) exp(

−U*A
)
m& c pB

Equation 7-5

Heat gain by the brine can be calculated from its temperature rise, flow rate and
specific heat. By heat balance this is equal to the combined heat flow from the air and
the tank (Equation 7-6)
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m& c(Tout _ brine _ K − Tin _ brine _ K ) = U * A∆T **

Equation 7-6

The components of the total heat draw into the brine are:

dQTANK _ B
dt
dQ AIR _ B
dt

= U BT A(TT − T * + ∆T ** )

Equation 7-7

= U BA A(TT − T * + ∆T ** )

Equation 7-8

Coefficients for this model were determined using water in Chapter 5 (Table
7-2). A lower range of 12 to 60 Wm-2°C-1 was suggested in the literature (Boulton et
al., 1995, p. 511). Fermentation trials yielded a lower value for UBT of 100 Wm-2°C-1
when the fermentation was at its peak, and this value was used for the modelling.
Table 7-2 Coefficients for dimple plate heat exchangers

3 kl Circ.
7 kl Circ.
7 kl (fermenting)
25 kl Circ.

UBT ( Wm-2°C-1)
405
390
100
260

UBA ( Wm-2°C-1)
10
30
40

7.2.5 FERMENTATION HEAT MODEL
A simple model was developed in Chapter 6 to estimate the rate of heat
production by the fermenting juice.
for 0 < H < Peak_t

Heat (h) =

Peak _ h
H
Peak _ t

Equation 7-9

for Peak_t < H < Completion

Heat ( H ) = Peak _ h −
Where:

