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H I G H L I G H T S

• The heat transfer rate is more affected by the rotor speed, heat flux, and mass flow rate.

• The mass flow rate and the rotor speed have the highest and the lowest impacts on the performance

• The outlet temperature is fairly independent of the rotor speed.

• Almost all optimal points happen in the highest values of rotor speed and heat flux.

• The convection heat transfer coefficient and the outlet temperature enhance by 380.64% and 4.86%.
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A B S T R A C T

In the current paper, a Scraped Surface Heat Exchanger (SSHE), composed of an encased rotor on which two
blades are mounted, is studied. The focus is on the effects of the rotor speed, mass flow rate, and outgoing heat
flux applied on the shell on the Convection Heat Transfer Coefficient (CHTC) and the Outlet Temperature (OT).
To this end, the Response Surface Methodology (RSM) is utilized to achieve the regression modeling and sen-
sitivity analysis. Then, the Nondominated Sorting Genetic Algorithm II (NSGA-II) algorithm is applied to best
balance the two conflicting objectives of maximizing CHTC and minimizing OT. The results show that an in-
crease in either the rotation speed of the rotor or mass flow rate leads to a rise in CHTC. Furthermore, decreasing
the outgoing heat flux reduces CHTC and amplifies the temperature at the outlet. The sensitivity analysis in-
dicates that OT is most sensitive to a slight change in the mass flow rate and least sensitive to change in the rotor
speed. Moreover, an optimal Pareto front with 35 non-dominated optimal points is obtained.

1. Introduction

Scraped Surface Heat Exchangers (SSHEs) are a type of heat ex-
changers widely used in pharmaceutical, food, and chemical industries,
to name a few from those listed in Fig. 1. These heat exchangers are
designed for cooling or heating of fluids, especially highly viscous ones.
Since increasing the size of heat exchangers brings with itself the ne-
gative consequence of increasing the pumping power, it is

recommended to use smaller heat exchangers instead [1–4]. Therefore,
reducing the heat transfer because of the shrinking heat exchanger has
to be compensated. Using a rotor and mounting blades on it is a
common approach that helps the fluid to be more agitated. As the fluid
mixes, the heat transfer from the walls also increases, consequently,
CHTC is improved, which is always desired for heat exchangers [5–7].

Because of their high heat transfer rate, SSHEs have attracted the
attention of many researchers for many years, especially in the
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production of ice cream [8–12]. Blasiak and Pietriwicz [13] numeri-
cally studied the SSHE while considering the turbulence flow. Their
findings demonstrated that the heat flux was between 500 and 1500 W/
m2 and CHTC varies between 20 and 45 W/m2K and affected by the
rotor speed. They presented a relationship for the Nusselt number, in
terms of flow Reynolds and Prandtl numbers. In another study, Ali and
Baccar [14] numerically examined the presence of helical ribs on the
performance of a SSHE within which a Bingham fluid was flowing in
steady-state, laminar condition. The positive effects of rotational speed,
axial and rotational Reynolds number on the thermal performance by
increasing CHTC were reported. Saraceno et al. [15] focused on how to
improve the ice-cream production by SSHEs and presented two re-
lationships for the heat transfer rate. Blasiak and Pietriwicz [16] per-
formed a 2D simulation on a SSHE while considering the Reynolds
number, Prandtl number, and the dimensionless gap in the ranges of
100 to 1000, 0.71 to 56, and 0.0005 to 0.15, respectively. Their results

revealed that the increase of either Prandtl number or Reynolds number
increases the heat transfer, while the increase in the dimensionless gap
slightly decreases the heat transfer. Boccardi et al. [7] improved the
relationships proposed for SSHEs by including the viscous dissipation
effect. Comparing two different blade geometries for the rotor, Bayareh
et al. [17] numerically examined the effect of blade geometry on the
heat transfer of an SSHE within which pure glycerin was flowing as the
working fluid. In another study, Crespí-Llorens et al. [18] studied the
pressure drop and heat transfer. They examined laminar, transient, and
turbulent flows and presented relationships for the Nusselt number and
friction factor. Using Particle Image Velocimetry (PIV) method, Yate-
ghene et al. [19] experimentally studied the flow pattern inside a SSHE.
Their results showed that the turbulence is weak near the rotor wall,
and the mixing occurred mostly alongside the rotor blades. Focusing on
the flow pattern and the temperature field, Shiryan Dehkordi et al. [20]
investigated the effects of blade numbers, stator length, inlet velocity,

