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Abstract   

Heat transfer during ice slurry production in a scraped surface plate heat exchanger (SSPHE) has been 

experimentally investigated. By using a 7 wt. % sodium chloride brine, a wide range of operating 

conditions has been tested: scraping velocities from 0.1 to 0.8 s
−1

 and logarithmic temperature 

differences from 0.5 to 2.5 °C. Two different PEEK scraper arrangements have been used, mounted on 

the driving arms: rigid scrapers and surface adaptable scrapers, pushed by torsion springs. Heat transfer 

coefficients and ice production rate were measured under batch operating mode. Experimental results 

shown dependence of the nucleation onset with the scraping speed and the wall supercooling degree. 

Global nucleation only occurred for high velocities and low supercooling degrees, appearing only on the 

wall for the other cases. A decrease of the heat transfer coefficient of 1.5 times for increasing logarithmic 

temperature differences is reported, as a consequence of the ice layer growth with a low effect of the 

scraping speed. The use of adaptable scrapers provide heat transfer coefficient augmentations from 2 to 

4-fold with respect to the rigid configuration. 

Keywords:  ice slurry , scraped surface , heat exchanger , heat transfer enhancement , active 
techniques  

 

Nomenclature 

A heat exchange area (m2) 

C constant term (W m−2 K−1) 

D SSPHE internal diameter (m) 

H SSPHE internal height (m) 

SH  scraper height (m) 

fL  ice specific latent heat of fusion at 0 °C (J) 

N rotational speed (s−1) 

Q heat flux (W) 

T temperature (° C) 

V volume of the heat exchanger (m3) 

m  coolant mass flow (kg s−1) 

ˆ
pc  specific heat (J kg−1 K−1) 

pc  specific heat (J kg−1 K−1) 

e ice layer thickness (m) 

g gravity acceleration (m s−2) 

h heat transfer coefficient (W m−2 K−1) 

i specific enthalpy (J kg−1 K−1) 

k thermal conductivity (W m−1 K−1) 

n number of scrapers 

t time (s) 

nit  nucleation induction time (s) 

v coolant velocity (m/s−1) 



Dimensionless numbers  

Fr  
Froude number 

2

Ω / 2 / 1 /i bD Hg  

Nu  Nusselt number /hD k  

Pr  Prandtl number /pc k  

Re  Reynolds number /vD  

rotRe  rotative Reynolds number 
2 /ND  

Ri  Richardson number 
2

,Δ / 2 / Ω / 2b wg T H D  

Greek symbols  

β thermal expansion coefficient (°C−1) 

Δ sT  wall supercooling degree f wT T  (° C) 

Δ logT  logarithmic mean temperature diff. (° C) 

μ viscosity (kg m−1 s−1) 

Ω  rotor angular velocity (rad s−1) 

ω solute mass fraction in the brine; mass of NaCl/mass of solution 

0  global mass fraction of solute; mass of NaCl/mass of solution and ice 

ρ density (kg m−3) 

m  ice mass fraction 

v  ice volume fraction 

Φ  viscous dissipation term (W) 

ζ supercooling amplitude (° C) 

Subscripts  

b brine 

c coolant 

e inlet 

F final 

f freezing 

i ice 

max  maximum 

o outlet 

p process 

s subcooling 

w wall 



0 initial 

n nth element 

calc calculated 

exp experimental 

T total 

1. Introduction 

Ice slurries have a wide range of applications, being involved from food processing to water 
purification processes, with an special relevance on refrigeration and energy storage. The high cooling 
capacity and constant cooling temperature, together with their easy transportability make the ice 
slurries a suitable coolant. Among the different techniques available for the production of ice slurries 
[1], the scraper type systems and particularly the scraper surface heat exchangers (SSHE) deserve an 
special interest. Their ability for the fouling prevention is applied here for the continuous removal of 

the ice layer, generating small ice crystals and adding them to the mixture. Moreover the continuous 
removal of the boundary layer enhances the heat transfer between the wall and the surrounding fluid. 

The aim of the present work is the experimental study of the ice slurry generation in a SSPHE 
working in batch mode. An analysis of the phase-change heat transfer process that occurs during the 
ice slurry generation is presented, based on the appropriate parameters and dimensionless numbers 
that help describe the involved phenomena. A through characterization of the heat transfer to the 
scraped-surface wall is accounted for by means of the influence of various parameters (blade rotation 
speed, type of scrapers, wall supercooling degree, product concentration) for a 7 wt. % wt. NaCl 
brine. We propose design correlations able to predict the heat transfer at a scraped surface when 
freezing of water occurs. 

1.1. Literature review 

Heat transfer in SSHEs, mostly regarding horizontal models –where an inner cylindrical surface is 
continuously scraped by means of rotating blades– have been widely investigated [2]. One of the most 
extensively used models for describing heat transfer in SSHEs uses the penetration theory. Although 
several researchers have questioned its validity in the transition and turbulent region [3, 4], other 
studies confirmed that liquids having low viscosity could be adequately described using the 
penetration theory [5], and it has been subsequently modified to include the effects of parameters such 
as rotation and number of blades [6]. 