Peak _ h
( H − Peak _ t ) Equation 7-10
Completion − Peak _ t

H is ferment time (hours)
Heat(h) is the heat production rate (kWm-3)
Peak_t is time of peak heating (hours)
Peak_h is peak heating (kWm-3)
Completion is the time the ferment is complete (hours)
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7.2.6 PEAK AND CYCLIC HEAT LOADS
Using previously developed models the heat loads on two tanks were calculated.
Air temperature used was from the Bureau of Meteorology data for Wagga Wagga
Airport Station 072150 on 12 February 2004 when the temperature peaked at 43.9°C,
this day’s temperature cycle is repeated in the modelling. PHT model used this
temperature data, tank dimensions and a UTA = 9Wm-2°C-1. Solar heat loads for an
isolated tank were calculated using the Illumination model. Fermentation heat used the
simple two slope approximation and the peak was aligned with the solar heating and
PHT peak.
Air temperature peak and the afternoon solar peak coincided without
manipulation of the datasets. The fermentation peak was deliberately aligned with the
solar and PHT peak to maximise the peak value of the total heating.
As stated earlier extreme conditions were sought to ensure maximum usable
brine temperature found would meet extreme conditions rather than average conditions.
7.2.7 DETERMINING MAXIMUM ALLOWABLE BRINE TEMPERATURE
Increasing the brine temperature will decrease the heat transfer capability of the
brine. The maximum allowable brine temperature is when the brine heat draw equals
the tank heat load.
Modelled brine flow rate was 30 litres per minute as this was observed to be a
typical peak flow rate. Tank manufacturers specify the pressure ratings of their tank
jackets but rarely the resultant flow rates. The on/off ratio of the brine flow was varied
to balance rate of heat removal with rate of heat input, this is an analogue of
temperature control system in common use in wineries. Cold brine flow is switched on
in response to a demand for cooling and off when the cooling need have been met.
Equation 5-15 was solved for the required flow rate to match the load over the
temperature range -15°C to +15°C. The flow rate was then used to determine the heat
draw from the air. The on/off ratio was determined by dividing this flow rate by the
modelled maximum flow rate.
Low temperature brine will require a small on/off time ratio, higher temperatures
will require longer on times. When the calculated ratio is equal to one the brine is on
continuously and maximum effective brine temperature has been reached. With this
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procedure a brine temperature is found that will prevent any rise in the temperature of
the tank contents above its set value.
Heat loads used to determine maximum allowable brine temperature need to be
maximum expected values rather than mean values.
7.2.8 TANK TEMPERATURE OVERSHOOT MODELLING
A constraint used in determining the maximum allowable brine temperature was
that peak heat removal equalled peak heat input and no overshoot in the tank
temperature occurred.
Temperature overshoot was determined iteratively using the previously
determined temperature, solar heat and fermentation heat datasets. PHT was
determined from current tank and air temperatures. From the total heat input an on/off
ratio was calculated for the brine flow, if this ratio was less than or equal to one then all
heat was removed and the tank temperature remained unchanged.
Heat inputs in excess of the brine systems modelled capacity resulted in a rise in
temperature for the tank contents. If the tank temperature is above the set point and the
brine on/off ratio is less than one then additional cooling is applied to remedy the
overshoot; up to an on/off ratio of one. The new tank temperature is used in the next
iteration.
Examining the effects of temperature overshoot can be from two different
perspectives. Firstly; to determine the consequences of an accidental overshoot in tank
temperature due to inadequate cooling capability and secondly to determine whether a
short duration peak can be cooled with a warmer brine over a longer duration by
allowing a small overshoot in tank temperature.
The corollary of elevating the temperature of the fermenting juice is an
acceleration of the fermentation process and the rate of heat production (Boulton,
1980). The fermentations that were studied in Rutherglen (Figure 6-8, Figure 6-11)
was tightly controlled by the refrigeration system but the control on the ferment in the
CSU Commercial Winery (Figure 6-1) was more relaxed. Climbs of 2°C occurred
before cooling was applied.
The decision of the size of allowable temperature overshoots are beyond the
scope of this work. Modelling the size and duration of the overshoot allows a decision.
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Using the cyclic rather than peak heat loads the temperature response of the tank
was examined. Peak overshoot and time to return to set temperature were tested.
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7.3 RESULTS AND DISCUSSION
7.3.1 MODELLING THE BRINE SYSTEM HEAT TRANSFER CAPABILITIES
The heat transfer capabilities of the brine system was examined for a range of
brine input temperatures and different values of UBT found in earlier trials (Figure 7-1).
With circulated water a UBT value 390Wm-2°C-1 was measured but fermentation trials
yielded lower values, UBT peaked at 100Wm-2°C-1 when the ferment was producing
maximum heat.
Model conditions for Figure 7-1 was: air temperature 45°C, tank temperature is
20°C, UBA= 30Wm-2°C-1 and a brine flow rate of 30 litres per minute. When UBT was
reduced from 390 to 100Wm-2°C-1 the heat draw from the tank was reduced
significantly but cooling capacity lost to the air increased only slightly. At the lowest
temperature a third of the cooling capacity was being lost to the air, this ratio became
worse as the brine temperature was elevated.
50000

dQ/dt TOTAL
(Ubt = 390)

40000

Heat flow (W)

dQ/dt AIR
(Ubt = 390)
dQ/dt TANK
(Ubt = 390)

30000

dQ/dt TOTAL
(Ubt = 100)

20000

dQ/dt AIR
(Ubt = 100)
dQ/dt TANK
(Ubt = 100)

10000

0
-20

-15

-10

-5

0
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15

20

Brine input temperature ( °C)

Figure 7-1 Modelling the two measured Ubt values (390 with water, 100 Wm -2 °C -1
during fermentation). Brine flow rate was 30 litres per minute, air temperature was 45°C,
tank volume 7kl.

This same process was modelled but with constant heat draw from the tank as
the brine temperature is changed (Figure 7-2). A brine flow rate of 30 litres per minute
was still modelled but the ratio of brine flow on to off was varied to maintain constant
heat draw.
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The modelling provides a better picture of the cooling capacity lost to the air.
With brine input at -15°C and UBT = 100Wm-2°C-1 lost cooling is half of that delivered
to the tank, at +7°C the lost cooling is equal to the delivered cooling.
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Figure 7-2 A constant heat draw from the tank. Brine flow rate of 30 litres per minute
and ratio of brine on to brine off varied to provide constant rate of cooling to the tank. Air
temperature was 45°C, tank volume 7kl.

