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Abstract - Dropwise condensation and filmwise
condensation are experimentally investigated with the help
of an experimental setup, by varying the mass flow rate of
the cooling water. Dropwise condensation is achieved in a
nickel-chromium coated copper tube were as filmwise
condensation is seen in non-coated plain copper tube. The
heat transfer co-efficient for both the case are calculated
experimentally and theoretically by using the Nusselt’s
formula of condensation, the balance of evidence suggests
that dropwise condensation is the more effective method of
condensation than filmwise condensation in almost every
variation of mass flow rate. The theory of dropwise and
filmwise condensation have become better understood. The
paper contains the experimental steps involved in
performing the experiment, precautions and final result of
the experiment.
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1.

INTRODUCTION

Heat transfer plays a key role in wide range of industrial
applications such as power generation, thermal
management, water harvesting and desalination were vapour
condensation is a major issue to be taken in account. Fast
droplet nucleation, efficient droplet departure from the
surface and thermal resistance from the wall are some of the
important factors to be considered in order to achieve an
effective condensation. Basically, condensation takes place
through two modes, dropwise condensation and filmwise
condensation (1). For the same temperature difference
between the steam and the surface, dropwise condensation
shows an effective heat transfer rate than the filmwise
condensation. The main objective of this paper is, to
determine the difference in heat transfer co-efficient and
heat flux between the two modes of condensation by
varying the mass flow rate of cooling water.
DROPWISE CONDENSATION
Dropwise condensation occur when saturated pure vapour
comes in contact with the cold surface such as copper tube,
were cooling water flows through the tube, it condenses and
may form liquid droplets on the surface of the tubes.
Dropwise condensation can be easily achieved by specially
treating the condensing surface to make it non-wettable
Dropwise condensation that takes place on non-wettable
surfaces (2) promises a significant increase in heat transfer
co-efficient since the isolated condensed droplets on the
surface can be easily removed. The droplets that are isolated
from each other provides a larger contact area were the
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vapour meets the condensing surface shown in fig: 1,
thereby increasing the overall heat transfer rate. The vapour
starts condensing on a surface when, the vapour saturation
temperature is more than the surface temperature. The
temperature of the condensate formed on the surface is less
than its saturation temperature. A more effective way of
enhancing condensation is to implement dropwise
condensation that can reduce the thermal resistance. For the
past decades numerous researches have been conducted to
control the wetting property of the condensing surface to
make it hydrophobic and some of the regarding dropwise
condensation. Un fortunately dropwise condensation cannot
be achieved for a longer period due to the nature of the
material.
FILMWISE CONDENSATION
Materials such as titanium, aluminum, and stainless steel
which are commonly used as condenser materials, have
inherent surface energy so that a filmwise condensation
usually occurs on a metallic heat transfer surface were
condensate film covers the heat transfer surface. Unless
specially treated, the material remains in the wettable
condition. During the time of condensation, the water
droplets combine together to a film of layer over the
condensing surface. This film flows over the surface under
the action of gravity or other body, surface tension and shear
stresses due to vapour flow. The thickness of the film
depends upon various factors such as rate of condensation,
viscosity of the condensate and whether the plate is vertical
or horizontal. The film of liquid is barrier to transfer to the
heat and its resistance accounts for most of the difference
between the effectiveness of filmwise and dropwise
condensation.

Fig :1 Dropwise and filmwise condensation
2.

EXPERIMENTAL SETUP

The equipment consists of a vertical frame fig 2. Two
condensation tubes are fitted inside a compact glass cylinder
shown in fig: 4. Steam generator is fitted at the back side of
the cylinder. Steam comes directly from generator to
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cylinder. Valves are fitted to supply and drainage of the
water and steam. Digital temperature indicator monitors
temperature. Pressure gauge and rotameter can observe
steam pressure and cold-water flow rates respectively. A
digital temperature controller is provided for controlling the
temperature of steam. Water level indicator is provided for
safe guard of the heater. Condensate is measured by
measuring cylinder and the stop watch.

1.

2.

3.
4.
5.

6.
7.
8.
9.

