Lecture 4

Transport of mass, momentum and heat

o



Flow and molecular motion

turbulent jet
flame
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Mean speed of molecules: microscopic scale
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kg 1s Boltzmann’s constant, m; Is the mass of molecule i.
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Mean speed of molecules: microscopic scale

Define a mass averaged mean velocity
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Mass transfer

« A mixture containing N species, each species has different velocity

Diffusion

velocity of
T T Nspecies
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-> N —
V= ZYiVi
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ass averages N
velocity of Y1
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Mass transfer
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Mass transfer
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— diffusion velocity due to concentration gradient
— diffusion velo. due to temperature gradient (Soret)
— diffusion velocity due to pressure gradient

* the last two effects can be neglected
 diffusion by concentration gradient is modeled by Fick’s Law
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f
Negative sign indicate flux from

Binary diffusivity
high concentration to low
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A control volume CV for mass conservation

/

, . reaction rate of i /

Y, : mass fraction of i

/ p . density of the mixture

v, . velocity of i

S

A control volume CV for mass conservation: the boundary is open,
species can enter or leave the CV; it can also be formed or consumed
In the CV
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Law of mass conservation

Law of mass conservation says that the increase of the total mass
of species i in the CV is equal to the net mass flow into the CV +
the formation rate of the species in the CV.
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Mass transfer

« Transport of species i in a mixture of N species, in a control

volume ...
Change Net Formation
of massof | = fel mass| 4 rate of
species i o species i
f
! /
opY. =
l T — ° . . .
==V pYv. + o,

Ot X
Known from
hemical kinetic
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Mass transfer

e Using Fick’s Law one has the transport equation for
species |

e This equation is not closed without reaction kinetics
rate information !

opY;
Ot

£V pYv=V-pD\ VY + o,

diffusive
transfer

Convective
transfer
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Mass transfer

« Summation over all species we have

Hi, I know it !
It’s the continuity
equation !
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Momentum conservation
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Momentum conservation

We consider the momentum conservation of the mixture.

The law of momentum conservation is the Newton’s second law
applied to Fluid Mechanics, which states that the change of
the total momentum in the CV (Fig.4.1) + the exchange of momentum

through the boundary of the CV is equal to the forces acting on the
boundary + the body forces on the CV.
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Momentum transfer
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Energy conservation
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A control volume CV for energy conservation

Energy
Work done to the flow out

environment “N
. enthalpy of i /
. mass fraction of i

/ . density of the mixture

. velocity of i

Energy /

flow in

=

~0

S SIS

*\/\ Heat transfer from
the environment

the boundary is open, species can enter or leave the CV;
It can also be formed or consumed in the CV
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Total energy change per unit mass
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The energy flux at an open boundary

e Energy flux due to mass flow of species
through the CV boundaries

e Energy flux due to temperature gradient
through the CV boundaries

* Energy flux due to concentration gradient at
the boundaries (Dufour effect, often negligible)
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Energy flux due to temperature gradients

G=—AVT

|

heat conductivity
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Total energy flux

e Through the boundary of a control volume

N
I TS S Sy !
9 iotal —q-l-,OV]’l-I-,OV —— T3V +pZYszhz
T P i=1
conduction convection diffusion
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work per unit area done to the environment

(-pl+7)-V
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First law of thermodynamics

The first law of thermodynamics states that the energy increase

In a system is equal to the heat transfer from the environment to
the system - work done to the system. In differential equation form
one can write

0

a(pezotal)‘l'v-qtoml == Qr _|_V|:(_p]+z_)‘_;:|
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Energy transport equation — conventional forms
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Energy transport equation — conventional forms
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Energy transport equation — conventional forms
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Energy transport equation — conventional forms

pDh_Dp:V.[

N 1 .
oVh— pa 1-— |AVY |+0 +7:VVv
o Ty p p Z[ j ] 0,

i=1 L €

Lewis number

Transport of mass, momentum and heat




Energy transport equation — conventional forms
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Energy transport equation — conventional forms
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Energy transfer

* In species transport equations, there is a source term
due to chemical reaction, why there is no source term
due to chemical reactions in the energy equation?

» chemical energy is released to thermal energy,
however the system’s energy is not changed due to
chemical reactions !

 If energy equation is expressed as temperature
transport equation, one should have the reaction
source term
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Summary of governing equations

« Unkowns « Governing equations
— 3 velocity — continuity 1
components — N-S equations 3
— pressure — temperature or
— temperature or enthalpy
enthalpy 1
— N species — equation of state 1
— density — species transport N
e total unknowns  total equations

— N+6 — N+6
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Simplified governing equations

Jpu
Mass: ap  TPY g
Ot é’XJ
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Ot dx,  ox,| Pr ox,
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Chemical reaction rates

Reactions:  » vyM; < > vyM;  j=1..L

- dc, .
Reaction w, =0 = Z(Vl" vy )71'
rates: dt
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A comparison of mass diffusivity, heat conductivity

and viscosit

Using kinetic theory it can be shown (cf. Turns book):
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Mean diffusion coefficient for species i in the mixture
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A comparison of mass diffusivity, heat conductivity

and viscosit

Using kinetic theory it can be shown (cf. Turns book):
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Thermal diffusion coefficient o k

Lewis number Le; = =—, Di=—
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A comparison of mass diffusivity, heat conductivity

and viscosit

Using kinetic theory it can be shown:
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