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Abstract

Freezing is the most important process in any ice cream manufacturing plant. The quality of the
end product mainly depends upon the various parameters chosen during freezing process. So
far many batch and continuous freezers has been developed and various modifications are made
in them in order to achieve more acceptable quality of frozen product. Scraped surface freezers
(SSFs) are mainly used for viscous and sticky products. In scraped surface freezers, product
come in direct contact with the freezing wall and scraper blades continuously scrapes off the
mixture near the wall and mixes it back with product. This action leads to high heat transfer
coefficient. Due to the versatility of SSFs in various operations, they are most commonly used.
Also design parameters should be properly selected based on the existing models that give least
errors. In this review article, various types of ice cream freezers and thermal design involved in
SSHE/SSFs are explicitly discussed.
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Nomenclature

Introduction

A scraped surface area (m?)

U overall heat transfer coefficient (W/m2.K) Ice cream is a frozen dessert of great nutritional value and is
AT, Log mean temperature difference (K) consumed by people of different age groups. Milk solid-not-
Q Heat transfer rate fat (MSNF), milk fat, various sweeteners, stabilizers and
m mass flow rate (kg/s) emulsifiers, flavorings, and water are the basic ingredients of
i fluid specific enthalpy (J/kg) ice cream mix [1].The manufacturing process of ice cream
h heat transfer coefficient (W m 2K") mainly consists of two stages: Mix manufacturing and freezing.
R, wall thermal resistance (K/W) However, based on scale of manufacturing, the process varies
b exchanger tube (_“ameterw(mz from factory to factory [2]. Mix manufacturing includes the
IC therTZL;?:i:?::Z:g(:) K% series of unit operations like blending of ingredients, batch
o donsity (kg m9) and/or cogtmuous pasteurization, .homogemzatl(.)n, coohng and
v fluid velocity (m s ﬁnally aging [3,41. Afte'r the mix manufacturing ope?ratlons,
" dynamic viscosity (Pa s) ice cream formation will involve two stages: Freezing and
N rotational velocity (r.p.s) Hardening [5]

n, Number of blades Freezing of ice cream in an initial process is called dynamic
Nu Nusselt number freezing where the ice cream mixture is simultaneously agitated
Bo Boiling number with the incorporation of air. This is the most important step
Fe Correction factor of an ice cream manufacturing process, as the ice crystals
La Martinelli parameter formation takes place at this stage only [6]. During this process,
x vapour quality dispersion of air bubbles and rearrangement of fat globules
Re Reynolds number take place [7]. Initial freezing or dynamic freezing process is
Pr Prandtl number carried out in scraped surface heat exchanger or freezer [5].
Po Power number After this, Static freezing or hardening is done where a very low
We Weber number temperature environment is maintained [8]. In the hardening
B Blade factor process, ice cream is usually hardened to -18°C or ideally to -25

. to -30°C [9].
Subscripts

: Inner-side Ice cream comes under the category of highly viscous product
o Outer side and tends to stick on the surface when using conventional plate
n Inlet-section or tubular heat exchangers. So far many freezers have been
out Outlet-section developed for manufacturing of ice cream but scraped surface
s shaft heat exchanger (SSHE) is most commonly used in the food
t tube industries. According to Rao and Hartel [10], heat transfer in
I liquid case of viscous and sticky products is only possible by using
g gas SSHE. Due to its versatility, SSHEs have been used for many
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years in various food industries for the processing of highly
viscous products [11].

Initially, Harrod and Abichandani et al. has made a review on
SSHEs [12,13]. After that Rao and Hartel [10] have presented a
very good review on all the work that has been done on SSHEs.
These reviews cover the variety of topics like flow pattern [14],
overall hydrodynamics [15], residence time distribution (RTD)
[16,17]. The readers can also refer to the various papers published
describing heat transfer phenomenon in SSHEs [18-21]. This
review covers the design aspects of SSHE, advancement made
in SSHE and the other types of freezers available for ice cream
freezing.