SPECIFICATIONS
Condenser –two water cooled condensers fabricated
(5) from copper polished or Natural finish (filmwise
condenser) and non-polished copper or Nickelchromium plated (Dropwise condenser).
1. Diameter of the copper tube,d=15.6mm
2. Length of the copper tube L=175mm
3. Diameter of the nickel-chromium coated copper
tube d1=15.6mm
4. Length of the nickel-chromium coated copper
tube L1=175mm
Specific heat of water Cpw=4186.6 (𝐽⁄𝑘𝑔 𝐾)
Material – nickel-chromium coated non-polished
dropwise and Natural finish polished filmwise
Thermocouples - Fitted with 7 thermocouples to
measure the mean metal temperature and 2
thermocouples to measure the inlet and outlet water
temperature.
Heating coils
Heat extraction – by water
Steam chamber
Steam safety- pressure gauge and Pressure relief
valve

Fig: 3 Experimental setup

Fig: 4 Test chamber
7.

Fig: 2 Parts of the experimental setup
a) STARTING PROCEDURE
1. Ensure that ON/OFF switch given on the panel are
at OFF position.
2. Close all the valves.
3. Open the funnel valve and the air vent valve.
4. Fill the water in the steam generator up to ¾ of its
capacity by observing the level of the water in the
steam level indicator.
5. Close the funnel valve and the air vent valve.
6. Switch ON the main supply.
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Set the temperature of required steam with the help
of DTC.
8. Switch on the heater and wait until the temperature
reaches to required value.
9. Open the air vent valve to evacuate from the steam
generator before opening the steam supply valve.
10. Slowly open wet steam vent valve to release wet
steam from the pipe.
11. Close the wet steam vent valve.
12. Open the steam supply valve for the test chamber
to allow steam in the test chamber and after 10-12
seconds open the drain valve for test chamber to
release air present in the test chamber and close it
immediately after evacuation of the air.
b) Operating procedure
1. Connect the cooling water supply.
2. Open the water supply water to allow the water
supply in the condenser.
3. Set the flow rate of cooling water by adjusting the
water flow control valve.
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3.
AB
UL
ATI
ON

Fully open the drain valve and adjust the flow rate
of steam by operating valve so that very less steam
should be evacuated from the drain valve.
Start the stop watch and collect the steam
condensed in measuring cylinder.
Note down the time and volume of the steam
condensed.
At steady state, record the temperature and flow
rate of cooling water.
Repeat the experiment at different flow rate.

Theoretical formula for calculating heat transfer coefficient
given by Nusselt is, (3)
ℎ𝑡ℎ = 0.943[𝐻𝑓𝑔 ∗ x ꝭ2 2 x g x 𝐾2 3 ⁄( 𝑇𝑠𝑎𝑡 − 𝑇𝑠)µ2 x L]^0.25
Experimental
coefficient is,

formula
ℎ𝑒𝑥𝑝 =

for
𝑄𝑎𝑣

𝐴𝑠 x ∆𝑇𝑚

calculating

heat

transfer

(𝑘𝑊 ⁄𝑚2 ℃)

𝐴𝑠 = heat transfer area = 2πrl (𝑚2 )
r = radius of the condenser tube, 0.00782 (m)

T Table : 1 Dropwise condensation reading

SI No

Flow Rate
Time in sec
in lph

Thermocouple Reading in (℃)
T₁

T₂

T₅

T₆

T₇

T₈

1

40

94.2

86.9

96.6

99.6

33.1

51.5

51.4

2

60

80.4

85.19

95.8

99.6

29.8

47.3

41

3

80

79.2

85.3

95.1

99.6

31.3

47.7

35.4

Table: 2 Filmwise condensation reading

SI No

Flow Rate
Time in sec
in lph

Thermocouple Reading in (℃)
T₁

T₂

T₅

T₆

T₇

T₈

1

40

145.2

72.1

82.5

100.5

30.1

45.3

45.9

2

60

133.8

72.5

82.8

99.8

30.1

42.9

42.8

3

80

110.7

73.3

83

100.5

30.1

40.9

41.1

l = length of the condenser tube, 0.175 (m)
𝐴𝑠 = 0.00865 (𝑚2 )
1)

For plated (coated) condenser:

Average water temperature, 𝑇𝑤 =
Fw - flow rate of water
t - time taken to collect V ml of condensed steam
T1, T2 – surface temperature of plated condenser
T3, T4 – surface temperature of plain condenser
T5 – temperature of steam in the test chamber
T6 – water inlet temperature
T7 – water outlet temperature from plated
condenser
T8 – water outlet temperature from the plain
condenser.