Several investigations have been reported in the open literature on the production of ice slurries in 
SSHEs. Qin et al [7] used an horizontal scraped surface plate heat exchanger (SSPHE) and described 

the three stages in which the formation of the ice slurry occurs: chilling, nucleation and 
crystallization. The authors observed increased heat transfer coefficients for the stage with 
crystallization, arguing that although crystal formation on the cooling surface is considered 
disadvantageous to heat transfer, liberation of latent heat of crystallization on the cooling surface 
actually increased the heat transfer. 

The same authors reported afterwards a study on the heat transfer and power consumption in a SSHE 
while freezing aqueous solutions [8] and on the ice fouling on a subcooled metal surface [9]. They 
found that the reduction of the cooler surface supercooling degree may delay the ice fouling and 
prolong the induction time or even perhaps avoid it. However they did not measure the temperatures 
at the subcooled wall. 

The effect of the electrolyte concentration and the scraping speed have been studied by Vaessen et al 
[10], who compared two types of scraped surface heat exchangers (cooled column disc and scraper 

cooled wall). The authors found that for both designs the transport of heat from process liquid to 
cooled wall surfaces (without phase change) at various rotational speeds of the scrapers can be 
accurately described by the penetration theory, expressed as 



2
pc k n N

h   (1)  

and assessing its applicability also to the phase change. However they did not calculate the 
thermophysical properties of the slurry and therefore not direct comparisons with the penetration 

theory were presented during the phase change. As a major conclusion, the authors observed that the 
increase of ice content in the crystallizer probably dominates over the increase of the scraping speed, 
decreasing the process-side heat transfer with higher temperature differences and scraping rates. 

In general, the behaviour of the SSHEs when used for crystallization processes can be characterized 
by the induction time, defined as the maximum interim value between two ice removal actions of the 
scraper. Anew Vaessen [11] investigated the phenomenon of ice scale formation on subcooled 
surfaces, finding that higher supercooling degrees led to lower induction times, whereas the opposite 
was found regarding the electrolyte solute content. Qin et al [12] obtained a similar conclusion, 
finding that the fouling induction time is mainly determined by the degree of wall supercooling. 
Therefore, a constant presence of a thin ice layer can be assumed, due to the inefficacy of the scrapers 

to remove it completely, whereas the scale formation is only avoidable by a real mechanical removal, 
entailing a sudden decrease on heat transfer. 

Further studies have been carried out on the SSHE for ice slurry production considering tubular 
geometries, mostly with rotating blades [13, 14]. Stamatiou [15] summarized the available Nusselt 
number correlations for this type of systems. However, and due to the complex fluid mechanical and 
heat transfer phenomena occurring in such systems, there has not been any meaningful heat transfer 
correlations based on the physical phenomena during the forced-convective crystallization involving 
phase change and agitation. The design of SSHEs for ice slurry generation does not attend to general 
guides, depending mostly on the operating conditions. 

2. Material and methods 

2.1. Experimental setup 

A schematic diagram of the experimental set-up is presented in Fig. 1. The heat exchanger (ice slurry 
production unit) consists of a 28 10−3 m3 AISI 316 tank of 0.6 m diameter and 0.1 m height with a 

scraped heat transfer surface at the bottom. A 7 wt. % sodium chloride brine, accurately measured by 
a conductivity meter, is employed as the base solution for the generation of ice slurries in a batch 
process. The heat transfer surface is cooled underneath by a constant flow of calcium chloride 

solution in water (25 wt. %, Q=1.5 kg/s, -9 °C cT -4 °C), which flows across a coiled circuit (Fig. 

2). The coolant solution is subsequently cooled by the expansion of a flow of R507 refrigerant in a 
compact evaporator. A damping tank of 0.3 m−3 is used to avoid instabilities in the coolant 
temperature. The compressor operating regime is settled by a frequency converter regulated by a PID 
controller, providing a constant coolant temperature during the running of the experiment. 

Regularly distributed thermocouples are embedded in the rear side of the heat transfer plate (see Fig. 

3) with an accuracy of 0.3 °C. They provide an indirect measurement of the wall temperature in the 

scraped surface, while four immersed PT-100 sensors placed 90° apart circumferentially at 50 mm of 
height retrieve the bulk fluid temperature of the NaCl brine in the SSPHE upper side. The heat 
transfer to the cooling circuit is accounted for with PT-100 sensors which measure the inlet and outlet 
temperature of the coolant flow, whereas a Coriolis flow meter is used for obtaining the mass flow 
rate of coolant. The heat exchanger and the coolant tubes are fully insulated by an elastomeric thermal 

insulation material of 30 mm thickness and thermal conductivity 0.04 W/(m K), in order to minimize 
heat losses to the ambient. Wall temperature measurements under the most unfavorable conditions 
reported maximum losses of 4% respect to the heat exchanged inside the SSPHE. 

The coolant mass flow proved to be high enough to minimize the temperature differences across the 
heat transfer plate, were the maximum found standard deviation among them was of 0.2 °C. 



