Heat and Mass Transfer
ME-341

Instructor: Giulia Tagliabue

Spring Semester




1. Forced
Convection

3. Boiling

(b)

Ts STeo
~

Air

It =

Vapor r
bubbles Water

Hot plate

Cold

Moist air

q" Water
\ Tdroplets

water é A
O o . o o ° ,’l/ \
() o O \\\/’

bbb

2. Natural (Free)
Convection

4. Condensation



Boiling: heat transfer from the wall to the fluid Condensation: heat transfer from the fluid to the wall

Fluid motion controlled by: Phase Transition = Isothermal Process
Surface tension o at the liquid-vapor interface Latent heat (h/ ) is exchanged between solid and fluid

Small solid/fluid AT




Boiling occurs when the surface temperature exceeds the saturation temperature at that pressure.

qs = h(T; — Tsqr) = hAT, AT, excess temperature

. FluidDynamics e HeatTransfer. o)

Pool boiling Saturated Boiling
the liquid is initially quiescent and only free convection occurs Ts > Tgqt , the bubble must rise
Forced boiling Subcooled Boiling

the fluid is moving while it boils (e.g. inside a pipe) T < Tgqt » the bubbles can re-condense in the liquid
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This Lecture

| Condensation

| Laminar Film Condensation on a Vertical Plate

Learning Objectives:
(1 Understand condensation
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Ficure 10.9 Modes of condensation. (&) Film. (h) Dropwise condensation on a
surface. (¢) Homogeneous condensation or fog formation resulting from increased
pressure due o expansion. {d) Direct contact condensation.
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The conditions of the surface (wettability) determine the mode of condensation

Which one is most desirable?
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The conditions of the surface (wettability) determine the mode of condensation

Which one is most desirable?



Degradation of the surface

T T properties can reverse the

s s condensation to film mode
(lower heat transfer rate)
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The conditions of the surface (wettability) determine the mode of condensation

Which one is most desirable?
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Film
condensation

Minimize the thickness
of the condensate film

v

» Short plates
« Horizontal tubes

g
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Condensation: Laminar Film on a Vertical Plate

7
!(—/k \ TS < Tsat
i N g
i " As the condensate moves downwards, more vapor

ﬁ?"““"r-.,‘ Vapor, v condenses onto the film:
* The thickness of the film increases with x

| v I » The mass flow rate of the condensate increases
™~ Thermal boundary layers W|th X

« Stresses are present at the liquid-vapor film (a
uv velocity gradient is present in the vapor near the
interface with the liquid)




Condensation: Laminar Film on a Vertical Plate

|—' Y
x q i l Ts <Tsat
; H i “: 50 £
‘HHH‘HT}
il .‘””‘P\' ) ) ) .
LERENN Vapor, v We want to obtain a solution for the convection coefficient
ottt kI . . . . .
i i i i) during film condensation on a vertical plate. Similarly to
HUHHETT . . .
i 11 il F \ what we did for natural convection we can write:
Il | . . . .
BEEERELEN 1T Momentum conservation (including gravity term)
?l i, »  Energy conservation
o \‘”‘“HH\‘\‘\“ Thermal boundary layers
\HH‘}HH\}\}\H“‘ —T
‘ = \ v, 00 . . . . .

il However, an analytical solution is available only with
I I
ST T ] significant simplifications.
iy T
H} i Y VX velocity boundary lajers
I

| flume s
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Condensation: Laminar Film on a Vertical Plate

Simplifying assumptions from Nusselt:
1. Laminar flow and constant properties in the film

2. Gas s pure vapor at uniform T, no conduction heat
transfer at the vapor-liquid interface (only condensation)

3. The shear stress at the vapor-liquid interface is negligible
(au/aylyzé‘ = 0)

4.  Negligible momentum transfer (advection) in the liquid film,
i.e. only heat conduction across the film — linear T profile
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Condensation: Laminar Film on a Vertical Plate

£ q; = h(Tgqr — Ts)
g} il | Only conduction through the film
— | Vapor, ,
f |:|}|lm|ﬁ1||l| — Fourier law of heat transfer
Wul 5(.“.?) hTfﬂ Linear temperature profile
| | \
Hlly
L [ g s =T
iy S pu—
) o)
4 Iﬁ Y S
||||||| | ' @ _§=
|||:|I||H||l|||:|: ||I:||||”|I ” 8 = condensate film thickness
! Llcamlcl”lfI HH'”N”I:

® Find the condensate-film thickness



Condensation: Laminar Film on a Vertical Plate

During condensation, gravity forces the liquid to move along the solid.

FLUID DYNAMICS ] [ HEAT TRANSFER
Mass conservation — Continuity equation Energy conservation — 15t Law of Thermodynamics
Momentum conservation — Navier-Stokes equations Nusselt assumption = NO ADVECTION TERMS

Flow condition (Laminar/turbulent) — Re Boundary Conditions (Temperature)

Pr
F‘ Velocity profile: u(x, y) Temperature profile: T (x, y)

+ Shearstress 7,, I:> Co-lrlhd.elr(lsate-filslm —

* Friction coefficient Cr IcKkness

* Friction factor f
No slip condition u(x, 0) = 0 Transport Laws (Newton/Fourier)

ki(Tgqr — T.

