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1. Introduction 

Rising energy costs and important legislative drivers are making the achievement of 
efficient heat transfer and thermal management of crucial importance in energy intensive 
industries. In the electronics industry, inexorable increases in microprocessor performance 
due to the use of multiple cores on a single chip are creating an enormous challenge for the 
cooling infrastructure, since almost all of the electrical energy consumed by the chip 
package is released as heat (Anandan & Ramalingam, 2008). This is particularly relevant to 
the rapidly increasing number of large scale data centres, see Figure 1, which form the 
backbone of the digital society on which the world’s population is becoming increasingly 
reliant. The power consumption of data centres is rising sharply, having doubled in the last 
five years and is likely to double again in the next five years to over 100 billion KWh 
(Scofield & Weaver, 2008). These enormous energy requirements are presenting 
governments and industry with a serious energy supply problem (Shehabi et al., 2011) and 
the importance of data centres’ energy efficiency has now been recognised at the 
international level with the formation of several industry consortia such as the Green Grid, 
the Uptime Institute and the Data Centre Alliance to promote energy efficiency and best 
practices in the data centre industry.  
Since most enterprise data centres run significant quantities of redundant power and 
cooling systems to produce higher levels of resiliency, this had led to significant power 
consumption inefficiencies. The latter are exacerbated by the inefficiencies in the 
Information Technology (IT) hardware and cooling requirements, each accounting for 
roughly 40% of the total energy usage. This results in each KWh of energy for data 
processing requiring a further KWh for cooling (Almoli et al., 2011). In a typical data centre, 
electrical energy is drawn from the main grid to power an uninterruptible power supply 
(UPS) which then powers the IT equipment, supply power to offices and to power the 
cooling infrastructure: computer room air conditioning (CRAC) units, building chilled water 
pumps and water refrigeration plant. The IT load inefficiencies can be improved by server 
virtualisation and improved semi-conductor technologies, while the chiller plant is 
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generally the biggest energy cooling component and increasing the set point temperature of 
the chilled water leaving the chiller evaporator offers significant potential reductions in the 
overall cooling plant energy consumption.  
 

 

Fig. 1. A large scale data centre with several rows of server racks 

A key strategy for efficient thermal air management in a data centre, as recommended in the 
EU Code of Conduct on Data Centre Energy Efficiency, is to separate hot and cold air via a 
layout of alternating hot and cold aisles (Rasmussen, 2006; Niemann, 2008). These are shown 
schematically in Figure 2. In the cold aisle containment strategy, cold air is supplied from the 
CRAC units through floor tiles or diffusers into cold aisles and the racks are arranged so 
that all server fronts/intakes face cold aisles. This counteracts the problem that arises if all 
rows are arranged with intakes facing the same way, when equipment malfunction is 
inevitable due to server overheating (Cho et al., 2009). In the hot aisle containment strategy, it 
is the hot air that is contained and this approach can have advantages in terms of obviating 
the need for raised floor tiles and providing hotter air to the CRAC units, increasing their 
overall efficiency of performance. The importance of good air flow management in data 
centres has led to increasing use of Computational Fluid Dynamics (CFD) (Versteeg & 
Malalasekera, 1995) to design data centre operations to ensure the thermal environment 
within data centres conforms to narrow, acceptable bands. Care must, however, be taken to 
ensure that CFD predictions are properly validated and the limitations of its key 
assumptions (for example on the coupling between the small-scale server air flows and the 
larger scale data centre air flows) are understood (Almoli et al., 2011). Once validated, CFD 
models can be very useful for data centre air flow management in enabling a large number 
of design scenarios to be investigated and optimal server rack configurations to be identified 
much more quickly than would be possible experimentally.  
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Fig. 2. Cold and hot aisle containment strategies 