Nomenclature

Cp Specific heat,Jkg K1 1

Ds Stator diameter,m
Dr Rotor diameter,m
Hr Relative specific enthalpy,Jkg 1

h̄ Mean CHTC,Wm K2 1

m Mass flow rate,grs 1

N Rotational speed,revs 1

Nu Nusselt number
P Pressure,Pa
Pr Generalized Prandtl number
QV Volumetric flow rate,m s3 1

qw
'' Average heat flux at the casing surface,Wm 2

Re Reynolds number
T Temperature,K
V̄ Absolute velocity vector,ms 1

Abbreviations

DoF Degree of Freedom
F-value Fisher test
CHTC Convection heat transfer coefficient

MS Mean square
OT Outlet temperature
SS Sum of squares

Greek letters

Shear rate,s 1

Clearance between tip of blade and casing,µm
f Fluid thermal conductivity,Wm K1 1

Density,kgm 3

Rotor speed,RPM
Extra stress tensor,Pa
Gradient operator,m 1

Subscripts and superscripts

b Bulk
in Inlet
o Outlet
r Relative
w Wall

Fig. 1. Applications of SSHEs.
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fluid viscosity, the geometry of rotor blades, stator material, and rotor
speed on heat transfer and OT. For the purpose of cooling down of
viscous fluids, the rotor speed was found to have a positive effect on the
heat transfer. Furthermore, a decrease in the stator length reduced OT
so that its minimum value happens for the case of a three-blade rotor,
while its maximum value happens when a single blade is mounted on
the rotor. Lakhdar et al. [21] experimentally examined the heat transfer
of ethylene glycol and water in a SSHE. They studied the effects of flow
rate, rotor speed, and the clearance between blades and casing. Heat
transfer under different conditions was investigated by many re-
searchers [22–27]. Particle shape, particle concentration, and fluid
viscosity were studied by Alhamdan and Sastry [22]. The geometry of
scrapers in different axial and rotational Reynolds numbers was ex-
amined by Baccar and Abid [24]. Lee and Singh [28] studied the effects
of rotor speed and flow rate of potato cubes on residence time. Harrod
[27] focused on the principal design of different SSHEs. Couette flow
regime and Taylor vortices regime were compared in the study of
Trommelen and Beek [29].

Many studies were conducted focusing on heat transfer problems
from the statistical point of view among which using Response Surface
Methodology (RSM) to optimize a SSHE has many advantages over
other machine-learning methods such as Artificial Neural Network
(ANN) [30]. RSM is a mixed mathematical-statistical method, which
provides correlations between the responses and the independent
variables. Using RSM, Vahedi et al. [31] investigated the heat transfer
through and over a cylinder. Two correlations were proposed for the
friction factor and Nusselt number with respect to effective parameters
affecting the problem. Pordanjani et al. [32,33] , Vahedi et al. [34]
proposed correlations for the Nusselt number of enclosures. Proposing
correlations provides an in-depth understanding of how much the
output is affected by a factor. In first sight, it is very difficult to con-
clude that using a super-conductive fin inversely affects the heat
transfer rate. RSM not only provides the initial estimates for pre-design
calculations for designers also offers a broad information through re-
gression equations and sensitivity analysis and optimization. Designers
can learn from sensitivity analysis obtained from regression modeling
in order to understand how much a slight change in a variable affects
the response [35–37]. Pordanjani et al. [32] reported that the designer
should not pay more attention to the angle between the pin fin and the
hot sidewall. In fact, their sensitivity analysis showed that changing the
inclination angle over a board range leads to a negligible change in the
Nusselt number. Vahedi et al. [38] revealed that the thermal perfor-
mance of the typical differentially-heated enclosure is not delicate to
the sidewalls thickness.

According to the above survey, no study was conducted to reveal
conditions leading to the best performance of a SSHE for the purpose of
ice cream production. This paper not only addresses the optimization of
a SSHE through which pure glycerin flows, but also the sensitivity of the
outputs to the effective parameters are evaluated. The mass flow rate,
rotor speed, and heat flux applied on the shell are selected as the three
most effective parameters affecting the thermal performance of SSHE
[20]. The lowest OT and the highest CHTC are reported, separately in
single-objective optimizations and simultaneously in a two-objective
optimization. Two regression modelings were also proposed for the two
outputs, CHTC and OT, based on the three aforementioned factors. The
results of the multi-objective optimization (the Pareto front) can pro-
vide initial ideas for designers to choose the correct avenue.

2. General description of SSHEs

Having a fully-blended and homogeneous production and at the

same time providing the highest heat transfer of working fluids are the
desired outcomes of industrial heat exchangers. The following types of
SSHEs are promising approaches to achieve these outcomes.

