Chapter 8
Heat Transfer With Phase
Change

By Wubishet Degife



Heat Transfer with Phase Change

So far we have discussed heat transfer at a boundary due to
a temperature difference between bulk temperatures
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Heat Transfer with Phase Change

So far we have discussed heat transfer at a boundary due to
a temperature difference between bulk temperatures

49, _ i [?; _ T“_] 1. forced convection

A « laminar
« turbulent
Newton's law of 2. natural convection

cooling 3. phase change

When a phase change takes place, the temperature on one
side is CONSTANT, but the presence of boiling/condensing
fluids produces heat transfer.

* Important in evaporation, distillation

* LARGE n

«|lt s iImportant to Know In which regime you operate
+Each regime has different correlations
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vapor phase

resistance to heat transfer

Boiling

At low DT, few bubbles
form, and heat transfer
is by natural
convection.

As DT increases, more
bubbles form,
increasing convection
(flow) in the liquid
phase, increasing h.



i resistance to heat transfer

|

I

sat

e B B L B R R
B B B B e A L B B B B

R R e,

e L R L R N L R S AN R
e L R L R N M R S AN R
R B B L B B B T B A B L B A R
R R B e e L R e R e B L R R R
R R B e L R e R e B L R R R

e e R e e B p p sy
e e B o o o

o e T =
SR e Y
gl el .p.t'.'.ﬂf.ﬂf.ﬂ.p’.':p".' _L".'.'.'t'.'.'tl _.".1'.'. .'ﬂ.ﬁ.tﬁ.ﬂ*t‘*ﬂ* -
A,

- .p.t'.'.ﬂ.'.ﬂ.'.th.p.ﬂ+ﬂ+ﬂ+ﬂ+ﬂ+ﬂ+ﬂ+ﬂ+ﬂ+ﬂ+ﬂ+ﬂ+ -

R e B pi p oy

= .'.t..'.ﬂ.'.ﬂ.pﬂ*ﬂ*ﬂ*ﬂ*ﬂ*ﬂ*ﬂ*ﬂ*ﬂ*ﬂ*ﬂ*ﬂ* =

vapor phase

Film Boiling

As AT increases further,
a film appears and
grows, increasing
resistance to heat
transfer



Regimes of Heat
Transfer during

film bailing *

radiation
becomes
important
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Regimes of Heat There are correlations for h for each regime.

Transfer during
goiling

For example:

Nucleate boiling, horizontal surfaces

1
h = 1043(AT)3

h = 5.56(AT)?
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Equations

good for

these units:

Geankoplis 4™ ed, p284



Regimes of Heat |
Transfer during
Boiling

For example:

Nucleate boiling, vertical surfaces

1
h = 537(AT)7

h = 7.95(AT)?
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There are correlations for h for each regime.

Equations

good for

these units:

Geankoplis 4™ ed, p285



Regimes of Heat

There are correlations for h for each regime.

Transfer during
Boiling

For example:

Mucleate boiling, forced convection inside tubes

h = E.EEETEET&T

Equations

good for

these units:
AT[=)K
q, kW
E[—]E
h(=]
pl=]kPa

m<K

Geankoplis 4™ ed, p285



Regimes of Heat There are correlations for h for each regime.

Transfer during
Boiling

For example:

Film boiling, horizontal tubes Geankoplis 4" ed, p285

Equations good for these units:

AT[=]K ko [=] 22 u[=1Pas
W mi ez
=] —— k g[=]m/s
hl=]— u, 01=] kg  Tyan + Toge
m? Ttitm = 5
AH[= J
kg (All material properties at

D[=]m the film temperature)
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Condensation

heat At low AT, few droplets
o form,
P SO As AT increases, more
droplets form,
vapor phase increasing convection
(flow).

Vertical plates;
horizontal tubes
important

R
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condensed phase



Dropwise Condensation *ighh
*hard to maintain

*not used in practice
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condensed phase

There are correlations for h for each regime.




Film Condensation “film reduces h

«very stable
«often used
T
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condensed phase

There are correlations for h for each regime.




