
Heat transfer with 
phase change



In this chapter, we shall study about two heat transfer activities 
involving phase change -

• Condensation

• Boiling 
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Condensation

• Condensation means the change of phase from vapour to liquid

• If the temperature of the vapour is reduced below the saturation temperature, condensation occurs

• If a mixture of vapour and gas is cooled, vapour condenses to form minute droplets suspended in the 
carrier gas – this is called homogeneous condensation

• However, if the vapour or a vapour-gas mixture comes in contact with a surface which is below the 
saturation temperature of the vapour, condensation occurs on the surface – this is called surface 
condensation
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• If the condensate wets the surface, a smooth film is formed and it flows down 
the surface as a continuous film under the influence of gravity – this is called 
film condensation

• Here, the surface is blanketed by the film which grows in thickness as it moves 
down the plate, the film provides thermal resistance to heat transfer

• The latent heat is transferred through the liquid film and then conducted 
through the wall to the cooling fluid on the other side of the wall

• Two forms of condensation can be considered - film condensation and dropwise condensation
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• If the surface is not wetted by the condensate, droplets are formed on the 
surface instead of a film

• The droplets grow in size and trickles down the surface in a random manner due 
to the action of gravity – this is known as  dropwise condensation

• In this case, a large portion of the surface is directly exposed to the vapour, and 
there is no liquid film barrier to resist heat flow

• This results in higher heat transfer rates

• The average heat transfer coefficients for dropwise condensation is 5 to 10     
times the coefficient for film condensation

• Due to the higher heat transfer rates, dropwise condensation would be 
preferred over film condensation

• However, it is very difficult to maintain dropwise condensation, as most 
surfaces become wetted after exposure to a condensing vapour over an 
extended period of time

• Various surface coatings (such as silicone, octanoic acid) and vapour additives 
have been used in attempts maintain dropwise condensation but they have 
not been very successful

• Film condensation is more dependable and more common



Film condensation on a vertical surface
• Nusselt (1916) gave a theoretical analysis of laminar film 

condensation of a vapour

• Nusselt makes the following assumptions in his analysis:

(a) the film flow is laminar

(b) the vapour is saturated

(c) heat transfer through the condensate film occurs by conduction 
only, temperature profile in film is linear

(d) There is no interfacial shear, i.e., viscous shear of the vapour and 
the liquid film is negligible

(e) Gravitational force is the only external force
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The figure shows the vertical section of the film

1. A force balance is made on a liquid element (or control volume) of sides ‘𝑑𝑥’ and ‘𝛿 − 𝑦’

2. The breadth in the 𝑧 − 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 is unity

3. 𝑇𝑤 and 𝑇𝑣 are the wall temperature and vapour temperature, respectively

The weight of the fluid element (F2) of thickness 𝑑𝑥 between 𝑦 and 𝛿 is balanced by the viscous shear force (F1) at 𝑦
and the buoyancy force (F3) 

𝛿 = 𝑓 𝑥 and 𝑢 = 𝑓 𝑦
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The weight of the fluid element (F2) of thickness 𝑑𝑥 between 𝑦 and 𝛿
is balanced by the viscous shear force (F1) at 𝑦 and the buoyancy force 
(F3) 

By force balance, 𝐹2 = 𝐹1 + 𝐹3

𝜌𝑙𝑔 𝛿 − 𝑦 𝑑𝑥 = 𝜇
𝑑𝑢

𝑑𝑦
𝑑𝑥 + 𝜌𝑣𝑔 𝛿 − 𝑦 𝑑𝑥

𝜌𝑙𝑔 𝛿 − 𝑦 = 𝜇
𝑑𝑢

𝑑𝑦
+ 𝜌𝑣𝑔 𝛿 − 𝑦

𝜌𝑙 − 𝜌𝑣 𝑔 𝛿 − 𝑦 𝑑𝑦 = 𝜇𝑑𝑢

Now at 𝑦 = 0, 𝑢 = 0 (no slip condition)