2.1. Rotating, tubular dynamic SSHE

This type of SSHE consists of two coaxial cylinders. The inner cy-
linder is called the rotor and the outer cylinder is casing or stator.
Blades, with their numbers typically varying from 1 to 4, are mounted
on the rotor with the rotational speeds typically between 1 and 1000
RPM [40].

2.2. Reciprocating, tubular dynamic SSHE

This type of heat exchanger also has a similar structure to the first,
but the rotor is reciprocating, with a frequency of 10 to 60 S per minute
[39,40].

2.3. Rotating, plate dynamic SSHE

This type, which is highly used for cooling and heating with various
rotor speeds, consists of several blades arranged in series inside a shell
that clean the inner surface of the SSHE against substances [40].

As schematically depictured in Fig. 2, the first type of heat ex-
changer is used in the current study in which a rotor with two blades
rotates to enhance the heat transfer rate and provide well-mixed,
homogeneous ice cream. As shown, this type of heat exchanger com-
prises of two coaxial cylinders between which the working fluid flows.
The fluid enters the heat exchanger from one side with a mass flow rate
of m and temperature of Tin, swept away by the blades, and then driven
to the outlet to exit with a lower temperature of Tout. The movement of
the blades, which hinders deposition and agglomeration, is responsible
for making a high-turbulent flow condition and, consequently, uniform
temperature distribution.

Industrial SSHEs are generally made of stainless steel because of its
availability and thermal properties, tabulated in Table 1, to achieve the
desired heat transfer. The resistance against corrosion is another unique
feature of stainless steel.

3. Governing equations and boundary conditions

In this work, the working fluid is Glycerin, which modeled as a
Newtonian fluid with temperature-dependent viscosity. The governing
equations for the steady-state, turbulent fluid flow are derived as below.
Since the relative velocity is used, in the rotational frame of reference
the continuity equation is given by the following equation [41,42],

=V( ) 0r (1)

where Vr is defined as

= ×V V r( )r (2)

where, and V are the angular and absolute velocities, and r stands
for the position vector of an element of fluid.

The momentum equation contains two forces of Coriolis and cen-
trifugal; hence, the momentum equation is as follows:

+ × + × × = + +V V V r p( ) (2 ) gr r r
Ì¿

r (3

The energy equation is as follows:

(4)
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where T is temperature, = D D( ( ) )
Ì¿

r
Ì¿ Ì¿

is the stress tensor, and Hr is the
relative total enthalpy given by the following equation.

= +H E p
r r (5)

where Er is the relative internal energy which is given by the following
equation.

= + ×E h p V r1
2

( ( ) )r r
2 2

(6)

Viscous heating, which was appeared in Eq. (4), is considered in the
current study because of the friction forces. This term can no longer be
neglected in macro-scale systems when the velocity gradient or fluid
viscosity is very high. The pressure and velocity gradients along the
heat exchanger are high enough so that the viscous dissipation term
becomes significant. Owing to the small size of the SSHE, the tem-
perature gradient is small, thereby; slight variations in temperature
significantly affects the heat transfer and any temperature-dependent
properties of the fluid, particularly viscosity. For the sake of simplicity,
the gravitational acceleration parameter is neglected, but the axial

pressure drop is considered in the equations. The tensor of deformation
rate and the shear rate are defined as follows:

= +D
u
x

u
xij

j

i

i

j

Ì¿

(7)

= D D| | 1
2

Ì¿ Ì¿

(8)

The deformation tensor depends on the velocity gradients. For the
casing of the investigated SSHE, the energy equation is as follows.

× =c r T T( ( ) ) ( )m pm m (9)

where m, m, and cpm are conductive heat transfer coefficient, density,
and heat capacity of the stator material.

• Boundary Conditions

The rotor and its blades, which are assumed thermally insulated,
rotate with a speed ranging from 100 to 500 RPM. The fluid enters at
the temperature of =T 288in K and a mass flow rate of 1 to 150 g/s and

Table 1
Thermophysical properties of materials [19,41].

Material Viscosity (Pas) Thermal Conductivity(Wm-1K−1) Heat capacity(Jkg-1K−1) Density(kgm−3)

Pure glycerin = ( )8.1. 10 expT T
12 7378.8 0.285 2435 1240

Stainless steel – 16.27 502.48 8030

Fig. 2. A schematic view of the investigated SSHE and its dimensions.
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cools down. Passing the coolant over the stator provides a constant heat
flux condition on the casing. The outgoing heat flux varies between
1000 and 4000 W/m2. The fluid flow goes along the system while
preserving the no-slip condition at solid surfaces and exits under the
hydrodynamically and thermally fully developed condition [20,42].

