Ex/ChE/T/224/2019
BACHELOR OF ENGINEERING IN CHEMICAL ENGINEERING EXAMINATION, 2019
(2nd Year, 2nd Semester )
INTRODUCTION TO TRANSPORT PHENOMENA

Time : Three hours Full Marks : 100
( 50 marks for each Part )
Use a separate Answer-Script for each Part
PART -1
State all the assumptions. Assume missing data (if any).

No. of COl : Identify the transport properties and describe the different Marks
Questions | mechanism of momentum, energy and mass transport

1. Answer any three

(i)Compare the molar flux of component A with respect to a stationary
coordinate (Na) with diffusive molar flux (Ja) of A. How are they related?
(i))Prove that for a binary gas mixture of A and B, at constant temperature,
D,y =D,

(iii)Define effectiveness of a porous catalyst and state the role of diffusion
through pore on it. (3x4=12)
(iv)Compare forced convection with natural convection

(v) For absorption of a highly soluble solute A in a liquid B, define overall
gas phase mass transfer coefficient (Ky) and its relation with the individual
mass transfer coefficient (kx, ky) and equilibrium constant (m). Assume
Henry’s law is applicable.

2. COS5: Non-dimensionaizethe transport equations, identify the dimensionless
numbers and to apply analogies between momentum, heat and mass
fransport to scale up.

()For a liquid metal, the ratio (value) of momentum and thermal diffusivity
is much smaller than 1. What is the ratio of thermal and velocity boundary
layer thickness (>1/<1/1)?

(i1) A thin flat plate of 0.2m by 0.2m on one side is oriented parallel to an
atmospheric airstream having a velocity of 40 m/s. The air is at a
temperature of 20°C (T.), while the plate is maintained at Ts=120°C.The air | (2+4)
flows over the top and bottom surfaces of the plate and the measurement of
drag force reveals a value of 0.075 N. What is the rate of heat transfer from
both sides of the plate to air? At 70°C the density and viscosity of air
p=0.9950 kgm™ and p=200x107 N s m™> Assume Reynold’s analogy is
valid,
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PART -1

No. of
Questio
ns/CO

CO2: Develop the governing conservation equations for steady state and
transient momentum, heat and mass transport
Answer either 3a or 3b

Marks

3.(a)

3.(b)

A flat plate is immersed in an infinite pool of incompressible Newtonian fluid.
The plate and fluid were initially at rest. At time t=0, the plate is suddenly set
into motion and it begins to move with a steady velocity V, (refer to Fig. 1). It
is desired to determine the velocity of the fluid for a short time after the initial
starting motion of the plate but before bulk convection of fluid becomes
important.

Develop the governing conservation equations and state the initial and

boundary conditions. (Do not solve)
v, =0

increasing

velocity profile

Fig.4

Consider circumferential fin surrounding a tube (refer to Fig. 2). This type of
fin is used in many heating and cooling applications. We are interested in the
amount of heat removed per fin.

Develop the governing conservation equation and state the boundary
conditions in order to obtain the temperature profile along the circumferential
fin. (Do not solve) T, b

.
° T=T,

q(r+4r)
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CO3 Analytically solve and analyze a variety of steady state and transient
momentum, heat and mass transport problems with appropriate assumptions
and approximation

Answer either 4(a) or 4(b)

Marks

4 (a)

Wetted wall tower is often used in laboratory experiment for determination
of mass transfer coefficient. Consider a vertical wetted wall tower (refer to
Fig.3), which is being used for absorption of solute (chlorine) in a
Newtonian incompressible liquid (water). Water (p=1000kg/m’, u=1 cP) is
flowing as a thin film along the vertical inside (cylindrical) wall of the
wetted wall tower of length H=12c¢m and diameter R=1.5cm. The average
velocity of water is 20cm/s.