Relying on air as the primary heat transfer medium in data centres is becoming increasingly 
problematical due to inexorable increases in power densities in IT equipment. The reduced 
effectiveness of using air to cool servers is promoting much greater interest in a range of 
promising alternative technologies based on direct liquid loop cooling, such as dielectric 
liquid immersion and on-chip spray and jet impingement cooling (Garimella, 2000). This is 
because the higher heat capacities and associated heat transfer coefficients of liquids mean 
that they are much more efficient at transferring the waste heat, but with the disadvantages 
of requiring liquid loops as close as possible to the heat source. Some of the most promising 
liquid cooling technologies in electronics are discussed briefly in section 2. 
Energy consumption in the process industries is also currently an area where a significant 
amount of research is being conducted. Due to the enormous range of heat transfer 
technologies deployed in the process industries, this chapter focuses on one important heat 
transfer component of several industrial applications, namely the use of convective heat 
transfer from impinging air jets within industrial ovens (Martin, 1977; Sarkar & Singh, 2004). 
These are used in applications ranging from the tempering of glass, drying of paper, textiles 
and precision coated products, to the cooling of metal sheets, turbine blades and, indeed, 
electronic components, as well as several examples in the food processing and baking 
industries. Forced-convection ovens in the coating, converting and baking industries 
typically use arrays of hot air impingement jets to transfer heat into products in order to, in 
the former cases, vaporise their solvent components, and in the latter cases to bake 
important food products such as bread, see Figure 3. 
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Hot air                                     Coated film                                                    bread

 

                                      (a)                                                                      (b) 

Fig. 3. Schematic diagram of forced-convection ovens using hot air impinging jets in the (a) 
coating and converting and (b) bread baking industry 

In the coating and converting industries, drying capacity is often the key limitation on 
production speed and as a result high speed air jets (typically between 10 and 100m/s) are 
used to increase the heat transfer coefficients and hence heat transfer into the coatings 
(Martin, 1977). This in turn leads to greater problems with surface disturbances when drying 
air emerges from an array of nozzles arranged perpendicular to the machine direction and 
disturbs the surface of the wet coating. A recent study into surface disturbances in 
multilayer coated products has shown how carefully redistributing solvent so as to increase 
the viscosity of the upper layers can significantly improve robustness to drying-air induced 
disturbances, leading to important commercial benefits in terms of reduced drying load and 
increased drying rates (Ikin & Thompson, 2007). 
Baking is also a complex process of simultaneous heat, water and water vapour transport 
within the product where the heat is supplied by a variety of indirect-fired and direct-fired 
forced convection ovens (Zareifard et al., 2006). Indirect ovens rely on radiation from heated 
elements within an oven, whereas forced convection ovens are now increasing in popularity 
since they can offer greater levels of thermal efficiency (Khatir et al., 2011). In the bread 
baking industry, the primary concern is the effect of heat transfer on the final product 
quality, which is influenced by the rate and amount of heat application, the temperature 
uniformity and humidity levels in the baking chamber and the overall baking time (Zhou & 
Therdthai, 2007). Temperature distribution is particularly important since it affects the 
enzymatic reaction, volume expansion, gelatinization, protein denaturation, non-enzymatic 
browning reaction and water migration. The timing and application is also very important 
since supplying too high a temperature can cause early crust formation and a shrunken loaf.  
Forced convection ovens in the baking industry transfer heat to the product by convection 
from the surrounding air, radiation from the oven walls to the product surfaces and 
conduction from its containers. The relative importance of convection and radiation is 
determined by the baking temperatures and the speeds of the impinging jets; for low air 
speeds (~1m/s) radiation is the predominant mode while convection is much more 
important for higher air speeds (Boulet et al., 2010). Most previous studies in the bread 
baking industry have tended to focus on regimes with relatively low air speeds, where 
radiative heat transfer is most influential (Kocer et al., 2007), although high air speeds are 
now receiving greater attention in the literature. 
For many years the design and control of baking ovens relied on empirical models, 
correlating overall performance with simple global parameters such as chamber volume, the 
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temperature of the heating elements and inlet conditions (Carvalho & Nogueira, 1997). 
However, the increasing need to reduce energy consumption during baking has led to far 
greater use of sophisticated mathematical models in order to optimise baking conditions. 
These include models of the internal temperature and moisture conditions inside the 
dough/bread (Zheleva & Kambourova, 2005) and several analyses based on Computational 
Fluid Dynamics, which predict the velocity and temperature distributions within baking 
chambers. Recent studies by Zhou & Therdthai (2007) and Norton & Sun (2007) have shown 
how a baking oven’s energy consumption can be reduced by manipulating airflow patterns 
so as to increase the volume of airflow while reducing the energy supplied. CFD models can 
also provide valuable insight into key baking issues that influence product quality, such as 
temperature uniformity, that are difficult to measure experimentally. 
This chapter presents a brief review of some of the key thermal management challenges in 
the electronic and process industries that are being addressed by current research projects 
both at the University of Leeds and at other institutions. In the electronics industry, the 
focus is on the rapidly burgeoning data centres industry, where efficient thermal air 
management is crucial. The current role, capabilities and limitations of CFD modelling in 
this sector are discussed, as are the promising future liquid cooling technologies that will be 
increasingly needed as the limits of air cooling methods are reached. In the process 
industries, the particular focus is on the challenges of improving the energy efficiency of 
forced convection ovens used throughout the coating, converting and bread baking 
industries. The key role of CFD modelling in improving oven design and operation is 
discussed, together with a brief overview of the future experimental and computational 
research needed to embed computational design methods into industrial practice.  