4. Numerical modeling

4.1. Solver setting

The discretization method of momentum, energy, turbulence kinetic
energy, and Reynolds stress equations was the second-order forward
difference. In this method, the solution domain is comprised of a
number of control volumes such that each computational cell is sur-
rounded by control volumes without any overlapping. The SIMPLE al-
gorithm was used to solve the discretized equations through the use of
ANSYS Fluent software in a personal computer with 3.6 GHz CPU and
16 GB RAM. The solution steps are shown in Fig. 3.

4.2. Mesh independence study

In numerical studies, it is necessary to check the effect of grid re-
solution on the solution. Output(s) should not depend on the cells
number; otherwise, the results are unreliable. As shown in Fig. 4, the
geometry was meshed, non-uniformly. It is observed that the compu-
tational cells were condensed at which places where high variations in
flow properties are shown, such as near the stator and the tip of blades.

The results of the mesh independence study are shown in Fig. 5. As
shown, OT converges to a value, asymptotically, with increasing the
number of computational cells such that no difference is seen for more
than 8,765,330 cells. Thus, it was selected for the next steps.

4.3. Validation

The results of five turbulence models were compared with each
other and against Ref. [41] and tabulated in Table 2. The RNG k-ε
turbulence model was used for further analysis because of its lowest
deviation against the experimental result of Yataghene et al. [41].

To evaluate the solution accuracy, the results of the present work
should be compared against the literature. To this end, the flow and
heat transfer within the SSHE whose external walls of the stator fixed at
a constant temperature were compared against numerical studies of

Shiryan Dehkordi et al. [20] and Yataghene et al [41]. A good agree-
ment between these results is observable in Table 3.

5. Response Surface method

According to Dehkordi et al. [20], it has been found that many
parameters affect SSHE heat transfer rate, including (1) rotor speed, (2)
blade shape, (3) heat flux on the shell, (4) shell material, (5) blade
number, (6) mass flow rate, and (7) length of heat exchanger. In this
study, the effects of three key parameters of rotor speed, outgoing heat
flux applied to the shell, and mass flow rate have been investigated. To
provide a deep understanding, they have been ranked according to their
influences, along with finding the best condition wherein CHTC and OT
become maximum and minimum, respectively.

A hybrid statistical-mathematical method, called RSM, is used to
determine the mathematical relationship between inputs and outputs
[43,44]. The number of inputs and outputs can range from one to any
large number. After specifying the outputs, a polynomial correlation for
each output is specified in the form of the following equation:

= + + +
= = = =

Response x x x x x
i

i i
i

ii i i
i j j i

ij i j0
1

3

1

3

1

3

1,

3

(10)

In the above relation, 0, i, ii, and ij are unknown coefficients
which will be determined by the RSM. In the first step, the effective
factors along with their ranges have been specified in Table 4. Based on
the face-centered central composite design method, the intervals are
divided into two equal sub-intervals. The matrix of the design of ex-
periment is obtained as in Table 5 [32,38]. As can be seen from Table 5,
there are three types of factorial, axial, and central points. Columns A,
B, and C present the coded values of the parameters. The values of + 1,
0, and −1, respectively, correspond to the high, middle and low levels.
The corresponding real values for each parameter are listed in the three
following columns of rotor speed, mass flow rate, and heat flux. After
each test, the values of h and Tout are written within the corresponding
row.

Analysis of Variance (ANOVA), [45] which was developed by sta-
tistician and evolutionary biologist Ronald Fisher, is a collection of -
statistical models that should be performed to evaluate the difference
between numerical results and those predicted from regression mod-
eling. Using nonlinear regression on the results of Table 5, the coeffi-
cients of Eq. (10) are obtained. Statistical tests must be passed properly

Fig. 3. A schematic representation of the solution procedure.
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by the established regression models to reach their most accurate cor-
relations. ANOVA is comprised of a series of specific tests by which the
accuracy of the models can be determined. SS, Dof, MS, Fisher's test (F-
value), and P-value are calculated for each term to determine mean-
ingless terms to be crossed out from the model.

ANOVA tables for the outputs have been presented in Tables 6, 7.
Terms with an F-value of < 1 are excluded from the typical model of
Eq. (10) [31]. Thus, as can be seen from Table 6, the term AC, which is
the product of rotor speed and heat flux, is crossed out from the

regression model of h0.41. Also, the regression model of Tout
3 is in-

dependent of m, 2, qw
'' , and qw

'' 2. In this way, the regression equations
are reduced and become simpler and more predictable.

Tables 8 and 9 are the modifications of Tables 6 and 7, respectively.
It can be seen that all terms are meaningful and have good statistical
indices. Finally, the parameters of R2 and adjusted-R2, which indicate
the uncertainty of the models, are the most important indices for
evaluating the predictability of the models [46,47].