න

0

𝑢

𝑑𝑢 =
𝜌𝑙 − 𝜌𝑣 𝑔

𝜇
න

0

𝑦

𝛿 − 𝑦 𝑑𝑦

𝑢 =
𝜌𝑙 − 𝜌𝑣 𝑔

𝜇
𝛿𝑦 −

𝑦2

2

This is the velocity profile in the freely flowing film
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Now, mass flow rate of condensate (per unit breadth of film) at any 
location 𝑥 is, 

ሶ𝑚 = න

0

𝛿

𝜌𝑙𝑢 𝑑𝑦. 1 = න

0

𝛿

𝜌𝑙
𝜌𝑙 − 𝜌𝑣 𝑔

𝜇
𝛿𝑦 −

𝑦2

2
𝑑𝑦

ሶ𝑚 =
𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑔

𝜇

𝛿𝑦2

2
−
𝑦3

6
0

𝛿

=
𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑔

𝜇

𝛿3

2
−
𝛿3

6

ሶ𝑚 =
𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑔𝛿3

3𝜇

The rate of heat transfer at the wall through the area 𝑑𝑥 × 1 is

𝑞𝑥 = −𝑘𝑑𝑥 ቤ
𝜕𝑇

𝜕𝑦
𝑦=0

=
𝑘𝑑𝑥. 1 𝑇𝑣 − 𝑇𝑤

𝛿
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As the liquid flows from 𝑥 to 𝑥 + 𝑑𝑥, the condensate film grows from 𝛿 to 𝛿 + 𝑑𝛿 due to addition of condensate

The amount of condensate added between 𝑥 and 𝑥 + 𝑑𝑥 is 

As 𝛿 is a function of 𝑥, the amount of condensate is given as, 

=
𝑑

𝑑𝛿

𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑔𝛿3

3𝜇

𝑑𝛿

𝑑𝑥
𝑑𝑥 =

𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑔𝛿2

𝜇
𝑑𝛿

=
𝑑

𝑑𝑥
ሶ𝑚 𝑑𝑥 =

𝑑

𝑑𝑥

𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑔𝛿3

3𝜇
𝑑𝑥



The heat removed at the wall is equal to the heat given out by the 
condensing liquid mass (between 𝑥 to 𝑥 + 𝑑𝑥)

𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑔𝛿2

𝜇
𝑑𝛿. 𝜆 =

𝑘𝑑𝑥. 1 𝑇𝑣 − 𝑇𝑤
𝛿

න

0

𝛿

𝛿3 𝑑𝛿 =
𝑘𝜇 𝑇𝑣 − 𝑇𝑤
𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑔𝜆

න

0

𝑥

𝑑𝑥

𝛿4

4
=
𝑘𝜇 𝑇𝑣 − 𝑇𝑤 𝑥

𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑔𝜆

𝛿 =
4𝑘𝜇𝑥 𝑇𝑣 − 𝑇𝑤
𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑔𝜆

ൗ1 4
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The heat transfer coefficient is now written as 

ℎ𝑑𝑥 𝑇𝑤 − 𝑇𝑣 = −
𝑘𝑑𝑥 𝑇𝑣 − 𝑇𝑤

𝛿
Now,

ℎ =
𝑘

𝛿
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Therefore,

ℎ𝑥 =
𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑔𝜆𝑘3

4𝜇𝑥 𝑇𝑣 − 𝑇𝑤

ൗ1 4

The average heat transfer coefficient over a length 𝐿 is,

തℎ =
1

𝐿
න

0

𝐿

ℎ𝑥𝑑𝑥 =
1

𝐿

𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑔𝜆𝑘3

4𝜇 𝑇𝑣 − 𝑇𝑤

ൗ1 4 4

3
𝐿 ൗ3 4

തℎ = 0.943
𝑔𝜆𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑘3

𝜇𝐿 𝑇𝑣 − 𝑇𝑤

ൗ1 4

This is the heat transfer coefficient for condensation on the vertical surface

In case the surface is not vertical but inclined, 𝒈 in the above equation is replaced by 𝒈𝒄𝒐𝒔𝜽

