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RELIABILITY-BASED DESIGN OPTIMIZATION
OF SCREW SHAFT FOR CONTINUOUS HIGH-
PRESSURE HYDROTHERMAL CO-
LIQUEFACTION PROCESS

Article Highlights
e Structural analysis was performed on the screw-shaft to withstand high pressure in
HTCL reactor

* The uniformly varying pressure was applied to the screw shaft to calculate its structural
strength

¢ Helix angle, depth, pitch, and flight length were the dimensional parameters optimized

e Stress, deformation, shear, and bending stress were crucial responses used for
structural analysis

o GFRG, SN ratio, and ANOVA methods were used for optimization and recommended
for structural simulations

Abstract
Hydrothermal co-liquefaction (HTCL) is the prominent process for producing
bio-products with a higher conversion rate. It is performed at high
temperatures and pressure in the presence of water. Earlier, it was mostly
conducted in batch reactors, but it has major limitations including operating
volume, back mixing, and tedious process for high productivity. With that,
the present investigation is performed on designing the screw shaft for the
high-pressure HTCL process. The dimensional factors including flight
length, pitch, helix angle, and depth were considered to design the optimal
screw shaft. Likewise, principal stresses, shear stress, bending stress,
bending moment, and total deformation were regarded as inevitable
response variables to analyze the internal strength of the shaft. In this
regard, the Taguchi approach provides the Lo (3*) orthogonal array as an
experimental design. Then, the numerical results from the transient
structural analysis were analyzed with the assistance of statistical methods
such as Grey Relational Grade (GRG), Grey Fuzzy Reasoning Grade,
Analysis of Variance (ANOVA), and Taguchi method to find the most
Influential dimensions for minimizing the response variable. Consequently,
the results from both GRG and Taguchi optimization were compared, and
selected the most optimum parameters.

Keywords: hydrothermal co-liquefaction, screw shaft, finite element

method, stress analysis, Goodman failure criteria, multi and single
response optimization technique.

on (EIA), the utilization of liquid fuels was 102.22
million barrels per day at the end of 2022 and also it is
expected to increase by 2.4 % in forthcoming years.
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These gradual increments in the utilization of
conventional fuel and its future demand indirectly
suggest the need for alternate fuels like biomass
energy, which can be produced via thermochemical
conversion processes [1]. The commercialization of
these biomass conversion technologies would
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decrease the emission of greenhouse gases and
pollutant particulates, thereby reducing global
warming [2]. Among different thermochemical
conversion processes, hydrothermal co-liquefaction
(HTCL) is the most promising process for the quick
conversion of biomass into bio-liquid under both sub-
critical and supercritical conditions because of using
water as solvent and catalyst. HTCL process focuses
on the biological degradation of feedstock at higher
temperatures (250 °C to 350 °C) and pressure (20 MPa
to 25 MPa) to produce a high amount of bio-crude
rather than biosolid and biogas [3,4].

In the last few decades, the HTCL process was
performed in single and sequence-type hydrothermal
batch reactors for various types of biomass conversion.
The capacity of these reactors was in the range of 5 mL
to 800 mL, and it also consisted of agitators and
electrical band heaters to improve the heat transfer and
enhance mixing during the hydrothermal conversion.
Some of the major limitations of batch reactors
including back mixing and inconsistency of the
bioproducts are eliminated in the current HTCL reactor
[5-7]. Additionally, a wide range of particle sizes can be
used in this reactor compared to batch reactors. In the
batch reactor, biomass heating, cooling, discharging,
and refilling were time-consuming processes that led to
lower energy efficiency. Some researchers have also
carried out the same process in a semi-continuous
reactor using a high-pressure piston feeder with a heat
exchanger in the closed chamber. The major drawback
of this process is the use of higher input energy for the
high-pressure piston pump of 30 MPa as it also
increases the operating cost. [8,9].

To overcome these limitations, Efika et a/. (2012)
and Shengbo et a/. (2021) performed thermochemical
reactions on screw-type reactors for quick
transportation and biomass conversion. A two-stage
screw kiln reactor (screw diameter = 6 cm and
length = 54 cm) was used for the production of syngas
from the waste biomass through pyrolysis which is
operated at temperatures between 500 °C and 760 °C
and it resulted in better biomass mixing and better heat
transfer rate than batch reactors [10,11]. Likewise,
Hoekman et al. (2017) developed a twin-screw extruder
(having a 25 mm diameter) operating at high pressure
of 25 MPa and temperature of 350 °C. It exhibited a
shorter residence time (21-28 sec) compared to the
conventional reactor [12]. In addition, an auger-type
screw reactor was used for recycling the plastic waste
through pyrolysis, it is performed at temperatures
between 380 °C and 600 °C with better axial dispersion
and uniform flow in thermal conditions over the length
with respect to time [13].

