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Abstract

In the present work an experimental investigation was conducted to obtain a correlation for the determination of convective heat

transfer coefficients of stirred yoghurt in a plate heat exchanger. A rheological study was carried out in order to characterise the

stirred yoghurt flow behaviour, evaluating its dependency both on shear rate and temperature. A shift in the temperature depen-

dency was evidenced at 25 �C. It is also shown that the material shows a complex flow behaviour, changing from a Bingham fluid to

a power-law fluid at shear stresses in excess of approximately 6.7 Pa. As regards the heat transfer behaviour of the non-Newtonian

stirred yoghurt a correlation for the convective heat transfer coefficient was obtained that reveals the large effects of the thermal

entry length due to the high Prandtl numbers and to the short length of the plate heat exchanger.

� 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Thermal processing of food products, ranging from

mild to relatively severe treatments, is a common oper-

ation in the food industry, where physical modifications

affecting the structure and stability of the final product
are achieved, mainly to preserve its quality and prevent

spoilage (Corrieu, No€eel, & Maingonnat, 1985; Rao,

1986). The knowledge of engineering properties, such as

density, specific heat and thermal conductivity, as well

as of the flow characteristics and the heat transfer be-

haviour of food processing fluids is very important for

the proper design of industrial plants, definition of lev-

els of product quality and control of manufacturing
processes.

Fluid foodstuffs can exhibit Newtonian or non-

Newtonian behaviour, depending on their physical

properties (composition and structural complexity) and

industrial processing conditions. Although many of the

food fluids are non-Newtonian, they are often treated as

Newtonian in process calculations; the more viscous the

product is, the more essential it is to use non-Newtonian

analysis (Hallstr€oom, Skj€ooldebrand, & Tr€aag�aardh, 1988).
Stirred yoghurt is a typical non-Newtonian fluid,

which is the result of milk acidification by fermentation

with lactic acid bacteria, e.g., Lactobacillus delbrueckii

subsp. bulgaricus and Streptococcus salivarius subsp.
thermophilus (Tamime & Robinson, 1988). In stirred

yoghurt production, milk is inoculated and incubated in

a fermentation tank at a suitable temperature, normally

40–43 �C, for approximately 2 1/2–4 h, and the formed

yoghurt gel is subsequently broken during the stirring,

cooling and packaging stages.

The influence of factors such as total solids content,

type of starter culture, heat treatment and cooling con-
ditions on the rheological properties of stirred yoghurt

has been studied by several authors using different

rheological methods (Afonso & Maia, 1999; Arshad,

Paulsson, & Dejmek, 1993; Benezech & Maingonnat,

1993, 1994; Bouzar, Cerning, & Desmazeaud, 1997;

Kal�aab, Wojtas, & Told, 1983; Lucey, Teo, Munro,

& Singh, 1997; Parnell-Clunies, Kakuda, deMan, &

Cazzola, 1988). In various reports, its pseudoplastic flow
behaviour, partial thixotropic and viscoelastic charac-

teristics were identified (Afonso & Maia, 1999; Benezech

& Maingonnat, 1993, 1994; Rohm & Kovac, 1994, 1995;

R€oonneg�aard & Dejmek, 1993). However, the diversity of
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experimental conditions and methodologies, often not

specified, makes it difficult to apply those results to a

different particular situation under study.

Plate heat exchangers are most suitable for liquid–

liquid heat transfer duties that require uniform and

rapid heating or cooling, as is often the case when

treating thermally sensitive fluids such as food fluids.

The industrial development of plate heat exchangers was
considerable in recent years, particularly in the food

industry for viscous food fluids, but the information

available for the design of plate heat exchangers using

real food fluids, such as stirred yoghurt, is somewhat

scanty.

Some studies were published focusing on heat trans-

fer in plate heat exchangers using non-food fluids

with viscous Newtonian and non-Newtonian, mainly
pseudoplastic characteristics (Bassiouny & Martin,

1984a,b; Delplace, 1995; Kho & M€uuller-Steinhagen,
1999; Leuliet, Maingonnat, & Lalande, 1987, 1990;

Muley, Manglik, & Metwally, 1999; Rene, Leuliet, &

Lalande, 1991; Rene & Lalande, 1987). For such fluids,

the performances of plate heat exchangers both from a

thermal and hydraulic viewpoint, have been determined

as a function of hydraulic diameter (Leuliet et al., 1990);
pressure drop (Leuliet et al., 1987); flow distribution and

arrangement type (Bassiouny &Martin, 1984a,b; Heggs,

Sandham, Hallam, & Walton, 1997; Kho & M€uuller-
Steinhagen, 1999) and plate type (Rene et al., 1991).