2. Heat transfer and thermal airflow management in data centres 

2.1 Air cooling management 

As discussed above, currently most data centre cooling is achieved using cold air supplied 
by CRAC units into data centres through raised floor tiles that then passes through the 
server racks, cools the electronic equipment and emerges from the back of the servers as a 
hot air stream, see Figure 2. Maintaining temperature and humidity design conditions is 
critical to the good operation of data centres and generally temperature conditions at the 
inlet to the racks should be maintained between 20-30oC and 40-55% relative humidity in 
order to prevent equipment malfunction (Cho et al., 2009). Recent figures from the ASHRAE 
trends in rack heat load shows typical server heat fluxes of 27KW for a 19 inch rack 
(Shrivastava et al., 2009) and these will be even larger today. 
The European Commission has created an EU Code of Conduct in response to increasing 
energy consumption in data centres and the need to reduce the related environmental, 
economic and energy supply security impacts. The Code of Conduct aims to achieve this by 
improving understanding of energy demand within a data centre, raising awareness and 
recommending energy efficiency best practice and targets. The Code of Conduct makes 
several important recommendations for air flow management in data centres in order to 
improve overall energy efficiency. A key recommendation is that the hot/cold aisle layout 
should be implemented which aims to minimise the amount of bypass air, which returns to 
CRAC units without performing cooling, and the amount of mixing of cold and hot air 
which leads to higher air intake temperatures into servers. As shown in Figure 2 the 
hot/cold aisle concept aligns equipment airflow to create aisles between racks that are fed 
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cold air from which the electronic equipment draws intake air in conjunction with hot aisles 
to which all equipment exhausts hot air. 
Although the cold air containment strategy is probably the most common today, the 
alternative approach, termed hot-aisle containment, is also increasing in popularity (Niemann, 
2008). In this approach the hot air from the servers is contained and is cooled before being 
recirculated back into the room. Key advantages of this approach that have been proposed 
include: 

• it does not impact on surrounding data centre infrastructure and obviates the need for 
raised floor tiles 

• it enables return air to be returned to CRAC units at higher temperatures, enabling the 
chillers to operate more efficiently and increase the proportion of the year during which 
free cooling technologies (where no compressor is required) can be utilised. 