From the above studies, it was observed that
these continuous-type screw reactors had quick
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processing rates, higher productivity, and less energy
intake. Moreover, the efficiency and chemical
properties of the biofuel were also found to be improved
in the screw-type continuous reactor with shorter
residence time regardless of the thermochemical
process [2,10,11,14,15]. Especially, the auger screw
was preferred for pyrolysis due to the transition of dry
grains and in the case of wet feedstock, the Archimedes
screw was preferred for the better transition of particles
in the form of slurry [16,17].

Finite Element Method (FEM) is a widely used
technique to model and theoretically evaluate the
structural integrity of any mechanical component.
Likewise, Goodman criteria are preferred while
performing the failure analysis under dynamic
conditions and it has been used in various designs of
components such as the main shaft in gas turbine
engines, drive shaft, turbine shaft, and propeller shaft
[18,19]. Further, the Grey Relational Grade (GRG) is
the most employed optimization technique for multiple
responses where the direct responses were converted
single response called Grey Relational Grade (GRG),
and it is verified with the guidance of Grey Fuzzy
Reasoning Grade (GFRG). Recently, it has been
performed to achieve machining effectiveness [20],
improving the tensile strength of the aluminum alloy
pipe [21,22], enhancing the bending and torsional
stiffness of the external structure of automobile [23],
improving the static and dynamic performance of the
drive shaft [18] and beam structure [24].

In the present study, the reactor under
consideration consists of an Archimedes screw shaft
rotated inside a cylindrical chamber employed with
external band heaters, inside which the transition and
chemical reaction of the feedstock takes place within
the chamber. The shaft was designed to experience
both torsional loads (due to shaft rotation) and bending
loads (due to reaction pressure) during the continuous
HTCL process. The screw shaft is the important
component that pushes forward the feedstock towards
the length of the reactor and it has to withstand high
temperatures of 400 °C and pressure varying from 1 to
25 MPa. To analyze the structural stability of the screw
shaft and to study its resistance to stress and
deformation at high-pressure FEM is used. In this
study, flight length, pitch, depth, and helix angle were
considered the vital dimensions to be optimized with
respect to principal stresses, bending stress, shear
stress, and total deformation. Here, the dimensions for
the optimization study were considered by following the
standard shaft design procedure. The optimum
dimensions of the screw shaft were selected by using
the multi-response optimization technique (grey
relational grade method), single-response optimization
technique (Taguchi’s method), and its contribution as
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an effective factor is predicted using ANOVA. The
method followed for dimensional optimization is given
in the flowchart as shown in Fig. 1.

[ Response variable selection ]

L 2
Principal stresses, total deformation,
shear and bending stress

Multiple response is
converted into
single response and

assign the rank

I Grade Relational Grade (GRG) \
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Based on simulation
results

Y
[ Final dimensions selection ]

Figure 1. (a) Pressure contour plot; (b) pressure profile for
screw shaft enclosed reaction chamber during high-pressure
fluid flow.

MATERIALS AND METODS
Materials

During the HTCL process, the water which is used
as the solvent becomes more acidic, and thus the
screw shaft is more susceptible to corrosion. So, the
screw shaft should be made of a material with easy
machinability and high resistance to corrosion, wear,
and chloride formation. Because of good acidic,
corrosion, and chloride resistance, H13, SS304, and
SS316 were initially considered to develop the screw
shaft. However, SS304 and SS316 were not selected
due to their inadequate mechanical properties such as
yield and ultimate strength to sustain high stress,
whereas H13 is selected for designing the screw shaft.
The presence of high Chromium and molybdenum in
H13 enhances the resistance to corrosion and chloride
formation [25]. Table S1 (Supporting material)
compares the mechanical properties like Young's
modulus, bulk modulus, shear modulus, and tensile
and compressive strength of H13 with SS304 and
SS316, and these values were taken for Finite element
analysis [26,27].

The screw shaft was modeled by using the Catia
V5R21 for which the dimensions were obtained from
the Design Expert Software version 8.0 as given in
Table S2. The pressure distribution over the length of
the screw shaft in each section of the reactor filled with
biomass slurry was determined by fluent analysis.

Furthermore, the Finite Element Method (FEM) was
carried out for the discretization of the screw shaft
where the structural analysis is performed to know the
stress distribution, deformation, bending stress, and
FOS through a transient structural module in Ansys R1.

Metodology
Specification of the screw shaft

Flight length, diameter, pitch, helix angle, and
thread depth were considered the important
dimensions to be optimized for designing an optimal
shaft model. The size of depth is essential to find the
cross-sectional area and is responsible for the shear
and principal stress of the shaft. Likewise, flight length
is the major factor responsible for the bendability of the
shaft. At last, helix angle and pitch length were crucial
parameters for the flowability of fluid in the shaft.
Whence, the shaft diameter (58 mm) was fixed by
applying the continuity equation (conservation of mass)
given in Eqg. (1) for the constant mass flow rate of
biomass (1 kg/hr). In general, the L/D ratio ranging from
20 to 30 had chosen for the perfect extrusion of the feed
material in the screw shaft and also the pitch was
another salient parameter for transporting the biomass
which ranges from 0.25 to 0.5 % of the screw diameter.
In addition, the helix angle of the square thread
provides better flow over the transportation which was
calculated by using Eq. (2). The depth used for the
square thread is always half of the screw pitch.
Moreover, it was quite difficult to select the best value
from each dimension to develop the optimized design
of the screw shaft. Hence, the Design of Experiments
(Lo - Taguchi’s model) was used to select the better
combination of the dimensions to model the HTCL
screw shaft as given in Table S2. The diameter of the
reaction chamber was calculated through the
Continuity equation given by:

The mass flow rate through the inlet /}71 - mass

flow rate through the outlet n}z :

my=pAV (1)

The equation for computing the helix angle of the
screw shaft:

—tan- [
¢ =tan (”D] (2)

where P - screw pitch, and D - screw diameter.