The scraper system is composed of four rotating blades –90° apart circumferentially– driven by a 
rotating shaft. A frequency controlled electrical motor is connected to the shaft through a gearbox. 
The power consumed by the motor is measured by a wattmeter, placed between it and the frequency 
converter. Each blade is made of a steel arm where the actual scrapers are mounted. The scraper are 

made of PEEK, a polymer with high resistance to the erosion. Two different configurations of 
scrapers where tested; rigid and adaptable. The first one consisted on single piece scrapers fixed to 
each steel arm, where the movement between the arm and the scraper was restricted. The second 
system (Fig. 2) employed three independent scrapers mounted on each arm. Each scraper device was 
connected to the arm by means of two torsion springs, which maximizes the contact between the 
scraper and the plate even if the latter loses its planar shape. The independent motion of the different 
scrapers, together with the force applied by the torsion springs, provide a high adaptability to the plate 
surface. The system can be observed in the sketch shown in Fig. 3. 

Geometrical details of the experimental facility and operating conditions are summarized in Table 1. 

2.2. Thermophysical properties and ice content 

The thermopysical properties involved in the definition of the dimensionless numbers correspond to 

the ice slurry for the pertinent ice contents. Regarding the brine properties, the relations recommended 
by Melinder [16] were used for the density, viscosity, specific heat, thermal conductivity and freezing 
point temperature. Except during the supercooling, thermal equilibrium can be assumed with no solute 
in the ice crystals. Therefore the NaCl mass fraction can be determined by the temperature of the 
mixture from the liquidus curve, 

20.004473 1.6022 0.041643;b b bT T T   (2)  

where, in equilibrium, the slurry temperature is equal to the freezing point temperature 

b f f bT T T . 

The global mass fraction of solute in the slurry 0  (kg solute/kg solution+ice)remains constant and 

equal to the value of ω before freezing. Since the initial NaCl mass fraction is known, the ice mass 
fraction in the slurry (kg ice/kg slurry) is calculated as, 

01m

bT
  (3)  

The slurry density is obtained by addition of ice and brine volume, 

11 m m

i b

  (4)  

The volume mass fraction of the ice slurry is then, 

v m

i

  (5)  

The thermal conductivity is obtained by the Maxwell lower bound relation [17] for dilute solid/ liquid 
suspensions, 

2 2
[ ]

2

b i v b i

b

b i v b i

k k k k
k k

k k k k
  (6)  

where bk  and ik  are the thermal conductivities of the brine and ice and v  can be obtained from the 

slurry temperature. 

The specific enthalpy of the slurry is obtained by those of ice and brine 



, ,
0 0

1
F FT T

m f p i m p b
C C

i L c T dT c T dT   (7)  

Since pc  is a function of the temperature as it is m  (through Eq. 2), the specific enthalpy will 

depend only on the temperature for a given solute mass fraction 0 . An apparent specific heat can 

then be defined for the slurry (needed energy to increase by 1 K, 1 kg of slurry following the liquidus 
curve). This specific heat is hereafter used to calculate the Prandtl number. 

ˆ
p

di
c

dT
  (8)  

The ice slurry behaviour depends strongly on the ice content, and most of the authors agree that the 
limit between Newtonian and non-Newtonian behaviour is between 6 and 15% [18, 19]. The relation 
proposed by Thomas [20] for solid/liquid suspensions was used to calculate the dynamic viscosity as a 
function of the brine viscosity and the ice particle concentration 

16.621 2.5 10.05 0.00273 v

b v v e   (9)  

The above equation considers homogeneous and non Newtonian flow, and is commonly valid for 
solid phase concentrations up to 62.5% and for all particle sizes between 0.099 and 435 μm. However, 
for the particular case of ice slurries, the equation is limited to ice concentrations below 15%, Higher 
concentration values lead to viscosity values greater than the experimentally obtained. 

2.3. Heat flux measurement 

The heat flux exchanged through the surface was estimated by a heat balance in the heat exchanger. 

Assuming negligible losses to the ambient and neglecting viscous dissipation effects, the heat lost by 
the slurry is gained by the coolant flow. Since inlet and outlet coolant temperatures together with its 
mass flow are known, then 

, , ,c p c c o c eQ m c T T   (10)  

The coolant mass flow cm  was kept high enough to have a fully turbulent flow (Re 7000) with 

elevated heat transfer coefficient values in order to avoid any limiting heat transfer resistance in the 
coolant-side of the heat exchanger (bottom side). 

The total amount of heat transferred is directly related to the temperature difference between the 
coolant and the ice slurry. Since the temperature of the coolant increases during its transport through 

the coiled side, the driving of the temperature difference is best expressed by the logarithmic mean 
temperature difference 

, ,

,

,

Δ
c o c e

log

c o b

c e b

T T
T

T T
ln

T T

  (11)  

where during the freezing b fT T  (Eq. 2) (Eq. 2). The logarithmic temperature has been chosen 

as a characteristic parameter for each experiment, averaged along the test time. 

