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This study investigates the thermal and fluid dynamics performance of scraped surface heat
exchangers, optimizing key operational parameters to enhance heat transfer efficiency in
processing viscous fluids. Using a numerical approach, the effects of blade count, rotational
speed, and mass flow rate were analyzed. Results indicate that increasing blade count improves
convective heat transfer, with a four-blade configuration enhancing the Nusselt number by
44.74% over a two-blade setup at 240 rpm. Higher rotational speeds reduce outlet tempera-
tures by intensifying fluid mixing, though diminishing returns occur at very high speeds due
to shorter residence times. These findings provide valuable insights for optimizing scraped
surface heat exchanger design to balance thermal performance and energy efficiency, address-
ing critical needs in food, pharmaceutical, and chemical industries.
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INTRODUCTION radiation is directly absorbed by a volume of fluid which
includes suspended particles. Then this energy is exploited
in thermal applications. This method is one of the efficient
methods in the field of energy conversion and production.

Scraped surface heat exchangers (SSHEs) are widely
used across various industries to process high-viscosity
substances. Their key advantage lies in efficiently handling

such products, which would otherwise cause fouling and

In the field of solar radiation utilization, solar thermal
collectors are the most important parts of the solar ther-
mal systems. However, the efficiency of these collectors is
limited by the absorption properties of the working fluids,
particularly water. Nanoparticle suspensions have been
introduced as working media in solar thermal collectors to
improve thermal efficiency and to reduce the size of such

systems (energy efficient solar collectors) by using light
induced energy conversion technique in a volume of sus-
pended nanoparticles. It refers to direct absorption solar
radiation (volumetric photo-thermal energy conversion),
as shown in Figure 1. This figure shows the principles of
photo-thermal energy conversion, where the incident solar
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reduce heat transfer in traditional exchangers. SSHEs typi-
cally feature a rotor with blades that rotate inside a station-
ary stator, periodically scraping its inner surface to prevent
fouling and maintain heat transfer efficiency. This scraping
action also generates turbulence, further enhancing heat
transfer.
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SSHE:s are used in various processes, including cooling,
pasteurization, sterilization, crystallization, gelatinization,
expansion, and texturing. They are particularly valuable in
industries such as food, pharmaceuticals, chemicals, health,
and beauty, where high-viscosity products are common.
The performance of an SSHE depends on several factors
like blade geometry, fluid flow rate, and fluid properties
(viscosity, density, thermal conductivity, etc.). Therefore,
careful design and optimization are essential for efficient
heat transfer and mixing.

The surface scraping technique utilizes rotating blades or
scrapers to continuously remove product build up or fouling
from the heat transfer surface. This prevents deposit accumu-
lation, maintaining a clean surface and enhancing heat trans-
fer efficiency. This method is especially useful in industries
where fouling or scaling is common, as it improves exchanger
performance and reduces maintenance requirements.

Scraped surface heat exchangers (SSHEs) have been
studied for decades, with early research dating back
to Huggins [1] in 1931, who investigated the effects of
mechanical scrapers on heating, cooling, and mixing per-
formance. Since then, numerous advancements have been
made in SSHE design and implementation.

Trommelen and Beek [2] analyzed flow phenomena in
SSHEs, focusing on the Couette flow regime and Taylor vor-
tices. Their findings demonstrated how these flow patterns
influence heat transfer and identified specific operational
regimes that maximize thermal efficiency. Harrod [3] con-
ducted a comparative analysis of various SSHE designs,
examining their impact on heat transfer efficiency. This study
provided insights into SSHE flow patterns, mixing effects,
residence time distribution, heat transfer performance, and
power requirements. Lee and Singh [4] investigated the res-
idence time distribution (RTD) of particle flow in a vertical
SSHE, aiming to characterize particle movement under vary-
ing operational conditions. Their findings highlighted the
influence of design parameters, such as scraper speed and
flow rate, on particle retention and mixing efficiency.

De Goede and De Jong [5] investigated heat transfer
properties in scraped surface heat exchangers (SSHEs)
operating under turbulent flow conditions. Their study
focused on key indicators, such as the convective heat
transfer coefficient and temperature profiles, to enhance
the understanding and optimization of SSHE thermal
performance. Cenedese et al. [6] utilized Laser Doppler
Anemometry (LDA) and Particle Image Velocimetry (PIV)
to analyze velocity profiles and turbulent structures in fluid
jets. Their research demonstrated the effectiveness of these
methods in visualizing and analyzing complex flow dynam-
ics. Baccar and Abid [7] conducted a numerical analysis of
three-dimensional flow and thermal behavior in an SSHE
under varying axial and rotational Reynolds numbers.
Their results highlighted the impact of scraper geometry
and motion on flow patterns and thermal efficiency.