Finite Element Method (FEM) for the screw shaft

Fig. S1(a,b) illustrates the two-dimensional
schematic diagram and 3-D model of the screw shaft
used for the finite element analysis. The feed mixture
enters zone “A” called as suction zone, and here the
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feed material is freely moved along the screw shaft and
it reaches the compression zones “B” and “C”. The
feedstock gets compressed and becomes finer
particles during HTCL in this zone. A high-pressure
water nozzle is provided to improve the chemical
conversion and operating pressure in zone “D”.
Likewise, zones “E” and “G” represent the second and
third compression zones, while “F” and “H” represent
the expansion zones respectively. The high-pressure
zones (C, D, E) are marked using a red box in
Fig. S1 (a). Further, the discretization was made by
converting the screw shaft into triangular elements
using FEM during structural analysis. The governing
Egs. (3,4) were used for meshing the uniformly rotating
shaft considering the gyroscopic effect and resisting
moment. Further discretization of the screw shaft was
done using the adaptive meshing technique for the size
of 2 mm and is given in Fig. S1(c,d). Also, the high
smoothing mesh was adapted to get better
convergence results, especially on transient conditions
[28-30]. For pure torsion acting on the screw shaft, it
was assumed that the shaft material is homogeneous
and perfectly elastic. It was also assumed that the
torsional moment is uniform over the shaft length, the
stress does not exceed the limit of proportionality and
the deformation is negligible.

The global force equation for screw shaft using
FEM is given by Eq. (3):

(K Jiwj={F] 3

where [K]- stiffness matrix, {u} - displacement matrix,
and {F} - force matrix.

The derived FEM equation applied for meshing
the screw shaft is given by Eq. (4):

M1 1 =1 =1 1]y
Mx2| GL|-1 1 -1 —1||4x2
Myt 7|1 =1 1 1]y

My 11 -1 1| gyea

Loadling and boundary condiitions

The uniformly varying pressure (from 1 MPa to
23 MPa) developed in different zones through the
length of the HTCL reactor is given in Fig. S2(a). This
pressure variation happens due to the alternate thread
portion (left and right thread) in the screw shaft. It was
observed that the screw shaft experienced a maximum
torque of 125000 Nm while running at 60 rpm and a
maximum pressure of 23 MPa. Fig. S2(a) shows the
different pressure zones that were found by applying
the HTCL operating conditions onto the screw shaft
enclosed with the reaction chamber. The pressure
analysis was performed using a fluent module pressure
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profile developed for similar HTCL conditions as shown
in Fig. S2(b). It shows a gradual increment in pressure
from 1 to 23 MPa till the length of 0.8 m, after which it
starts to decrease significantly. High pressure was
developed at the mid-section of the screw shaft due to
the water injection. Likewise, a slight pressure
decrease was observed at the end zones (F, G, H) of
the screw shaft due to the choking of feedstock.

During the FEM analysis, the shaft was divided
into seven zones based on the different pressure acting
on each section of the screw shaft given in Fig. S1(a).
In addition, the shaft is free to rotate and pressure
(uniformly varying load) is acting in all directions. The
analysis was carried out for 7 secs (number of steps)
with a time step of 0.5 sec and solved using the work-
energy method with governing equation as given in
Eq. (4). It was considered that the pressure is acting
gradually concerning time in each zone of the screw
shaft under ftransient conditions and the time-
dependent pressure was calculated by using the SN
curve in FEM analysis shown in Table S3.

Response variable studies to optimize the design

Principal stresses, shear stress, bending moment,
bending stress, total deformation, and Factor of Safety
(FOS) were the crucial response variables considered
for structural analysis. These variables were
numerically estimated using the structural analysis in
simulation software. Principal stresses were calculated
to realize the internal strength of the screw shaft for the
given dimensions. It should be less than the ultimate
tensile strength (UTS) for any material and its cross-
section to resist the external force. Maximum and
minimum principal stresses were estimated by using
Eqg. (5) and it is acting on the corresponding planes,
which the angle ranges from 0° to 180° in the finite
element method [31,32]. Similarly, bending moment
and deformation were considered to evaluate the
amount of deflection and change of cross section
during the action of external force. The bending
moment might be varied along the overall length of the
shaft, depending on the distribution of applied load [33].
It is necessary to ensure that the moment developed in
the shaft should be within acceptable limits to avoid
excessive deflection [34]. The bending moment was
calculated by considering the shaft with a simply
supported beam with a uniformly varying load which is
given in Eq. (6). The Permanent deformation occurs
when the stress value exceeds the yield stress and
further increment of load leads to fracture due to shear
and bending stress [35]. Bending and shear stress were
the two maijor stresses responsible for estimating the
fatigue failure or lifetime of the screw shaft. The
maximum shear stress acting on the fractured surface
of the screw shaft was estimated using Eq. (7).
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The Goodman failure criteria given in Fig. 3 show the
good relationship between bending and shear stress for
calculating the endurance cycle and safe limits of the
screw shaft [36].