Historical Perspective of Ice-cream Freezer

The ice cream industry was mainly started in 1905 and they
started using vertical tube freezer with ice and salt brine as
refrigerant. After this, many experiments were conducted by
Mr. Valerius of the Creamery Package Manufacturing Co. from
1907 to 1909, for the improvement of continuous freezer. In
1915, many industries began to use the horizontal brine-type
freezer on a large scale. By 1920, the era of manufacturing Ice-
cream with horizontal brine type freezers in the industries of
large cities began. The freezers of 40 to 100 gt. capacity were
mostly used for the larger production of ice cream [22].

Another improvement in the freezer was made by Miller. He
developed a batch-type of ice cream freezer in which brine
of low temperature was used as a refrigerant and the working
assembly consists of a dasher with a scraper blades and beater.
After this, several equipment makers of America and Europe
started manufacturing batch freezers [23].

In 1926, Clarence Vogt developed another improved and
successful continuous ice cream freezer. In this freezer,
product was aerated and made to flow under pressure in a
closed cylinder. After this, many more such kind of continuous
ice cream freezers were developed [23]. In 1927, Creamery
Package Manufacturing Co. along with York Co. developed
direct expansion type batch freezers in which instead of
brine, ammonia was used as a refrigerant. By 1935, with the
introduction of the Creamery Package continuous ice cream
freezer and Vogt freezer, most of the industries started using
continuous type freezers [22]. A modern continuous freezer has
the rate of ice cream production of about 3000-4000 (1 h") [24].

Scraper blades}

Stato r/bl{ade Gap

After this many inventions were made to do the improvement in
ice-cream freezer. In 1951, Jacob Fussell became the father of
ice cream industry, establishing the first large scale commercial
Ice-cream plant. Fussell sold his business to Borden at a later
stage.

Later on the development in the conventional continuous freezer
was made. Product temperature coming out of the conventional
freezer was -5°C. Temperature was further reduced to -15°C
with the combination of conventional continuous freezer and
Low Temperature Extrusion (LTE) Freezer [25,26].

Freezers for Ice Cream

Thermal treatment of viscous products like ice cream results in
fouling and scale formation. Fouling and scale formation in heat
exchangers is undesirable from the heat transfer point of view.
As the thickness of deposited film increases, flow will become
laminar and reduces the heat transfer rate. Also this will result in
rise in pressure to pump the product through the heat exchanger
and hence will increase the power requirement [27].

The selection of heat exchanger depends upon the type of
product need to be processed. To reduce the resistance due to
film formation, the liquid film must be as thin as possible and
there should be continuous film renewal, which is not possible in
case of conventional tubular and plate heat exchangers. Scraped
surface heat exchanger (SSHE) or freezer (SSF) consists of
scraper blades and beater assembly. Scraper blades continuously
scrapes the frozen film from the cylinder wall, mixes it back
to the mixture and carry it from one end of the freezer to the
other end for the uniform cooling unloading [28,29]. The first
SSHE was used for freezing of ice cream and then after that,
it was used for chilling, plasticizing and crystallizing of butter
and margarine [30]. A Schematic diagram of SSHE with its
components (Figure 1) [31].

Classification of Scraped Surface Ice cream
Freezer

Based on the mode of operation SSFs are classified as batch and
continuous type. Batch freezers are those in which predetermined
amount of ice cream mix is frozen batch-wise while continuous
freezer consists of continuously feeding the ice cream mixture
at one end of the freezer and taking out the ice cream from the
other end [1,7,8].As the mixture passes through barrel, the rotor
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Figure 1. Schematic diagram of SSHE with its components.
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inside the barrel mixes the ice cream mix with the air and after
that ice cream mixture being aerated and partially frozen taken
out from the other end of the freezer [32,33].

The application of batch freezers is mostly seen in small ice
cream manufacturing plants. For the same capacity, installation
cost of batch freezer is much lower compared to continuous
freezer [1,8]. The capacity of batch freezers may vary from 6
quarts to 120 quarts. However, for the capacity greater than 40
quarts, continuous type ice cream freezer is preferred [34].