Alhamdan and Sastry [8,9] investigated the effects of
particle shape, concentration, and fluid viscosity on heat

transfer in SSHEs. Their findings revealed that higher par-
ticle concentrations and irregular shapes increase fluid
resistance, negatively impacting heat transfer dynamics.
Additionally, higher viscosities were shown to reduce flow
velocity and heat transfer rates. Baccar and Abid [10] con-
ducted numerical simulations to analyze the hydrodynamic
and thermal behavior of an SSHE under turbulent flow
conditions. Their study examined the interaction between
flow dynamics and heat transfer, emphasizing the role of
scraper movement in turbulence generation and boundary
layer disruption. Results demonstrated that scraper action
significantly enhances convective heat transfer by improv-
ing mixing and reducing thermal resistance. Lakhdar et al.
[11] studied the freezing process in SSHEs, focusing on the
influence of flow rate, rotor speed, and blade clearance on
heat transfer. Their findings highlighted the critical role of
blade geometry in optimizing thermal performance during
freezing operations. Yataghene et al. [12] used Particle
Image Velocimetry (PIV) to analyze flow patterns in SSHEs
under continuous flow. Their study identified complex fluid
dynamics, including recirculation zones and secondary
flows, influenced by blade geometry, rotational speed, and
fluid properties. Yataghene and Legrand [13] conducted
numerical simulations to investigate the coupled fluid flow
and heat transfer of pure glycerin, a 2% CMC solution, and
a 0.2% Carbopol solution inside an SSHE. They examined
heat exchanger performance under varying blade speeds
and mass flow rates, finding that increasing the rotating
velocity optimized the average exit temperature.

Martinez et al. [14] investigated heat transfer during ice
slurry production in scraped surface plate heat exchangers,
focusing on the influence of phase change, scraper motion,
flow conditions, and operating parameters on thermal
performance. Using both experimental and numerical
methods, they analyzed heat transfer coefficients and ice
crystal formation dynamics. Dehkordi et al. [15] studied
heat transfer in Surface Scraped Heat Exchangers (SSHEs),
particularly for high-viscosity fluids prone to fouling.
Their numerical analysis identified rotor speed as the most
influential factor, with higher RPMs significantly enhanc-
ing heat transfer. Other key parameters include fluid flow
rate, blade design, and heat flux mechanisms. Blasiak and
Pietrowicz [16] conducted experimental studies on SSHEs
under turbulent flow conditions, measuring heat flux (500-
1500 W/m?) and convective heat transfer coefficients (20—
45 W/m?K). They proposed an empirical correlation for
the Nusselt number Nu= 1.765 Rer0.496.Pr0.33 to describe
heat transfer in these exchangers. Martinez et al. [17,18]
introduced a thermocouple-based technique for real-time
wall temperature monitoring in SSHEs, enhancing thermal
management and performance optimization, particularly
for viscous fluids. Their analysis of flow patterns in a rotat-
ing scraped surface plate heat exchanger demonstrated the
impact of rotation on fluid dynamics, leading to improved
mixing and heat transfer efficiency.
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The study conducted by Pordanjani et al. [19] investi-
gated a Scraped Surface Heat Exchanger (SSHE) config-
uration that consists of an encased rotor with two blades
mounted on it. The main focus of the research is to examine
the impact of rotor speed and mass flow rate on the heat
transfer efficiency of the SSHE and outlet temperature. This
research also shows that decreasing the outgoing heat flux
from the heat exchanger reduces the convection heat trans-
fer coefticient.

Maruoka et al. [20] designed an SSHE with a rotating
cylindrical tube and fixed blade to remove solid PCM layers
during discharging. At rotational speeds up to 500 rpm, heat
release rates increased six fold compared to stationary condi-
tions, with 80% of latent heat extracted in 15 minutes versus
only 50% in four hours without scraping. They achieved a
maximum heat transfer coefficient of 2000 W/m?K. Carlos et
al. [21] examined the thermal behavior and phase transition
of a non-Newtonian fluid in a dynamic SSHE under varying
operating conditions. Using computational fluid dynamics
(CFD) simulations validated by experiments, they analyzed
the impact of scraper motion, fluid properties, and heat
transfer dynamics on the glass transition process.

