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Abstract : This article points out a numerical study of heat and mass transfer on an MHD
Micropolar fluid that passes over an exponentially curved stretching sheet. The influence
of thermal radiation and chemical reaction is also discussed. In this study, curvilinear
coordinates are applied to describe the governing equations. By using suitable
transformations, coupled non-linear ordinary differential equations are obtained with
appropriate boundary conditions from the governing partial differential equations.
“Bvp4c”, a MATLAB solver, is used to get a numerical solution of the obtained non-
linear ordinary differential equations. The impact of pertinent parameters used in the
governing equations is evaluated graphically and explained in the results and discussion
section. This investigation describes how heat and mass transfer are affected by the radius
of curvature and the magnetic field. The findings demonstrate that increased curvature
and magnetic intensity generally reduce the heat transfer rate at the wall, while higher
values of the magnetic parameter led to expansion in the solutal boundary layer.
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1. Introduction

Micropolar fluids are fluids with microstructure belonging to a class of fluids with non-
symmetrical stress tensors, referred to as polar fluids. Micropolar fluids are typically
characterized by the presence of microscopic elements, such as randomly distributed
particles, within a viscous base substance. These fluids play a significant role in various
engineering and technological contexts, including applications in lubrication, polymer
processing, colloidal systems, modeling blood circulation, refining petroleum, polymer
manufacturing, centrifugal separation techniques, cooling tower operations, chemical
process engineering, metal wire drawing, and solar energy technology. Sakiadis [32]
primarily examined the boundary layer (BL) behaviour and showed that the motion of
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continuous surfaces can be studied using the boundary layer theory and its basic equation.
Eringen [9] defined Micropolar fluid, which exhibits some microstructural effect
produced by its microstructure. In the presence of radiation, Hussain et al. [12]
investigated the various features of Micropolar fluid that passes over a sheet that is
permeable and stretched. Then, they solved it analytically using the HAM (Homotopy
Analysis Method). Heat transfer properties for a Micropolar fluid that is flowing over a
vertical stretching sheet in the presence of buoyancy force effect have been carried out by
Abd EI-Aziz [4]. This work was further extended by Mohanty et al. [19] to add mass
transfer and porous media analysis. Hayat et al. [11] examined how Micropolar fluids
behave as they move along a curved, stretched surface while considering the impact of
heat being generated or absorbed within the flow. Shabbir et al. [35] investigated the heat
transfer and dynamic properties of these fluids over curved sheets, employing the Keller
Box method for their analysis. Pasha et al. [25] utilized numerical approaches to analyze
the fundamental characteristics of Micropolar fluids in porous environments, specifically
applying both the Variation Iteration Method (VIM) and the Adomian Decomposition
Method (ADM) to assess heat transport behavior.

Exponentially curved stretching sheet is a fluid mechanics and materials science
concept, characterized by their unique geometry and behavior under various forces. These
sheets are designed with a curvature that increases exponentially, significantly influencing
the flow of fluids around them and their mechanical properties. Curved sheets play an
important role in many sectors of engineering and manufacturing processes. This sheet has
several uses, including the manufacture of rubber sheets, hot rolling, wire drawing, glass
puffing, extrusion operations, condensation of metallic plates, and crystal creation,
aerospace engineering, microfluidics, biomedical devices, textile engineering, robotics.
Magnetohydrodynamics (MHD) focuses on examining the motion and properties of
electrically conducting fluids when subjected to magnetic fields. It integrates concepts from
fluid mechanics and electromagnetism to explain the interaction between the fluid and
magnetic forces, resulting in distinct behaviors and phenomena. MHD is used in various
fields of fusion energy, astrophysics, electromagnetic pumps, metallurgy, environmental
engineering, medicine, etc. Char and Chang [8] explored the laminar free convection flow
of Micropolar fluids along a curved surface and solved the problem using the cubic spline
collocation method for numerical analysis. Sajid et al. [30] worked on the curved stretching
sheet and concluded that pressure can’t be neglected inside the boundary layer for a curved
stretching sheet, and away from the boundary, it tends to be zero. Sajid et al. [30]
investigated the flow of Micropolar fluid over curved stretching sheet. Heat transfer
characteristics over a curved stretching surface under the influence of a magnetic field have
been investigated by Abbas et al. [1]. Micropolar flow pattern over a curved
stretched/shrunk surface has been investigated by Saleh et al. [33], who concluded that in
the case of the increasing radius of curvature (k), the couple stress factor decreases in weak
concentration (m = 0.5) while it increases in strong concentration (m = 0). The behavior of
Casson fluid, whenever it passes over a curved stretchable sheet, has been analyzed by
Nagaraja and Gireesha [22]. In this investigation, they use the boundary condition as a
convective mass and heat flux. Kumar et al. [18] studied the dynamics of Micropolar fluid