• reduced humidification and de-humidification costs, saving energy and water. 
There are currently conflicting opinions about which containment strategy is the best in 
practice, however maximising the use of free cooling is another key recommendation of the 
EU Code of Conduct. Other key thermal air management recommendations of the Code of 
Conduct include: 

• the use of blanking plates where there is no electronic equipment in order to prevent 
cold air passing through gaps in the rack; 

• installing aperture brushes to cover all air leakage opportunities provided by floor 
openings at the base of racks and gaps in their sides; 

• use of overhead cabling to prevent obstructions in air flow paths that increase the fan 
power needed to circulate air throughout the data centre. 

In addition to encouraging imaginative use of the waste heat produced in data centres, such 
as using the low grade heat for buildings and swimming pools, the ability to control the 
thermal air environment in data centres more accurately enables the chilled water set point 
temperature to be increased, maximising the use of free cooling and reducing compressor 
energy consumption significantly. 

2.2 CFD modelling of thermal air flows in data centres 

Computational Fluid Dynamics (CFD) is now frequently used to design the layout of servers 
within data centres. Thermal air flows in data centres are complex, recirculating air flows 
characterised by multiple length scales, modes of heat transfer and flow regimes. Length 
scales range from processor length scales (order of mm) to rack length scales (of the order of 
metres) up to data centre length scales (order of several metres). A typical Reynolds number, 
Re, based on a typical air inlet velocity from supply vents of 1 m/s and a rack length scale of 
2m leads to an estimated Re≈105 indicating the turbulent flow regime (Almoli et al., 2011). 
However, as discussed by Choi et al. (2008), for the flow through servers racks the Reynolds 
numbers are typically much smaller and may even lie within the challenging laminar-
turbulent transition regime which requires different flow models from those that can be 
used at the data centre length scales for fully developed turbulent conditions. At present 
there is no effective multi-scale CFD model that integrates the thermal circuit modelling of 
microprocessors and data centre scale thermal flow modelling and which is capable of 
adapting to dynamic conditions within data centres.  
However, most previous CFD studies of data centre airflows have simply assumed the flow 
outside the racks is fully turbulent and have used Reynolds Averaged Navier Stokes 
(RANS) flow models, see e.g. Cho et al. (2009), while modelling the racks in a compact 
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manner without explicit representations of internal components. These are based on the 
following governing continuity and momentum equations, written in RANS format as 

 . 0U∇ =  (1) 

 ( ) ( )' '1 1
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requires additional model equations. 
Most CFD models of data centre airflows use the standard k-ε model (Cho et al., 2009) 
where the turbulence is modelled in terms of the turbulent kinetic energy (k) and turbulent 
dissipation (ε) . The two additional transport equations for the k-ε model are: 
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with the turbulent viscosity defined via 
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and the ρk, ρε, C1ε, C2ε and Cµ are five empirical constants (Boulet et al., 2010). The energy 
equation is also solved and takes the form 
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where T and ν are the temperature and dynamic viscosity respectively and Pr is the Prandtl 
number defined by  

 Pr
ν
α

=  where 
p

k

C
α

ρ
= , (6) 

k is the thermal conductivity and Cp is the air’s specific heat capacity. The subscript T 
indicates the turbulent flow and SQ is the source term of the energy equation, namely the 
heat generated by the processors. 
Several commercial CFD codes have now been used to solve air flows in data centres, 
ranging from general purpose codes such as Ansys Fluent 12 (Almoli et al., 2011), to a 
number of codes specifically developed for the rapidly growing data centre industry; the 
latter include CFD software packages such as Flovent, Six Sigma and TileFlow which are 
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designed for maximum ease of use. However, it is important to recognize that CFD is still 
largely unverified for data centre airflows (Shrivastava et al., 2009), and that a hierarchy of 
models is required for the data centre air flows and air flows through the racks. All CFD 
models of data centre air flows should ideally only be used after careful validation against 
experimental data. 
The recent study by Almoli et al. (2011) noted that previous CFD studies of data centre air 
flows have provided very little explanation of the way the flow through server racks are 
modelled. This makes it very difficult to carry out meaningful comparisons with previous 
CFD studies. They proposed that an efficient coupling between the data centre air flows and 
air flow through the racks could be achieved by treating the racks as porous media. Their 
permeabilities can be estimated experimentally by measuring pressure drops across the rack 
for a range of flow rates and the rate of heat generation by the IT equipment can be 
estimated from manufacturer’s specifications. They used this approach to develop the first 
CFD model for data centre cooling scenarios where a liquid loop heat exchanger is attached 
at the rear of server racks (back doors) which can avoid the need to separate the cold and 
hot air streams in traditional hot/cold aisle arrangements and can also significantly reduce 
the load on the CRAC units. This study also investigated the effectiveness of additional fans 
in the back door heat exchangers. 