=

𝑇6+𝑇7

(℃)

2
29.8+47.3
2

𝑇𝑤 = 38.55℃
Average temperature at the surface of the condenser, 𝑇𝑠
𝑇𝑠 =

=

𝑇1+𝑇2

(℃)

2
85.19+95.8
2

𝑇𝑠 = 90.50℃
Temperature of saturated steam in test chamber, 𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡 = 𝑇5 = 99.8℃

EXPERIMENTAL ANALYSIS

The heat transfer coefficient is calculated for both
theoretically and experimentally, separately for dropwise
and filmwise condensation.
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Average temperature of condensate film, 𝑇𝑓 =

=

𝑇𝑠+𝑇𝑠𝑎𝑡
(℃)
2

90.46+99.8
2
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𝑇𝑓 = 95.147℃

Experimental heat transfer coefficient, ℎ𝑒𝑥𝑝
ℎ𝑒𝑥𝑝 =

For the temperature 𝑇𝑤 the following properties of water is
found, (4)
ꝭ1 = Density of water, 995 (𝑘𝑔⁄𝑚3 )
𝐶𝑝1 = Specific heat of water, 4178 (𝐽⁄𝑘𝑔 𝐾 )
And for temperature, 𝑇𝑠𝑎𝑡 latent heat (𝐻𝑓𝑔 )
of steam is found, 𝐻𝑓𝑔 = 2256.9 (𝑘 𝐽⁄𝑘𝑔)
For film temperature 𝑇𝑓 the following properties are found,
ꝭ2 = Density of condensate, 964.25 (𝑘𝑔⁄𝑚3 )
𝐶𝑝2 = Specific heat of condensate, 4210.75 (𝐽⁄𝑘𝑔 𝐾)
𝐾2 = Thermal conductivity, 0.677475 (𝑊 ⁄𝑚 𝐾 )
µ2 = Viscosity of condensate, 2.99640x10−4 (𝑘𝑔⁄𝑚 𝑠𝑒𝑐 )
Modified latent heat of steam, 𝐻𝑓𝑔 ∗
𝐻𝑓𝑔 ∗ = 𝐻𝑓𝑔 + [0.68 x 𝐶𝑝2 (𝑇𝑠𝑎𝑡 − 𝑇𝑠)] (𝐽⁄𝑘𝑔 )
= 2256.9 + [0.68 x 4210.75(99.8 - 90.46)]
𝐻𝑓𝑔 ∗ = 2283542.8813 (𝐽⁄𝑘𝑔)
Mass flow rate water, 𝑀𝑤 =

=

𝐹𝑤 x ꝭ1
3600 x 103

𝑡

𝐴𝑠 = heat transfer area, 0.00865 (𝑚2 )
=

1975.46
0.00865 x 54.90

ℎ𝑒𝑥𝑝 = 4.438 (𝑘𝑊 ⁄𝑚2 ℃)
Theoretical heat transfer coefficient, ℎ𝑡ℎ (𝑘 𝑤 ⁄𝑚2 ℃)
ℎ𝑡ℎ = 0.943[𝐻𝑓𝑔 ∗ x ꝭ2 2 x g x 𝐾2 3 ⁄( 𝑇𝑠𝑎𝑡 − 𝑇𝑠)µ2 x L]^0.25
ℎ𝑡ℎ = 10.121 (𝑘𝑊 ⁄𝑚2 ℃)
2)

For plain (uncoated) condenser:

Average water temperature, 𝑇𝑤 =
=

𝑇6+𝑇8

2

Average temperature at the surface of the condenser, 𝑇𝑠

=

60 x 995

𝑇3+𝑇4

(℃)

2
72.5+82..8
2

𝑇𝑠 = 77.65℃

3600 x 103

x 10−6 x ꝭ2 (𝑘𝑔)