The heat flux given by eq. 10 corresponds predominantly to the sum of the latent heat of the ice 
formation and the sensible heat of ice and brine. Furthermore, there is friction between scrapers and 
plate, and the induced flow gives rise to viscous dissipation. These two contributions represent a 

power input in the system, noted as Φ . Considering a time interval Δt  during the ice formation 
process, then 



ΔΔ

,0

1 Δ |Δ |
Φ

Δ Δ

t tt t
m pi m pb b tf m t

b

c c TL
Q V

t t
  (12)  

where V is the initial brine volume in the SSPHE upper side and ,0b  the brine density. Whereas the 

first part of eq. 12 is easily calculable from the measured temperatures, the value of Φ  has not an 

evident definition. It can be approached assuming that the power consumed by the driving motor is all 
transformed into heat by viscous dissipation and friction between materials. That is obviously not 
true, since there are thermal and mechanical losses in the both motor and the gear box. However, for 

the sake of simplicity it was assumed that Φ  was equal to the power measured by the wattmeter. 

Figure 4 shows the obtained values of Q calculated from eqs. 10 and 12. The fact that Φ  is 
overestimated can explain the slightly higher values given by eq. 12. 

The heat transfer coefficient is determined from the heat flux given by Eq. 10 and the difference 

between the averaged temperature of the embedded thermocouples ,w w nT T  and the immersed 

PT100 probes ,b b nT T  (Fig. 5) 

b w

Q
h

A T T
  (13)  

Once the freezing starts, the temperature difference in the above expression b wT T  becomes equal to 

the wall supercooling degree Δ sT , since b fT T . 

2.4. Experimental procedure 

All the experiments were performed following the same procedure. The base brine was prepared in a 
separated tank, with a higher capacity than the SSPHE upper side. NaCl was added gradually to the 
water in the tank while it was continuously recirculated between it and the SSPHE upper side, 
ensuring an homogeneous NaCl concentration in all the fluid. Once the NaCl reached the 7 wt.% 
content the SSPHE upper side was closed. The cooling system was used then to decrease the brine 

temperature at 0 °C, which was the initial temperature for all the tests. Prior to the beginning of the 
experiment, the coolant was cooled down to its corresponding temperature. Once the scraping speed 
was fixed, the pumping of the coolant to the SSPHE bottom side set the commencement of the test. 
Scraping speed, coolant mass flow and coolant temperature were kept constant during all the 
experiment. Each test took the necessary time to reach a 20% of ice content. Once this target was 
obtained, the slurry in the SSPHE upper side was replaced by a new volume of brine, starting again 
the process for the next experiment. 

The experimental uncertainty was calculated by following [21]. Uncertainty calculations based on a 
95% confidence level showed maximum values of 35% for the heat transfer coefficient and 37% for 
the Richardson number. 

3. Results and discussion 

3.1. Thermal response 

Figure 6 presents a typical evolution of the process temperatures during a batch experiment in the 
SSPHE, from 0 to 20% of ice content. The process is divided in two parts: chilling and freezing. The 

first part, from the beginning of the experiment until the onset of nucleation corresponds to the 
chilling. In this stage, only sensible heat is exchanged and the brine remains liquid, with a fast 

decrease on the temperature bT  as a consequence. The end of this period is not only limited by the 

brine temperature bT , since it reaches values lower than the freezing point. The period when the brine 

temperature is lower than the freezing point ( b fT T ) is the so called supercooled state, where the 

brine is not in thermal equilibrium. The brine temperature continues decreasing during the 



supercooling until the nucleation induction time 
nit  is reached and the nucleation appears. The critical 

degree of supercooling and the nucleation induction time for the spontaneous nucleation on a 
subcooled surface is still unpredictable [9]. The temperature rises then abruptly arriving to the 

freezing temperature (
b fT T ). The sensible heat accumulated during the supercooling is 

transformed into latent heat by the formation of multitude of ice crystals. This release of heat during 
the phase change is the responsible of the sudden temperature increase. After that, the production of 
ice starts, and thus the so-called freezing stage. The predominance of latent heat over the sensible heat 

is the responsible of the low velocity in the temperature decrease, only due to the increase of NaCl in 
the remaining brine. 

3.2. Supercooling 

The temperature pattern of the supercooling phenomenon appeared to be different from case to case, 
being even not reproduced by the immersed probes for some of them. This fact has been characterized 
by a new parameter, the supercooling amplitude ζ, defined as the amplitude of the temperature rise 
once the nucleation appeared (see Fig. 6). 

The supercooling amplitude was found to vary directly with the scraping speed and inversely with the 

temperature difference between the brine and the wall ,Δ b w b wT T T . The combination of these 

two factors suggests the presence of an stratified fluid layer in the bottom of the tank. In the presence 

of high ,Δ b wT  or low scraping velocities the fluid layer thickness increases, leading to large 

temperature gradients in the SSPHE fluid. As a consequence the fluid in contact with the bottom plate 
would reach the maximum ζ appearing the nucleation, whereas the fluid in the upper layers (e.g. 

around the immersed probes) would not be yet at the freezing temperature. Moreover, large ,Δ w bT  

values imply also large wall supercooling degrees Δ sT , which advances the nucleation. In those cases 

nucleation appears first on the plate and not all around the volume. The localized nucleation triggers 

the freezing once b fT T , and therefore no supercooling occurs around the probes. 