It seems counter intuitive to have greater cooling losses at elevated brine
temperature but the relative cooling losses are dependent on the relative differences in
temperature between brine and air or tank. Raising the brine temperature from 10°C to
15°C halves the brine to tank difference but only reduces the brine to air difference by
15%. Brine needs to flow for a longer time to compensate for the reduced heat flow
from the tank but the flow from the air is barely affected.
The modelling used UBA= 30 Wm-2°C-1 which was measured with rapidly
moving brine at subzero temperatures. The HTC for the tank to air was UTA = 9 Wm2

°C-1 using water or wine near to 20°C. As the brine temperature rise the UBA

coefficient may decrease toward the value used for UTA, and this would decrease the
modelled heat gain from the air. If UBA decreased to the value used for UTA then at a
brine temperature of +15°C the heat gain from the air would still increase with rising
brine temperature. This would reduce but not eliminate the imperative to insulate
chiller plates when using elevated brine temperatures.
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Given the poor heat transfer characteristics it is essential that the air side of the
dimple plate jacket be insulated. One option Reflecta-guard (GreenInsulation, 2013)
with an R value of 0.24m2KW-1 would give an effective U value of 4Wm-2°C-1. Air
losses with UBT = 100 and UBA = 4 are shown on Figure 7-2.
Insulating the chiller plate provides a large reduction in the air cooling losses
particularly at the elevated brine input temperature that are being considered. With a
+10°C brine temperature the overall refrigerative load is nearly halved while providing
the same cooling to the tank. At a lower air temperature of 20°C the insulation would
provide a 20% improvement in cooling capacity.
Given these advantages a UBA of 4Wm-2°C-1 was used in the remaining
modelling.
7.3.2 MODELLING THE TOTAL HEAT LOAD
Tanks modelled were the 7kl (Figure 7-3) and a 25kl (Figure 7-4). The 7kl tank
with a larger relative surface area to volume ratio has the external inputs of solar and
PHT dominating over the fermentation heat. The reverse occurs in the 25kl tank with
the internal fermentation heat being the largest load.
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Figure 7-3 Modelled heat loads for a solar exposed 7kl tank.
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Figure 7-4 Modelled heat loads for a 25kl solar exposed tank.

7.3.3 MATCHING A PEAK LOAD
The peak values (15 hours) from the modelled heat loads (Figure 7-3)(Figure
7-4) have been used to determine maximum effective brine input temperatures. Three
heat load circumstances were modelled; fermentation heat only (7kl: 2kW, 25kl:
7.1kW), fermentation heat and PHT (7kl: 5600W, 25kl: 13.95kW), fermentation, PHT
and solar (7kl: 6.7kW, 25kl: 16.1kW).
A flow rate of 30 litres per minute was used in the modelling, on/off ratio is
shown in Figure 7-5 and Figure 7-6. The relative costs of providing the cooling at each
brine temperature are compared to costs of provision at -5°C and are calculated using
Equation 7-3.
Results for both tanks are quite similar, brine temperatures required to control
the same load combination are comparable between tanks. Maximum usable brine
temperatures from Figure 7-5 and Figure 7-6 are shown in Table 7-3. The larger heat
loads needed a lower temperature brine to provide sufficient cooling.
A brine input temperature of 0°C was adequate to control overlapping peak heat
loads on an extremely hot day. It provides 10% improvement in refrigeration system
efficiency over the commonly recommended -5°C (Ireland, 1995; White et al., 1989).
Minimising solar exposure will reduce the overall heat load and allow a further
elevation of the brine temperature to +3°C. Refrigeration costs at this temperature are
85% of the cost of cooling at -5°C.
160

1.4
1.2

relative cost
( to -5°C )

1

Brine On/Off ratio
( 2000W )

0.8

Brine On/Off ratio
( 5600W )

0.6
Brine On/Off ratio
( 6700W )
0.4
0.2
0
-20

-15

-10

-5

0

5

10

15

20

Brine temperature

Figure 7-5 Brine On/Off ratio for the components of the heat load in the 7 kl tank.
Fermentation only (2000W), fermentation and PHT (5600W) and fermentation, PHT and solar
(6700W).
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Figure 7-6 Brine On/Off ratio for the components of the heat load in the 25 kl tank.
Fermentation only (7100W), fermentation and PHT (13950W) and fermentation, PHT and
solar (16100W).
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Table 7-3 Maximum effective brine temperatures