Maximum and minimum principal stresses were
calculated using o1and o2 given by Eq. (5):

01 + O 01— O~
Omaxmin = 12 2{ 12 Z}Xcos(%?) (5)

The bending moment of the shaft with a simply
supported beam with a uniformly varying load was
calculated by using Eq. (6):

2
Bending moment,M = [%j - [%J (6)

The shear stress of any shaft was calculated by
using Eq. (7):

D

= 7
Tmax 2 (7)

Goodman’s safety factor for the given dimensions
of the screw shaft was estimated using Eq. (8) [36]:

o o 1
Zta  Ctm _ (8)
Se S, n

where n - Goodman safe limit.

Total deformation of the screw shaft was
calculated by using Eq. (9):

Crora) =\NX2+Y2 + 22 9)

Procedure for dimensional optimization

The well-established procedure was followed to
perform the dimensional optimization based on the flow
chart given in Fig. 1. Firstly, the multiple responses
were converted into a single response termed GFRG
using the fuzzy method. Then, the GFRG result was
applied to the signal-to-noise ratio method in Taguchi’s
technique to carry out single response optimization
based on estimated variance. ANOVA was performed
to realize the contribution of individual dimensions with
respect to the response variable. The two sets of
dimensions were predicted from Fuzzy and Taguchi’s
method. The screw shaft was designed depending on
the predicted two sets of dimensions and the best
simulation result was taken to the design and
fabrication process.

Grade relational grade optimization method

The robustness of the dimensional factors for
designing the screw shaft can be improved using a
multi-response optimization method termed Grey

Relational Grade (GRG). Initially, the normalized value
is estimated from the primary results using Egs. (10,11)
based on the requirements of “Larger-the-better” or
“Smaller-the-better” conditions. Then, the Grey
Relational Coefficient (GRC) was calculated through
Eq. (12) and it is an essential term to obtain the GRG
values. The final results were verified with the Grey
Fuzzy Reasoning Grade (GFRG) and evaluated by
following the fuzzy logic. Fuzzification, Rule base,
Decision making, and Defuzzification were the four
maijor steps to be followed to bring the value of GFRG.
In fuzzification, the Mamdani interface system was
applied to relate the input and output parameters.
Furthermore, the membership function was prepared
using linguistic variables based on the sequential
values of both input factors and output response (GRG
value), which helps to generate the fuzzy rules. The
rank was provided to both GRG and GFRG values
depending on the highest value was graded as one and
so on [20,37,38]. The normalized values of the original
response sequence were obtained by:

«  Yn(g)-miny,(q)

= 10
Yn max y,, (g)-miny,(q) (19)

if Larger-the-better.

«  maxy,(q)-vn(q)

- 11
Y max v (q)-miny, (q) an

if Smaller-the-better. Where, y," - normalized value of
respective runs, ya(q) - primary response value of
respective run from simulation results, max ys(q) -
maximum value of individual response variable, min
Ya(q) - minimum value of individual response variable,
¥4 - deviation of individual response from normalized
value.

The grey relational coefficient (GRC) can be
evaluated as follows:

_ Amin+ pAmax (12)

Ayy + pAmax

where, p(g) - Grey relational coefficient, ya'=7- y, -
deviation from the normalized value, p - weightage for
coefficient. Generally, p =0.5 was taken.

Taguchi's optimization technique

Taguchi’'s method plays a vital role in optimizing
the dimensional parameters with respect to a single
response at a minimal number of trials. It also uses the
orthogonal array technique to build the design of
experiments, which mainly depends on degrees of
freedom. Taguchi produces the results based on
calculating the mean and deviation of the response
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variable. When the deviation is less or equal mean
obtained, the response variable will not change
concerning dimensional factors. In addition, the signal-
to-noise analysis was also considered for building a
sustainable model with minimum deviation [21,39,40].
In this regard, three levels with four factors (3*) models
were chosen for designing the efficient screw shaft. For
3* models, there were four orthogonal arrays (Ls, L1z,
L1, and L) available for constructing the design of
experiments.

The GFRG attained from the Fuzzy Interface
System (FIS) was implemented in Taguchi’s method to
find out the optimal values of dimensional factors. Here,
the rank was provided to each parameter based on the
deviation of the response variable. It was also
expressed from the SN ratio graph by measuring the
deviation from the target value relative to the noise
present in the system. SN ratio is commonly classified
into three types namely smaller-the-better, larger-the-
better, and nominal-the-better based on the specific
objective of the response variable which is given in Egs.
(13—15). Most of the stress values prefer the smaller-
the-better type SN ratios to find the optimal dimensional
factor [41,42].