The purpose of the present work is to complement

some of the information described above by gathering

reliable information to predict heat transfer rates of

stirred yoghurt during the cooling process in plate heat

exchangers. In order to do so, an experimental investi-

gation was conducted in order to obtain a correlation
for the determination of convective heat transfer coef-

ficients of stirred yoghurt in a plate heat exchanger.

2. Experimental description

2.1. Rheological characterisation

The methods used to assess the temperature effect on

the rheological properties of yoghurt are essentially

similar to those reported previously by Afonso and

Maia (1999). Here the experimental procedure is only

briefly summarized. The experiments were performed in

a VISCOMETERS model ELV-8 with a TCU-3 mod-

ule, using coaxial cylinders with spindle TL7.
Samples of stirred yoghurt were collected in the

experimental set-up, downstream of the plate heat

exchanger used in the cooling stage. The temperature

Nomenclature

a water content by weight (in decimal units)

Ap heat transfer area of one plate (m2)

At overall heat transfer area (m2)

aT displacement factor (–)

b plate spacing (m)
C constant (–)

cp specific heat (kJ kg�1 K�1)

De hydraulic diameter (m)

E activation energy (Jmol�1)

F correction factor (–)

h convective heat transfer coefficient

(Wm�2 K�1)

K1, K2 consistency index (Pa sn)
L length (m)

m, m0, p exponent of the dimensionless number

Mv volumetric flowrate (m3 s�1)

mv volumetric flowrate per channel (m3 s�1)

n flow behaviour index (–)

Nc number of channels per pass (–)

Np total number of plates of the heat exchanger

(–)
Nu Nusselt number (–)

Pr Prandtl number (–)

q heat transfer rate (W)

R ideal gas constant (Jmol�1 K�1)

Re Reynolds number (–)

T temperature (K)

u flow velocity (m s�1)

U overall heat transfer coefficient (Wm�2 K�1)
w plate width (m)

xp plate thickness (m)

Greek symbols

DTln mean logarithm temperature difference (K)
_cc shear rate (s�1)
gapp apparent viscosity (Pa s)

k thermal conductivity (Wm�1 K�1)

q density (kgm�3)

r shear stress (Pa)

r0 yield stress (Pa)

Subscripts

cw cold water

g generalised

hw hot water

in inlet

out outlet

p plate

yog yoghurt
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effect on the rheological properties of yoghurt was
studied by means of apparent viscosity measurements at

different spindle speeds, ranging from 0.3 to 60 r.p.m, at

5, 15, 20, 25, 30, 35, 40 and 45 �C. Each experiment was

repeated three times, at constant temperature.

2.2. Heat transfer experiments

The experimental set-up used for determining the

heat transfer coefficient of stirred yoghurt during the
cooling stage in a plate heat exchanger is illustrated in

Fig. 1. It consists, basically, of a 100l stainless steel AISI

316 fermentation jacketed tank, a water refrigerating

unit, a Pacetti RS 22 series plate heat exchanger, with a

maximum of fifteen stainless steel herringbone plates

and a Chessel model 4001 (Chessel Ltd., Eurotherm

International Group) multichannel microprocessor de-

vice. The main geometrical characteristics of the heat
exchanger plates are given in Table 1.

Five probes of iron–constantan thermocouples con-

nected to the multichannel microprocessor device were

positioned 1.0 cm away from the inlet and outlet chan-

nels of the plate heat exchanger.

Prior to the experiments for the determination of the

heat transfer coefficient of stirred yoghurt, the experi-

mental set-up was operated with cold water and hot
water in order to determine cooling water heat transfer

coefficients at different volumetric flowrates and with

different numbers of plates. Any variation in these two

operating parameters will be reflected in the fluid ve-

locity and shear rate, influencing the flow pattern. The

experiments were carried out with different numbers of

plates (15, 13, 11, 7 and 5 plates), keeping the distance

between plates constant. The Reynolds numbers varied

from 23 to 1270.