Effect of Thermal Radiation and Chemical... 68

flowing over a curved, stretchable surface. Kumar et al. [17] analyzed Casson fluid
behavior on an exponentially curved stretching sheet, applying the shooting method
combined with the Runge-Kutta fourth-order technique for solving the flow equations. Qian
et al. [26] investigated heat transfer characteristics of magnetohydrodynamic (MHD)
Micropolar fluid across an exponentially extending curved surface, factoring in Ohmic
heating as well as heat sources and sinks using the Keller Box method. Ahmed et al. [5]
examined the influence of thermal radiation on MHD Williamson nanofluid flow over a
similar curved, stretchable surface. Jawad et al. [15] conducted a magnetohydrodynamic
nanofluid flow study over an exponentially stretching curved surface, utilizing the
Homotopy Analysis Method (HAM) to obtain solutions. Abbas et al. [2] performed a
theoretical study on non-Newtonian micropolar nanofluid dynamics over an exponentially
stretching surface affected by free stream velocity. More recently, Nabwey et al. [21]
analyzed heat transfer in MHD flow of Carreau ternary-hybrid nanofluid, composed of
titanium oxide, aluminum oxide, and silver nanoparticles dispersed in water, over an
exponentially stretched curved surface using Bvp4c. Abbas et al. [3] further investigated the
thermodynamics of Casson-Sutterby Micropolar fluid flow along an exponentially
stretching curved sheet, incorporating MHD effects and heat generation at low Reynolds
numbers. Chandrakala and Rao [7] studied the influence of magnetohydrodynamics on
mixed convective hybrid nanofluids, which are formed by Copper (Cu) and metal oxide
(Al,03), flowing over an exponentially stretching sheet.