The experimental evidence relates the supercooling amplitude ζ with the Richardson number, which 
represents the ratio between forced and natural convection. Forced convection is due to the flow 
generated by the scrapers, playing in favour of higher ζ values. Natural convection acts against ζ, 
keeping the colder and therefore heavier fluid in the bottom. This phenomenon hinders the mixing and 

as a consequence the appearance of the nucleation in all the fluid volume. Figure 7 shows the ζ values 

as a function of their correspondent Richardson numbers, averaged from fT T  until the onset of 

nucleation, fT T . Supercooling phenomenon was detected only for Ri 0.02, with increasing 

values of ζ as Ri  decreases. The detection of the supercooling and its amplitude ζ are therefore an 
indicator of the mixing level in the SSPHE. 

The symbols in Figure 7 are coloured according with the nucleation induction time, defined in Fig. 6. 

The lack of dependence between nit  and Ri  can be associated with the unpredictable character of the 

nucleation onset. On the other hand, nit  is related with ζ through the heat exchanged between the 

supercooled brine and the wall. If the heat flux is assumed to be time-constant, and applying eq. 13, 
then 

,

,Δ

b p b

ni

b w

Vc
t

hA T
  (14)  

where ,Δ b w b wT T T  and b fT T . 

3.3. Heat transfer 

Time resolved values 



The evolution of the heat fluxes during the production of the ice slurry is depicted in Fig. 8 for 
different operating conditions (type of scraper, scraping speed and logarithmic mean temperature 

difference). Figures 8 and 8 correspond to two different values ofΔ logT , averaged during the freezing 

stage of the experiment (see Fig. 5), from the nucleation start until a 20% of ice content is reached. 

The effects of different scraper systems and scraping velocities are compared in each figure. The 
starting of the freezing stage can be recognized distinctively by the stabilization of the heat flux, 
which is a consequence of the stabilization of the process temperature. The heat transfer coefficients 
corresponding to the heat fluxes shown in figures 8 and 8, calculated according to Eq. 10, are 
represented respectively in figures 9 and 9. 

• Scraper type effect 

The effect of the adaptable scrapers yields a heat flux augmentation of around two times compared 

with the rigid scrapers, showing a slight dependency with Δ logT  values:larger Δ logT  values lead to 

slightly higher heat fluxes (see Fig. 8). 

Regarding the heat transfer coefficient (Fig. 9), the use of the adaptable scrapers retrieves again two-
fold augmentations of h compared to the rigid system. As opposed to the heat flux trend, heat transfer 

coefficients are in general slightly higher for the lowest values of Δ logT  value. This can be explained 

considering that higher supercooling degrees (Δ sT ) lead to faster growth rates, resulting in thicker ice 

layers on the plate surface [12]. 

• Scraping speed effect 

In general, higher scraping velocities increase the heat flux, whereas this effect is small compared 

with the scraper system or the Δ logT  effect. The influence of the scraping speed during the freezing 

period is more evident on the heat transfer coefficient, which undergoes maximum increases of 
around 40% when N increases from 0.1 to 0.8 s−1. Moreover, these two bounding velocities lead to 
two different trends, particularly noticeable with the adaptable scrapers. h values for N=0.1 s−1 reach a 
maximum when nucleation appears, after which h remains almost constant. On the other hand, for 

N=0.8 s−1 the onset of nucleation entails a sharp decrease on h, which reaches a maximum an instant 
before during the supercooling. 

In spite of the similar heat fluxes observed during the freezing period, the time required to reach the 

20% of ice content changed significantly with the scraping speed (see Fig. 8 and 9).These differences 
are attributed to the stretch of the experiments prior to the nucleation onset: faster scraping velocities 
provided higher heat flux values as shown in Fig. 8, advancing the freezing start respect to the low 
scraping speed cases. 

Moreover, the higher scraping velocities ensured the presence of the supercooling phenomenon in all 
the brine volume. The heat released by the supercooled brine is suddenly recovered during the 

nucleation, where the amount of ice initially formed can be quantified by , /b p b fVc L . Considering 

a supercooling amplitude of 0.5 °C, the former expression gives values of around 2% of ice 

content. On the other hand, the lower scraping velocities do not benefit from the initially elevated heat 
flux values, and the nucleation onset does not represent significant values of ice content. 

• Coolant temperature effect 

The coolant temperature, which is the responsible of the wall supercooling degree, intensifies the 

different trends mentioned before. Smaller Δ logT  values lead to more favourable mixing situations 

with lower Ri  and higher supercooling amplitudes ζ (see Fig. 7). Supercooling occurring all around 

the SSHPE volume means an immediate and uniform appearance of the nucleation, which in turn 
implies the absence of an ice layer on the plate before that instant. This also explains the higher h 
values obtained in these cases. Conversely, the absence of ζ indicates local nucleation on the plate, 
generating an ice layer that produces lower h values. 



