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Abstract

The study of interfacial heat transfer and the stability of thin liquid films has gar-
nered significant attention from researchers worldwide, owing to their broad applica-
tions in both engineering and science. Thin liquid films are frequently encountered in
various industrial equipment, such as falling film evaporators and crystallizers, due
to their extensive contact area and minimal thermal resistance. Moreover, the for-
mation of solitary waves on the surface of these films considerably enhance heat and
mass transfer rates. Thin liquid films are also employed for cooling micro-electronic
devices and providing thermal protection for rocket engines. Beyond their engineer-
ing significance, the study of heated falling films is also relevant from a fundamental
standpoint in heat transfer and fluid mechanics, where surface heat transfer plays
a key role in shaping the surface wave dynamics under the influence of gravity. In
this thesis, we tried to investigate the linear stability of a heated thin liquid film
flow under different conditions. In particular, the motivation is to investigate the
thermocapillary instability in the presence of insoluble surfactant and applied shear

stress.

In the first study, a linear stability analysis of a three-dimensional thin liquid film
flowing down a uniformly heated slippery inclined plane is carried out for distur-
bances of arbitrary wavenumbers, where the liquid film satisfies Newton’s law of
cooling at the film surface. A coupled system of boundary value problems is for-
mulated in terms of the amplitudes of perturbation normal velocity and perturba-
tion temperature, respectively. Analytical solution of the boundary value problems
demonstrates the existence of three dominant modes, the so-called H-mode (sur-
face mode), S-mode, and P-mode, where the S-mode and P-mode emerge due to
the thermocapillary effect. In particular, the H-mode appears due to the stream-
wise component of the gravitational force, whereas the shear mode arises due to
the viscous effect when the Reynolds number is very high, but the inclination an-
gle is sufficiently small. It is found that the onset of instabilities for the H-mode,
S-mode, and P-mode reduce in the presence of wall slip and leads to a destabilizing
influence. Numerical solution based on the Chebyshev spectral collocation method
unveils that the finite wavenumber H-mode instability can be stabilized, but the S-

mode instability and the finite wavenumber P-mode instability can be destabilized



by increasing the value of the thermal Marangoni number. On the other hand, the
Biot number shows a dual role in the H-mode and S-mode instabilities. But the
P-mode instability can be made stable with the increasing value of the Biot num-
ber and the decreasing values of the thermal Marangoni number and the Prandtl
number. Furthermore, the H-mode and S-mode instabilities become weaker, but
the P-mode instability becomes stronger with the increasing value of the spanwise
wavenumber. In addition, the shear mode emerges in the numerical simulation when
the Reynolds number is large, which can be destabilized slightly with the increas-
ing value of the thermal Marangoni number; however, it can be stabilized with the
increasing value of the slip length and introducing the spanwise wavenumber to the
infinitesimal perturbation. The current results also report that Squire’s statement
holds for the H-mode and the shear mode.

In the second study, we investigate the linear stability analysis of a gravity-driven
three-dimensional incompressible viscous fluid flowing down a uniformly heated in-
clined plane under the influence of an external constant shear stress on the fluid
surface. Based on a coupled system of boundary value problems involving the am-
plitudes of the perturbation normal velocity and perturbation temperature, the sta-
bility analysis is accomplished for infinitesimal disturbances of arbitrary wavenum-
bers. The analytical solution of the boundary value problems in the long-wave
regime reveals the existence of the H-mode, which is destabilized by both the ther-
mal Marangoni number and the imposed shear stress acting in the co-flow direction.
Furthermore, we determine the critical value of the thermal Marangoni number be-
low which the inertialess flow is linearly stable, but the flow may be linearly unstable
in this range due to inertia. On the other hand, the numerical solution based on
the Chebyshev spectral collocation method reveals that the H-mode and S-mode
instabilities are destabilized, but the P-mode instability is stabilized if the constant
shear stress is applied in the co-flow direction. Interestingly, as the imposed shear
stress rises, the onset of instability for the H-mode and the onset of stability for the
S-mode merge with each other and produce a single onset for the primary stability.
However, a completely opposite phenomenon takes place if a constant shear stress is
imposed in the counter-flow direction. In addition, we observe that the shear mode
instability can be initiated at a lower Reynolds number by applying a constant shear
stress in the co-flow direction. Conversely, the shear mode instability can be delayed

by imposing a constant shear stress in the counter-flow direction.
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In the third and final study, we examine the linear thermocapillary instability of
a two-dimensional gravity-driven shear-imposed incompressible viscous film flowing
over a uniformly heated inclined wall when the film surface is covered by an insoluble
surfactant. The aim is to expand the prior research [H. H. Wei, “Effect of surfac-
tant on the long-wave instability of a shear-imposed liquid flow down an inclined
plane,” Phys. Fluids 17, 012103 (2005)] to the case of a non-isothermal viscous film.
As a result, the energy equation and the surfactant transport equation are incorpo-
rated into the governing equations along with the mass conservation and momentum
equations. The long-wave analysis predicts that the surfactant Marangoni number
has a stabilizing impact on the H-mode, but the thermal Marangoni number has
a destabilizing impact. These opposing effects produce an analytical relationship
between them for which the critical Reynolds number for the H-mode instability
of the non-isothermal film flow coincides with that of the isothermal film flow. On
the other hand, the numerical result exhibits that the surfactant Marangoni number
has a stabilizing influence on the thermocapillary S-mode and P-mode. More specifi-
cally, these thermocapillary instabilities diminish with an increase in the value of the
surfactant Marangoni number. However, these thermocapillary instabilities can be
made stronger by increasing the value of the thermal Marangoni number. Further-
more, the thermal Marangoni number destabilizes the surfactant mode instability,
but the onset of instability is not affected in the presence of the thermal Marangoni
number, which is in contrast to the influence of the surfactant Marangoni number
on the onset of surfactant mode instability. Interestingly, the Biot number shows
a dual role in the surfactant mode instability, even though the threshold of insta-
bility remains the same. The shear mode instability is stabilized by the surfactant
Marangoni number but destabilized by the thermal Marangoni number. Moreover,
the comparison of results with inertia and without inertia exhibits a stabilizing role

of inertia in the surfactant mode.
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