(i) Derive the expression for steady state velocity profile of the falling

film of water.
(11) Derive the expression for the average velocity of water.
(iii)Calculate the value of &

"1 . GasPhase
i B Liquid phase

nl R B Tube wall

interfnce

R

Chlorine containing gas

(6+3+3)
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PART -1

No. of
Questions/
Co

CO3 Analytically solve and analyze a variety of steady state and transient
momentum, heal and mass transport problems with appropriate assumptions
and approximation

Marks

4 (b)

Consider the wetted wall tower shown in Fig. 3. A thin film of thickness 8
of a Newtonian liquid B (water) flows along (z) a vertical wall while in
contact with a gas mixture containing the solute A (chlorine). The solute A
diffuses and absorbed in to the liquid B. The length of contact between the
two phases is relatively short during normal operation. The concentration of
the solute at the liquid gas interface is constant (Cas) at the value of
solubility of A.
(i) Derive the governing equation of transport of solute neglecting the
curvature effect (3<<R, the cylindrical wall may be assumed to be
a rectangular wall of width ~2aR, R is the inner radius of the
tower).
(ii) Considering that solute A penetrates only a short distance in to the
liquid film (before it is carried by the flow) due to slow rate of
diffusion or a short time of exposure, derive the solute (A)
) concentration profile under steady state.
(i)Derive the expression for the total rate of mass transferred from gas phase
to the liquid film.

(d4+4+4)
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No. of CO4 Analyze and solve a practical real life problem applying momentum, | Marks
Questions/ | heat and mass transport equations and appropriate solution fechnique
CO Answer either S(a) or 5(b)

5(a) Consider a bio-film that is associated with a skin infection. Bio-films, which
are colonies of bacteria that can cling to living and inert surfaces, can cause
wide array of human infections. Infections caused by bacteria living within
bio-films are often chronic, because antibiotics that are applied to the surface
of the bio-films have difficulty penetrating through the film thickness.

An antibiotic (species A) is applied at the top layer of a b10~ﬁlm (species B)
so that a fixed concentration of medication CAO—4x10 kmol/m® exists at the
upper surface of the bio-film. The diffusion coefficient of the antibiotic
within the biofilm, Dag=2x10" 12 m?s. The antibiotic is consumed by
biochemical reactions within the film and the consumption rate depends on
the local concentration of A: Ra= k; Ca ; ky =0.1 s'. To eradicate the
bacteria the antibiotic must be consumed at least at the rate of (Ra=)

0.2x10™ kmolm'?’s'l, since at smaller absolute consumption rates, the bacteria
will be able to grow back faster than it is destroyed. (12)
What is the maximum thickness of the biofilm that can be successfully
treated by the antibiotic mentioned above? Show the necessary derivation.

5(b) A procedure for determining the thermal conductivity of a solid material
involves embedding a thermocouple in a thick slab of solid and measuring
the response to a prescribed change in temperature at one surface. Consider
an arrangement for which the thermocouple is embedded 15 mm from a
surface that is suddenly brought and maintained at 100°C (by exposure to
boiling water). If the initial temperature of the slab was 30°C and the
thermocouple measures a tempel ature of 60°C, 2 minutes after the surface is | (12)
brought to 100°C, what is the thermal conductivity of the mater1a1‘7 The
density and specific heat of the solid are known to be 2200 kg/m® and 700
T/kg. K, respectively. Show the necessary derivation.
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Navier Stokes equation is given below

f[a\f + V0V |2 vp ATV 7'+ PT

Continuity and components of Navier Stokes equations for cylindrical
coordinate are given below
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Ex/ChE /T/224/2019

B.E. CHEMICAL ENGINEERING SECOND YEAR SECOND SEMESTER - 2019

INTRODUCTION TO TRANSPORT PHENOMENA

Part I1
Answer any five questions, taking at least one (1) from each of the COs
All the guestions carry equal marks.

COL. Identify the transport properties and describe the different mechanisms of momentum, energy
and mass transport

1.

e o o

a0 o

C.

Explain ‘kinematic viscosity’ in the light of diffusive transport of momentum.

Write down the continuity equation in cylindrical coordinate system.

Is the “No-Slip’ condition at the Solid-Liquid boundary a hypothetical concept?

Explain two Liquid-Liquid boundary conditions. Are they valid for all types of fluids?
(2.5x4=10)

Explain ‘Lumped Capacitance’ in the light of unsteady-state conduction of heat.
Define efficiency of a fin.

Explain ‘thermal diffusivity’ in the light of diffusive transport of heat.

What is the physical significance of Lewis number in heat transfer in a flowing fluid.

(2.5x4=10)

Define molar average velocity.