2.3 Alternative liquid cooling techniques 

Relying solely on air as the primary heat transfer medium in data centres is becoming 
increasingly problematical due to inexorable increases in power densities from IT 
equipment. Since liquids have much higher heat capacities and heat transfer coefficients 
than gases, liquid cooling can potentially be much more effective than gas cooling for high 
power electronic components. However, until relatively recently problems with liquid 
cooling systems due to leakage corrosion, extra weight and condensation have limited their 
use to high power density situations where air cooling is simply not viable. As discussed in 
the recent review by Anandan & Ramalingham (2008), a range of alternative liquid cooling 
technologies are now beginning to be taken up within industry. A selection of some of the 
most promising approaches is outlined briefly below. 

2.3.1 Dielectric liquid immersion cooling 

Here, electronic components are immersed in a dielectric fluid as shown schematically in 
Figure 4. This involves the boiling of the working fluid on a heated surface and is highly 
effective since the phase change from liquid to vapour increases the heat flux from the 
heated surface significantly and the high thermal conductivity of the liquid increases the 
accompanying convection. The main limitation of using these methods is the lack of suitable 
dielectric fluids, which are usually refrigerant-type fluids whose effectiveness can be limited 
by problems associated with the long term corrosion of computer components.  

2.3.2 Spray cooling 

In spray cooling, a cooling agent in form of jet of liquid droplets, is injected through nozzles 
onto the electronic module. The spray is formed by a pressure drop across the nozzle, 
impinges on the surface and forms a thin liquid film. The heat from the electronic module is 
dissipated by evaporating the cooling agent. The resultant hot liquid and vapour is recycled 
through a spray drain, as indicated in Figure 5. 
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Fig. 4. Direct liquid immersion cooling 
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Fig. 5. Schematic diagram of the spray cooling approach 

Spray cooling is a very promising cooling method for high heat flux applications (Mudawar, 
2001). It has specific advantages since spraying the heat source directly eliminates the 
thermal resistance of the bonding layer in electronic equipment and offers attractive ratios of 
power supplied for cooling to rate of heat removal. An important limitation to the wider 
adoption of spray cooling is that these must be non-conducting, dielectric liquids. Water is 
often used when a thin protective, coated layer is applied to electronic equipment to reduce 
the risk of short circuits due to water’s low dielectric strength. Relatively few alternative 
liquids have demonstrated their suitability for spray cooling applications (Chow et al., 
1997). 

2.3.3 Indirect liquid cooling 

As the name suggests, in indirect cooling the liquid cooling agent does not have direct 
contact with the electronic module and instead a thermal pathway is formed between the 
module and the cooling agent, as shown in Figure 6. The thermal pathway is often a cold 
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plate with high thermal conductivity and since there is no contact between the module and 
cooling agent, the latter can be any suitable liquid. The high thermal conductivity and 
environmental-friendliness of water make it the most common cooling agent, however 
foam-filled cold plates are increasingly being used for high heat flux cooling applications 
(Apollonov, 1999, 2000). 
 