Loads

7kl

25 kl

Fermentation

14°C

11°C

PHT and Fermentation

3°C

4°C

PHT, Fermentation and Solar

0°C

0°C

Further modelling has generalised these results to a wide range of tanks (Figure
7-7) and tank cooling jacket coverage. Performance of the actual tanks examined may
be compared using Table 7-4. Modelled tank height is 1.2 times the tank diameter.
Brine flow rate was 30 litres per minute for every 600mm of chiller plate vertical width.
Table 7-4 Relative chiller plate areas

Tank

Side jacket coverage

3kl

23.4%

7kl

22.7%

25kl

28.8%

Elevated brine temperature are usable on the full range of tanks examined
provided they have adequate chiller plate area. The fermentation heat load increases
linearly with the tank volume but solar and PHT loads change in proportion with the
tank skin surface area. Cooling capacity via the tank jacket also scales with the tank
surface area. Effective cooling of a larger volume tank requires that a greater
proportion of the tank surface is cooling jacket.
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Figure 7-7 Brine input temperature required to control peak load with no overshoot in
tank temperature.

7.3.4 ESTIMATING TEMPERATURE INCREASE
The effect of the scaling of the loads and cooling with tank volume and skin area
are seen in Figure 7-8 (heat load) and Figure 7-9 (cooling). The tanks have a modelled
cooling jacket coverage of 25%. The effect of changing surface area to volume ratio
with increasing volume can be seen in both figures. Both PHT and solar loads scale
linearly with tank surface area and these dominate in small volume tanks. With a fixed
cooling jacket coverage ratio the cooling also scales linearly. To meet the cooling
demands of the larger tanks this ratio must increase with volume.
These figure can be used to estimate the rate of rise in temperature at peak load
for the range of tanks.
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Figure 7-8 Predicted rate of change in temperature peak heat of fermentation and
solar. PHT heating at legend temperature.
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Figure 7-9 Cooling capabilities of listed brine input temperatures Cooling jacket area
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7.3.5 TANK TEMPERATURE OVERSHOOT
When the heat removal rate is less than the rate of heat input the tank
temperature will rise. This has been simulated for the 7kl tank (Figure 7-10) and the
25kl tank (Figure 7-11) using the modelled heat loads (Figure 7-3)(Figure 7-4) as
inputs. As with the tests for maximum allowable brine temperature with no overshoot
both sets of results showed remarkable similarity.
Buffering the short duration heating peak with the thermal mass of the tank
contents would allow further elevation of the brine input temperature.
In the 7kl tank the 9°C and in the 25kl tank the 7°C (RED) returned the tank to
set temperature in about 14 hours. Tank temperature overshoot was 1.7°C in the 7kl
and 1.5°C in the 25kl.
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Figure 7-10 Plots of temperature overshoot due to elevated brine temperature for the
7kl tank.
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Figure 7-11 Plots of temperature overshoot due to elevated brine temperature for the
25kl tank.