Regimes of Heat There are correlations for h for each regime.
Transfer during

Condensation Geankoplis 4" ed, p289

For example:
Film condensation, vertical surfaces, laminar flow

Equations good for these units:
s MR
= k 3
h=l ek P, p1[= -% _ Twau + Tsa:
[ ]kg o Tritm = 3
m|=|— 3
N AH[=] kg (All material properties

L[=]m at the film temperature)



Regimes of Heat There are correlations for h for each regime.
Transfer during

Condensation Geankoplis 4" ed, p289

For example:
Film condensation, vertical surfaces, turbulent flow

Equations good for these units:
W _ kg u[=]Pas
h[_] mZK P [_ ﬁ g[:]mjl.'sz
m[=]jﬂ L[=]m T = Twau * Tsar
5 k=] e
m (All material properties

at the film temperature)



Regimes of Heat |
Transfer during

There are correlations for h for each regime.

Condensation Geankoplis 4 ed, p285

For example:

Film condensation, outside horizontal cylinders, laminar flow

Nu= h—L = (0.725 (
key

N_H[k'{ﬂT

1
pi1(p1 — py)gAH fTsa:)ﬂﬂ)I Ro — m

ﬁ < 1800

Equations good for these units:

AT[=]K ky[=]-— u[=]Pas
h[=]—5 kg gl=lm/s’
m2K P PI =] 3 T = Twait + Tsar
m|= E / frm 2
5 AH|=] E (All material properties
Tsar =K D [=]m at the film temperature)




Evaporators

hot fluid
(steam)

heat

(A

sat,steam

negligible heat-transfer
resistance due to wall

Issues:

ng *viscosity, m

scale formation
*liquor velocity
time in evaporator

+ large heat-transfer
resistance on liquor-
. side

i
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==team in tubes

=liquor on outside
*inexpensive, but

poor liguid
circulation
=good for non-

depositing, low u
fluids
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*liquor in tubes
*steam on outside
+liquid circulates by
natural convection
*single pass

+high liguid velocities
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feed

long-tube vertical
evaporator

liquor In tubes

*steam on outside

+liquid circulates by forced
convection

~good for high u fluids
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Long-tube vertical
evaporators

Decreasing g

Increasing i,

|0
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boiling, 2-phase zone

non-boiling zone

For discussion of how to
estimate I/, see Geankoplis 4
edition, p533
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Greater efficiency may be obtained by
operating several evaporators in series:

Multiple-Effect Evaporation




Norbert Rillieux: Inventor of Multiple-Effect Evaporation

WIKIPEDIA

The Foow Law sehopendis

e
g s 1)
Femised Ontend
Owevert eveny
Mandom afcs
Oongr e Whgesa
Whteein ey
- Fepracen
e
Aot Wepede
Cotvrvuaity ot
R ovt Changes
Cordact pagm

» s
» Frbooon

= Larguagms
Purgpas

gy
Whow.ow

(o]

Owmts mxoud $logm

Aaoe en Mead £4¢ View haghory oW Q

Norbert Rillieux

Foom Wikpeaa B bew s ciopeca

Norbert Rillets Wach 17 0800 - Oclober B THM) A Crecls Arvmecan
ket B OO 1 ol NSlad It Bk Frveshon of P Balgie efec!
s ealer BN et gy GOl resirs, of snigorabag st Thes nvierbon wins
0 RO w00 11 1N Qrowih of e sudar mousdy. FRSeux was o
cousn Of Dwe paier Cope Dogen

Comterty [+ ov|
1 Farvdly

2 Eey W

3 S reryey
4 Onber v
S Later W

0 Cdsbine

7 Hebeamoi on
N1 crarad doven

Famdly po

v : MOree Suwer 1 AR rAses Ad
NorDRT Rl wirh, DOM D & POOetan?t Croono Tamdy n New ODfeans g agm

Louscana He wis e 500 of Vacen? Rohas. 0 wiite 2aMaton owrew
GOONON 00 Aot ol e PRCE0, Corance Vivert, @ e person of



Single-Effect Evaporators
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Multiple-Effect Evaporators

R>5> R
For each effect the vapor product becomes the
source of heat for the subsequent effect ﬂ Py Tg > T;

pressure, temperature decrease



Compare Single- and Multiple-Effect Evaporators

same capacity = same amount of heat transferred
(but we did not have to pay for it all = more efficient)



Boiling/Evaporation
= |Industrially we operate either in nucleate beiling or film boiling regimes

= There are different correlations for each regime and for different
geomelries

v Nucleate boiling, horizontal surfaces
v MNucleate boiling, vertical surfaces

¥ Nucleate boiling, forced convection
¥" Film boiling, horizontal tube
Condensation

* Industrially we operate in film condensation
* There are different correlations for different geometries

*  Vertical surfaces, laminar or turbulent
v Outside stack of horizontal cylinders

Evaporators — designed with the boiling regimes in mind