Air to water
heat exchanger

Filter

Pump

Water
reservoir

Cold plate

Electronic
  module

 

Fig. 6. Indirect cooling of electronic modules 

2.3.4 Liquid jet impingement cooling 

Many applications in industry require localised cooling and use impinging liquid jets to 
achieve this objective. Important examples include the cooling of metal sheets, turbine 
blades and high power density electronic components. In electronic cooling, cold liquid jets 
are typically directed towards a surface from which heat needs to be removed. Figure 7 
shows schematic diagrams of common approaches to electronic cooling using impinging 
liquid jets (Anandan & Ramalingham, 2008). These can be classified into free-surface, 
submerged and confined submerged jets (Wolf et al., 1993). 
 

Nozzle

Gas
Liquid

Liquid

Liquid

Gas

Gas

Nozzle

 

                       (a)                                                   (b)                                                    (c) 

Fig. 7. Jet impingement configurations: (a) free-surface jet, (b) submerged jet, (c) confined 
submerged jet 

Impinging liquid jets typically have large heat transfer coefficients immediately below the 
point of impact and rapidly decay away from the point of impact. This variation in heat 
transfer coefficient needs to be borne in mind when impinging liquid jet cooling is being 
considered for specific applications (Sarkar & Singh, 2004).  
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3. Impinging jet heat transfer in the process industries 

In contrast to the application of impinging jets of cold liquid to cool products, hot air 
impingement jets are widely used in process industries to transfer energy into a variety of 
products. They are used, for example, to dry coated products, paper and textiles (Ikin & 
Thompson, 2007), or to bake a wide variety of food products (Norton & Sun, 2006), by 
directing hot air jets towards a target product in order to transfer energy into it. The effect of 
parameters such as jet velocity, jet diameter, nozzle to chip spacing, nozzle geometry, 
turbulence level and fluid properties on the effective heat transfer coefficients have been 
reviewed in detail by several authors, see for example Martin (1977), Webb & Ma (1995), 
Lienhard (1995) and Garimella (2000).  
These have revealed that the flow patterns from impinging air jets have 3 characteristic 
regions, as shown in Figure 8 below, namely the free-jet, impingement/stagnation flow 
and wall-jet regions (Olsson & Trägårdh, 2007). The free-jet region has also been 
categorised into 3 sub-regions: the potential core, developing flow and developed flow 
ones. In practice, there is a wide variation in the heat transfer coefficient, which decays 
from its maximum value in the stagnation point region, and jets with 6 ≤ H/D ≤ 8 are 
found to be ideal from a heat transfer perspective because they ensure that the potential 
core is fully decayed but without excessive energy dissipation associated with very long 
jets. The actual optimal value of H/D does, however, depend on the transition effect and 
the induction of turbulence in the jet wake. Lyttle & Webb (1994), for example, showed that 
increased turbulence with small plate separations leads to significantly increased local heat 
transfer.  
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Fig. 8. Flow structure in an impinging air jet 
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Martin (1997) provided an early, very comprehensive survey of heat and mass transfer from 
impinging jet flow. He found that heat transfer conditions can generally be described in 
dimensionless form, where the Nusselt number is a function of the flow Reynolds and 
Prandl numbers and of the geometrical variables. In these expressions, the appropriate 
characteristic length is the hydraulic diameter of the nozzles, S, and the Reynolds number is 
formed by mean velocity at the nozzle exit, calculated from the total mass flow rate. For 
single round and slot nozzles, the mean heat transfer coefficient may be described in 
dimensionless form by an average Nusselt number of the form 

 Nu F(Re,Pr,r/D,H/D)=  (7) 

where r is the distance from the stagnation point. For a single round nozzle, this was found 
to take the particularly simple form 

 2/3 0.42Nu 0.5Re Pr=  (8) 

In a wide variety of forced convection ovens in the process industries the hot air jets emerge 
from an array of nozzles arranged perpendicular to the machine direction and transfer heat 
into the target products by convection from the hot air jets, radiation from the oven walls 
and conduction from its containers, see Figure 3 above.  
 