When the surface on which the condensation occurs is sufficiently large or there is a sufficient amount of condensate 
flow, turbulence may appear in the condensate

The criterion to determine whether the flow is laminar or turbulent is the Reynolds Number

The liquid properties are 
evaluated at the mean film

temperature 𝑇𝑚 =
𝑇𝑠𝑎𝑡+𝑇𝑤

2

The vapor density and latent 
heat of vaporization, 𝜆 are 
evaluated at 𝑇𝑠𝑎𝑡
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For condensation systems, 

𝑅𝑒 =
𝐷𝑒𝜌𝑣

𝜇

𝐷𝑒 = 4 ×
𝑏 × 𝐿

𝑏
=
4𝐴

𝑃

𝑅𝑒 =
4𝐴𝜌𝑣

𝜇𝑃
Now,     ሶ𝑚 = 𝐴𝜌𝑣

∴ 𝑅𝑒 =
4 ሶ𝑚

𝜇𝑃

• The critical Reynolds number (𝑅𝑒) is approximately 30

• Between 30 and 1800 waves and ripples appear in the condensate though fluid flow is still laminar

• For turbulent flow, 𝑅𝑒 > 1800

𝑁𝑢 =
ℎ𝐿

𝑘
= 0.0077

𝑔𝜌𝑙
2𝐿3

𝜇2

ൗ1 3

𝑅𝑒 0.4

• The 𝑅𝑒 can be calculated by the following:

𝑄 = ℎ𝐴 𝑇𝑠𝑎𝑡 − 𝑇𝑤 = ሶ𝑚𝜆

𝑅𝑒 =
4ℎ𝐴 𝑇𝑠𝑎𝑡 − 𝑇𝑤

𝜇𝑃𝜆

ሶ𝑚 =
𝑄

𝜆
=
ℎ𝐴 𝑇𝑠𝑎𝑡 − 𝑇𝑤

𝜆

𝑃 = perimeter

For a vertical 
plate, 

𝑃 = 𝑏

For a vertical 
tube,

𝑃 = 𝜋𝑑



The correlation for condensation on a single horizontal tube is,

തℎ = 0.728
𝑔𝜆𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑘3

𝜇𝑑 𝑇𝑣 − 𝑇𝑤

ൗ1 4

The correlation for condensation on a vertical tier of 𝑁 horizontal tubes is,

തℎ = 0.728
𝑔𝜆𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑘3

𝑁𝜇𝑑 𝑇𝑣 − 𝑇𝑤

ൗ1 4
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Film condensation outside a horizontal tube or a tube bank

where 𝑑 is the tube diameter

Film condensation inside a horizontal tube

The heat transfer coefficient for condensation inside a horizontal tube is given by,

തℎ = 0.555
𝜆"𝑔𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑘3

𝜇𝑑𝑖 𝑇𝑣 − 𝑇𝑤

ൗ1 4 𝜆" = 𝜆 1 +
3

8
𝐽𝑎

𝐽𝑎 = 𝐽𝑎𝑐𝑜𝑏 𝑁𝑜 =
𝐶𝑝𝑙 𝑇𝑣 − 𝑇𝑤

𝜆

For heat exchanger design, where one fluid undergoes condensation either inside or outside the tubes (in the shell), 
the above mentioned equations are used to estimate the heat transfer coefficient



Problem

A vertical square plate, 30 cm by 30 cm, is exposed to steam at atmospheric pressure. The plate temperature is 98oC. 
Calculate the rate of heat transfer and mass of steam condensed.