When the response variable is recommended to
be smaller then:

1T<m 2
0‘:_10|°9;Za=12/ (13)

When the response variable is recommended to
be nominal then:

2
_ T5m u
a_—10|og;za:1? (14)

When the response variable is recommended to
be larger then:

1<om 1
a:—10|OgEza:1? (15)

/

Analysis of Variance (ANOVA)

The statistical method (ANOVA) is applied to
know the impact of the different factors with respect to
the response variable. ANOVA uses the results that
were obtained from the GRG optimization. It also
defines the null and the alternative hypothesis to find
the significance of the different factors by evaluating the
means of the response variable. The P and F values
are more important in choosing the suitable hypothesis
based on significant values. In case, the P-value is less
than or equal to 0.05, then the null hypothesis is not
applicable for the particular response or else the
specific factor is acceptable for the null hypothesis and
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also it shows a similar mean value at each level. Finally,
R-squared and adjusted R-squared are the salient
parameters for explaining the proportion of the variation
of the response variable, which ranges from 0 to 1. Null
hypothesis (Ho) means a similar response at each level
of dimensional factors and alternative hypothesis (H1)
has a different response at each level of dimensional
factors [21,40].

RESULTS AND DISCUSSION

Maximum and minimum principal stress affecting the
screw shaft

Fig. 2a illustrates the maximum principal stress of
the screw shaft, in which run-8 experience the low-
stress value of 8.5176 x 10”7 Pa and run-2 exhibits the
high stress of 5.9686 x 10% Pa was calculated using
Eq. (5). Likewise, run-1, 4, 5 and 9 possess the stress
values from 3 x 108 Pa to 3.7623 x 108 Pa and run-3, 6
and 7 resist the external force ranges from 1.05 x 108 Pa
to 1.51 x 108 Pa. These stress values of the screw shaft
are under the limit of bulk modulus (160 x 10° Pa) of
H13. In the case of minimum principal stress given in
Fig. 2b, the highest (1.7854 x 108 Pa) and lowest
(2.2018 x 107 Pa) stress value was possessed by run-2
and run-8 respectively. The stress value ranges from
2.7148 x 107 Pa to 1.0834 x 108 Pa for the remaining
sets of Taguchi’s runs. By considering the above-
mentioned principal stress value, the dimensions used
for run-8 were suggested for designing the screw shaft
due to their high resistance to external pressure.

Apart from principal stress, the stress ratio is also
important for describing the fatigue life of the screw
shaft. It is the ratio of the difference between minimum
and maximum principal stress to the sum of these two
stresses. Fatigue life mainly depends on the
temperature, loading, and stress developed in the
testing material. In addition, the stress ratio shows an
indirect proportionality with the fatigue life [36,43]. In
this regard, run-6 and run-2 have the lowest and
highest stress ratios of 0.28 and 0.56 respectively. The
stress ratio from 0.43 to 0.54 was possessed by the
residual runs of the FEM analysis. From the
aforementioned data, the dimensions suggested for
run-6 and run-8 have higher fatigue life compared to
other runs for the given loading conditions shown in
Table S3. So, it withstands a large number of cycles
under dynamic conditions of the screw shaft. It is also
noted that the small L/D ratio delivers the higher fatigue
life of the shaft and resists the maximum principal
stress.

Total shear force and maximum bending moment
acting on the screw shaft

The different dimensions of the screw shaft in
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Figure 2. Contour plot for (a) maximum principal stress in Pa, (b) minimum principal stress in Pa under external pressure for Taguchi's design of screw

each run given in Table S2 were converted into the
beam with a corresponding circular cross-section for
beam analysis under the finite element method. The
cross-section of each beam provides the different area
moment of inertia in the Y and Z axes calculated using
Eq. (6). Area moment of inertia always shows the
indirect proportionality with the bending moment, which
implies that the shaft will bend very less for a larger area
moment of inertia. Moreover, it depends on the
geometrical property of the shaft. The boundary
conditions used for the beam analysis are similar to the
stress analysis. The beam was segmented into seven
sections based on the pressure acting on the shaft
given in Fig. S1 (Supplementary material) and Fig.1a.

Shear force at the given section is the rate of
change of bending moment with respect to the axial
distance given in Eq. (7). It is also the first derivative
and shows direct proportionality with the bending
moment. In this regard, the bending moment should be
minimal for any cross section to withstand the
deflection. Additionally, the bending moment mainly
depends on the nature and magnitude of the load, type
of support, and also dimensional parameters like flight
length, diameter, and depth of the shaft [34,44]. Now,

the type of load and support are similar for each model
of the screw shaft. In this respect, Fig. S3b shows the
lowest (9537.2 Nm) and highest (14884 Nm) bending
moments of the screw shaft exhibited by run-2 and run-
4 respectively. The bending moment lies between
9646.8 Nm and 14771 Nm for the rest of Taguchi’s
runs. There was a slight difference in bending moment
(110 Nm) between run-2 and run-8. As recommended
in the principal stress, the dimensions applied for run-2
and run-8 are suitable for designing the screw shaft with
minimum bending effects due to having less area
moment of inertia compared to the remaining models.
Also, these runs have a smaller L/D ratio to resist the
bending against the external load.