Cold water coming from the refrigerator was pumped

by a centrifuge pump (B3), the flowrates being adjusted

by means of a globe valve (V3). The temperature of the
hot water in the fermentation jacketed tank (T1) was

stabilized by means of hot oil circulating in the jacket at

a temperature of 45–50 �C.
The flowrates were determined by measuring the

volume of fluid exiting the heat exchanger during a given

time interval. Flow measurement devices (rotameters,

etc.) were avoided in order to minimize the head losses

along the flow circuit, that would require more powerful
pumping systems with probable undesirable fluid heat-

ing. The volumetric flowrate was found to be constant

during the experiment.

Fig. 1. Experimental set-up (B1: positive pump; B2, B3: centrifuge pumps; P: plate heat exchanger; RA: electric resistance; RF: water refrigerating

unit; Rg: multichannel microprocessor device; T1: fermentation tank; TA: hot oil tank; V1, V2, V3: globe valves).

Table 1

Main geometrical characteristics of the herringbone plates used

Material Stainless steel AISI 316

Plate model RS 22

Length L (m) 0.265

Width w (m) 0.102

Thickness xp � 10�3 (m) 0.5

Distance between plates b� 10�3 (m) 2.60

Thermal conductivity kp (Wm�1 K�1) 16.3
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The experiments for the determination of heat
transfer coefficients of the stirred yoghurt included two

successive main stages: the stirred yoghurt production

and the heat transfer experiments. The tests in the plate

heat exchanger with stirred yoghurt were carried out

according to the procedure described above for the

evaluation of the heat transfer coefficients of the water.

The ‘‘generalised’’ Reynolds number (which take into

account the rheological behaviour) of the yoghurt varied
from 0.51 to 14.47 (corresponding to shear stresses be-

tween 24 and 59 Pa).

The plate heat exchanger and the inlet/outlet piping

were insulated to reduce heat losses. Further heat

transfer experiments were carried out in order to

determine the pressure drop along the plate heat ex-

changer.

2.3. Stirred yoghurt production

Yoghurt was made from reconstituted low-heat non-

fat dry milk supplied by a local dairy plant. This milk

contained 55.7% (w/w) lactose, 34.0% (w/w) protein and

1.5% (w/w) fat (values were supplied by the producer).
In each experiment, 50 l of reconstituted milk with

total solids content adjusted to 12% and 7% (w/w) sugar

were prepared. The milk was heated to 95 �C for 5 min

in an autoclave, cooled to 45 �C and transfered to the

fermentation jacketed tank, where it was innoculated

with a local dairy yoghurt starter culture (3% (v/v)), and

incubated at 43–45 �C until the yoghurt coagulum was

formed and the desired pH value (pH 4.4–4.6) was
reached. This was achieved within 3–3 h 30 min. Then,

the yoghurt coagulum was broken manually by means

of a perforated stirrer, by stirring the coagulum twenty

five times times in slow helicoidal movements. This was

done in order to insure that the yoghurt coagulum

was completely broken and that whey incorporation was

promoted. After this operation, the stirred yoghurt was

circulated through the plate heat exchanger where it
was cooled down by the cold water stream.

2.4. Determination of thermal conductivity

Thermal conductivity of the stirred yoghurt was de-

termined using a thermal device ALAMBETA V�SSST
�UUZCHV (SENSORA Instruments & Consulting, Lib-

erec, Czech Republic, Hes, Ara�uujo, & Djulay, 1996).

ALAMBETA enables the measurement of the following

thermal parameters: thermal conductivity, thermal ab-

sortivity, thermal resistance, sample thickness.

Thermal measurements were carried out with yo-

ghurt samples previously prepared as outlined below,

repeating each experiment three times for each yoghurt
sample.

Sample preparation obeyed a strict procedure.

Firstly, square polypropylene bags with average di-

mensions (6:5� 6:5) cm and 0.03 mm of thickness were
prepared. Each bag was filled with 25.0 ml of yoghurt

sample thermally stabilized at a controlled room tem-

perature of 20 �C, removing the air bubbles. Finally, the

bags were sealed in an appropriate thermal apparatus.

For each yoghurt sample five bags were prepared.