=R SS
SS

1 E

T

2
(11)

= =R n
n p

R1 1 1 (1 )
SS

n p
SS

n p
adj
2 ( )

( )

2
E

T
(12)

The values of R2 and adjusted-R2 are, respectively, 0.9994 and
0.9985 for CHTC and 0.9882 and 0.9816 for OT. This means that the
models with the values of 1% and 2% have predictive power, respec-
tively.

Fig. 4. A view of the generated mesh.

Fig. 5. Outlet temperature of the heat exchanger for different numbers of
computational cells at a mass flow rate of ×1.39 10 g/s2 .

Table 2
Assessment of different turbulence models by comparing their CHTC values at
the rotor speed of 360 RPM.

Error (%) CHTC Model

– 384.4783 Yataghene et al. [41]
0.987 388.3109 Standard k-ε
0.195 385.2312 RNG k-ε
0.576 386.7057 Realizable k-ε
0.754 387.3992 Standard k-ω
0.232 385.3723 SST k-ω

Table 3
A comparison of CHTC between the present work and the literature.

Rotor speed Present work Ref. [20] Ref. [41] %Error
Ref. [20] Ref. [41]

120 290.3430 297.9630 288.3211 2.553% 0.696%
240 351.8654 352.0870 351.4323 0.062% 0.123%
360 385.2312 385.3680 384.4783 0.035% 0.195%
480 401.9856 401.8940 403.5432 0.022% 0.385%
600 412.0765 413.0700 411.7843 0.240% 0.070%

Table 4
Three selected parameters along with their intervals.

Variable Actual
parameter

Coded
symbol

Levels
Low (-1) Mid (0) High

(+1)

Rotor speed(RPM) A 100 300 500
Mass flow

rate(gr. s )1
m B 1 75.5 150

Heat flux(Wm )2 q'' C 1000 2500 4000
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5.1. Presentation of models and diagnostic tests

The established models could be trusted after statistical evaluations.
It should be noted that these models are valid in the ranges of

< <100 (RPM) 500, < <m1 (gr. S ) 1501 , and < q1000 ''

<(Wm ) 40002 .

= + + + + ×

× ×

× ×

h m q

m m q

m q

5.40822 0.004345 0.062038 0.001618 16 10

2.19979 10 5.19341 10 238

10 1.77 10

w

w

w

0.41 '' 6

6 '' 6 2

6 2 7 '' 2 (13)

= × + + +T m q m

q m

2.25318 10 428.51375 27265.322 516.51 3.325

142.15
w

w

out
3 7 ''

'' 2 (14)

The predictability of the models is depicted in Figs. 6, 7, visually.
These figures include the normal distribution and a scatter plot of the
predicted values against the actual values extracted from the code. The
closer the pattern of scatters to the line results in a higher accuracy of
the model [48,49]. As can be observed, the normal distribution of both
CHTC and OT follow this condition. In these figures, furthermore, the
values obtained from the regression models have been also plotted
versus their actual values. Distribution of scatters being closer to the 45°
bisector means that the models have high accuracy in predicting the
design points [49].

5.2. Response surfaces

Fig. 8 demonstrates 3D surfaces and 2D contours of the averaged
CHTC. In each figure, two variables vary in their investigated ranges,
while the third variable is fixed at its middle level. As can be seen, mass
flow rate, rotor speed, and the heat flux from the casing of the SSHE
have favorable effects on CHTC. It is also observed that the effect of
mass flow rate on CHTC is greater than that of the other two para-
meters. For the case of fixed cross-section, the fluid velocity rises with
flow rate according to the mass conservation law. Increasing fluid ve-
locity also raises the temperature gradient and CHTC, as well. The
higher the turbulent flow, the higher the heat transfer rate. Accord-
ingly, increasing the rotor speed causes more fluid mixing and higher
convection heat transfer. The reason for the positive effect of heat flux
is that the heat transfer from the stator shell is in direct relation with
the applied heat flux.

Fig. 9 depicts 3D surfaces and 2D contours of OT as a function of
other variables. As can be seen, OT always increases with increasing
rotor speed and the mass flow rate and always decreases with in-
creasing the heat flux imposed on the shell. Raising the flow rate causes
the fluid to flow with higher velocity and insufficient time to extract
heat, resulting in a rise of OT. Increasing the outward heat flux from
1000 W/m2 to 4000 W/m2 raises the fluid-to-wall heat transfer rate,
eventually leading to a decrease in OT. As mentioned before, the heat
transfer increases with rotor speed expecting the reduction of OT. While
Fig. 9 shows that something different happens. Although increasing
heat transfer is associated with reducing the fluid temperature

Table 5
Design matrix of tests based on the central composite design method.

