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Definition: Condensation is the heat transfer process by which a standard
vapor is converted into a liquid by means of removing the latent heat of
condensation.

Types of condensation
@ Outside of surfaces
@ Drop-wise
@ Direct contact
@ Homogeneous
@ Film-wise
@ Inside tubes
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Drop-wise condensation
i . o

Positive: Very high heat transfer coefficients.
Negative: Special materials, difficult to control in industrial processes
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Direct contact condensation

Positive: Very efficient.
Negative: Condensate and coolant are difficult to separate.
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Homogeneous condensation

Positive: ?.
Negative: It is usually an undesirable effect.
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Film condensation

Vapor
region

Large industrial interest.
It was one of the first problems successfully analyzed from a fundamental
point of view by Nusselt (1916).
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]
Film condensation:

@ 1916: Nusselt develops a solution from the fundamental point of view
(see exercise)

@ 1959: Sparrow and Greg include boundary layer analysis in the
development

@ 1962: Bromley extends the theory to include the effects of subcooling in
the condensate

The only relevant differences are observed for Pr <« 1 (water Pr ~ 0.72).
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How to obtain the heat exchange coefficient (h)?

¢=hAT [W/m? @)

We need to find out g and to write it as a function of AT'. g is given by the
fourier laws:

q=—rVT (2)
in 1D o7
q= —H% 3

We need to find out the function T'(z). How? Solving for the energy equation:

ca—T+ cua—T—n({ﬁ—T 4)
Pergr TP s T M g2
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oT oT 0°T
Per 5 + peplig— = Kig s (5)
Steady state + negligible advection term
0T
0= HZW (6)
The solution is:
,I’in - Twa
T(x) = Tyau + ——" 3 Ly 7
and therefore the heat flux is
oT AT
1= TR ®)

Ok, the problem now is to find out §(z)
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Momentum equation in x:

r ”at Phos oy = "ax P 022 T 9y
3 9)
: l Momentum equation in y:
——| ¢ v v O op o' | o
Two- _ = —— JR— -
phase | St Lot TP o 8y Ay ox?2  Oy?
region (10)

Simplifications:

. 1o}
@ No forces at the interface — a—u ~0
Y

@ Gravity in x
@ The vaporization energy is more important that the energy exchanged by
conduction

o . . Pu _ 0?
@ The variations in the speed in x are negligible | — <« —
0x? Oy

@ Gas at rest (u=0)
@ Steady state
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Momentum equation in x (for liquid):
2

Oopi U
Oz—f—&-ng-l-ma 5

3 (11)

Momentum equation in x (for gas/vapor where
u=0):
apv

Momentum equation in y (Iqu|d).
_ _Om
0= ay (13)

Momentum equation in y (vapor):

Opo
= — 14
0 dy (14)

Momentum equation at the interface

20
DL = Ppo + R70 (15)
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Conclusions:

@ From the momentum at the interface we obtain that as the interface is
plane (radius of curvature R. — oo) the pressure at both sides of the
interface is the same p; = p,

@ From the momentum in y we obtain that p; and p,, are constant in
y-direction. As they are equal at the interface we find (p; = p, = p)

@ From the momentum equation in x for the vapor we know that

op
% = Pvg (16)

@ Replacing in the momenum in x for the liquid we find

0%u
Mgy = —g(p1 — pv) (17)
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To solve o2
Uy
- _ — Dy 18
Mg 9(p1 — pv) (18)
we need to apply boundary conditions:
QAty=0,uy=0

o Aty—s5 =g
Ay
Sol: ( ) ) )
_ 9P Po) 2\ Y2 (Y
) = 2=y [0 2 (4 (19)
Then the mass flow is
s 3
. b - Pv 6
= p /u(y)dS = pz/ u(y)bdy = w (20)
0 i
Normally, we define )
r— % (21)
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I ——
Energy balance

@ We have seen that the heat flux is given by

AT
q= HZT (22)
@ This is the flux that must the released by the condensation
AH,upm
ond — T 1 7. 2
Gcond bdx ( 3)
@ Balancing both terms we obtain (gcond = ¢)
dar kAT
— = 24
de  AHyed (24)
and using the expression for I" obtained before
AT
§3do = il ad da (25)
Plg(ﬂl - pv)AHvap
Integrating from O to 6 and from 0 to X, we obtain
Ak AT 14
§(z) = il (26)

= X
gpl(pl - pv)AHvap



Now we can find out the heat transfer coefficient

mAT g (27)

— hAT =
q 5

This heat transfer coefficient is local (depends on x). For that reason, we
average over all the length of the film

L 1/4
fO hdzx = 0.943 gpl(ﬂl - Pv)AHvap"? (28)

h= L /JUﬁAT
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Interfacial phenomena:

41 .
@ At Rer = — =~ 30 we start to observe waves at the interface
1277

@ At Rer = 2000 the film becomes turbulent
Wave effect:
@ Waves increase the exchange surface
@ The boundary layer thickness is stretched
Kutateladze proposes this modification for the averaged heat transfer

coefficient
h

l,Ll2 1/3 B RGF
= 1.22 (29)
ki Lpi(pr — pg)y 1.08RRej:** — 5.2
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I
In heat exchanger we typically use tubes

y

Cylinder surface B

Saturated vapor

Liquid film

It is possible to derive analytical expressions for tubes (see problem)

D 1/4
Nup = hD _ 708 (Ra> (30)
Ky, Ja
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Finally, once we derive the flow around one tube, we have to consider that we

have a row of tubes:

Column mo de

Sheet mode

Droplet Mode
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The final expression of Nth tubes on a row:

_ 3 1/4
h(ND) = 0.798 g(pz pv)(ND) AHUU«P (31)
K I{ll/lAT
or o
— =Nl 2
a(N=1) (32)
In practice, Kern found in 1958 that
o _ aAr—1/6
alN=T) N (33)
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