The sample bag was put on the bottom plate of

the ALAMBETA and the analysis was started up

when the measuring system of the apparatus (the upper
plate) contacted with the bag. After an average time

interval of 2 min, the measuring cycle was concluded,

and the thermal parameter (thermal conductivity) was

registered. The operating conditions were optimized

according to the description in the equipment manual.

3. Heat transfer analysis

The determination of the convective heat transfer

coefficient of stirred yoghurt in the plate heat exchanger
was based on the following assumptions: average con-

stant thermal properties (thermal conductivity and spe-

cific heat) and convective heat transfer coefficients along

the heat exchanger, negligible internal heat generation

and negligible free convection.

In the present study the plate heat exchanger was

operating with a parallel arrangement and in counter-

current. Thus, the volumetric flowrate of each fluid can
be expressed in terms of the number of channels per

pass, as follows:

mv ¼
Mv

Nc

ð1Þ

where Nc is the number of channels per pass, for each

fluid, defined as

Nc ¼
Np � 1

2
ð2Þ

where Np is total number of plates of the heat exchanger.

The number of channels per pass is equal for the two

fluids.

The heat transfer design equation is

q ¼ AtFUDTln ð3Þ

where At is the heat transfer area of the exchanger and U

is the overall heat transfer coefficient.

It is assumed that no significant heat exchange takes

place between the equipment and the surrounding air.
The factor F, used to correct the mean logarithm

temperature difference, was determined graphically

(Raju & Bansal, 1986)

F ¼ 0:942

If the overall heat transfer coefficient (U) is expressed

in terms of the convective and conductive parameters,

then Eq. (3) can be rewritten as
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q ¼ AtF
1

1
hcw

þ xp
kp
þ 1

hyog

 !
DTln ð4Þ

The total heat transfer area, At, is calculated by the

following equation:

At ¼ ApðNp � 2Þ ð5Þ

where Ap is the heat transfer area of one plate (0.015 m2,

value supplied by the producer), and (Np � 2) is the

number of plates really involved in the heat transfer

process.
From the experimental data (inlet and outlet tem-

peratures of cold and hot fluids, volumetric flowrates of

the two fluids, total number of plates used, thermo-

physical properties: specific heat, thermal conductivity

and density) of each fluid, it is possible to determine the

heat transfer rate in the plate heat exchanger (q). The

convective heat transfer coefficients are then calculated

from Eq. (4).
The hydraulic diameter in the heat exchanger chan-

nels (De) is defined for the plate heat exchanger in terms

of plate spacing, b (C� engel, 1998)

De ¼ 2b ð6Þ

In the determination of the convective heat transfer

coefficient of the cold water, using hot water as the heat

source, the film heat transfer coefficients of the two

fluids were related as follows:

hhw ¼ hcw
Rehw
Recw

� �p Prmhw
Prm0

cw

ð7Þ

where hhw is the convective heat transfer coefficient of

the hot water, and m and m0 are the Prandtl number

exponents that equal 0.4 or 0.3, for hot and cold water,

respectively (C� engel, 1998).
From Eq. (7) it is possible to obtain a correction

factor, ðRehw=RecwÞpðPrmhw=Prm
0

cwÞ, necessary to introduce

the effects of the viscosity and flowrate differences on

heat transfer, particularly on the convective heat trans-
fer coefficients.

In the case of the convective heat transfer coeffcient

of stirred yoghurt, ‘‘generalised’’ dimensionless numbers

should be used so that the non-Newtonian behaviour of

stirred yoghurt is taken into account

Nu ¼ CRepgPr
m
g ð8Þ

where the ‘‘generalised’’ Reynolds and Prandtl numbers

are given by

Reg ¼
uqDe

gapp

ð9Þ

Prg ¼
cpgapp

k
ð10Þ

The generalisation of these dimensionless numbers is

obtained by introducing the viscosity dependency on the

shear rate and temperature, correlated by the following
general equation (Barnes, Hutton, & Walters, 1989):

gapp ¼ ½gappð _ccÞ	eðE=RT Þ ð11Þ

where gapp is the apparent viscosity of stirred yoghurt,

gappð _ccÞ is the term that takes into account the de-
pendency of viscosity on shear rate, E (Jmol�1) is the

activation energy, R is the constant of ideal gas

(R ¼ 8:31451 JK�1 mol�1) and T the absolute tempera-

ture (K). The rheological model is obtained by fitting the

above equation to the experimental data, at a reference

temperature.