Temperature of saturated steam in test chamber, 𝑇𝑠𝑎𝑡
𝑇𝑠𝑎𝑡 = 𝑇5 = 99.8℃
Average temperature of condensate film, 𝑇𝑓 =

t = time taken to collect 100ml of condensed steam in
seconds
=

100
80.4

x 10

−6

Heat loss from water, 𝑄𝑤 = 𝑀𝑤 x 𝐶𝑝1 x (𝑇8 − 𝑇6) (W)
= 0.01658 x 4178 x (47.3 – 29.8)
𝑄𝑤 = 1212.24 (W)
Heat loss from the steam, 𝑄𝑠 = 𝑀𝑠 x 𝐻𝑓𝑔 ∗ (W)
= 0.001199 x 2283542.8813
𝑄𝑠 = 2738.68 (W)

=

𝑄𝑤+𝑄𝑠

(W)

2
1212.24+2738.68
2

𝑄𝑎𝑣 = 1975.46 (W)
Log mean temperature difference, ∆𝑇𝑚 =

∆𝑇1 −∆𝑇2
ln(∆𝑇1⁄∆𝑇2 )

Temperature difference of surface of condenser and water
inlet, ∆𝑇1
∆𝑇1 = (𝑇𝑠 − 𝑇6) = 60.695℃
Temperature difference of surface of condenser and water
outlet, ∆𝑇2
∆𝑇2 = (𝑇𝑠 − 𝑇7) = 43.195℃
∆𝑇𝑚 = 54.90℃
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=

𝑇𝑠+𝑇𝑠𝑎𝑡
(℃)
2

77.65+99.8
2

𝑇𝑓 = 88.725℃

x 964.5

𝑀𝑠 = 0.001199 (𝑘𝑔)

Average heat loss, 𝑄𝑎𝑣 =

(℃)

2
30.1+42.8

𝑇𝑤 = 36.45℃

(𝑘𝑔)

Mass flow rate of steam condensation, 𝑀𝑠
𝑉

(𝑘𝑤⁄𝑚2 ℃)

𝑇𝑠 =

𝑀𝑤 = 0.01658 (𝑘𝑔)

𝑀𝑠 =

𝑄𝑎𝑣
𝐴𝑠 x ∆𝑇𝑚

For the temperature 𝑇𝑤 the following properties of water is
found,
ꝭ1 = Density of water, 997.5 (𝑘𝑔⁄𝑚3 )
𝐶𝑝1 = Specific heat of water, 4178 (𝐽⁄𝑘𝑔 𝐾 )
And for temperature, 𝑇𝑠𝑎𝑡 latent heat (𝐻𝑓𝑔 )
of steam is found, 𝐻𝑓𝑔 = 2256.9 (𝑘 𝐽⁄𝑘𝑔)
For film temperature 𝑇𝑓 the following properties are found,
ꝭ2 = Density of condensate, 968.5 (𝑘𝑔⁄𝑚3 )
𝐶𝑝2 = Specific heat of condensate, 4203.5 (𝐽⁄𝑘𝑔 𝐾 )
𝐾2 = Thermal conductivity, 0.67455 (𝑊 ⁄𝑚 𝐾 )
µ2 = Viscosity of condensate, 3.196050x10−4 (𝑘𝑔⁄𝑚 𝑠𝑒𝑐 )
Modified latent heat of steam, 𝐻𝑓𝑔 ∗
𝐻𝑓𝑔 ∗ = 𝐻𝑓𝑔 + [0.68 x 𝐶𝑝2 (𝑇𝑠𝑎𝑡 − 𝑇𝑠)] (𝐽⁄𝑘𝑔 )
= 2256.9 + [0.68 x 4203.5(99.8 – 77.65)]
𝐻𝑓𝑔 ∗ = 2320213.117 (𝐽⁄𝑘𝑔 )
Mass flow rate water, 𝑀𝑤 =

=

𝐹𝑤 x ꝭ1
3600 x 103

(𝑘𝑔)

60 x 997.5

3600 x 103

𝑀𝑤 = 0.016625 (𝑘𝑔)
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Mass flow rate of steam condensation, 𝑀𝑠
𝑀𝑠 =
=

𝑉
𝑡

x 10

100

−6

4.