7.4 CONCLUSIONS
Modelling has shown that fermentation can be effectively managed with warmer
brine temperatures than are currently in use. A 10% decrease in theoretical electrical
power requirements can be achieved using a brine at 0°C rather than at -5°C.
Using brine at 0°C an extreme heat load consisting overlapping peaks of air
temperature, solar heating and fermentation heat was managed with no temperature rise
in the modelled tanks. Removing the solar heating components from the modelled peak
load enabled the use of brine at +3°C to be used. At this brine temperature chiller plant
theoretical power usage is 84% of that needed for a brine at -5°C and cooling load is
reduced; which would free cooling capacity to meet other demands.
Larger capacity tanks require a greater proportion of their surface area to be
covered in cooling jackets. A 100 kilolitre tank requires 35% coverage to use 0°C brine
but with only 20% coverage it would require the brine to be supplied at less than -15°C.
Boulton (1979) found similar results, using a 5°C coolant a 35.4 kilolitre fermentation
tank required 25% jacket coverage but a 101 kilolitre tank required 50% coverage
Even greater improvements are possible if small overshoots in tank temperature
are permitted during short term heating peaks; such as the one used in the modelling.
With the brine temperature at +7°C the 25kl tank exceeded set temperature by 1.5°C
and the overshoot was resolved in 14 hours. Relative refrigeration costs are 77% of the
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cost of providing the cooling at -5°C. At these brine temperatures the chiller plant is
able to provide twice the cooling capacity that it could at -5°C (Ireland et al., 1997).
It needs to be emphasised that allowing temperature overshoots will improve
refrigeration efficiency but the acceptability of the size of the overshoot or indeed any
overshoot is an issue of wine quality.
The modelling shows the brine temperature is not a sensitive parameter; too low
reduces the chiller plant efficiency and the system will recover easily from an overshoot
in temperature if is too high.
Contrary to expectations warmer brines gain more heat from the air than colder
brines in providing the same cooling effect to a tank. Elevating the brine temperature
has decreased the relative difference in temperature between the tank and brine more
than the change in the difference between air and brine temperatures. There is a large
decrease in the rate of heat flow from the tank but a small decrease in the heat flow from
the air. To compensate for the reduced heat flow from the tank; the brine must flow
through the tank jacket heat exchanger for more time and so increasing the total gain
from the air.
With a -15°C brine 30% of the total supplied cooling effect is lost to the air, at a
brine temperature of +6°C the cooling lost to the air is equal to the cooling supplied to
the tank. Insulating the air side of the chiller plate reduces the heat absorbed by the air
from 100% to only 11% of the tank cooling effect.
Insulation of the air side of the chiller plates is essential for efficient use of the
available cooling capacity. The requirement for insulation is more important if the brine
supply temperature is raised.
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CHAPTER 8 CONCLUSIONS
The objective of this research was to determine more efficient ways to utilise the
cooling capacity of a winery. The temperature of the brine supply to fermentation tanks
was identified as a key parameter that could be adjusted to improve the efficiency of the
winery refrigeration system. Suppling warmer brine while still providing effective
cooling capability would enable the refrigeration system to both operate more
efficiently and deliver greater cooling capacity.
This research has found that heat loads in existing tanks can be successfully
managed with higher brine temperatures than are currently recommended. These results
have been determined using models developed from measured heat loads and transfer
properties of actual winery systems.
A commonly recommended temperature for the brine supply is -5°C (Ireland,
1995; White et al., 1989). A brine input temperature of 0°C was adequate to control
overlapping peak heat loads on an extremely hot day without allowing any temperature
rise in the tank contents. A brine input temperature of 0°C provides a 10% improvement
in refrigeration system efficiency over the use of -5°C brine.
The tanks studied had cooling jackets with 24% to 29% side area coverage.
Larger tanks require a greater proportion of cooling jacket coverage than a smaller tank.
A 50 kilolitre tank would require 30% coverage to use 0°C with the modelled peak load
and a 100 kilolitre would require 35% coverage. With a +5°C brine and 52% jacket
coverage a 100 kilolitre tank would experience no temperature overshoot with the
modelled peak load. The same tank with only 20% coverage would overshoot in
temperature occur using -15°C brine.
Using the thermal mass of the tank contents permits a short duration peak load
to be cooled over a longer time. The consequence of this is the tank temperature will
ride above the set temperature. Allowing a small temperature overshoot allows the use
of warmer brine and consequently greater refrigeration efficiency.
Modelling an extreme heat load on a 25 kl tank cooled with a +7°C brine
resulted in a 1.5°C overshoot of the set temperature occurred. Tank contents
temperature was reduced to the set point in 14 hours. Refrigeration costs are 77% of the
cost of providing the same cooling with a -5°C brine. At these temperatures the chiller
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plant is able provide twice the cooling capacity that it could at -5°C (Ireland et al.,
1997).
Allowing an overshoot in the set temperature and the extent of the overshoot is a
decision for the winemaker; balancing efficiency gains over wine quality. The
modelling shows the brine temperature is not a sensitive parameter; if the brine
temperature is slightly too high it does not push temperature control over a precipice.
Elevated temperatures reduced the rate of heat draw from the tank and required
the brine to be flowing for a longer time to provide the same cooling effect. A smaller
relative change occurred in the temperature difference between air and brine and so the
rate of heat flow was not greatly reduced. This resulted in much larger heat gains from
the air. In providing the same cooling effect to the tank larger heat gains from the air
occur with warmer brine than with colder brines. To successfully use elevated
temperature brines the air exposed side of the tank jacket heat exchangers must be
insulated.
Solar heating is a significant part of the total heat load in a tank that is ultimately
presented to the refrigeration system. Self shading ability of two tank array alignments
were compared. An East West array provided better self shading in summer time than a
North South aligned array but in winter a North South array has better self shading.
Self shading of tanks does reduce the heat load for the shaded tanks but it leaves
the shading tanks exposed. External shading is a better option with no tanks exposed.
Modelling, confirmed by measurement, shows the solar heating on a vertical surface
peaks when the sun reaches an elevation of 26°. The sun passes through this elevation
twice daily in summer, around 9am and at 3pm. In winter the suns elevation is lower
and culminates not far above 26°.
Due to the low angle of the sun side shading is able to block solar heating. The
side shading in many cases can be supported by existing gantry structure around the
tank.
Heat from sunlight that strikes the top of the tank was found not to penetrate to
the tank contents. The air in the ullage space insulates the content from the hot metal of
the tank top. Overhead shading will not greatly reduce the solar heat input.