Influence of maximum bending and shear stress on the
screw shaft

Figs. S4a and S4b illustrate the contour plot for
bending and shear stress, which were derived by
solving the FEM equation under transient conditions.
These stresses mainly depend on the geometrical
dimensions like radius (distance from the neutral axis),
length, and helix angle of the shaft and it should be
minimum for any material to withstand the fatigue
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failure. In the present study, the minimum values of
bending (9.1276 x 10® Pa) and shear stress
(3.7969 x 107 Pa) were experienced in run-8, which also
exhibits the maximum fatigue safety factor of n=1.2
estimated using Eq. (8). Moreover, run-8 withstands the
stress of 1.2 times higher than the allowable stress of
H13. Table S4 shows the maximum endurance limit of
10’ was observed for run-8, as a result of the
intersection of bending and shear stress acting below
the modified Goodman line shown in Fig. 3. Meanwhile,
run-9 shows the maximum bending stress value of

4.9549 x 10° Pa and its corresponding shear stress of
1.2643 x 108 Pa but it possesses the minimum safety
factor of 0.21 and endurance limit of 103, which was
inappropriate dimensions for designing the screw shaft.
It was noticed that the wide range of bending and shear
stress was perceived for the remaining runs from
1.2169 x 10°Pato 4.0939 x 10°Paand 4.6412 x 107 Pa
to 2.2281 x 10® Pa respectively. It also provides an
intermediate safety factor from 0.26 to 0.87 and an
endurance limit from 103to 10° for residual runs, which
is also not suitable to design the screw shaft [32,36].
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Figure 3. Goodman life diagram for calculating the endurance cycle of the screw shaft.

From the above details, it is noted that the
bending and shear stress is gradually increased with
decreasing the diameter and increasing the length of
the shaft. The safety factor calculated in Table S4
shows a noticeable increase when decreasing the helix
angle of the screw. Also, the bendability of the screw is
decreased by increasing the helix angle. It is observed
that the bending stress decreased as a result of
increasing pitch length at the constant diameter of the
shaft, which shows that the pitch can indirectly
influence the bending and shear stress of the screw
shaft. The thread occurs very close for a shorter pitch
that can evenly distribute the higher stress over the
length of the shaft at a given torque. Hence, run-8
shows a shorter length, larger pitch, diameter, and helix
angle which is accepted for designing the safe screw
shaft.

Total deformation and its factor of safety experienced
by the screw shaft

Fig. S5a,b represents the total deformation and
FOS, which was determined for each run of Taguchi’s
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design. In this regard, the maximum deformation of
5.5917 mm was acting on the mid-section of run-2
shown in Fig S5a. Likewise, run-8 shows the minimum
deformation of 0.457 mm acting on the mid-section of
the screw shaft. In addition, the second and third
minimum deformation were experienced by run-6 and 7
which shows the larger diameter and shorter flight
length. Run-4, 6, 8, and run-1, 3, and 7 also show that
the deformation gives direct proportionality with flight
length at a constant diameter. Hence, it is observed that
the shaft with a shorter length provides less
deformation than the larger flight length.

In Goodman’s calculation, the safety factor was
calculated using mean bending and shear stress
experienced by the shaft. It can endure stress 1.2 times
higher than the allowable stress of the material. Now,
the principal and shear stress were used for
determining the safety factor of the screw shaft. From
Fig. S5b, it is observed that the FOS range from 3.94 to
15 was considered a safe design under static and
dynamic conditions of the shaft. It shows that the
structure can resist the maximum stress of 3.5 to 15
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times more than the allowable stress. In specific, the
safety factor is comparatively less for runs-1, 2, and 8
due to the minimum helix angle of the screw but these
values are not considered inappropriate dimensions for
designing the screw shaft. The design with an optimal
safety factor suggests the economic structure of the
screw shaft for the given hydrothermal process. In the
case of FOS, all nine runs are applicable for designing
the screw shaft with more reliability and cost-efficient.

Conversion of multiple responses to single response
using GRG optimization

The numerical results of each response variable
obtained from transient structural simulation are given
in Table S5. The multiple responses like principal
stress, shear stress, bending stress, bending moment,
and total deformation were converted to a single
response, called GRG. Initially, the response
parameters were converted into normalized values.
Then, the computed deviation can be applied to find the
GRC values using Eq. (12) for individual runs. Further,
Table S6 provides the values of grey relational grade
determined by taking the mean of GRC values of
respective runs [20]. Finally, the rank was allocated to
each run depending on the highest to lowest GRG
values given in Table S6. From the GRG analysis, it is

observed that run-8 is positioned as rank-1 due to the
higher GRG value of 0.992 and run-9 acquired the GRG
value of 0.434, positioned as rank-9. It suggested that
the dimensions of run-8 are preferred to design the
screw shaft.