3.1 The coating and converting industries 

In the coating and converting industries, forced convection ovens typically use hot air 
impingement jets in order to supply the energy needed to vaporise the solvent components 
and hence dry the coated products. In such systems, drying capacity is often the key limitation 
on production speed and as a result high speed air jets (typically between 10m/s and 100 m/s) 
are used to increase the heat transfer coefficients and hence heat transfer into the coated 
products. However, the aggressive drying due to high air speeds can lead to practical quality 
problems due to surface non-uniformities in coating systems. One such problem is due to the 
too rapid depletion of solvents near the surface of the coating which leads to skin formation 
which can prevent subsequent solvent transport out of the surface of the coated film. This 
problem can usually be alleviated by using less aggressive drying in the front zones of the 
drying ovens while the viscosity of the coating increases due to solvent depletion.  
Another important problem is particularly prevalent during the manufacture of high 
quality, multi-layer coatings, where drying air induced disturbances to the free surface of 
coated films can destroy product quality. A recent study into coated product robustness to 
drying-air induced disturbances has shown that an effective strategy to overcome this 
problem is to redistribute solvent from the upper layers to the lower layers so that the 
uppermost layers are more viscous and hence resistant to drying-air induced disturbances 
(Ikin & Thompson, 2007). For products where this redistribution of solvent is not possible, 
for example in the wide variety of single-layer coating systems, alternative hot air jet drying 
methods may be preferable. One such method is shown in Figure 9, the so-called air 
floatation drying approach (Noakes et al., 2002) where the product is dried by the hot air 
issuing from air floatation nozzles, arranged above and below the coated web. In this 
approach the main difficulty is to arrange the nozzles so that they produce a stable, 
sinusoidal web profile, however this can provide effective drying for high quality, highly 
sensitive industrial coatings. 
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Fig. 9. Industrial air floatation drying: (a) stable web configuration and (b) typical pressure 
profile under each floatation nozzle  

3.2 The bread baking industry 

Baking is a complex process of simultaneous heat, water and water vapour transport within 
the product, where heat is supplied by a variety of indirect-fired and direct-fired forced 
convection ovens (Zareifard et al., 2006).  Indirect ovens rely on radiation from heated 
elements within the oven, whereas forced convection ovens heat the product by convection 
from hot air impinging jets, radiation from the oven walls, and conduction from its 
containers. During baking it is very important to control the temperature distribution and 
uniformity throughout the oven since this dominates product quality due to its effect on the 
enzymatic reaction and water migration. The timing of the application of temperature is also 
very important since supplying too high a temperature can cause early crust formation and 
shrunken bread loaves.  
For many years the design and control of baking ovens relied on empirical models, 
correlating overall performance with simple global parameters such as chamber volume, the 
temperature of heating elements and inlet conditions (Carvalho & Nogueira, 1997). 
However, since roughly half of the energy use in a bakery is consumed in the baking oven 
(Thumann & Mehta, 2008), the need to reduce energy consumption in the baking industry 
has led to a particular focus on developing better scientific understanding and control of this 
important aspect of baking processes. This in turn has led to far greater use of mathematical 
modelling to optimise baking predictions by predicting, for example, crust thickness as a 
function of operating conditions or the internal dough/bread, temperature and moisture 
conditions during baking (Zheleva & Kambourova, 2005). Until recently, previous scientific 
studies in the bread baking industry have tended to focus on regimes with relatively low air 
speeds (<1m/s), where radiative heat transfer is most influential (Kocer et al., 2007). 
However, forced convection ovens with higher air speeds now appear to be gaining in 
popularity since they can offer greater levels of thermal efficiency (Khatir et al., 2011).  