Run number Point type Coded values Real values Responses
A B C Rotor speed Mass flow rate Heat flux h Tout

1 Factorial −1 −1 −1 100 1 1000 128.84 280.58
2 −1 −1 +1 100 1 4000 243.62 273.26
3 −1 +1 −1 100 150 1000 353.17 286.67
4 −1 +1 +1 100 150 4000 458.43 285.85
5 +1 −1 −1 500 1 1000 147.5 281.7
6 +1 −1 +1 500 1 4000 274.7 274.59
7 +1 +1 −1 500 150 1000 475.49 286.97
8 +1 +1 +1 500 150 4000 596.56 286.32
9 Axial −1 0 0 100 75.5 2500 400 285.18
10 0 −1 0 300 1 2500 224.66 277.94
11 0 0 −1 300 75.5 1000 367.32 285.98
12 0 0 +1 300 75.5 4000 507.86 284.81
13 0 +1 0 300 150 2500 527.94 286.5
14 +1 0 0 500 75.5 2500 505.99 285.6
15 Center 0 0 0 300 75.5 2500 470.79 285.39

Table 6
ANOVA outputs for h.

Source SS DOF MS F-value P-value

Model 55.39 9 6.15 882. < 0.0001
2.42 1 2.42 347.34 < 0.0001

m 35.9 1 35.9 5146.84 < 0.0001

qw
'' 7.24 1 7.24 1038.18 < 0.0001

m 0.4731 1 0.4731 67.83 0.0004

qw
'' 0.001 1 0.001 0.0178 0.8991 Not Significant

mqw
'' 0.4834 1 0.4834 69.31 0.0004

2 0.111 1 0.111 15.91 0.0104

m2 4.5 1 4.5 645.62 < 0.0001

qw
'' 2 0.4079 1 0.4079 58.49 0.0006

Residual 0.0349 5 0.007
R2 = 99.94% Standard Deviation= 0.058
Adjusted R2 = 99.82% Mean= 1.66
Predicted R2 = 99.41% C.V. %= 3.51
Adequate Precision= 94.9651
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everywhere in the heat exchanger, the heat generation because of the
viscous dissipation is amplified by increasing rotor speed so that the
later effect becomes dominant resulting in a slight rise of temperature.
As a matter of fact, the two factors produce opposite effects on OT. By
and large, the slight dependence of OT upon rotor speed is evident in
the figures indicating that the positive effect of extracting heat and the
negative effect of viscous dissipation are comparable. Thus, the lowest
value of OT corresponds to the highest heat flux applied on the shell,
and the lowest values of rotor speed and flow rate.

5.3. Sensitivity analysis

Sensitivity analysis measures the variations of independent para-
meters with a slight change in variables. The length of bars means the
intensity of variations, positive/negative bar stands for a direct/inverse
relationship [51]. Figs. 10 and 11 demonstrate the sensitivities of CHTC
and OT to the three factors. Factor A is set to its central value (the coded
value of 0) at 300 RPM. Then, the sensitivity of the responses to slight
variations of variables is observed by changing the factor B (mass flow
rate) and C (heat flux). As shown in Fig. 10, CHTC always increases
with increasing rotor speed. But, its behavior is slightly different for the
mass flow rate and heat flux. In fact, CHTC is in direct relation to the
mass flow rate (B) at its low and medium values, but at its high value,
this trend is reversed.

Fig. 11 displays the sensitivity of OT to the factors. As can be seen,
the outlet temperature has the lowest sensitivity to rotor speed and the
highest sensitivity to the flow rate. However, the latter one is slightly
more complicated such that at its low and middle levels, the tempera-
ture increases with a slight change in m, while this trend is reversed in
its high value.

5.4. Optimization

Finally, after analyzing the behavior of responses, an optimization is
performed to achieve the best result. Using optimization, input values
can be found in a way that a specific goal is obtained. From the in-
dustrial point of view, designers always seek for the best set of input

Table 7
ANOVA outputs for Tout.

Source SS DOF MS F-value P-value

Model ×1.591 1013 9 ×1.768 1012 52.52 0.0002

×7.345 1010 1 ×7.345 1010 2.18 0.1997
m ×1.105 1013 1 ×1.105 1013 328.35 < 0.0001

qw
'' ×1.586 1012 1 ×1.586 1012 47.1 0.001

m ×1.763 1010 1 ×1.763 1010 0.5236 0.5017 Not Significant

qw
'' ×7.065 108 1 ×7.065 108 0.0210 0.8905 Not Significant

mqw
'' ×1.105 1012 1 ×1.105 1012 32.81 0.0023

2 ×1.210 109 1 ×1.210 109 0.0360 0.8571 Not Significant

m2 ×1.533 1012 1 ×1.533 1012 45.55 0.0011

qw
'' 2 ×1.051 109 1 ×1.051 109 0.0312 0.8667 Not Significant

Residual ×1.683 1011 5 ×3.367 1010

R2 = 98.95% Standard Deviation= ×1.835 105

Adjusted R2 = 97.07% Mean= ×2.272 107

Predicted R2 = 90.68% C.V. %= 0.8076
Adequate Precision= 21.0615

Table 8
ANOVA outputs for h0.41.