The Grey Fuzzy Reasoning Grade (GFRG) was
predicted to verify the formulated GRG values. In this
regard, the Mamdani interface system was applied to
relate the input factors like flight length, pitch, helix
angle, and depth and also consider the GRG value as
output. The linguistic variable was assigned to each
level of input parameters as low, medium, and high
shown in Fig. S6a. Likewise, it was specified to output
parameters as extremely low, very low, low, low
medium, medium, high, very high, and extremely high
as expressed in Fig. S6b of a certain range from 0.434
to 0.992 as given in Table S7. Then, these linguistic
variables were assisted in formulating the nine fuzzy
rules based on certain conditions as given in Table S8.
Moreover, Fig. S7. illustrates the fuzzy interface system
that provides the values of GFRG depending on
customized fuzzy rules. It shows the GFRG value of
run-8, which is the higher value among other runs. It
also provides the intermediate responses to their
corresponding inputs, which helps to understand the
variation of GFRG value.

109 cre= oy

Grades
o
\‘
1

. I x I

0 2 -

T T T T T

Runs

Figure 4. Comparison of grades conceming simulation trials.
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The behavior of the response parameters in terms
of GRG and GFRG values are given in Table S9 and
the graphical representation is shown in Fig. 4.
Whence, it is observed that the GFRG is improved up
to 6.1 % as compared to GRG, which implies the
reduction of fuzziness in the simulation system.
Aforementioned in the previous section, run-8 shows
the higher GFRG value of 0.998 and is positioned as
rank-1 as given in Table S9 and Fig. 4, and is preferred
to design the screw shaft.

Signal-to-Noise analysis using GFRG

Signal-to-Noise analysis given in Table S10
provides the ranking method to select the prominent
control factors based on the delta value, which is the
deviation between the actual and target value of the
response variable, GFRG. Higher and lower delta
values suggested the extreme and moderate deviation

a) Means of GFRG

Length Pitch Helix Angle Depth

0.754

0.70+

Means of GFRG
2

£

[«2]

o
]

0.55+

SN ratios of GFRG

of the response with respect to the control factors. In
this regard, the depth of the screw shaft possesses a
higher delta value of 3.272 and is positioned as rank-1.
Likewise, flight length and pitch show intermediate
deviations of 2.52 and 1.25 ranked as 2 and 3
respectively. The Helix angle shows the minimum delta
value of 0.76 and is positioned as rank-4, which shows
the less significant factor for a corresponding response.
These values were compared with the SN ratio graph
shown in Fig. 5b, which also suggests the similar
behavior of the control factors concerning GFRG. From
Fig. 5b, it is observed that flight length and depth
showed a higher deviation from the mean than other
factors as mentioned in Table S11. Moreover, Fig. 5
also preferred the shorter flight length and depth of
1160 mm and 7.25 mm, nominal pitch, and helix angle
of 21.75 mm and 6.8° respectively for reducing the
direct responses acting on the screw shaft.

b) SN ratios of GFRG
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Figure 5. Means and SN ratios of grey fuzzy relational grade.

Single response optimization using GFRG

ANOVA was employed to calculate the
contribution of each dimensional factor with respect to
a single response referred to as GFRG. It suggests that
flight length is the most significant factor with a
contribution of 31.52%. Likewise, pitch, helix angle, and
depth also convey the noticeable contributions of
27.96%, 22.5%, and 18.02%. The P-values calculated
in Table S11 were less than 0.05 which rejects the null
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hypothesis with the acceptance of the alternative
hypothesis. It shows potential intent toward the
deviation of the GFRG from the mean value. Moreover,
Table S11 provides the estimated A-squared and
adjusted AR-squared values as 99.34% and 97.36%
which also shows the vital deviation in the GFRG with
respect to different levels of dimensional factors.
Nevertheless, flight length, pitch, helix angle, and depth
were crucial factors for controlling direct responses like
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principal stress, shear stress, bending stress, bending
moment, and total deformation. Eq. (16) proposed the
regression equation to find the intermediate GFRG with
respect to input factors.

The regression equation for calculating the
intermediate GFRG value is given by:
GFRG =0.6700 +0.1537 w¢-0.0510w5 -0.1027 w3
+0.0637 x1+0.0547 xo9 —0.1183 x3 + 0.8231y4
+ 0.0463 y5 - 0.01083 y3+0.1093 z4
+0.0310 2o -0.1403 z3
(16)

where, w - flight length, x - pitch, y - helix angle and
Z- depth.