The specific heat of stirred yoghurt is assumed con-

stant and is estimated by using the following Siebel
correlation (Sweat, 1986):

cp ¼ 3:35aþ 0:84 ð12Þ
where cp (kJ kg�1 K�1) is the specific heat of a food at a

temperature higher than its freezing temperature, a is the

water content of the food, and the constant term 0.84

represents the specific heat of the total solids content

(dry matter) of the food material.

4. Results and discussion

4.1. Rheological features of the stirred yoghurt

Fig. 2 shows the flow curves of the stirred yoghurt,
at different temperatures. The yoghurt samples used in

the rheological characterisation were collected from the

plate heat exchanger operating under hydrodynamic

shear stress conditions similar to the industrial ones

(flowrate: 50 ml s�1; number of plates: 5). From Fig. 2, it

is possible to observe that the apparent viscosity de-

creased with increasing temperature, the effect being

more pronounced for temperatures above 30 �C. The
study of the temperature influence on the flow behaviour

of stirred yoghurt was based on the method previously

reported (see details in Afonso & Maia, 1999), which

follows the method proposed by Mendelson (Nielsen,

1977) to predict the flow behaviour, at different tem-

peratures, by means of the superimposition of the flow

curves into a reference curve (the ‘‘master curve’’). The

master curve was determined at a reference temperature
of 20 �C, and the temperature effect was evaluated

by means of the Arrhenius temperature model. The

displacement factor is mathematically defined as

aT ¼ _ccðreferenceÞ= _ccðT Þ where _ccðreferenceÞ is the shear

rate at the reference temperature at a defined shear stress

and _ccðT Þ is the shear rate at a determined temperature T,

at the same shear stress. The displacement factor de-

pendency on temperature can be observed in Fig. 3,
which shows the existence of two distinct regions, cor-

responding to different temperature dependencies. A

shift in the temperature dependency is evidenced at
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approximately 25 �C, as indicated by the different slope

values; they are related to the activation energy that
measures the material�s sensitivity to temperature

changes. For temperatures below 25 �C, the activation

energy is 3394.3 Jmol�1, and for temperatures above

25 �C is 94785 Jmol�1.

Fig. 4 shows the master curve of apparent viscosity

versus shear stress at a reference temperature of 20 �C,
of a stirred yoghurt sample collected at the outlet

stream of the plate heat exchanger. In Fig. 4 it is pos-
sible to observe the flow behaviour of the stirred yoghurt

and two features are apparent: (i) this fluid has a yield

stress (as would be expected); (ii) a change occurs in the

slope of the apparent viscosity at a shear stress of ap-

proximately 6.7 Pa. This sudden decrease in apparent

viscosity is similar to that observed by Afonso and Maia

(1999) when carrying out the rheological monitoring of

structure evolution in a commercial stirred yoghurt.

In that study, the authors observed similar behaviours

with stirred yoghurt samples collected in a local dairy

at the same stage of production (after cooling), at a

shear stress of approximately 8.0 Pa. This inflection

point might be due to the disruption of the primary-

aggregates, breaking the portion of the casein network
that was associated with exopolysaccharides produced

by lactic acid bacteria, as reported by Afonso and Maia

(1999). Thus, in order to better characterise the flow

behaviour of stirred yoghurt two distinct behaviours,

delimited by the inflection point, are considered and

modelled. The rheological model that better describes

the flow behaviour of stirred yoghurt can be mathe-

matically expressed as

r ¼ r0 þ K1 _cc for r < 6:7 Pa ð13Þ
r ¼ K2 _cc

n for r P 6:7 Pa ð14Þ

Fig. 2. Flow curves of the stirred yoghurt sample, as a function of temperature.