Although Δ logT  is computed as a time-averaged value, it is not constant during the experiment. The 

increasing NaCl content of the brine due to the ice formation leads to lower freezing temperatures, 

and therefore the wall supercooling degree Δ sT  undergoes a continuous decrease since the coolant 

temperature is kept constant. The ice formation and growth rate over the subcooled surface is then 
lower, being more easily removed by the scrapers. As a consequence it can be observed that the heat 
transfer coefficient increases with time in Fig. 8, especially for high scraping velocities and adaptable 
scrapers, where the scraping action is more intense. 

Time-averaged values 

For a better comparison between experiments, heat fluxes and heat transfer coefficients were averaged 
during the freezing periodas defined in Fig. 6. Figure 10 shows the time-averaged heat flux over the 

freezing period for different scraping velocities N and driving temperatures Δ logT  whereas figure 11 

does for the time-averaged heat transfer coefficient h . 

• Scraper type effect 

Adaptable scrapers provide a two-fold augmentation of the global heat flux compared to the rigid 

scrapers (Fig. 10). The difference between the two scraping systems is mainly due to the poor scraper 
action of the rigid scrapers. Since the scrapers are not able to follow the surface, a continuous ice 

layer is developed. If the presence of such an ice layer is assumed, the obtained h  values will 

correspond to the global heat transfer coefficient 
Th , which includes the heat conduction through an 

ice layer of thickness ie . The process side heat transfer coefficient ph  can be obtained then from, 

1 1 i

p T i

e

h h k
  (15)  

If the h  values of the rigid scrapers are introduced into equation 15, the resulting ph  are comparable 

to the h  values obtained for the adaptable scrapers(see Fig. 11 and 12). 

• Scraping speed effect 

The scraping speed appears to have a clear but small effect on the heat transfer, that mainly depends 
on the logarithmic mean temperature difference. Higher scraping velocities leads to higher heat flux 
values. The tests where supercooling was not detected at the beginning of the freezing period 
(distinctively marked) correspond to low scraping velocities and indicate a poor mixing with an 
accumulation of ice over the subcooled surface; consequently the resulting heat fluxes are lower. 

The net influence of the scraping speed on the heat transfer coefficient is represented in Fig. 12 for 

two different Δ logT  values.It is clear that the Δ logT  effect (which is closely related with the plate 

supercooling degree Δ sT ) appears to be higher than the scraping speed effect. Whereas the increase of 

N from 0.1 to 0.8 s−1 results in an augmentation of h  of around 20%, the transition form Δ logT 2.4 

°C to 1.3 °C leads to a maximum augmentation of 40% for N 0.5 s−1. 

As mentioned before, the way in which h  evolves with N depends also on Δ logT . For Δ logT 2.4 °C 

h increases linearly with N. In this case the higher supercooling degree of the surface causes a thicker 
ice layer. This ice layer is in this case the limiting problem and thus higher scraping velocities always 

mean augmentations of h . For Δ logT 1.3 °C h decreases after N 0.5 s−1. In this case the scraping 

speed is fast enough to ensure a clean surface. The h  decrease comes from the fact that N 0.5 s−1 

leads to higher ice-brine mixing situations, where the existent ice particles impact on the subcooled 
surface increasing the nucleation and developing an ice layer [9]. 

• Coolant temperature effect 



Heat flux is directly proportional to augmentations on the logarithmic mean temperature difference. 

However, depending on Δ logT  the ice layer formed over the surface can alter this dependency. From 

figure 10 it is possible to see that the heat flux increases as Δ logT  increases. For the adaptable 

scrapers, the leap from Δ logT 1 °C to Δ logT 1.5 °C yields a significant augmentation compared to 

the further evolution, more similar to the one observed for the rigid scrapers. This similarity points to 
the presence of an ice layer, that even if removed by the scraper, is formed continuously: the process 
is driven by the particle surface impacts which in turn limit the heat transfer. Therefore the trend is 
similar to the one shown by the rigid scrapers (where a constant ice layer is present), but with higher 
heat fluxes due to the effective ice removal. 

The heat transfer coefficient decreases as Δ logT  increases. This effect is more accentuated for the 

adaptable scrapers, since the increment of Δ logT  entails the formation of an ice layer (Δ Δs logT T ); 

this ice layer is conversely always present for the rigid scrapers. Recalling Eq. 15, the difference 

between the h  values for the lower and higher Δ logT  can be associated to the presence of an ice layer 

of thickness ie 0.5 mm (Fig. 11), which is the ice constantly formed and removed between 

successive scraping actions. 