The method of operation of continuous type of SSFs is almost
same as the batch type of SSFs but still there are several notable
differences. Heat transfer in batch freezer is not as efficient as
continuous freezer. Another notable difference is that residence
time distribution (RTD) in batch freezer is long as compared to
continuous freezer. It takes about 15 to 30 min to freeze the same
amount of mixture to desired consistency in batch freezer while
approximately 1 to 2 min in continuous freezer. Therefore, ice
crystal size is also larger in case of batch freezer as compared
to that of continuous freezer. Another significant difference is
that ice cream mixture is whipped at atmospheric pressure in
batch freezer while air distribution occurs under pressure in case
of continuous freezer. Also the whipping properties are less
important in continuous freezer as compared to that in batch
freezer [35].

Advances in SSHESs

Since the year it was initially developed, many small changes
were made in the SSHE, but major modifications were made
in the form of Low temperature extrusion (LTE) freezing
and product recirculation. These two advancements found to
improve the quality of ice cream.

Low temperature extrusion freezing

This is anovel technology in which conventional scraped surface
freezer (SSF) is combined with low-temperature extrusion
(LTE) freezer. In this frozen product is simultaneously shear
treated and frozen to low temperatures of about —10°C to —20°C
[36,37]. The ice cream mix coming out of conventional scraped
surface freezer (at -5 to -6°C), instead of sending it to the
hardening tunnel goes through the LTE freezer [25,38].The mix
coming out of freezer is at -5 to -6°C and at this condition about
40-50% of water is frozen. If such mixture is further deep frozen
(at about -20°C) in hardening tunnel, the water will crystallize
on the surface of existing crystal and would result in increased
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size. This will reduce the quality as well as shelf life of the
product. So the product is subjected to shear stress and goes to
low temperature extruder. At this condition, additional crystal
nuclei are formed by secondary nucleation and de-aggregation
of ice crystal aggregates. Therefore we get 2-3 times more
finely dispersed ice crystals than the conventional process [39].
Eisner et al. [40] had found that the maximum air cell diameter
is reduced from 52 to 19 um using a twin screw low temperature
extruder.

The extruder can be a single-screw or a twin-screw configuration.
The single screw churns the ice cream around the screw and
twin-screw kneads and churns the ice cream between 2 parallel
screws. The rotational speed of both type of configuration is
about 15 rpm [41]. According to Windhab and Wildmoser
[39], twin screw extruder results in the reduction of air cell size
and ice crystal size by 2-3 folds as compared to conventional
freezing and hardening. As per Wildmoser [42], single screw
extruder has a very little effect on ice crystal size as compared to
twin-screw extruder but air cell size in both the cases is almost
similar. Eisner [43] investigated different parameters along the
3 sections of LTE and studied the effect of different process
parameters on LTE process.

In the former studies, it was found that ice crystals size is greatly
reduced when the LTE process combines with conventional
freezing process [44,45]. Chang and Hartel [46] show that ice
cream viscosity depends upon the size of air bubbles. As the
temperature decreases, viscosity of the ice cream increases and
air cell size decreases simultaneously. Bolliger et al. [47] in his
study showed that LTE generally enhanced fat destabilization
but also resulted in reduction of the size of fat agglomerates.

Product recirculation

Another modification made in the commercial freezer is by
re-circulating some amount of frozen ice cream mix back
to the pre-aeration device (Figure 2). Schematic diagram of
CREAM (Continuous product Re-circulation with complete
Emulsification of overrun Air and Mix) freezer (courtesy of
WCB Ice Cream, Northvale, NJ).The re-circulated products
results in the cooling of mixture entering the freezer. This will
result in enhancing ice crystal formation and reduction of air cell
size [7]. The main advantage of using this system is that there
will be less chance that the product is left unused and unfrozen.
The re-circulating mixture will mix with the fresh mixture and
will serve as the site for the growth of ice crystals [48]. This
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Figure 2. Schematic diagram of CREAM (Continuous product re-circulation with complete emulsification of overrun air and mix) freezer (courtesy

of WCB Ice Cream, Northvale, NJ).
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also results in larger residence time distribution and therefore
larger ice crystals size distribution [48-51]. Due to increase in
residence time, whipping will be more and therefore will break
the air cells into smaller bubbles [52-54].