Fig. 3. Displacement factor dependency on temperature of the stirred

yoghurt sample.
Fig. 4. Master curve at 20 �C.
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where r0 is the yield stress (Pa), K1 and K2 are the
consistency indices (Pa sn) and n is the flow behaviour

index (–). So, at shear stresses lower than 6.7 Pa, the

stirred yoghurt exhibits a Bingham viscoplastic behav-

iour with a yield stress (r0) of approximately 0.54 Pa and

a consistency index (K1) of 1.45 Pa s. At shear stresses

higher than 6.7 Pa, the stirred yoghurt exhibited a strong

shear-thinning character described by a power-law

model with the following parameters: K2 ¼ 3:65 Pa s0:42

and n ¼ 0:42.
The value obtained for the flow behaviour index

(n ¼ 0:42), at shear stresses higher than 6.7 Pa,

emphazises the pronounced pseudoplastic character of

stirred yoghurt. This value is comparable to values

mentioned in the literature (ranging from 0.12 to 0.41),

obtained with different rheological models, for example,

Hershel–Bulkley (Benezech & Maingonnat, 1992, 1993)
and power-law (Rohm & Kovac, 1995; Hassan, Frank,

Schmidt, & Shalabi, 1996; Hess, Roberts, & Ziegler,

1997).

4.2. Convective heat transfer coefficients

In order to assess the experimental error associated

with the determination of the thermal conductivity, a set

of experiments with water was carried out, and the

values thus obtained were compared to the values re-

ported in the literature. The average experimental value

obtained for the thermal conductivity of water, at 20 �C,
was 0.606 Wm�1 K�1, which is quite close to the value

reported in the literature, 0.597 Wm�1 K�1 (C� engel,
1998).

The thermal conductivity measured for the stirred

yoghurt was 0.523 Wm�1 K�1 (average value), which is

comparable to the value supplied by a producer of

industrial equipment for the dairy industry, 0.510

Wm�1 K�1 (APV Portugal, 1998).
The specific heat of stirred yoghurt, calculated by

means of Eq. (12) considering the average water content

of stirred yoghurt as 80% (w/w), was 3.52 kJ kg�1 K�1.

It was assumed that within the temperature ranges of

the plate heat exchanger, the thermal conductivities and

the specific heats of the cooling water and the stirred

yoghurt were approximately constant.

The density dependency of the stirred yoghurt on
temperature was also measured, at the temperature

range under study. A weak dependency on temperature

was observed. The density values of the stirred yoghurt

ranged from 1042 to 1071 kgm�3.

Knowledge of the convective heat transfer coefficients

of the cooling water was needed in order to evaluate the

yoghurt convective coefficients in the plate exchanger

(there was no assurance that the existing correlations for
Newtonian fluids could be applied to the particular plate

heat exchanger used in the present work). For this

purpose, cold and hot water were circulated through the

heat exchanger and the heat transfer rate between the
two liquids was calculated from the measured flowrates

and temperatures.

Differences between the rates of heat transfer to the

cold water and from the hot water were observed, evi-

dencing the occurrence of some heat exchange with the

surrounding air. This was more significant (7%) when a

higher number of plates was used, due to the increasing

surface area in contact with the exterior, despite the
insulation used in order to minimize the heat losses.

For cold water, the semi-empirical correlation ob-

tained for the convective heat transfer coefficient was

Nu ¼ 0:218Re0:59Pr0:4; R2 ¼ 0:9697 ð15Þ
assuming that the Prandtl number exponent is m ¼ 0:4.
These results confirmed other conclusions published in

the literature for Newtonian fluids (Raju & Bansal,

1986).

Once the correlation for the water convective coeffi-

cient was established, experiments were carried out to
cool the yoghurt using cold water in the exchanger.

The experiments for the determination of pressure

drop along the plate heat exchanger showed that the

friction factor depended on the Reynolds number to the

power )1.15, which is close enough to the theoretical

value for laminar flow ()1.0) to suggest that this is

indeed the flow regime present inside the plate heat

exchanger.
Table 2 shows the values of the heat transfer rate in

each experiment characterised by a given total number

of plates and Reynolds number, as a function of the

volumetric flowrates of each fluid. As in the heat

transfer experiments with water only, heat losses were

more significant (8%) when increasing the total number

of plates.