Thermal radiation is the emission of electromagnetic waves from the surface of an object
due to its temperature. All bodies emit thermal radiation, and the amount and wavelength
of the radiation depend on the temperature and emissivity of the surface. This
phenomenon is described by Planck’s law, Stefan-Boltzmann law, and Wien’s
displacement law, and it plays a crucial role in heat transfer processes. Thermal radiation
is used in various fields of thermal management, thermal imaging, spacecraft design,
solar energy, climate science, and heating systems. Hayat et al. [10] examined how
thermal radiation and chemical reactions influence magnetohydrodynamic (MHD)
convective flow past a curved surface. Later, Jamshed et al. [14] studied the combined
effects of thermal radiation and entropy generation on Casson nanofluid flow over a
stretching sheet, employing the Keller-Box method under slip boundary conditions and
incorporating solar thermal transport. Similarly, Oke et al. [24] explored the role of
Coriolis force and radiative heat transfer in the behavior of water-based hybrid nanofluids
flowing over an exponentially stretching plate. Furthermore, Murtaza et al. [20] examined
how magnetohydrodynamics influences the flow of water-based nanofluids across a
permeable exponentially shrinking sheet, particularly in the presence of thermal radiation
effects. Zeeshan et al. [41] further analyzed how nanofluids and hybrid nanofluids
enhance thermal conductivity over an exponentially curved stretching surface, accounting
for melting effects and second-order slip conditions. More recently, Sanni et al. [34]
investigated heat and mass transfer of an advection-diffusion viscous fluid across a
magnetized curved stretching sheet under the combined influence of thermal radiation
and chemical reactions, solving the problem with the Keller-Box shooting technique
coupled with Jacobi’s iterative scheme.
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Chemical reactions are processes in which reactant substances are converted into new
products by the breaking of existing chemical bonds and the formation of new ones.
These reactions can be grouped into several categories, such as synthesis, decomposition,
single displacement, double displacement, and combustion reactions. Thermal radiation is
used in various fields of pharmaceuticals, energy production, agriculture, material
science, food industry, environmental science, cosmetics and personal care, and
electrochemistry. Mass and heat transfer characteristics of Casson fluid flow with
chemical reaction and viscous dissipation have been carried out by Raju et al. [27] and
solved using the Bvp4c MATLAB package. They also included the effect of the uniform
magnetic field in this consideration. Mass and heat transfer of Casson Micropolar fluid
flow in a porous media has been carried out by Amjad et al. [6] and solved this flow
pattern with the help of Bvp4dc MATLAB code. Islam et al. [13] examined the entropy
optimization problem with the help of the Homotopy Analysis Method (HAM). In the
presence of viscous dissipation and chemical reaction, the trend of temperature and
concentration profile with various parameters in the exponentially permeable stretched
surface has been discussed by Reddy et al. [29]. In this study, they considered the surface
as a permeable curved stretching surface. In the presence of a magnetic effect, viscous
dissipation, and activation energy, heat and mass characteristics of micropolar nanofluid
have been discussed by Khan et al. [16]. Sidahmed et al. [37] investigated the impact of
chemical reactions for viscoelastic flow over an exponentially stretching sheet on the
Cattaneo-Christov heat flux model and solved this problem using the analytical Straight-
Line Method (SLM). The study on MHD flow of micropolar fluid is given by Naved et
al. [23], Rees and Bassom [28], Yasmin et al. [38]. Hybrid nano fluid is studied by Zaianl
et al. [39] and Zangooee et al. [40]

The present study focuses on the thermal radiation effect on MHD Micropolar fluid flow
over an exponentially stretched curved surface in the presence of a chemical reaction.
Controlled thermal radiation is important for a broad range of applications, including
polymer processing, spectroscopy, optoelectronics, and energy conversion devices. The
governing set of partial differential equations is trans- formed into nonlinear ordinary
differential equations through suitable similarity transformations. These reduced
equations are then solved using the Bvp4c solver in MATLAB. The influence of various
physical parameters on dimensionless velocity, temperature, microrotation, and
concentration distributions is analyzed and presented using graphical and tabular
illustrations.

2. Mathematical Formulation

Consider the steady 2-D boundary layer and an incompressible flow of Micropolar fluid
under the influence of a magnetic field and thermal radiation, over a curved stretching
sheet in a porous medium. Two equal and opposite forces are applied along and
perpendicular to the s-and r-directions, respectively, so that the sheet is stretched keeping
the origin fixed, which is shown in Figure 1. The stretching velocity of the surface is

u=ae’" \where (a> 0) is a constant. A constant magnetic field B, is assumed to be
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applied in the r-direction. Under above assumptions, the governing equations are (Shi
et.al. [36]) given as follows:
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Fig. 1: Graphical representation of the flow problem
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Here, U and V denote the fluid velocity components along the s- and r- directions,
respectively. The symbol P represents the fluid density, while H s the kinematic
viscosity and pthe pressure. The microrotation is indicated by N , and J' denotes the

microinertia per unit mass. The vortex viscosity is given by k' , whereas x corresponds to
the thermal conductivity. The coefficient of mass diffusion is denoted by D, and T
denotes the fluid temperature. The specific heat at constant pressure is denoted by C,,
with g, representing the radiative heat flux. The chemical reaction rate is symbolized as
K:. Here, T, indicates the surface temperature, and Too is the ambient (free-stream)
temperature. Similarly, C stands for concentration, with C,, as the concentration at the
sheet and C, as the concentration far from the surface. The microrotation boundary
condition is governed by the parameter m, which ranges from 0 to 1; specifically, m = 0.0
corresponds to a strong concentration, m = 0.5 to a moderate concentration, and m = 1.0
to a weak concentration case.