Other Freezer Types

The use of Conventional freezers producing ice cream was a
trend from many years. Now there are various other methods
exists to produce frozen desserts. The present invention includes
cryogenically manufacturing ice cream using liquid nitrogen.

Cryogenic freezing with liquid nitrogen

The basic objective of producing ice cream cryogenically is to
make the system less complex and avoid the use of expensive
and complicated equipment such as compressors, evaporators,
motors, condensers, and other. The other general purpose of
this invention is achieve freezing of ice cream more quickly
and to save electricity. Jones [55] has patented the invention
of method and apparatus for cryogenically manufacturing ice
cream. In this invention, air from the supply also includes
Liquid Nitrogen (LN,). LN, is most commonly used in case of
food processing as it is liquid at room temperature and can be
directly used for freezing (freezing of small drops or pellets in
case of ice cream). It has normal boiling point of -196°C at room
temperature and when the product is immersed in LN,, dendritic
ice crystals are formed [56]. Ice cream mix temperature when
drop below -35°C, turns into a glassy state [57,58] and therefore
there will be no ice crystallization at this stage. As temperature
goes little higher than glass transition temperature, melting and
agglomeration will start occurring. Therefore, ice cream should
be below this temperature.

Thermal Design of Scraped Surface Ice Cream
Freezer

The design of SSHEs is mainly concerned with determining
the overall heat transfer coefficient for the particular product
and process. The overall heat transfer coefficient for various
products has been determined by Bolanowski and Lineberry
[30] using votator-type SSHE. Various models have been
developed to determine heat transfer coefficient also. All the
models developed till the year 1990 has been reviewed by
Lee and Singh [17] The overall heat transfer coefficient ‘U’ is
calculated based on the inside scraped surface area of the heat
exchanger using eq. (1) [59,60].

U, =2
AtAYIm

Where, A, is inside surface heat transfer area, AT, is the
logarithmic mean temperature difference and Q is the heat flow
rate. Now the heat flow rate Q is calculated by the enthalpy
balance either on the coolant side or on the product side, but
care must be taken in the measurement of bulk temperature in
case of balancing on the product side [59,61]. The enthalpy
balance equation on the coolant side is given by eq. (2)

Q:mo(joam-join) (2)
Where, m_ is mass flow rate of the refrigerant, and j andj .
are the enthalpy of outer side fluid or coolant side at the inlet and
outlet sections respectively. The overall heat transfer coefficient

)
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determination is related to product side and coolant side heat
transfer coefficient and follows the most commonly accepted
equation as given by eq. (3).
1 1 1

UA hA Rt hA, ®
Where, h, and h_ are the convective heat transfer coefficients
of the product flowing inside of the heat transfer tube and
refrigerant or coolant flowing outside of the heat transfer tube,
respectively. Similarly, A, and A  are the inside and outside
surface heat transfer area. R is the thermal resistance of the
wall and is given as eq. (4)

In(D,/D;)
ST o “)
27KL
Where, k is the thermal conductivity of the wall and L is the
length of the heat exchanger. The eq. (3) can be further simplified
by equating the value of R in eq. (4) [62].
1 1 In(D,/D)D, D,
=—+ +

[ 2K D,h, ©)

Where, D and D, are the outer and inner tube diameters. Now
to evaluate the overall heat transfer coefficient it is essential to
determine convective heat transfer coefficient on the product
side and refrigerant side.

Estimation of convective heat transfer coefficient on the
product side

Initially Huggins [63] in his study shows that scraper blades play
an important role in improving the heat transfer coefficient for
viscous product in case of SSHEs. After this, various empirical
models were developed in order to find out the convective heat
transfer coefficient on the product side as well as refrigerant side.
The various empirical models developed have been reviewed
by Lee and Singh [17]. But the most effective model was
developed by Skelland [60] that is widely accepted. Skelland
[60] has done the work on votator to develop the correlation
between dimensionless numbers in order to find out the scraped
film heat transfer coefficient.