Tombrink & Bauer [22] and Tombrink et al. [23] investi-
gated rotating drum heat exchangers for latent heat storage
using both simulation and experimental methods. Their
findings demonstrated that rotation enhances heat transfer,
reduces thermal resistance, and ensures uniform tempera-
ture distribution, optimizing the melting and solidification
of phase change materials (PCMs). Ding et al. [24] analyzed
the heat and mass transfer performance of a Scraped Surface
Heat Exchanger (SSHE) in suspension freeze concentration
(SEC) processes. Through experimental and computational
approaches, they examined heat transfer coefficients, mass
transfer dynamics, and phase change behavior. The results
highlight that scraper motion significantly improves fluid
mixing, enhances heat and mass transfer, and minimizes
fouling. Egea et al. [25] evaluated a novel SSHE for latent
energy storage in domestic hot water systems. The device
showed high thermal efficiency during phase change pro-
cesses. The scraping action prevented PCM solidification,
ensuring stable performance across multiple cycles. Solano
etal. [26] studied heat transfer and pressure drop in recipro-
cating SSHE tubes, examining the impact of varying scrap-
ing amplitudes. Their findings indicate that greater scraping
amplitudes enhance fluid mixing, disrupt thermal bound-
ary layers, and improve convective heat transfer efficiency.
Imran et al. [27] investigated the electro-osmosis-induced
flow of a Jeftrey viscoelastic fluid in a Scraped Surface Heat
Exchanger (SSHE). They analyzed the combined effects of
electro-kinetic forces and the fluid’s viscoelastic properties
on heat and mass transport. Using mathematical modeling
and computer simulations, they examined velocity profiles,
temperature distributions, and pressure gradients under
varying operational parameters, including electro-osmotic
flow intensity and fluid elasticity. The results highlight the
dual role of electro-osmosis in enhancing flow dynamics

and improving thermal transfer efficiency. Egea et al. [28]
examined a Scraped Surface Heat Exchanger (SSHE) for
solar energy storage, with an emphasis on preventing the
build-up of solid PCM layers. Their key findings include
faster energy release at higher HTF flow rates, optimal tem-
perature differences between 20-25°C, and the identifica-
tion of a critical scraping frequency for improved efficiency.
Additionally, they proposed a highly accurate predictive
model for solidification time.

Allehiany et al. [29] analyzed heat transfer in scraped
surface heat exchangers (SSHEs) using a Williamson fluid
model with electroosmotic effects in a narrow-gap design.
Computational methods (BVP4C in MATLAB) and analyt-
ical solutions explore velocity, temperature, and pressure
profiles under varying parameters like Weissenberg and
Brinkman numbers. Results show that viscoelastic behav-
ior enhances fluid flow, while electro-osmosis and medium
mobility impact temperature and velocity. These results
are validated against artificial neural network (ANN) pre-
dictions. Rahman and Dhiman [30] investigated a novel
perforated conical baffle plate design with air deflectors
to improve heat transfer in tubular heat exchangers. This
design enhances turbulence and increases thermal effi-
ciency by 2.51 times compared to conventional baffles. The
study identified key performance factors, including the
deflector inclination angle and pitch ratio, which signifi-
cantly impact friction.

Despite these advancements, significant gaps remain in
understanding the complex flow patterns and heat trans-
fer mechanisms within SSHEs, particularly under extreme
operational conditions such as high rotational speeds or
when handling non-Newtonian fluids. While previous stud-
ies have made substantial progress in modeling SSHEs, many
are limited by simplified assumptions, such as constant fluid
properties or the lack of detailed geometric modeling. These
limitations hinder the development of more accurate predic-
tive models that can capture the full range of thermal and
fluid dynamics in SSHEs under realistic operating condi-
tions. In addition, Experimental analysis of these systems is
often limited by difficulties in measuring local variables like
velocity and temperature in real time. As a result, there is an
urgent need for a comprehensive numerical model capable of
accurately capturing the intricate thermal and fluid dynam-
ics of SSHEs under realistic operating conditions

This study aims to bridge these gaps by developing a
comprehensive three-dimensional numerical model that
integrates the complexities of real-world SSHE systems,
including non-constant fluid properties, detailed blade
configurations, and realistic operational conditions. By
building on recent advancements and addressing the lim-
itations in current models, this work seeks to provide more
accurate insights into the thermal and fluid dynamics of
SSHES, particularly in applications involving high-viscosity
Newtonian fluids. The findings will offer valuable guide-
lines for optimizing SSHE performance and improving
their efficiency in industrial processes.
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GENERAL DESCRIPTION OF SSHES

The studied configuration, as well as the boundary
conditions, are presented in Figures 1 to 4. It is an outer
Aluminum cylinder (stator) with length L and diameter
Ds, in which the outer wall maintains constant temperature
Tp= 278.16 K. Within this cylinder, blades with thickness e

on temperature. Table 2 gives the physical properties of
pure Glycerin, Stainless steel, and Aluminum used in the
calculations.