Source SS DOF MS F-value P-value

Model 55.39 8 6.92 1186.94 < 0.0001
A- 2.42 1 2.42 415.33 < 0.0001
B-m 35.9 1 35.9 6154.30 < 0.0001

C-qw
'' 7.24 1 7.24 1241.39 < 0.0001

AB 0.4731 1 0.4731 81.11 < 0.0001
BC 0.4834 1 0.4834 82.88 < 0.0001
A2 0.111 1 0.111 19.02 0.0048
B2 4.5 1 4.5 771.99 < 0.0001
C2 0.4079 1 0.4079 69.93 0.0002
Residual 0.0350 6 0.0058
R2 = 99.94% Standard Deviation= 0.0764
Adjusted R2 = 99.85% Mean= 11.18
Predicted R2 = 99.62% C.V. %= 0.6833
Adequate Precision = 109.4615

Table 9
ANOVA outputs for Tout

3 .

Source SS DOF MS F-value P-value

Model ×1.589 1013 5 ×3.179 1012 150.70 < 0.0001
A- ×7.345 1010 1 ×7.345 1010 3.48 0.0949
B-m ×1.105 1013 1 ×1.105 1013 524.09 < 0.0001

C-qw
'' ×1.586 1012 1 ×1.586 1012 75.18 < 0.0001

BC ×1.105 1012 1 ×1.105 1012 52.36 < 0.0001
B2 ×2.075 1012 1 ×2.075 1012 98.37 < 0.0001
Residual ×1.898 1011 9 ×2.109 1010

R2 = 98.82% Standard Deviation= ×1.452 105

Adjusted R2 = 98.16% Mean= ×2.272 107

Predicted R2 = 96.82% C.V. %= 0.6393
Adequate Precision = 33.6849
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values to reach production. The purpose of optimization is usually to
maximize or minimize responses, individually or simultaneously. SSHEs
show their best performance when the temperature difference between
the inlet and outlet is increased as much as it can be. In the first stage, a
deeper understanding of the results is provided by individually opti-
mizing the responses and figuring out the minimum and maximum
reachable values of the responses. Thus, firstly, two single-objective
optimizations are performed to find the minimum OT and the max-
imum CHTC, separately. Afterward, a two-objective optimization is
performed to reach the aforementioned objectives, simultaneously.

• Single-objective optimization
In this stage, one response is optimized disregarding other available

response(s). In the present work, the optimum points are obtained
through the use of the hill-climbing technique. The hill-climbing tech-
nique, like as Monte-Carlo, simulated annealing, and genetic algo-
rithms, is a greedy search engine seeking for the best solution of a
specified function. A random starting point is selected first, and then
the algorithm evaluates adjacent points to check whether it is better or

not. In fact, it is a gradient-based technique in which the output
strongly depends on the initial guess. One of the deficiencies of the
method is finding a local optimum solution, while probable better so-
lutions exist in other zones. To overcome the problem, and to ensure
that all peaks are reachable, the number of random restart points
should be large, at least larger than the number of peak points.
Unfortunately, predicting the zones wherein optimum solutions happen
is almost impossible, even for simple problems, one should set a large
value for the random restart setting. CHTC and OT are introduced, re-
spectively, as a hill and a hollow from which the maximum and the
minimum must be found. As shown in Fig. 12, the maximum CHTC is
611.703W/m2 happened at 500RPM, 150g/m3, 4000W/m2 and the
minimum of OT happened at 100.012RPM, 1.001g/m3, 3998.57W/m2,
distinctly.

• Multi-objective optimization
In a multi-objective optimization in which more than one goal was

defined, sometimes finding the optimal solution is not possible without
using the optimization algorithms. For the problems with conflicting

Fig. 6. The normal distribution (left) and the drawing of the predicted values against the actual values (right) of h0.41.