The spin gradient viscosity is denoted by 4 , which is defined as (Saleh et al. [34])
. 2vL
J =

. . k'
7=(ﬂ+k—jJ=ﬂ(1+&jJ Ci=— 2
2 2 )" \where H s the material parameter and ae

where L the reference length.

Using the Rosseland estimation, the radiative heat flux 9 is defined as (Hussain et. al.
160 T} oT
O =" .. : . :
[12]) k' or using this expression, equation (5) can be written as
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3. Method of Solution
The following similarity variables are considered here (Shi et al. [36] and Hayat et al. [10])

R |avet s /aei
N V=———4|——( f +nf' N = aet
u=ae"f'(n) r+R\ 2L () +nt) 2ng('7),

S

L
k=12 R
vl
; T-T C-C
Nyt o O === d(n)=c—=
vl p=pa‘e P(n)’ TW—Tw’ C,-C. )

Using these transformations, equation (1) is identically satisfied. The governing equations
(2), (3), (4), (6) and (8), using similarity transformations, reduced the non-linear ODE as
follows:
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The corresponding transformed boundary conditions are
{f:O, f'=1 g=—mf", =1 ¢=1 at  7n=0,

1
f'>0, f">0, g—>0, 650, ¢ >0, as 77 — oo, (16)

K. . . . . .
Here P is the permeability parameter, Ma s the magnetic parameter, Pr is the Prandtl
number, Nr is the thermal radiation parameter, Cr is the chemical reaction parameter,

Sc is the Schmidt number, Cl is the material parameter, k is the radius of curvature.
These parameters are further defined as

K L 3 = 2
p= s 160 T aet 20BZL y
> NI’= . 0 k= R Ma: 0 -
akyet Kk L pa  *Tp
_ . u uC k' cr= 2K
Ec=—"*— pr="20 C=— B
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The system of non-linear coupled ordinary differential equations (12) to (15), along with
the boundary conditions specified in (16), is addressed using the bvp4dc MATLAB
function. In this approach, an initial guess for any unknown parameters is provided
through the Solinit parameters. The bvp4c solver then provides the final values of these
parameters in sol-parameters. This technique yields a solution that is continuous over the
specified interval and possesses a continuous first-order derivative within that range. The
method solves a set of first-order differential equations, which involves converting the
higher-order, non-linear ordinary differential equations from (12) to (15) into a system of
first-order, simultaneous, non-linear differential equations.
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and corresponding boundary conditions reduced to
{fl=0, f,=1 f,=—mf,, f,=1 f,=1, at n=0,
f, »0, f,—»0, f,—>0, f,—>0, f,—>0, as n — .

(19)
In this case, a step size of A17=0.01 g used, with an error tolerance of (10)°. The
results were obtained with accuracy up to four decimal places. Although the boundary
conditions are specified for 7% the graph asymptotically approaches the T axis after

17=10 \yas used in place of 7 7,

a certain value of 77 . Consequently,
4. Relevant Physical Measures
The primary physical parameters (Shabbir et al. [36]) are outlined below:
The local skin friction coefficient is given by
1 T 1 f I(O)
C.(Re )2 =—-=—"—"—4|1+(1-m)C, | f"(0)-(1+C,)—=
((Re =B - 1o ] (0)- ey

PU, , (20)

ou u
Trs:{(wkv)(__ }k-N}
or (r+R
where ( ) r=0 is the wall shear stress at the surface.

The local Nusselt number is given by




75 Bal Krishn Vaishnav, Sushila Choudhary and Vijay Singh Maan

L Lg 1
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where F'/r-0is the heat flux at the surface.
The couple stress factor is given by
C, =~ =(1+&j 9'(0)
AUy 2 , (22)
S
where o Jro is the couple stress at the surface.
The local Sherwood number is given by
1 Lq 1
Sh, (Res) 2=—"-™" = ——¢'(0)
D(C,-C.) 2777 (23)
qm = _D(§j
where o Jroo is the mass flux at the surface.
Re, = Ul
Here vV is local Reynolds number.