Table 1. Geometrical Characteristics of the SSHE [13,15]

are attached to the stainless steel inner shaft cylinder (rotor) Characteristic Value
with diameter Dr rotating at a constant rotation speed Stator diameter, Dy 0.065m
w=120 rpm, 240 rpm, 360 rpm, 480 rpm, 600 rpm, scraping  Rotor diameter, D, 0.04m
exchange surface. The clearance between the blade tip and  Stator length, L 0.4m
the exchange surface §=130pum. All dimensions of the con-  Tutal surface heat exchange, S, 0.095m?
flgu}fatlon. conls)ldered 1}r11 this w;)rk were e}):actly the same 1 G olume, v, 0.0015m>
a§ t o.se given by Yataghene et al. [12,13]; they are summa- Blade-stator clearance, § 130um
rized in Table 1. Blade thickn 0.005

The working fluid is Glycerin, modelled as a Newtonian ade thickness, € ouom
fluid in a laminar regime with a viscosity that depends Number of blades 234
Table 2. Physical properties of materials [13,15]
Material Viscosity(Pa.s) Thermal conductivity Heat capacity Density

(W.m1.K?) (J.kg'.K") (kg.m?)
7378.8
Pure Glycerin pr = 8.1. 10‘12.exp( T ) 0.285 2435 1240
Stainless steel - 16.27 502.48 8030
Aluminum - 202.4 871 2719
Insulated walls q=0 'l Outlet flow
_-’\‘\n.
/ \
I
L

Inlet flow l To=288.16K , m

i ~

N Stator

~
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Figure 1. Computational domain and boundary conditions of SSHE, longitudinal and transversal cross-section.
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Figure 2. Isometric view of SSHE with 02 blades and transversal cross-section.

Figure 3. Isometric view of SSHE with 03 blades and transversal cross-section.

Figure 4. Isometric view of SSHE with 04 blades and transversal cross-section.

Governing Equations and Boundary Conditions

The fluid flow coupled with heat transfer within a
scraped surface heat exchanger (SSHE) involves the con-
sideration of non-isothermal, incompressible laminar
flow. The conservation equations of mass, momentum,
and energy are solved using Fluent software based on the
Finite Volume Method. Due to the significant rotation of
the fluid induced by the rotor and blades in the SSHE, it
is essential to utilize the rotating reference frame formu-
lation to address the continuity, momentum, and energy
equations. The primary purpose of employing a moving
reference frame is to transform an unsteady problem in the
stationary (inertial) frame into a steady one relative to the
moving frame [15]. When solving rotating frame problems

with Fluent software, it is possible to use either the absolute
velocity, V, or the relative velocity, V,, as the dependent vari-
able. These two velocities are related by an equation that
allows for the accurately modelling of the fluid dynamics
and heat transfer processes within the SSHE.

In steady-state conditions for the relative velocity, the
system of equations can be written in the following vector
form [12,13,15] :

The continuity equation

7(p %) =0 (1)

V=V-@7 @)
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Where,

® is angular velocity.

V is absolute velocity.

I is the position vector in rotating frame

-The momentum equation

V(pV V) +p(28. V. + B.76.7) =—Vp+ Vi, +p.d  (3)

—_ =
2. Vy is the Coriolis acceleration
®. ®.T is the centripetal acceleration

-The energy equation

V(p Vi H,) = V(k;.VT) + V(%,.V,.) (4)

The terms used in the equation (4) are forced heat con-
vection, heat conduction, and viscous dissipation. The rel-
ative internal energy (Er) and relative total enthalpy (Hr)
are the two terms used to express the energy equation. The
following is a definition of these variables [34]:

1
E=h=04208 = (0.1)?) (5)
_ P
H.=E, + > (6)
Boundary Conditions

As shown in Figure 1, the rotor and its blades, which are
assumed to be thermally insulated, rotate at speeds ranging
from 120 rpm to 600 rpm. The fluid enters the system at
a temperature of 288.16 K with a mass flow rate between
0.017 kg/s and 0.086 kg/s and undergoes cooling. The heat
transfer process involves passing the coolant over the stator
to maintain a constant heat flux condition on the casing.
The fluid flow adheres to the no-slip condition throughout
the system, at solid surfaces and exits under both hydrody-
namically and thermally fully developed conditions [12,13].

-At the stator surface: Tw=278.16K, v=0 (No-slip wall
condition at the wall)

-On the rotor: insulated wall q=0, v=w.r

-On the blades: insulated wall q=0, v=w.r

-Inlet flow: mass flow rate th , T)=288.16K

-Outflow: (Z—Z) =0, (Z—Z) =0

-The average Nusselt number is calculated according to
the following expression [31,32]:

o h.d qe d
uUu=—=—F—FT""——"-"—]-."—

ke ATy —Tp) ks )

Where T, is the average temperature of the walls of the
SSHE.