Table 2

Average values of the amount of heat transfered (q), Reynolds num-

bers of the cold water (Recw) and stirred yoghurt (Reyog) and total plate

number of each heat transfer experiment carried out in the plate heat

exchanger

Total plate

number

Recw (–) Reyog (–) q (W)

15 395 0.51 2739.7

15 366 0.75 3070.3

15 431 1.71 4079.3

13 422 0.82 3279.6

13 441 2.09 4487.9

13 497 3.20 4617.3

11 428 1.25 2766.7

11 565 2.76 3831.1

11 565 4.85 4124.0

7 784 3.51 2525.8

7 893 9.43 3289.9

7 856 11.32 3106.1

5 1259 6.36 2188.7

5 1151 9.19 2264.0

5 1144 14.47 2600.0
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Fig. 5 shows the experimental convective heat trans-

fer coefficient of stirred yoghurt, as a function of the

‘‘generalised’’ Reynolds number, and the corresponding

correlation is

Nu ¼ 1:759Re0:455g Pr0:3g ð16Þ
The generalised dimensionless numbers were calculated

by means of Eqs. (9) and (10) where

gapp ¼ K _ccn�1 if r P 67 Pa ð17Þ
The apparent viscosity (gapp) of stirred yoghurt as-

sumed the power-law form presented in Eq. (17) because

the shear stress during the heat transfer experiments was

always higher than 6.7 Pa (it varied from 24 to 59 Pa). In

order to include the effects of temperature on the flow

behaviour of stirred yoghurt, a term of the Arrhenius
type was introduced in Eq. (17), yielding

gapp ¼ ½K _ccn�1	eðE=RT Þ ð18Þ

Eq. (18) results from Eqs. (11) and (17).

Eq. (16) is not in accordance with most of the pre-

vious results obtained with other types of fluids. The

Reynolds number exponent in Eq. (16), around 0.46, is

similar to those reported by Edwards (1988) in plate
heat exchangers operating in the laminar regime, but

it is significantly higher than the exponent 1/3 obtained

by Rene et al. (1991). Furthermore, the values of the

Nusselt number in the present work are also higher than

those reported by other authors in the laminar regime

(Edwards, 1988; Rene et al., 1991).

The following expression is obtained if Eq. (16) is

written in terms of the Graetz number:

Nu ¼ 0:893Gz0:536 ð19Þ
According to the Graetz solution for the the case of

developing thermal laminar boundary layers inside pipes

and channels with Poiseuille flows, the Nusselt number
should vary with the Graetz number to the power 1/3,

which does not agree with Eq. (19). The latter is similar

to the expression developed for the case of plug flow

velocity profile (Bird, Armstrong, & Hassager, 1987),
which can occur for fluids showing a yield stress. How-

ever, the stirred yoghurt under the operating conditions

prevailing in the plate heat exchanger (r P 6:7 Pa) has a

predominant pseudoplastic behaviour.

To explain these differences, it is important to note

that the plate heat exchanger used here was quite short.

Most of the above mentioned literature does not contain

explicit information about the length of the plate, except
Rene et al. (1991), who used plates of 63 cm length,

which are almost three times longer than the plates used

in the present work. Here, the high Prandtl numbers of

the stirred yoghurt (between 581 and 1867) combined

with the short length of the plates produced a thermal

boundary layer that was far from being fully developed.

It is well known that when developing boundary layers

prevail, the shorter the distance from the inlet the higher
will be both the average convective heat transfer coeffi-

cient and its dependency on the Reynolds number.

Therefore, for similar Reynolds numbers, different val-

ues of Nusselt numbers and different correlations are to

be expected for plates of different lengths, mainly when

working with high Prandtl number fluids. The problem

needs further attention both from the theoretical and

experimental viewpoints. In particular, experimental
work with plate heat exchangers with different lengths is

recommended.

5. Conclusions

From this work with stirred yoghurt carried out un-

der conditions similar to the ones prevailing in industrial

yoghurt production, it could be concluded that this fluid

exhibits a complex flow behaviour that can be described

by a Bingham plastic model for shear stresses lower than

6.7 Pa, and by a power-law model for shear stresses

higher than 6.7 Pa. Temperature effects were included in

the rheological model by means of an Arrhenius type
term. As regards the heat transfer behaviour of the non-

Newtonian stirred yoghurt, a correlation for the con-

vective heat transfer coefficient was obtained that reveals

the effects of the thermal entry length due to the high

Prandtl numbers and to the short length of the plates

used in the exchanger. Such effects resulted in: (a) higher

values of the convective coefficients; (b) a dependency on

the Reynolds number (exponent of 0.46) that is higher
than in laminar fully developed thermal boundary layers

and higher than the exponent obtained by other authors

for non-developed boundary layers with longer plates.
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