170

FURTHER RESEARCH
Considerable efficiency gains were demonstrated with these models and
validation of the results in a winery would be a priority. It may be difficult to find a
winemaker willing to risk an entire winery for this experimental work but there are
options to limit the risk. A winery with multiple chiller plants could raise brine supply
temperature on part of their tank and brine network. This would enable clear
comparison of the efficiency gains. The winery would retain the capacity to supply
colder brine from other chiller plants in the event of problems.
Another option is to supply selected tanks with warmer brine generated by
controlled mixing of warm return brine with the cold brine supply. This would
demonstrate capacity of the elevated temperature brine to provide effective temperature
control not directly measure chiller plant efficiency gains. This would offer better
control of the brine supply temperature as it has been observed that the brine supply
temperature will climb when on hot days due to additional load. As with the first option
the winery would be able to easily revert to a colder brine in the event of problems.
Efficiency gains are achievable with brine temperatures that match cooling
needs at peak load but further efficiency gains are possible by allowing small
overshoots in the temperature of the tank contents.
Modelling gave peak temperature reached and the duration of the overshoot but
the acceptability of either is the responsibility of the winemaker.
Existing models of the effect of temperature on heat release during fermentation
(Boulton, 1980; Colombié et al., 2007; López et al., 1992) treat the temperature as
constant over the ferment and may not accurately model short term variations. Models
supported by experiment are required to predict the effect on the rate of heat formation
by short term temperature variations.
Increasing the jacket coverage allows the use of cheaper cooling but also
increases the manufacturing cost of the tank. Quantifying the costs and savings to
provide a payback time on additional jacket area would be useful to both tank
manufacturer and winemaker.
Using the fermenting wine as a thermal store, cooling the tanks below the set
temperature at night in anticipation of the following days expected heating is another
strategy worthy of investigation. The refrigeration system would have additional gains

171

in efficiency with cool night temperatures further reducing the difference in temperature
between evaporator and condenser. Lower cost off peak power could be used at night.
Elevating the brine temperature means greater volumes of warmer brine are
being pumped around the winery. Hislop (1995) estimated pumps in a winery use 20%
of the total power drawn. This pumping includes product shifting and waste disposal as
well as reticulating brine. Further research could establish whether additional pumping
costs are small compared to the savings from improved refrigeration efficiency or
whether optimising the balance between the two may effect further savings.
Providing brine at -5°C during summer is certainly the domain of a refrigeration
system but warmer brines may be cooled at least in part by evaporation. Warm return
brine could be pre-cooled by water chilled by evaporation.
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