, 0.57 0.47 0.17 0.37
L A N e (@] [QJ (6)
k 7 k 14 L

From the eq. (6), scraped side heat transfer coefficient h, can
be calculated by knowing the various thermal and rheological
properties of the product (in this case ice cream). Later on
Skelland et al. [64] has found out that scraped surface heat
transfer coefficient is significantly affected by Reynolds number,
Prandtl number, shaft speed, shaft diameter and number of blades
[17,65]. Therefore, they proposed the following correlation:

1 B 0.62 0.55
Nu=a| 22 VD ) [y (@] (Qj n,"*% ()
Y7 k V L

For the cooling of viscous liquids, o becomes 0.014 and B
becomes 0.96; while for cooling thin mobile liquids a becomes
0.039 B becomes 0.70 [66]. Boccardi et al. [62] has recently
developed two correlations for production of ice cream by
adopting the same dimensional analysis technique as proposed
by Skelland in developing two correlations. In the first
correlation they modified the equation considering the heat
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exchanger geometry and proposed the following equation:

0.7192 0.783 0.406 0.523
Nu=0208| 22 He (@j (Bj (®)
U k 14 L

In the second correlation, they introduced cylinder length
involved in heat exchange process (L ), length of the blade (L,)
and number of blades (n,) and developed the new correlations
as given in eq. (9)

0.867 0.946 0.42 1.32
Nu=0.608| 22| [ £ (—ND j (Qj ©)
7 k V L

From the above developed correlations, scraped side heat
transfer coefficient can be calculated, when all the thermal and
rheological properties required in the correlation is known.

Estimation of convective heat transfer coefficient on the
coolant or refrigerant side

One of the simplest methods to determine the external side
heat transfer coefficient is the Wilson plot method [67]. Rose
[68] and Fernandez-Seara et al. [69] has presented a review on
Wilson plot method and made modification in it to determine
the convective heat transfer coefficient of various heat
exchanger device. The external side heat transfer coefficient can
also be calculated using the Schrock—Grossman’s correlation
[70], which was later on modified by Nariai et al. [71] for
estimation of boiling heat transfer coefficient in a helical coil
tube. This correlation was further modified by Kattan et al. [72]
by introducing a correction factor F_ for the non-azeotropic
behaviour of a refrigerant mixture (R404a) which is given as,
0.66
1

h =h|1.1/—| +7400 Bo|F. (10)
X,

72
Where, ", is the Martinelli parameter and is given as:

0.5 0.1
n{ﬁj {ij (11)
p) \u,

Where, h, is the liquid heat transfer coefficient and can be
determine from the Dittus—Boelter correlation [73] which is
given as:

_hD

Nu =0.023Re™® P (12)
k 1

After the inside (product side) and outside (refrigerant side)
heat transfer coefficients are known, length and diameter of heat
transfer tube can be calculated.

Power consumption in a SSHE

Skelland and Leung [74] have found out the power consumption
during cooling of glycerol/water mixture under various
operating conditions [75]. Skelland and Leung [74] and Leung
[76] have found out that Power number is a function of rotational
Reynolds number and number of blades. Therefore, Skelland
and Leung [74] developed the correlation as:

Po =77,500Re," nb"” (13)

Trommelen [77] has also observed that in the above mentioned
correlation, effect of annulus width and length of the blades
should also be considered. Abhichandani and Sarma [11] have
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showed in his study that Power number is a function of Weber
number and Blade factor. They developed the correlation using
water as a processing liquid. They used water as a processing
liquid because water has highest surface tension and hence the
Weber number would be the highest. The correlation developed
was:

Po =1746.6We*"*B,*" (14)

Qin et al. [78] has shown in his study that as the ice crystal
growth occurs, torque for driving shaft increases. In other words
when the phase change occurs, power consumption increases.
Therefore, they modeled the power consumption when the
phase change occurs and by trial and error method has made
some modification in the existing correlations as:

Po -

—=0.1Re** n,*” (15)

B
Conclusion

Food industry for manufacturing of ice cream comprises
of many stages, but freezing is most important step in case
of ice cream manufacturing. Various batch and continuous
freezers have been developed but continuous type SSFs is most
commonly used in the industry. SSFs are widely used because
of its various advantages. Proper design and selection of rotor
speed and number of blades has to be done. The proper design
features is needed to be incorporated for efficient working of
SSFs and to improve the final product quality. Further research
is needed to be done in order to improve the product quality.
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