From Fig. 10 and 11 it is possible to deduce that even if h  decreases until a minimum value for 

Δ logT  values as high as 2 °C, at this operating condition the heat flux and therefore the ice slurry 

production are maximized. The decrease of h  is indeed due to the higher ice production, which 

implies a thicker ice layer on the plate, hindering the heat transfer even if it is constantly removed. As 

ΔT logQ h T  (see Eq. 15), it is clear that the decrease on h  has a lower effect than the increase of 

Δ logT . As mentioned before, the level of ice formation on the plate is directly related with its 

supercooling degree Δ sT . Figure 13 indicates that higher Δ logT  values implies higher Δ sT . The 

higher the supercooling degree is the more nucleation occurs on the plate, and therefore it represents a 

thicker ice layer with lower h  values. 

3.4. Correlation for Nusselt number estimation 

Heat transfer coefficient values have been non-dimensionalized through the Nusselt number, depicted 

in Fig. 14. Both rotRe  and Nu  have been calculated based on the properties presented in Sec. 2.2. 

Due to the twofold effect of the ice particles (they change the rheological properties of the slurry and 
cause nucleation on the surface and the formation of an ice layer impacting on it), plotted results are 

coloured according to the product of the ice content ratio ( m  divided by the maximum ice content of 

the experiment ,m max ) and the Froude number: ,/m m maxFr . This new data dimension includes 

the effect of the phase change and considers the effect of the ice particles in the process by accounting 

for their quantity m  and their distribution in the SSHPE. The particle distribution, which is in turn 

mainly affected by the buoyancy and the velocity induced by the scrapers, is weighted by the Froude 
number. 

The results appear to be grouped according to the tested experimental conditions: Δ sT 0.75 °C and 

Δ sT 1.5 °C. Focusing on Δ sT 0.75 °C, the results with low ice content or high ice stratification 

( Fr ), associated with low rotRe  values, follow a pattern that fits with the penetration theory plus a 

constant term C, that can be related with the effect of the phase change on the subcooled surface: 

2 .
pk c n N

h C   (16)  



Beyond the low effect of the ice particles in the flow (which behaves as a single phase flow), the 
penetration theory trend indicates that the ice particles rise after being scraped and therefore do not 
impact again on the subcooled surface. This absence of impacts reduce the ice formation over the 
surface and as a consequence the scrapers are able to remove it. 

The data separate from this trend at 
rotRe 5 104, when the product ,/m m maxFr  approaches to 

1: ice particles concentration is higher and they are better mixed. As a consequence the flow 

behaviour changes. Moreover the well mixed particles impact on the subcooled surface, generating 

the formation of an ice layer that worsens the heat transfer: the higher is ,/m m maxFr  the lower 

is Nu , with a low dependence with the rotRe  number. 

A composed correlation has been proposed to predict Nu  versus rotRe , Fr  and m  for the 

Δ sT 0.75 °C tests. For rotRe 4.71 104 they have been fitted to the penetration theory plus a 

constant therm: 

0.52 1200 1.53 229
p

rot

i

k c n N D
Nu Re

k
  (17)  

whereas for rotRe 4.71 104 they have been fitted performing logarithmic multiple regressions to 

express Nu versus rotRe  and the product mFr : 

0.0280.026661.6 rot mNu Re Fr   (18)  

Influence of Prandtl number was also studied, showing to be insignificant. Fig. 15 presents a 
comparison between experimental and calculated Nusselt number values for the full range fitted, 
together with the regression coefficient. 

The data corresponding with Δ sT 1.5 °C show much lower Nu  values. This decrease on Nu  is 

due to the ice layer effect, as seen in Fig. 11. The high supercooling degree Δ sT  together with the 

initial ice particle impacts develops an ice layer of ie 0.25 mm, not well removed by the scrapers 

due to its higher level of adherence. This leads to lower values of Nu  with an opposite behaviour of 

the Δ sT 1.5 °C data: increases on rotRe  and ,/m m maxFr  implies a more active scraping and 

the positive effect of the ice removal is higher than the negative effect of the ice particles impacting 
on the ice layer. The certain presence of the ice layer makes impractical the proposal of correlations 

for that values of Δ sT . 

4. Conclusions 

Heat transfer phenomena during ice slurry production in a SSPHE operating in batch mode have been 
studied. A 7 wt. % NaCl brine was used as a base solution for the ice slurry generation. Two different 
scraper types, rigid and surface adaptable, were compared for different scrapers rotational speeds (0.1 

s−1 to 0.8 s−1) and coolant temperatures (Δ logT  from 0.5 °C to 2.5 °C). The major findings are as 

follow: 

• The location of the initial nucleation in the SSPHE was found to depend on the Richardson number. 
The effects of buoyancy, supercooling degree and forced velocities effect interact leading to an initial 

localized nucleation over the subcooled plate ( Ri 0.02) or to a global fluid volume nucleation 

( Ri 0.02). The detected supercooling amplitude was found to be a good indicator of the fluid 
mixing inside the SSPHE upper side. 



• The configurations with adaptable scrapers shown a better performance in the ice slurry generation 
and heat transfer, avoiding the presence of no-scraped regions and effectively removing the formed 
ice layer. Augmentations on the heat transfer coefficient of around two times were found with respect 
to the rigid scraper. 