T, is the average temperature of the fluid.

-The improvement of the heat transfer in the SSHE with
3 and 4 blades compared to the SSHE with two blades is

estimated by percentage enhancement of the Nusselt num-
ber as follows [33,34]:

Nu3'4_ - Nuz

Enhancement Nus ,% = ——=—
’ Nu,

100 (8)

Where ;

Nugs , the average Nusselt number of SSHE with 3 and
4 blades.

Nu, the average Nusselt number of SSHE with 2 blades.

NUMERICAL MODELING

Mesh Independence Study

For the three models of the scraped surface heat
exchanger, tetrahedral cells were generated to mesh the
computation domain as shown in Figure 5. A refined mesh
is essential near places where there are high variations
in flow properties, such as near the stator and the tips of
blades, to capture the low fluid deformations.

In numerical studies, it is necessary to verify the effect
of mesh resolution on the solution to ensure the accuracy
and reliability of the numerical solution before performing
calculations. Mesh independence was verified using differ-
ent mesh sizes, as shown in Figure 6. The average convec-
tion coefficient (h) was determined for all mesh faces at a
mass flow rate t = 0.017236 Kg/s and a rotational speed w
= 240 rpm. From Figure 6, we observe that the difference
between the average convection coefficient values for the
last three mesh sizes is slightly different, and the coefficient
(h) becomes insensitive to the number of nodes in the mesh
at 876347. Therefore, we have chosen 876347 nodes for all
our calculations to obtain accurate results with minimal
computational time.

Number of nodes h(W/m2.K
120797 287,62
178925 287,13
256341 286,81
314946 286,09
529173 285,82
619865 285,73
749532 285,61
876347 285,48
921875 285,43
987653 285,41
Solver Setting

Solidworks and Gambit software are used to create and
mesh the geometry. Fluent6.3.26, a computational fluid
dynamics (CFD) program, uses a finite volume approach to
solve integral equations controlling mass, momentum, fluid
conservation, and solid phase energy after receiving the mesh
file. This model uses Fluent>s SIMPLE algorithm, a 3D double
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v

Figure 5. (a) Isometric view of computational mesh of SSHE; (b) Mesh of cross section in SSHE; (c) Enlarged view of the
mesh near the clearance between the blade and stator in SSHE.

288,0 | | |
m=0.01723kg/s, ®=240rpm
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2870

m’IQ
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2865 \
\

286.0
.
™
T

2855 5 o

2850

6x10° 8x10° 1x10°

Number of nodes

0 2x10° 4x10°

Figure 6. Variation of average convective heat trans-
fer coefficient as a function of the number of nodes for
h = 0.017236 Kg/s and w = 240 rpm.

precision pressure-based solver, a second-order upwind dis-
cretization scheme for momentum and energy equations, and
the usual scheme for the pressure correction equation. When
the normalized residual values for the momentum and mass
equations approach 10-3 and the energy equations reach 10-6,
respectively, convergence is considered satisfactory [35].

Validation of SSHE Models

In order to verify the accuracy of our simulation results,
we calculate the convective heat transfer coefficient and
compare it with the numerical data provided by Yataghene
and Legrand [13] under identical dimensions and design

500
® QOurs result
e Yaraghene and Legrand [13]

450

400 -

2K)

350

h(W/m

300 +

B0

T T T T T T T T T
60 120 180 240 300 360 420 480 540 600 660
® (rpm)
Figure 7. Variation of average convective heat transfer co-

efficient as a function of rotational speed: A comparison
between our results and literature data.
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conditions. As illustrated in Figure 7, the comparison
demonstrates a favorable agreement, with a maximum
deviation of less than 5% evident. This indicates that the
methodology adopted in our numerical investigation is via-
ble, and the obtained results can be considered reliable.

RESULTS AND DISCUSSION

This study delves into the impact of several critical
factors on the thermal-fluid fields in a specific type of
scraped surface heat exchanger (SSHE). Utilizing numeri-
cal simulations, the investigation aims to shed light on how

these factors influence the performance and efficiency of
the SSHE. Mass flow rate m values are considered, which
ranged from 0.017 kg/s to 0.086 kg/s. The SSHE with 02,
03 and 04 blades are examined in cases of rotational speed
values w= 120-600 rpm.