Consider the adsorption of a species A from a gas stream to a liquid solution. The
partial pressure of A in the bulk gas phase is pay, and the concentration of the A in the
bulk liquid phase is caL. Draw and explain the typical concentration profiles for H=1.0
and H</.0, where H is the Henry’s law constant. Assuming a suitable driving force,
model the adsorption of A from the gas phase considering a two-step process. Explain
the two steps qualitatively.

Explain diffusion controlled chemical reaction. (2+6+2)

CO2. Develop the governing conservation equations and boundary conditions for the steady state and
transient momentum, heat and mass transport.

4. Consider a hot body of an arbitrary shape, with a surface area 4, and an initial temperature T
at time ¢=0, placed in an infinite pool of fluid of temperature T, and convective heat transfer
coefficient . Considering a lumped capacitance system, derive an equation for the total heat



9

transfer rate Q¢¢) from time 7=0 till time r=¢ in terms of Biot number, Fourier number, h, 4;, Tp
and T..

5. Consider a steady, laminar, two dimensional flow over a flat plate at zero angle of approach to
the flow. If the local skin friction coefficient can be expressed as Cr= {(0. 664)N(Rey)}, derive
an expression for the average skin friction coefficient defined by: Cr = [(tay) / {(1/2)pV*}],
where 1,,, = the average shear stress.

Ot s

L o)
i L |

Flg. Hydrodynamic boundary layex
development on a flat plate.

CO3. Analytically solve and analyze a variety of steady state and transient momentum, heat and mass
transport problems with appropriate assumptions and approximation.

6. Consider a fluid with constant viscosity ¢ and density p, flowing between two fixed parallel
plates. The velocity profile is given by u = ¢ (bz — z°), where & is the distance between the
plates and ¢ is a constant. If the pressure at the point (0, 0, 0) is ps, show that the pressure
distribution at any point in the flow region is given by p(x, z) = po — 2ucx — pgz. Assume that v
= w = (. Down-stream flow is in the direction x and cross-flow is in the direction z.

7. A hot condensable vapor A diffuses through a stationary film of a non-condensable gas B
towards a cold surface at z = 0 where it condenses. Develop the temperature profile for the gas
A. Assume (i) The gas A behaves as an ideal gas and (ii) The pressure and physical properties
of the mixture are constant.

Condensged
liquid film

¥a"%n0 *a"% a8

[ Turn over
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COA4. Analyze and solve a practical real life problem applying the momentum, heat and mass
fransport equations and appropriate solution techniques.

8. A gas diffuses through the walls of a pyrex tube whose cross-section is shown in the figure.
Derive a relation for the rate of diffusion of the gas through the tube as a function of the

diffusivity of the gas in pyrex, its interfacial concentration in the pyrex and the dimensions of
the tube.

R,

9. Two infinite bodies of thermal conductivities k;and k», thermal diffusivities oand ¢ are
initially at temperatures T} and Tarespectively. Each body has single plane surface and these
surfaces are placed in contact with each other. Show that the condition under which the contact
surface remains at constant temperature Ts where T; >Ts>T, is given by the following
expression:

T. = (k1 Ty /ey) + (k Ty /Vaz)
N CNNARX D)
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COS. Non-dimensionalize the transport equations, identify the dimensionless numbers and to apply

analogies between momentum, heat and mass transport to scale up.

10.
a. What do you mean by Normalization and Non-dimensionalization.

b. Consider the unsteady-state flow of an incompressible Newtonian fluid with uniform-
viscosity, with body forces. Non-dimensionalize the governing equations for
momentum balance in such a way that the non-dimensional form contains all of the
following dimensionless numbers: Strouhal Number, Euler Number, Reynolds Number

and Froude Number.
11.

a. Compare diffusive transport of momentum and heat transport analogically.

b. Starting with Reynolds analogy, develop an equation demonstrating Chilton-Colburn
analogy expressing the relation between fluid friction and heat transfer for laminar flow on
a flat plate in terms of Stanton number, Prandt] number and friction coefficient.

Continuity Equation

Cylindrical

ap

(sz)}
at

149 14 a
+ {;5(7”9‘/:—) togg PYe) t—5—

Navier Stokes Equations

Cartesian

Mass Diffusion Equation

Cylindrical Coordinates

10 dC, 10 aC, d ( BCA) . 0C,
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