Confirmation test for the screw shaft

When analyzing the various results obtained from
both numerical and statistical methods for the given
response variable, it is capable of determining the
optimum dimensions for designing the efficient screw
shaft. Initially, the two sets of dimensions were selected

a) Confirmation test based on GFRG value

1. Maximum Principal Stress

ﬁ wares
BOALEAIMI

3. Maximum Bending Stress

9.1276e8 Max
8.1142¢8
7.100828
6.087428
5.073%8
4.0605e8
3.0471e8
2.0336e8
1.0202¢8
6.7821e5 Min

4. Maximum Bending Moment

as 1160 mm, 14.5 mm, 4.5°, 7.25 mm, and 1160 mm,
14.5 mm, 9°, and 7.25 mm based on the results of
GFRG and SN analysis. The final transient structural
analysis was performed to get the perfect set of values
from the above-mentioned dimensions. Fig. 6a,b
reveals that similar values of bending stress and
bending moment were obtained for both analyses. The
values of principal and shear stress possess 9.8% and
37.5% higher internal resistance in SN analysis when
compared to GFRG analysis. In the case of total
deformation, the value acquired from SN analysis
shows 87.5% less deformation compared to GFRG
analysis. Even though slight increment in principal and
shear stress, this highest value is limited within the
ultimate stress of H13. In addition, the total deformation
is the most considerable response to design the screw
shaft among other responses. Hence, the optimized
dimensions obtained from the SN analysis were
preferred to design the screw shaft. The optimum
values of flight length, pitch, helix angle, and depth
were selected as 1160 mm, 21.75 mm, 6.8°, and 7.25
mm respectively.

b) Confirmation test based on SN ratios

. Maximum Principal Stress
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2789207
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5. Total Deformation
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Figure 6. Confirmation structural analysis depends on GFRG and SN analysis.

CONCLUSION

The optimal screw shaft has been designed for
the high-pressure HTCL reactor with the help of FEM

followed by statistical optimization using GRG, GFRG,
ANOVA, and Taguchi’s method. Maximum principal
stress, maximum shear stress, maximum bending
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stress, total bending moment, and deformation were
taken as the crucial response variables for dimensional
optimization of depth, helix angle, flight, and pitch
length. It is observed that the dimensional parameters
present in run-8 show the minimum stress and total
deformation. In addition, the Goodman method also
conveys that run-8 has ensured a higher safety limit
and endurance limit of 1.20 and 107 cycles respectively.
The above-mentioned five response variables were
successfully converted into a single response termed
GRG during multi-response optimization. The result
possesses that run-8 dimensions have the highest
GRG and GFRG value of 0.992 and 0.998 respectively,
and it is suitable for designing the screw shaft.
Conversely, the SN ratio from Taguchi analysis
suggests a slightly modified dimension in helix angle
compared to run-8. The two sets of dimensions were
taken for confirmation test as set-1 consists of flight
length=1160 mm, depth=7.25 mm, helix angle=4.5°,
pitch length=14.5 mm, and set-2 comprise of flight
length=1160 mm, depth=7.25 mm, helix angle=6.8°,
and pitch length=21.75 mm depending on the results
from GFRG and SN analysis respectively. From the
confirmation results, it is recommended that the
dimensions obtained from the SN analysis provide very
little deformation of 0.0566 mm, which is 87.5 % lower
than the deformation formed in the dimensions of the
GFRG analysis. From the above details, the optimal
dimensions were selected from SN analysis (set-2) as
1160 mm, 14.5 mm, 9°, and 7.25 mm for respective
flight length, pitch, helix angle, and depth of the screw
shaft.
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NAUCNI RAD

348

PROJEKTOVANJE ZASNOVANA NA
POUZDANOSTI OPTIMIZACIJA PUZNE OSOVINE
ZA KONTINUALNI PROCES HIDROTERMALNE
KO-LIKVEFAKCIJE VISOKOG PRITISKA

Hidrotermalna ko-likvefakcija (HTKL) je istaknuti proces za proizvodnju bioproizvoda sa
vecom brzinom konverzije. Izvodi se na visokim temperaturama i pritisku u prisustvu
vode. Ranije se uglavnom sprovodio u Sarznim reaktorima, koji imaju velika ogranicenja
ukljucujuci radnu zapreminu, povratno mesSanje i tegoban proces za Vvisoku
produktivnost. S tim u vezi, ovo istraZivanje je sprovedeno s ciljem projektovanja puzne
osovine za HTKL proces visokog pritiska. Dimenzionalni faktori ukljucujuci duZinu
kretanja, korak, ugao spirale i dubinu, uzeti su u obzir da bi se dizajnirala optimalna puzna
osovina. Isto tako, glavni naponi, napon smicanja, napon savifanja, moment savijanja i
ukupna deformacija smatrani su neizbeZnim odzivnim promenijivima za analizu
unutrasnje cvrstoce osovine. U tom smislu, Taguci L9 (34) orfogonalni niz je koriscen kao
eksperimentalni plan. Zatim su numericki rezultati analize prelazne strukture analizirani
uz pomoc statistickih metoda kako bi se pronasle najuticajnije dimenzije za minimiziranje
odzivnih promenljivih. Shodno tome, uporedeni su rezultati razlicitih metoda i izabrani su
najoptimalniji parametri.

Kljucne reci: hidrotermalna ko-likvefakcija, puZna osovina, metoda konacnih

elemenata, analiza napona, Gudmanovi kriterjjumi otkaza, tehnika optimizacije
visestrukog i jednog odziva.