Qconvection = Qcond,film h(Tsqr — Ts) = —%

Nu



Condensation: Laminar Film on a Vertical Plate

’—> ¥ [ FLUID DYNAMICS (momentum conservation) ]
v ou N ou 1dpe o 9%u -
U—+v—=———"7— V—s ,v = liqui
¥ ox oy p dx g dy? P 1
i} Away from the wall, u = Oand v = 0 B Aber _
a U= = — = = vapor
T |Jﬁlﬁﬁ Vapor, v Wway irom the wall, u and v I P9 Py p
|||||||||| ||||I
Fru' 5(,“,(') hﬂ'ﬂ From Nusselt assumption #4 advection can be neglected (i.e. left-hand-side = 0) :
TR LT T T
| ¥ —_— —_—— —_
$ ||||HH|| |H|H:I||I|“!h\ sat dy2  u, dx 1 dy? p Pr— Py
\Y |}
1 Ju
i vl ,ms =0 u(0) =
|||||| I::I'll”:': :'HIIMH'I T 0 u(y) = 90— p)¥” [ . (y)zl
ity 0 = = 5
|L|qU|d I :|:|IH|II|H a—u =0 M 6 2\6

We still need the condensate-film thickness
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Condensation: Laminar Film on a Vertical Plate

’—> ¥ [ HEAT TRANSFER (energy balance) ]
X 0 =m hy, — (M + d)h,,, + dqcondens — qs(b - dx)
| pememem e - dg= hg,dm
¥ qs(b-dx ] — dp ) ~— From Nusselt assumption #4 advection can be neglected:
dx L_dg 7
f '|I|!|!||'!||'| i 1 dqcondens = hrgdmh = qs(b - dx)
o
! Wk \ From Nusselt assumption #4, only conduction through the liquid film:
T !
s Hl|“ { "|||||I|||||||m\ Lat .
||Ii I ||I||| | |||I| " _ kl(Tsat - TS) _ hfg dm
- Iﬁ l’l* Su s ) dx b
||| Y = =
| ||| il dy| =
||||I| |H||l|||:|: |||:|||:|| | Flo=t We define the condensate mass flow rate per unit width of the plate:
thohihy
| qumd 1 Ill”hl“"l

gpi(p1 — py) 83
3

; 6(x)
r(x) = %x) = f piu(y)dy =
0
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Condensation: Laminar Film on a Vertical Plate

’_> d [ HEAT TRANSFER (energy balance)
}i: — kl(Tsat - Ts) —h E
qs 5 ey
i3
= Where: 2L _ 9pi(pi — py)8%ds
f il it » dx 0 T
[
i e
Therefore: 5345 = Jtt1Tsar = T5)
[ |||||| \ 1oL — pv)hfg

"||||'|I'| Rty
AN »
d I1-|*l1* Q 5(x) = [4kl.ul(Tsat - Ts)x]

iionon . &l =0 gpi(p1 — py)hyg
|||||||||:||||||||||||||||”||

RN
|| Liquid, / :||||l|||ll|: hfy = heg + 0.68c, (Tsar — Ts)

Includes the effect of advection in an approximate way!
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Condensation: Laminar Film on a Vertical Plate

During condensation, gravity forces the liquid to move along the solid.

FLUID DYNAMICS ] [ HEAT TRANSFER
Mass conservation — Continuity equation Energy conservation — 15t Law of Thermodynamics
Momentum conservation — Navier-Stokes equations Nusselt assumption = NO ADVECTION TERMS

Flow condition (Laminar/turbulent) — Re Boundary Conditions (Temperature)

Pr
F‘ Velocity profile: u(x, y) Temperature profile: T (x, y)

+ Shearstress 7,, I:> Co-lrlhd.elr(lsate-filslm —

* Friction coefficient Cr IcKkness

* Friction factor f
No slip condition u(x, 0) = 0 Transport Laws (Newton/Fourier)

ki(Tgqr — T.

Qconvection = Qcond,film h(Tsqr — Ts) = —%

Nu



Condensation: Laminar Film on a Vertical Plate
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To obtain the local convection coefficient;

qs =

kl(Tsat - Ts) kl

0 = hy(Tsqt — Ts) 0 hy =—

, L1/4
gpi(pr — pp)kihs,
4/11 (Tsat - Ts)x

D hx) =

h}g = hfg + O.68Cp’l (Tsat — TS)

With liquid properties estimated at Ty = .

and p,, hsg, estimated at Tgq;

(Ts+Tsat)
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This Lecture

d Condensa’uon
Laminar Film Condensation on a Vertical Plate

Learning Objectives:
\?/ Understand condensation
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Next Lecture

| Film Condensation on a Vertical Plate: Correlations
O Film Condensation on Radial Systems
| Correlations for Laminar Flow

| Overall Heat Transfer Coefficient

Learning Objectives:
(1 Calculate convection coefficient in selected condensation cases
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