3.2.1 CFD modelling of thermal air flows in bread baking ovens 

CFD modelling is now being increasingly applied to a wide range of different food 
processes in order to improve product quality and reduce operating costs (Norton & Sun, 
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2006). Several CFD models of the thermal airflows in forced convection baking ovens have 
appeared recently (Zhou & Therdthai, 2007) which predict the air velocity and temperature 
distributions within baking ovens. However, since the thermal airflows in baking ovens are 
highly complex, recirculating flows the choice of an appropriate turbulence model and 
proper experimental validation of its predictions are essential. Most previous CFD studies of 
forced convection baking ovens have used Reynolds Averaged Navier-Stokes (RANS) 
turbulence closure equations in baking applications, including the standard k-ε model 
(Norton and Sun, 2006, 2007) and the realizable k-ε model for flow in complex geometries 
(Boulet et al., 2010). Far fewer CFD studies on ovens with high speed impinging air jets have 
appeared to date, however reasonable agreement between CFD predictions of temperature 
distribution and experiments has been reported recently (Khatir et al., 2011). These CFD 
studies have shown that reduced overall energy consumption can be achieved by control 
strategies based on heat flux into the bread rather than simply controlling the air 
temperatures. For example it is possible to reduce energy consumption for particular baking 
temperature profiles by increasing the volume of airflow whilst reducing the heat supplied 
to the oven. CFD models have also been used to study how operating conditions can be 
adjusted to achieve the optimum temperature profile since increasing temperature 
uniformity in baking ovens is known to lead to better quality baked products. These are 
now being integrated with other mathematical models of quality attributes to estimate 
weight loss from, and the crust colour of, the bread.  
One important issue that has not been addressed satisfactorily so far in CFD studies is the 
choice of the most appropriate length-scale for thermal air flows in forced convection ovens. 
This is usually based on a typical oven length scale, leading to Reynolds numbers well 
within the turbulent flow regime. However, in light of the rapid flow transition shown in 
Figure 8, a more appropriate length scale may be that based on a typical nozzle width (of the 
order of mm) which can reduce the effective Reynolds number significantly and may even 
take the flow into the complex laminar-turbulent regime. At the very least the assumption of 
fully turbulent flow to justify the use of k-ε models needs to be verified experimentally by a 
comprehensive programme of measurements of the airflow velocities, temperatures and 
heat fluxes under practical operating conditions. At present no such comprehensive 
experimental database exists.  
Finally, note that  if the maximum practical benefit for the baking industry is to be derived 
from CFD models, these will need to be incorporated into formal design optimization 
frameworks that enable physically meaningful objective functions to be minimised. Recent 
steps in this direction have been taken  (Hadiyanto et al., 2008, 2009; Purlis, 2011), however 
much more progress still needs to be made in embedding these approaches into industrial 
oven design and operational practice. 

4. Conclusions 

The achievement of efficient heat transfer and thermal air management is becoming 
increasingly important in all energy intensive industries. The electronics industry now faces 
major challenges to provide the cooling required by the rapidly expanding data centres that 
form the backbone of the digital society and which produce enormous quantities of waste 
heat that must be managed efficiently. The seriousness of this problem and the importance 
of improving the energy efficiency of data centres has been recognised by the formation of 
several industry-led consortia and governmental initiatives. At present the majority of data 
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centre cooling is achieved through recycling cold air through server racks and CFD is now 
an integral means of improving thermal air flow management in data centres. Despite 
having achieved several successes there are still important areas of weakness of current CFD 
methods and a need for greater transparency in terms of describing the all-important 
boundary conditions and greater access to validation case study data. 
The energy consumption of process industries is also receiving greater attention in the 
scientific literature. This chapter has focussed on one important aspect of this enormous 
subject, namely convective heat transfer from impinging air jets in forced convection ovens 
used in the coating, converting and bread baking industries. Advances in CFD methods are 
now being exploited within these industries and have shown, for example, how the required 
heat flux into products can be achieved more efficiently by optimising the air flow velocity 
and temperature conditions. Outstanding issues for the CFD modelling of these systems 
include the variation of turbulence levels throughout the oven, the validity of popular 
turbulence models used to model them and, once again, the need for a comprehensive 
database of experimental data for validation purposes. In order for industry to derive the 
maximum benefit from the improving capabilities of CFD modelling, CFD models will need 
to be incorporated into formal design optimization frameworks that are capable of 
minimising physically meaningful objective functions. 
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