• The rotational speed of the scrapers was found to have a low effect on the heat transfer, influenced 
by the supercooling degree of the surface. Maximum averaged heat fluxes of 1000 W/m2 and 
averaged heat transfer coefficients of 4000 W/m2K were found for the adaptable scrapers with surface 
supercooling degrees of 0.5 °C. 

• Heat transfer results were non-dimensionalized by means of the Nusselt and rotRe  numbers. Low 

supercooling degree values adopted the shape of the penetration theory for low rotRe  values, whereas 

at high values Nu  becomes almost independent of rotRe  ( Nu =550), mostly due to the impact of the 

particle over the surface at higher mixing rates. Higher surface supercooling degrees led to a constant 

ice layer that reduced the Nu  values to 350. 

• A correlation was proposed for a supercooling degree of 0.75 °C composed by the penetration 

theory plus a constant therm for rotRe 4.71 104 and a correlation based on rotRe  and mFr  for 

rotRe 4.71 104, with global R2 0.87. 
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Parameter Value Parameter Value 

H 0.1 m  0  7 wt. % 

 SH  3.9 cm N 0.1–0.8 s−1 

D 0.610 m  Δ logT  0.5–2.5 °C 

A 0.29 m2  cRe  7000 

n 4  rotRe  350–1.4 105 

Table 1: Dimensions and operating conditions for the heat transfer characterization 

Figure captions 

Figure 1: Schematic view of the experimental facility 

 

Figure 2: Images of different sections inside the SSPHE 

(a) Coolant channels under the subcooled plate 

(b) Adaptable scrapers 

 

Figure 3: Adaptable scraper system (left), thermocouples distribution (center) and welding 
technique (right) 

Figure 4: Calculated heat fluxes for the coolant and ice slurry sides along time 

Figure 5: Cross sectional schematic view with ice slurry, wall and coolant temperatures 

Figure 6: Representative case of the evolution of the process temperature along time 

Figure 7: Supercooling amplitude ζ for different Ri  numbers 

 

Figure 8: Heat fluxes on the subcooled plate along the test duration for different Δ logT  values 

(a) Δ logT 1.3 °C 

(b) Δ logT 2.4 °C 

Figure 9: Heat transfer coefficient on the subcooled plate along the test duration for different 

Δ logT  values 

(a) Δ logT 1.3 °C 

(b) Δ logT 2.4 °C 

 



Figure 10: Influence of Δ logT  on the heat flux averaged over the freezing period. Results coloured 

by scraping velocity 

Figure 11: Influence of Δ logT  on the heat transfer coefficient averaged over the freezing period. 

Results coloured by the scraping velocity 

Figure 12: Influence of the scraping velocity on the heat transfer coefficient averaged over the 

freezing period for different scrapper systems and Δ logT  values 

Figure 13: Δ logT vs.Δ sT  coloured by the heat transfer coefficient (adaptable scrapers) 

Figure 14: Nusselt ( Nu ) number vs. rotating Reynolds ( rotRe ) number for different experiments 

(adaptable scrapers) 

Figure 15: Comparison between experimental and calculated Nusselt number values 
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Parameter Value Parameter Value

H 0.1 m ω0 7 wt. %

HS 3.9 cm N 0.1�0.8 s−1

D 0.610 m ∆T log 0.5�2.5 ◦C

A 0.29 m2 Rec ≈7000

n 4 Rerot 350�1.4·105

Table 1: Dimensions and operating conditions for the heat transfer characterization

27



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Figure captions

Figure 1: Schematic view of the experimental facility

Figure 2: Images of di�erent sections inside the SSPHE

(a) Coolant channels under the subcooled plate (b) Adaptable scrapers

Figure 3: Adaptable scraper system (left), thermocouples distribution (center) and welding tech-

nique (right)

Figure 4: Calculated heat �uxes for the coolant and ice slurry sides along time

Figure 5: Cross sectional schematic view with ice slurry, wall and coolant temperatures
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Figure 6: Representative case of the evolution of the process temperature along time

Figure 7: Supercooling amplitude ζ for di�erent Ri numbers

Figure 8: Heat �uxes on the subcooled plate along the test duration for di�erent ∆T log values

(a) ∆T log =1.3 ◦C (b) ∆T log =2.4 ◦C

Figure 9: Heat transfer coe�cient on the subcooled plate along the test duration for di�erent ∆T log

values

(a) ∆T log =1.3 ◦C (b) ∆T log =2.4 ◦C

Figure 10: In�uence of ∆T log on the heat �ux averaged over the freezing period. Results coloured

by scraping velocity

Figure 11: In�uence of ∆T log on the heat transfer coe�cient averaged over the freezing period.

Results coloured by the scraping velocity
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Figure 12: In�uence of the scraping velocity on the heat transfer coe�cient averaged over the

freezing period for di�erent scrapper systems and ∆T log values

Figure 13: ∆T log vs. ∆T s coloured by the heat transfer coe�cient (adaptable scrapers)

Figure 14: Nusselt (Nu) number vs. rotating Reynolds (Rerot) number for di�erent experiments

(adaptable scrapers)

Figure 15: Comparison between experimental and calculated Nusselt number values
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