Temperature Field and Flow Characteristics in SSHE
The numerical results of the temperature contours are
illustrated in Figures 8 to 13 via cross-sections within the
scraped surface heat exchanger with 2, 3 and 4 blades for
two rotation speeds w=120 rpm and 600 rpm and for a mass
flow rate m =0,051584kg/s, and in different z-locations are

Temperature
288
2875
287
286.5
286
2855
285
2845
284
2835
283
2825
282
2815
281
280.5
280
2795
279
2785
278

Figure 8. Temperature contour of SSHE with 2 blades in case of =120 rpm and m = 0,051584 kg/s.

Temperature

288
2875
287

286.5
286
2855
285
2845
284
2835
283
2825
282
2815
281
2805
280
2795
279

Figure 9. Temperature contour of SSHE with 2 blades in case of w=600rpm and i = 0,051584 kg/s.
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for cross-sections . It is noticed that the fluid enters the heat
exchanger cylinder with a temperature of 288.16 K and
then gradually decreases In the axial direction, from the
inlet towards the outlet, contacting the cold internal surface
(278.16 K) of the cylinder. It is clear that in the last part,
close to the exit of SSHE, the temperature has not reached
the necessary cooling wall temperature, and the fluid leaves
at higher temperatures than the cooled wall.

The temperature is not uniformly distributed through-
out the heat exchanger, with a more significant temperature

difference observed around the blades. This is due to the
high shear gradients in these areas. The fluid temperature
also decreases with an increase in the number of blades,
rotation speed, and mass flow rate. These figures illus-
trate the development of thermal boundary layers around
the blades. A comparison between the 2, 3, and 4-blade
exchangers reveals that the thermal boundary layers of
the 2-blade exchanger are thinner than those of the 3- and
4-blade exchangers. This is due to the reduction in fluid
velocity near the blade surfaces reducing the heat exchange.

Temperature

288
2875
287

286.5
286
2855
285
2845
284
2835
283
2825
282
2815
281
280.5
280
2795
279

Temperature

288
2875
287

2865
286
28556
285
2845
284
2835
283
2825
282
2815
281
2805
280
2795
279

Figure 11. Temperature contour of SSHE with 3 blades in case of =600 rpm and m = 0,051584 kg/s.
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Temperature

2875
287
286.5

286
2855
285
2845

Figure 12. Temperature contour of SSHE with 4 blades in case of =120 rpm and m = 0,051584 kg/s.

Temperature

2875
287
2865

286
28565
285
2845
284
283.5
283
2825
282
2815
281
2805
280
2795
279
2785

Figure 13. Temperature contour of SSHE with 4 blades in case of =600 rpm and = 0,051584 kg/s.

The Flow Streamlines

Figure 14 & 15 indicate the flow streamlines in the
SSHE with two and four blades at rotational speeds w of
120 rpm and 600 rpm and a mass flow rate t of 0.035 kg/s,
revealing significant insights into the fluid motion and
heat transfer behavior. The rotational motion of the blades
generates vortices on both sides of each blade, with larger
vortices forming at the front of the blades due to the rota-
tional forces and smaller vortices observed near the blade
tips. These vortices enhance fluid mixing and disrupt the
thermal boundary layer, facilitating improved heat transfer.

The comparison between two and four-blade configura-
tions indicates that the four-blade setup achieves higher
fluid velocities due to increased disturbances and mixing,
leading to enhanced convective heat transfer efficiency.
At higher rotational speeds, such as 600 rpm, the vortices
and fluid velocity intensify further, increasing the interac-
tion between the blades and fluid and minimizing stagnant
zones. This thorough mixing ensures consistent thermal
exchange by continuously bringing cooler fluid into con-
tact with the heat transfer surface. The findings highlight
the critical role of vortex dynamics in optimizing SSHE
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performance, with the four-blade configuration demon-
strating superior thermal efficiency due to its ability to pro-
mote higher fluid velocities and better mixing.

Effect of the Number of The Blades and Rotational Speed

Figures 16 and 17 present the variation of the difference
temperature AT and Tout as a function of the rotational
speed obtained with two, three, and four blades in the case
of = 0.05158 Kg/s

It can be observed that the increase of the number
of blades (from two to four) in a scraped surface heat
exchanger (SSHE) significantly enhances the heat transfer
rate due to improved interaction between the cooling fluid
and the exchanger walls. The additional blades increase the
surface area of thermal convection, allowing more heat to
transfer from the fluid to the walls. Moreover, the blades
disrupt the thermal boundary layer more effectively, reduc-
ing resistance to heat transfer and facilitating greater con-
vective heat exchange. The enhanced fluid agitation caused
by the increased blade count also promotes better mixing,
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reducing temperature gradients within the fluid and ensur-
ing cooler fluid is continuously brought into contact with
the heat transfer surface. As a result, the outlet tempera-
ture (Tout) of the fluid decreases, reflecting the efficient
removal of thermal energy. Simultaneously, the tempera-
ture difference (AT=To-Tout) grows, indicating improved
cooling efficiency. The four-blade configuration, in partic-
ular, achieves superior thermal performance by effectively
balancing enhanced heat transfer with fluid flow dynam-
ics, making it more efficient than the two- and three-blade
configurations. These results highlight the importance of
optimizing blade count to maximize the cooling or heating
capabilities of SSHEs in industrial applications.