Fig. 7. The normal distribution (left) and the drawing of the predicted values against the actual values (right) of Tout
3 .
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objectives, reaching a better solution for an objection may result in a
worse solution for others. For such problems, a set of optimal points is
obtained and designers have to make a trade-off. In the current pro-
blem, the best solution would be the one with the highest heat transfers
while OT reaches its minimum value, namely, reaching the highest
value for h and the minimum Tout. The response surface plots and sen-
sitivity analysis reveal that it is not possible to have both of the goals,
simultaneously. The Nondominated Sorting Genetic Algorithm II
(NSGA-II) has been employed to overcome the problem. The method

needs an initial set of population, which is randomly selected, to start.
Then, based on the objective functions and domination concept, the
initial population sorted in a number of Pareto fronts. Fronts are ranked
based on the domination concept. Points on the same Pareto front have
no superiority over each other. To avoid crowding the solutions in a
local region, the crowding distance operator has been used, through
which the optimal points of a special front are placed, fairly, in equal
distance from each other. In the next step, using binary tournament and
based on the value of crowding distance and non-domination rank, the

Fig. 8. Variations of CHTC as a 3D surface and a 2D contour with respect to (a) mass flow rate and rotor speed, (b) rotor speed and heat flux, and (c) heat flux and
mass flow rate.
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parent population is selected. Consequently, the offspring population
would be generated. Elites are preserved for the next generation from
all of the points of the two populations. Fig. 12 shows the 1st, 8th, 20th,
30th, and the optimal Pareto front. The x- and y-axis are CHTC and OT,
respectively. After more than 35 iterations, the solution is converged
and the Pareto front does not significantly change. It can be seen from
the scatters that the crowding distance has taken into account. Optimal
points on the Pareto fronts are non-dominated capable of meeting a
designer’s condition. It is worth noting that h enhances by 380.64%
along the Pareto front, while OT enhances by about 4.86%, which

shows that the h varies strongly along the optimal points and depends
strongly on the selection.

The Pareto fronts are sorted according to the increase of CHTC and
plotted in Fig. 13. It is interesting to note that all of the optimal points
happen at rotor speed and heat flux of 500(RPM) and 4000(W/m )2 . In
fact, for the application in which OT is more important than CHTC, m
must be set to its lowest value. In fact, it plays the most important role
in changing the optimal points and makes the objectives conflicting.
The abrupt change between the fourth and the fifth optimal points
happens for the rotor speed again implies the low sensitivity of the

Fig. 9. Variations of the temperature as a 3D surface and a 2D contour with respect to (a) mass flow rate and rotor speed, (b) rotor speed and heat flux, and (c) heat
flux and mass flow rate.

A.H. Pordanjani, et al. Applied Thermal Engineering 178 (2020) 115445

11



optimal points on the rotor speed. In fact, the insignificant influence of
the rotor speed is reflected in the abrupt change such that increasing the
rotor speed from its lowest to its highest values provides no significant
reduction in OT. Thus, from the electrical energy saving point of view,
if the purpose is reaching the lowest OT the rotor speed should be set to
its lowest value, namely 100RPM.

5.5. Conclusion

The performance of a Surface Scraped Heat Exchanger is in-
vestigated in this paper by numerical modeling. This type of heat ex-
changer is used for heat transfer of highly viscous fluids in many

industries. The simulated heat exchanger comprises a stator and a rotor
on which two blades are designed to blend the fluid at a constant speed.
The fluid enters the heat exchanger steadily with constant mass flow
rate and temperature and then cools down. The effects of three key
parameters of rotor speed, flow rate, and the heat flux imposed on the
casing, on the outlet temperature and the convection heat transfer
coefficient are examined. Finally, the values of these parameters are
optimized to maximize the convection heat transfer coefficient and
minimize the outlet temperature. The results are summarized as fol-
lows:

• Increasing the rotor speed has favorable and unfavorable effects on
the convection heat transfer coefficient and the outlet temperature.

• At low and middle levels of mass flow rate, increasing its value
raises the convection heat transfer coefficient, but this also causes
the unfavorable increase in the outlet temperature. Such a trend is
observed in a high level of mass flow rate but in the inverse direc-
tion.

Fig. 10. Sensitivity of CHTC to the factors.

Fig. 11. Sensitivity of OT to the factors.

Fig. 12. The optimal points on the Pareto front with the highest CHTC and the
lowest OT resulted from single-objective optimization.

Fig. 13. Input values for all of the 35 optimal points.
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• The outlet temperature of the heat exchanger is least sensitive to the
rotor speed and is most sensitive to the mass flow rate.

• Maximizing the convection heat transfer coefficient and minimizing
the outlet temperature are conflicting objectives, thus the results of
optimization are provided as a set of non-dominated optimal solu-
tions.

• The convection heat transfer coefficient enhances by 380.64% along
the Pareto front, while the outlet temperature enhances by 4.86%,
which shows that the convection heat transfer coefficient highly
depends on the selection of optimal points.
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