5. Results and Discussion

The system of nonlinear coupled ordinary first-order differential equations presented in
(18), along with the boundary conditions given in (19), has been solved using
MATLAB’s bvp4c solver. The influence of the governing parameters involved in the
problem has then been examined with the magnetic parameter (Ma), permeability
parameter (Kp), material parameter (C,), microrotation parameter (m), thermal radiation
parameter (Nr), radius of curvature (k), Prandtl number (Pr), Eckert number (Ec),
Schmidt number (Sc) and chemical reaction parameter (Cr) has been shown through
graphs and tables. We assumed the common values of dimensionless parameters for

computing the problem asMa=1.5 C1:4'O, Nr=10 Kp=10 m=05
Pr=9.0 Ec=0.3 Sc=12 Cr=10 Kk=6.0 ynless otherwise specified. The

obtained results are displayed through graphs and tables. For cumulative values of the
magnetic parameter Ma, the variations in the velocity, temperature, microrotation, and
concentration profiles are shown in figures 2-6. Since the Lorentz force opposes the flow,

the velocity (here f(7) and () are the velocities in the direction of y and x,



Effect of Thermal Radiation and Chemical... 76

respectively) profile decreases with the increasing values of Ma, which is displayed in
figures 2 and 3 respectively. It is detected in figure 4 that initially the microrotation

profile boosts up with the enhanced values of Ma byt after ’7=2'02636, it shows
decreasing behavior. In figure 5, owing to the Lorentz force, which generates some heat,

therefore the temperature profile rises with the rising values of Ma byt after 77 :1'6, the
opposite scenario can be seen, because of the high Prandtl Number Pr . it is shown in
figure 6 that the concentration profile increases as the boosting values of Ma  For

assorted values of the permeability parameter ( Kp ), changing velocity, temperature, and
microrotation patterns are displayed in figures 7-10. Now, it is perceived from figures 7-8

that the velocity profile declines as the value of KP enhances. Physically, the medium’s

permeability reduces with decreasing values of KP \which causes the fluid velocity to
increase. Furthermore, It is observed from figures 9 and 10 that temperature and

microrotation profiles increase near the surface, but after n=1615 and 77 =210

respectively, it is reduced for increasing values of Kp Figures 11-15 demonstrate the
properties of the velocity, temperature, microrotation, and concentration profiles for

various material parameter values Cl. Now, it is discerned from figures 11-14 that the

pattern of the velocity and temperature profiles is enhanced with boosting values of C,
while the opposite scenario is seen for the concentration profile. The microrotation of the

fluid increases with the increasing value of 1, velocity increases as a result. It is

inspected from figure 15 that for rising values of Cl, the microrotation profile near the
surface reduces but increases away from the surface, where the crossing point is

17=1.744  The effect of the radius of curvature K on velocity, temperature, and
microrotation profiles is displayed in figures 16-19. Furthermore, we can see from figures

16-18 that, characteristics of velocity profiles are proportional to assorted values of k
while the opposite trend is seen for the microrotation profile. Now, from figure 19, the
behavior of the microrotation profile near the surface reduces for an enhancing value of
K but after 7= 0'35, it increases. Figures 20-23 indicate the changing trend of velocity,
temperature, and microrotation profiles for variation of microrotation parameter M.
Figures 20-22 shows that the velocity profile increases as M is raised while near the
surface opposite behavior is seen for temperature distribution but after 77 =1.04
proportional behavior can be seen. Furthermore, in figure 23 microrotation profile is
increasing as values of M rise. The sketched graph in figure 24 shows the temperature

profile for different values of radiation parameter NI . Radiation is really a thermal
transference phenomenon that transmits heat via liquid particles. As a result, the flow of
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heat is produced. Therefore, at larger values of Nr, we see a rise in the thermal
boundary layer thickness. Figure 25 is sketched to show the effect of Eckert number Ec
on a rising temperature pattern. It can be observed that the rising EC Jeads to growing

temperature trends, because, with increasing values of EC, the Kinetic Energy of the
fluid flow increases, which causes to rise in the temperature distribution. Heat pattern

how is affected by Prandtl number Pris presented in figure 26. Owing to the inverse

relation between P number and boundary layer thickness, increasing values of Pr,
decreasing behavior is detected for the temperature profile. Figure 27 illustrates the
concentration profile shows the depreciate characteristics for accelerated values of