As the rotational speed w of a scraped surface heat
exchanger (SSHE) increases, the outlet temperature Tout
of the fluid decreases, indicating improved heat transfer
efficiency. This improvement is primarily due to enhanced
fluid mixing and increased interaction with the heat trans-
fer surface at higher speeds. The faster rotation generates
more turbulence and agitation within the fluid, disrupting

(b) SSHE with 2 blades ® =600rpm

Figure 14. Pathlines in SSHE with two blades for m = 0,035 kg/s and different rotational speed.
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(d) SSHE with 4 blades «» =600rpm

Figure 15. Pathlines in SSHE with four blades for th = 0,035 kg/s and different rotational speed.

stagnant zones and ensuring uniform temperature dis-
tribution. Additionally, the increased velocity of the fluid
near the blade walls reduces the thickness of the thermal
boundary layer, lowering resistance to heat transfer and
facilitating more efficient thermal energy exchange. Higher
rotational speeds also produce stronger shear forces, which
prevent fouling or sedimentation on the exchanger walls,
further maintaining optimal heat transfer conditions.
Moreover, the elevated rotational speed increases the mass
flow rate of the fluid, reducing its residence time in the
exchanger. However, this is offset by the enhanced convec-
tive heat transfer, ensuring that the overall thermal perfor-
mance is significantly improved. These combined effects
make higher rotational speeds a critical factor for optimiz-
ing SSHE efficiency, although careful consideration must
be given to energy consumption and mechanical stress to
maintain operational sustainability.

The effect of the number of scraper blades and rota-
tional speed w on the Nusselt number and its percentage
enhancement are depicted in Figure 18. The results show

that the Nusselt number increases significantly with the
rotational speed w of the SSHE. This increase is attributed
to the enhanced velocity of the fluid flow, which intensifies
shear forces and disrupts the thermal boundary layer near
the heat transfer surface, thereby improving the convective
heat transfer coefficient. However, as observed in the per-
centage improvements, the Nusselt number enhancement
diminishes at higher rotational speeds. For instance, with
four blades, the maximum enhancement (between SSHE
with 4 and 2 blades) is 44.74% at 240 rpm, decreasing
slightly to 43.78% at 360 rpm and further to 30.6% at 600
rpm. This reduction in improvement at higher speeds likely
reflects diminishing returns as the system approaches its
physical limits of convective heat transfer efficiency. The
presence of four blades further enhances Nu by increasing
the interaction between the fluid and the heat transfer sur-
face, with the greatest impact observed at moderate speeds
such as 240 rpm, where fluid mixing and energy input
achieve an optimal balance. These findings emphasize the
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Figure 16. Variation of the difference temperature AT as
a function of the number of the blades and the rotational
speed for th = 0.05158 Kg/s.
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Figure 17. Variation of the temperature T, as a function
of the number of the blades and the rotational speed for
m = 0.05158 Kg/s.
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Figure 18. Variation of the average Nusselt number and its enhancement as a function of the rotational speed and the

number of the blades for th = 0.05158 Kg/s.

importance of optimizing rotational speed and blade count
to maximize the heat transfer efficiency of SSHEs.

Effect of the Inlet Flow Rate

The inlet flow rate significantly influences the thermal
performance of a scraped surface heat exchanger (SSHE).
As illustrated in Figures 19 and 20, increasing the inlet flow
rate results in a sharp decrease in the temperature differ-
ence AT between the inlet and outlet. This reduction is pri-
marily due to the shorter residence time of the fluid within
the SSHE, which limits the duration of thermal interaction
with the heat transfer surface. Although higher flow rates
enhance fluid velocity and turbulence, promoting better
mixing and disrupting the thermal boundary layer, these

advantages are counteracted by the reduced residence and
mixing times.

