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Module 7: Condensation
Lecture 28: Study of Condensation Heat Transfer

The Lecture Contains:

B Condensation
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7.2 Introduction

Condensation occurs whenever a vapour comes into contact with a surface at a temperature lower than
the saturation temperature corresponding to its vapour pressure.

The nature of condensation depends upon whether the liquid thus formed wets or does not wet the solid
surface

If the liquid wets the surface, the condensate flows on the surface in the form of a Im and the process is
called film condensation. If on the otherhand, the liquid does not wet the solid surface, the condensate
collects in the form of droplets, which either grow in size or coalesce with neighbouring droplets and
eventually roll of the surface under the influence of gravity. This process is called drop condensation.
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7.2 Film condensation on a vertical surface

Let us consider heat transfer during laminar film condensation on a vertical plate. The problem was first
solved by Nusselt by making certain assumptions

Statement of the problem :-

Calculate the heat transfer coeffiecient during laminar film condensation of a pure, stationary and

saturated vapour at a temperature Tmt on an isothermal vertical plate at temperature T,

The following assumptions are made :-
1. The fluid properties are constant

2. The liquid vapour interface is at the saturation temperature Tsat, i.e., there is no thermal resistance at
the liquid vapour interface.

3. Momentum effects in the film are negligible, i.e., there is a static balance of forces.

4.The vapour exerts no shear stress at the liquid vapour interface. Vapour is quiescent j o 3. = ()
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Figure 7.1 Analysis of film condensation on a vertical flat surface

5. The temperature distribution in the film is linear .

6. Enthalpy changes associated with sub-cooling of the liquid are negligible.
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Consider the diffrential control volume dy dx inside the liquid film. Using assumption
(3) and neglecting any pressure variations within the liquid in the vertical direction, a force balance on the
control volume in the vertical direction yields:

Net shear force exerted on the vertical faces of the control volume + weight of the liquid inside control
volume in the downward direction = 0
Continuity and momentum equation for the liquid film

dn v

E-Fﬂ_{,r:'] (7.1)

PR I v kY (7.2)
ut?.v-}_{ ﬂy + - + o
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y direction momentum-equation is neglected since v is trivial.
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Invoking the above considerations in (7.2)
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Boundary conditions: @ 4y =0, u =0 will lead to B =0
At the interface, shear stress = 0 (assumption (3))
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Boundary conditions: @ y =4, 7= =0 = A==£
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The mass flow rate of the liquid at a distance x from the top edge is given by

§
rh:p/ u dy

Or
2 & PR 283
m:M/ yo-L) ay=29" 3
{1 2 3
Hence
Pty .
din = Taz ds (7.4)

Equation (7.4) indicates that as we proceed from a section x to a section r + da and the condensate film
thickness increases from & to (& + d&), the mass flow rate increases by p2gd? d&/ . k. In other words,

the condensation rate from 4 tp 3 L 1 i ,ﬂ? Ha‘? ,rji!‘_;’,a' 1 and the rate at which energy enters the

condensate is f; fo pﬁ g(’ii dﬁj Ji, where h¢4is the latent heat of vaporization.

Using assumption (6) and applying energy balance on a control volume of dimensions _;» we have Heat
released due to condensation at the liquid vapour interface = Rate of heat transfer at the wall
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Heat released due to condensation at the liquid vapour interface = Rate of heat transfer at the wall

kiT. =T,
} dr = % dr

(7.5)
(T;ar - Tu,] ft

dr
hyg 9 9

L

Integrating (7.5) and using the boundary condition that the Im has zero thickness at the top

edge,i.e., ¥ =}, 4 = 0, we have the equation for film thickness.
4k T — T 1A
5= (T £ ) ] (7.6)
IiIU’.!.r g

The local heat transfer coeffiecient is defined by the expression.

_ Heat flux at wall KT =T.) &k 7.7)
{Tr&ﬂl' - Tu} B "-E{Tm! = Tnj N *5

h =

Substituting (7.6) into (7.7)

- hyy ° g K I 7.8)
T —T) R 2
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The average heat transfer coeffecient over a length L of the plate will be

) | L
h = = fref:
1 7 £ ol
B o= i hyy p* g K M -/-L dr

- L 4 {Tmt = Tu} H o rl/t (7.9)
Y EIT IR,

3 \ T (T —T) 1 L

B h s .i"-'-" g 13 1/4
h = 0.943 2
’ [rf;.ﬂ =, . YT/

Thus the average heat transfer coffiecient over a length is seen to be 4/3 times the local coeffiecient at x=I
The expression (7.9) has been found to underpredict experimental results for laminar Im condensation by
approximately 20 percent, it is a practice to use a value of 1.13 in place of the coeffiecient 0.943

Using (7.9), the average heat flux and condensation flux for a length L can be calculated. These are
given by the expression h {T..; — T.) and h (Toar — Tw)/ hgq respectively.
It should be noted that the results are valid for laminar flows. The existence of a laminar flow depends

upon the value of the film Reynolds number which is defined by the expression
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Re = 4in/p (7.10)

Where 13 is the condensate rate for unit width of the plate. The result of average heat transfer coeffiecient
given in (7.9) can also be expressed in terms of the film Reynolds number.

h I 1/3 1/3
- | — = 1.46 (Reg )™ (7.11)
k \ g :

Where Rep is the film Revnolds number at @ = L.