Schmidt number Sc due to the fact that as Sc rises, more Brownian diffusion occurs for
Micropolar fluid, therefore decreasing the concentration profiles. For enhancing values of

the Chemical reaction parameter Cr changing trends of the solutal profile are given in
figure 28. The increase in reactive agents to a decrease in chemicals causes to decrease
solutal boundary layer profile.

The impact of various parameters Ma, Kp, k, Cl, and M to the skin friction
coefficient is given in Table 1. From this table, we concluded that the Skin friction

coefficient shows rising behavior for elevating values of Cl, and M while for enhancing
values of Ma, Kp, and K opposite trend is obtained. Table 2 is made to compute the

variation in Wall couple stress for diverse values of the parameters Ma, Kp : k : C,
and M. As using the result in Table 2, we observed that wall couple stress improves

when the values of parameters Ma, Kp , C, and M rise whereas declined for boosting
values of K. Table 3 is formed to know how the Nusselt number is affected by various

values of the parameters Ma, Kp Kk Cl, m Pr Pr and EC itis seen that the
Nusselt number rises with the values of K ,m Nr , and Pr whereas decreases with the
values of Ma Kp Cl, and EC . The influence of the parameters Ma Kp k| Cl,
M SC and Cr on the Sherwood number are demonstrated in Table 4. By using data
from this table, we can see that the Sherwood number shows the same behavior for Ma,

KP and K while reverse characteristics are seen for Cl, m SC ang Cr
6. Conclusions

In this article, mass and heat transfer are discussed for an MHD Micropolar fluid that is
flowing over an exponentially curved stretching sheet. In this article, the effect of thermal
radiation and chemical reactions is also considered. Bvp4dc MATLAB solver is used to
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find the thermal boundary layer thickness and solutal boundary layer thickness. Some
obtained results are given as follows:

This
as i

The velocity profile decreases for all values of T \while the temperature profile
near the surface increases, but far away from the surface decreases with the larger

values of the magnetic parameter Ma, due to the Lorentz force and the high
Prandtl Number PT .

With the progressive values of the Prandtl number Pr, thermal boundary layer

thickness drops. In the heat transfer system, Pr may be controlled by the relative
thickness of the thermal and momentum boundary layer. It can also be used in the
field of fluid metal reactors.

The micronation profile falls near the surface but uplifts far away from the
surface with the enlarged values of the radius of curvature K. The radius of
curvature plays a significant role in the field of physics and mathematics, such as
the optical design of spherical lenses and mirrors, and differential geometry.

The concentration profile is inversely affected by the Schmidt number SC and
chemical reaction parameter Cr,

theoretical framework finds wide-ranging applications across various fields such
ndustrial innovation, biological transport systems, drying processes, high

temperature plasma dynamics, astronomy, geophysics, sensor technology, and
earthquake analysis. Additionally, it plays a significant role in energy production
sectors, including thermal, hydroelectric, and nuclear power plants.

1
Table 5.1: Values of x/E(ReS)Z C for Ma_ Kp, k. C, and M,

Ma Kp k C1 m {1+(1-m)C,} £"(0)
_(1+c1)%
1.9 1.0 6.0 4.0 0.5 -1.6569616
3.7 1.0 6.0 4.0 0.5 -2.1372586
15 0.4 6.0 4.0 0.5 -1.3436869
15 0.8 6.0 4.0 0.5 -1.4742451
15 1.0 2.0 4.0 0.5 -0.2065664
15 1.0 4.0 4.0 0.5 -1.1823298
15 1.0 6.0 2.9 0.5 -1.5584631
15 1.0 6.0 3.8 0.5 -1.5403864
15 1.0 6.0 4.0 0.5 -1.5367579
1.5 1.0 6.0 4.0 0.9 -0.1069081
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Table 5.2: Values of—cm for Ma Kp, k. C, and M,