For the Nusselt number, the relationship is more com-
plex. At higher inlet flow rates, the fluid velocity increases,
leading to enhanced turbulence and disruption of the ther-
mal boundary layer, this promotes convective mixing and
increases the heat transfer coefficient locally, resulting in
an initial rise in the Nusselt number. However, as the flow
rate continues to increase, the reduced residence time and
diminished mixing opportunities within the SSHE offset
these benefits. The fluid has less time to exchange heat with
the walls, which decreases the overall heat transfer effi-
ciency and causes the Nusselt number to plateau or even
decline at very high flow rates.
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Furthermore, the diminished mixing time due to higher
flow rates reduces the effectiveness of the scraping blades,
as the fluid moves too quickly to be adequately agitated by
the blades. This further limits the disruption of the thermal
boundary layer and the enhancement of convective heat
transfer, which are crucial for improving Nu. Therefore,
while higher flow rates initially lead to an increase in Nu,
the improvement diminishes at higher rates as the balance
between turbulence and residence time shifts unfavorably.

In summary, increasing the inlet flow rate enhances
fluid velocity and turbulence, which can initially improve
the Nusselt number. However, the reduced residence time
and limited mixing at higher flow rates negatively impact
the overall convective heat transfer efficiency. This high-
lights the need to optimize the inlet flow rate to maintain
an effective balance between turbulence, residence time,
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Figure 19. Variation of the difference temperature AT as a
function of mass flow inlet th and the number of the blades.
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Figure 20. Variation of the average Nusselt number as a
function of mass flow inlet th and the number of the blades.

and thermal interaction for maximising the Nusselt num-
ber and overall SSHE performance.

CONCLUSION

This study presented a detailed numerical analysis of
the thermal and fluid dynamics performance of a Scraped
Surface Heat Exchanger. The investigation focused on key
parameters, including the number of blades, rotor speed,
and mass flow rate, to optimize heat transfer efficiency and
outlet temperature.

The primary findings are as follows:

o The non-uniform temperature distribution was
observed, with enhanced cooling near the blades and
the heat transfer surface. The thermal boundary layers
were thinner in exchangers with fewer blades, which
can reduce heat transfer efficiency.

 Increasing the number of blades improves heat transfer
by enhancing fluid agitation and increasing the surface
area available for convection. The four-blade configura-
tion outperformed the two- and three-blade models in
cooling efficiency.

« Higher rotor speeds improved convective heat transfer
by boosting fluid velocity and reducing thermal resis-
tance. However, excessively high speeds may require
more energy input and should be balanced with system
design limitations.

o The impact of mass flow rates on thermal performance
was observed: higher flow rates enhance heat transfer
but at the cost of increased outlet temperatures due to
reduced residence time in the exchanger.

o The Nusselt number increases significantly with rota-
tional speed, driven by intensified fluid velocity and
shear forces that enhance convective heat transfer.

o The four-blade configuration delivers the highest Nu,
with the greatest percentage improvement observed at
moderate speeds (e.g., 44.74% at 240 rpm compared to
the two-blade configuration).

o Moderate rotational speeds, such as 240 rpm, offer the
best performance in terms of heat transfer efficiency, as
they balance fluid mixing and energy input effectively.
Beyond the numerical insights, these findings have

significant real-world implications for industries handling

high-viscosity fluids, such as food processing, pharmaceuti-
cals, and chemical engineering. The optimization strategies
identified in this study can be leveraged to enhance indus-
trial SSHE efficiency, reduce energy consumption, and min-
imize operational costs. However, real-world applications
may introduce additional challenges, such as mechanical
wear, energy demands, and hygiene requirements in reg-
ulated industries. Future research should explore advanced
materials for enhanced durability, adaptive control systems
to balance energy efficiency, and real-time monitoring.

Additionally, investigating the performance of SSHEs with

non-Newtonian fluids and alternative blade geometries can

further refine their industrial applicability.
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By bridging the gap between numerical modeling and
industrial implementation, this study provides valuable
insights that can guide engineers, manufacturers, and resear-
chexrs in designing more efficient and sustainable SSHE
systems. The integration of computational simulations with
experimental validation will be essential for translating these
findings into practical, real-world solutions that improve
heat exchanger performance in large-scale applications.

NOMENCLATURE

Heat transfer area, m*

Hydraulic diameter, m

Stator diameter, m

Rotor diameter, m

Blade thickness, m

Relative internal energy, J

Relative total enthalpy, J

Average heat transfer coefficient, W/m2.K
Fluid thermal conductivity, W/m.K
Stator length, m

Mass flow rate of the fluid, kg/s
Average Nusselt number

Pressure of the fluid, Pa

Heat flux, W

Convective heat flux, W

Position vector in rotating frame, m
Total surface heat exchange, m?
Inlet temperature of the fluid, K
Average temperature of the fluid, K
Average temperature of the walls of the SSHE, K
Absolute velocity, m/s

Relative velocity, m/s

Total volume, m?
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Greek Symbols

0 Blade-stator clearance, pm
U Dynamic viscosity, Pa.s

p Density of air, kg/m?

w Rotational speed, rpm
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