It has been observed experimentally that when the value of the film Reynolds number is greater than
30, there are ripples on the Im surface which increase the value of heat transfer coeffiecient

Kutateladze has proposed that the value of the local heat transfer coefficient be multiplied by
US{RE';‘—L]”'“ to account for the rippling effect. Using this correction, it can be shown that the average

heat transfer coefficient is given by
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R\ Re;
R = 122 _ r + (7.12)
k\ g 1.08 Rey** — 5.2

Equation (7.12) is valid for the range of 3u = fey < 1600 When the value of 1600 is exceeded, the
condensate flow becomes turbulent. Heat transfer during the turbulent Im condensation has been
investigated by many researchers.

The following equation valid for Prandtl numbers around unity has been obtained by Labuntsov.

h (yf ) ek Re;
= Fa = - (7.13)
k\y 8750 + 58 (Pr)-1/2 (Re}'! — 253)

A large number of experimental data is available on laminar and turbulent film condensation, the fluid most
commonly used being steam.

It is observed that for fluids with Prandtl numbers greater than one, the experimental data taken in the
absence of non-condensable gases agree reasonably well with the results obtained from equation (7.11),

(7.12) and (7.13). Liquid properties are evaluated at the mean temperature {Tw + Tnjfz However, with

low Prandtl number fluids (liquid metals like mercury and sodium vapour), experimental investigations have
yielded heat transfer coefficients which are considerably lower than the results of the above equations. It
can be shown that this is due to the fact that assumption (2) is not valid for these cases and that the liquid
vapour interface may be at a temperature much below the saturation temperature.The preceding equation
for condensation on a vertical plate are also applicable in the case of condensation taking place on a
vertical tube of length L as long as the diameter of the tube is large relative to film thickness.

4|l Previous Next||p

file:///D|/Web%20Course%20(Ganesh%20Rana)/Dr.%20gautam%20bi swas/Final/convective_heat_and_mass_transfer/lecture28/28 11.html[12/24/2014 6:09:34 PM]



Objectives template

Module 7: Condensation
Lecture 28: Study of Condensation Heat Transfer

Heat transfer during laminar film condensation of a stationary, saturated and pure vapour on the outside of
a horizontal tube and a vertical bank of horizontal tubes has also been

calculated by Nusselt.
The film grows symmetrically in thickness as the angle increases. For a single tube, the average heat

transfer coeffiecient is given by.

8 ™Y

|
v
(a)

Figure 7.2 Film condensation (a) a sphere (b) a vertical tier
of horzontal tubes with a continuous condensate sheet

L J
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i hyo 0 g K21
hn = 0.725 g 7.14
ip = 0.725 L (T = TL)P (7.14)

where D is the diameter.
The result can also be expressed in terms of the film Reynolds number as

T a5 173
i_ﬂ(%) = 1.51(Rep)™"" (.19

[tep is the film Reynolds number at the bottom of the tube (« = x}. Equation (7.14) is also valid for film

condensation on the inside of horizontal tube if the Im does not separate and the tube is short in length. If
the tube is long, a pool of liquid collects at the bottom. For a vertical bank of N horizontal tubes, it is
assumed that the condensate from one tube drips completely and smoothly on the tube below, the
average heat transfer coeffiecient

For a vertical bank of N horizontal tubes, it is assumed that the condensate from one tube drips
completely and smoothly on the tube below, the average heat transfer coeffiecient 7 is given be

hp=0.725

Ty PQ g k* Vi (7.16)
N(Toar = To) pD

Experiments generally yield heat transfer coeffiecients higher than those arrived at by using (7.16). This is
attributed to the fact that some splashing occurs when the condensate drips from one tube to the next.
Consequently Im thickness smaller than the values ascribed by theory are obtained Based on his
experience, Kern has suggested that the average coefficients for N tubes be taken 3 —1/6 times the
value of a single tube.
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Film condensation in horizontal tubes

Condensers used for refrigeration and airconditioning systems generally involve vapour condensation inside
horizontal tubes. Conditions within the tube are complicated and depend strongly on the velocity of the
vapour flowing through the tube. If this velocity is small, condensation occurs in the manner depicted by
Fig. (7.3a and (7.3b). The condensate flow is from the upper portion of the tube to the bottom, from
whence it lOwsS in a longitudinal direction with the vapour. For low vapour velocities such that

DTN

‘-.

r?‘w’apuur \\ J
sy ju

(a) (b)

Figure 7.3:
Film condensation in a horizontal tube (a) cross section of condensate Mow
forlow vapor velocities (b) longitudinal section of condensate fow for large

vapor velocities

Condensate

B o (‘”‘:fﬂ) < 35000,  (where i is for tube inlet)

Ko2ekd 1Y —_
fipy = (L5545 trg 7 0
# Tt —T) D
Hence
| : (7.18)
hff.} = h-.fg + gcp,: {Tsm‘ - THJ) |

Typically, heat transfer coeffiecients for dropwise condensation are an order of magnitude larger than those
of film condensation. Data are available for condensation of steam on copper surface.
Near atmospheric pressure, the data are correlated by an expression of the form.

h=51,104 + 2044 T, 22°C < T, < 100°C (7.19)

h = 25510 100°C < T, (7.20)

Where h has a unit of mezk
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