Ma Kp K C, m —[n%jg'w)
1.9 1.0 6.0 4.0 0.5 1.4052189
3.7 1.0 6.0 4.0 0.5 1.6950744
15 0.4 6.0 4.0 0.5 1.2267381
15 0.8 6.0 4.0 0.5 1.3000287
1.5 1.0 2.0 4.0 0.5 2.1045366
1.5 1.0 4.0 4.0 0.5 1.5124704
1.5 1.0 6.0 2.9 0.5 1.3106199
15 1.0 6.0 3.8 0.5 1.3296042
1.5 1.0 6.0 4.0 0.5 1.3356804
15 1.0 6.0 4.0 0.9 2.6733645

Table 5.3: Values of ~(L+Nr)o(0) for Ma_ Kp, k, C,

Ma | Kp k C, m Pr | Nr | Ec ~(1+Nr)6'(0)
19 | 10 | 60 | 40 | 05 | 09 | 1.0 | 03 3.089494
37 | 10 | 60 | 40 | 05 | 09 | 10 | 03 2.157764
15 | 04 | 60 | 40 | 05 | 09 | 10 | 03 3.671998
15 | 08 | 60 | 40 | 05 | 09 | 1.0 | 03 3.431736
15 | 10 | 20 | 40 | 05 | 09 | 1.0 | 03 0.089478
15 | 10 | 40 | 40 | 05 | 09 | 10 | 03 2.623262
15 | 10 | 60 | 29 | 05 | 09 | 1.0 | 03 3.509842
15 | 10 | 60 | 38 | 05 | 09 | 1.0 | 03 3.344932
15 | 10 | 60 | 40 | 05 | 09 | 10 | 03 3.315640
15 | 10 | 60 | 40 | 09 | 09 | 1.0 | 03 3.764398
15 | 10 | 60 | 40 | 05 | 40 | 1.0 | 03 2.391164
15 | 10 | 60 | 40 | 05 | 60 | 1.0 | 03 2.821550
15 | 10 | 60 | 40 | 05 | 09 | 19 | 03 4.147348
15 | 10 | 60 | 40 | 05 | 09 | 35 | 03 5.380119
15 | 10 | 60 | 40 | 05 | 09 | 1.0 | 0.1 5.405490
15 | 10 | 60 | 40 | 05 | 09 | 10 | 03 3.315640
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Table 5.4: Values of #'© for Ma ko Kk Cl, m SC ang Cr

Ma Kp k C, m Sc Cr -¢'(0)

1.9 1.0 6.0 4.0 0.5 1.2 1.0 1.9717831
3.7 1.0 6.0 4.0 0.5 1.2 1.0 1.9474412
15 0.4 6.0 4.0 0.5 1.2 1.0 1.9881722
15 0.8 6.0 4.0 0.5 1.2 1.0 1.9812955
15 1.0 2.0 4.0 0.5 1.2 1.0 2.0699960
15 1.0 4.0 4.0 0.5 1.2 1.0 2.0017236
15 1.0 6.0 2.9 0.5 1.2 1.0 1.9612218
15 1.0 6.0 3.8 0.5 1.2 1.0 1.9754334
15 1.0 6.0 4.0 0.5 1.2 1.0 1.9780261
15 1.0 6.0 4.0 0.9 1.2 1.0 1.9914579
15 1.0 6.0 4.0 0.5 0.8 1.0 1.6025495
15 1.0 6.0 4.0 0.5 1.6 1.0 2.2953095
15 1.0 6.0 4.0 0.5 1.2 1.0 1.9780261
15 1.0 6.0 4.0 0.5 1.2 3.0 2.5562885

e

—— e

Fig. 2: Variation of T (7) with Ma. Fig. 3: Variation of | (7) with Ma.
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Fig. 10:

Variation of (7 with KP. Fig. 11: Variation of | (7) with C
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Fig. 20: Variation of T (7) with M | Fig. 21: Variation of T (M with M
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Fig. 28: Variation of #(7) with CT .
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