The properties of steam is evaluated at the mean temperature, 𝑇𝑚 =
98+100

2
= 99℃

𝑘 = 0.68 𝑊/𝑚℃, 𝜌𝑙 = 960
𝑘𝑔

𝑚3 , 𝜇 = 2.82 × 10−4
𝑘𝑔

𝑚𝑠
, 𝜆 = 2255

𝑘𝐽

𝑘𝑔
,      𝑇𝑣 = 𝑇𝑠𝑎𝑡 = 100℃

Assuming that the condensate flow is laminar, (this has to be verified later)

തℎ = 0.943
𝑔𝜆𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝑘3

𝜇𝐿 𝑇𝑣 − 𝑇𝑤

ൗ1 4

= 0.943
9.8 × 2255 × 1000 × 9602 × 0.68 3

2.82 × 10−4 × 0.3 100 − 98

ൗ1 4

= 13152.92 𝑊/𝑚2℃

𝑅𝑒 =
4ℎ𝐴 𝑇𝑠𝑎𝑡 − 𝑇𝑤

𝜇𝑃𝜆
=
4ℎ𝐿 𝑇𝑠𝑎𝑡 − 𝑇𝑤

𝜇𝜆
=
4 × 13152.92 × 0.3 100 − 98

2.82 × 10−4 × 2255 × 1000
= 49.64 (𝑙𝑎𝑚𝑖𝑛𝑎𝑟)

𝑄 = ℎ𝐴 𝑇𝑠𝑎𝑡 − 𝑇𝑤 = 13152.92 × 0.3 × 0.3 100 − 98 = 2367.53𝑊

ሶ𝑚 =
𝑄

𝜆
=

2367.53

2255 × 1000
= 1.0499 × 10−3 𝑘𝑔/𝑠

ሶ𝑚 = 3.78𝑘𝑔/ℎ
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Problem

Saturated steam at 68.9 kPa is condensing on a vertical tube 0.305 m long having an OD of 0.0254 m and a surface 
temperature of 86.11oC. Calculate the average heat transfer coefficient and mass of steam condensed.

𝑇𝑠𝑎𝑡 = 89.47℃ 𝑇𝑤 = 86.11 ℃

The properties of steam is evaluated at the mean temperature, 𝑇𝑚 =
89.47+86.11

2
= 87.8℃

𝑘 = 0.675𝑊/𝑚℃, 𝜌𝑙 = 966.7
𝑘𝑔

𝑚3 , 𝜌𝑣 = 0.391
𝑘𝑔

𝑚3 , 𝜇 = 3.24 × 10−4
𝑘𝑔

𝑚𝑠
, 𝜆 = 2283.2

𝑘𝐽

𝑘𝑔
,      

The heat transfer coefficient for condensation outside a vertical tube is given by ,

𝑁𝑢 = 1.13
𝑔𝜆𝜌𝑙 𝜌𝑙 − 𝜌𝑣 𝐿3

𝜇𝑘𝑙 𝑇𝑣 − 𝑇𝑤

ൗ1 4

= 1.13
9.8 × 2283.2 × 1000 × 966.7 966.7 − 0.391 × 0.305 3

3.24 × 10−4 × 0.675 89.47 − 86.11

ൗ1 4

= 6038.5

ℎ = 𝑁𝑢 ×
𝑘

𝑑
= 6038.5 ×

0.675

0.305
= 13363.9 𝑊/𝑚2℃

𝑄 = 𝑈𝐴 𝑇𝑠𝑎𝑡 − 𝑇𝑤 = ሶ𝑚𝜆

13363.9 × 𝜋 × 0.305 × 0.0254 × 89.47 − 86.11 = ሶ𝑚 × 2283.2 × 1000

ሶ𝑚 = 4.74 × 10−4 𝑘𝑔/𝑠

𝑅𝑒 =
4 ሶ𝑚

𝜇𝜋𝐷
=

4.74 × 10−4

3.24 × 10−4 × 𝜋 × 0.0254
= 73.33
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