x ꝭ2 (𝑘𝑔)

x 10−6 x 968.5

133.8

𝑀𝑠 = 0.00072384 (𝑘𝑔)
Heat loss from water, 𝑄𝑤 = 𝑀𝑤 x 𝐶𝑝1 x (𝑇8 − 𝑇6) (W)
= 0.016625 x 4178 x (42.8 – 30.1)
𝑄𝑤 = 882.1324 (W)
Heat loss from the steam, 𝑄𝑠 = 𝑀𝑠 x 𝐻𝑓𝑔 ∗ (W)
= 0.00072384 x 2320213.117
𝑄𝑠 = 1679.465 (W)
Average heat loss, 𝑄𝑎𝑣 =
=

𝑄𝑤+𝑄𝑠

(W)

2
1679.465+882.1324
2

𝑄𝑎𝑣 = 1280.798 (W)
Log mean temperature difference, ∆𝑇𝑚 =

∆𝑇1 −∆𝑇2
ln(∆𝑇1⁄∆𝑇2 )

The heat transfer coefficient for both dropwise and filmwise
condensation is calculated by using the formula. The flow
rate is varied from 40, 60 and 80 LPH respectively and
variation of parameters such as time, heat transfer
coefficient, and heat loss from the steam and water is
investigated. The variation of above parameters with respect
to variation is flow rate is recorded and compared with the
help of graph, for both dropwise and filmwise condensation.
The coated and uncoated in the graph indicates the drop and
filmwise condensation respectively.
The variation of time with respect to varying flow rate is
shown in the graph (Fig: 3). When the cooling water flow
rate varies, the time taken to collect 100ml of condensed
steam decreases. The time taken for collection of condensed
steam for dropwise condensation is less compared to
filmwise condensation, since heat transfer rate in filmwise
condensation is low, so it requires lot of time to condense.
As studied in the theory, the dropwise condensation showed
a higher heat transfer rate than filmwise condensation for
both experimental and theoretical conditions. ℎ𝑒𝑥𝑝
calculated is higher for dropwise condensation as expected,
the variation is shown in fig: 4.

Temperature difference of surface of condenser and water
inlet, ∆𝑇1
∆𝑇1 = (𝑇𝑠 − 𝑇6) = 47.55℃
Temperature difference of surface of condenser and water
outlet, ∆𝑇2
∆𝑇2 = (𝑇𝑠 − 𝑇8) = 34.85℃
∆𝑇𝑚 = 40.87℃

F LOW R ATE VS TIME
coated - Time in sec

250

𝐴𝑠 x ∆𝑇𝑚

(𝑘𝑤⁄𝑚2 ℃)
2

𝐴𝑠 = heat transfer area, 0.00865 (𝑚 )
=

1280.798
0.00865 x 40.87

TIME(sec)

ℎ𝑒𝑥𝑝 =

145.2
133.8

200

110.7

150
100

94.2

2

ℎ𝑒𝑥𝑝 = 3.622 (𝑘𝑊 ⁄𝑚 ℃)
Theoretical heat transfer coefficient, ℎ𝑡ℎ (𝑘 𝑤 ⁄𝑚2 ℃)
ℎ𝑡ℎ = 0.943[𝐻𝑓𝑔 ∗ x ꝭ2 2 x g x 𝐾2 3 ⁄( 𝑇𝑠𝑎𝑡 − 𝑇𝑠)µ2 x L]^0.25
ℎ𝑡ℎ = 8.0420 (𝑘𝑊 ⁄𝑚2 ℃)
ERROR ANALYSIS

1)

For plated (coated) condenser:

Percentage of error =

ℎ𝑡ℎ −ℎ𝑒𝑥𝑝

uncoated - Time in sec

300

Experimental heat transfer coefficient, ℎ𝑒𝑥𝑝
𝑄𝑎𝑣

RESULT AND DISCUSSION

80.4

79.2

50
0
40

60

80

FLOW RATE (lph)
Fig: 3 Variation of time taken to collect 100ml of condensed
steam with respect to varying flow rate

x100

ℎ𝑡ℎ
10.53−4.133
= 10.53

x100
Accuracy of the plated condenser is 60.75%
2)

For plain (uncoated) condenser:

Percentage of error =

ℎ𝑡ℎ −ℎ𝑒𝑥𝑝

x100

ℎ𝑡ℎ
8.026−3.729
=
8.026

x100
Accuracy of the plain condenser is 53.53%
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F LOW R ATE VS ℎ 𝑒𝑥 𝑝

F LOW R ATE VS ℎ 𝑡 ℎ

coated - hex(kw⁄m^2 ℃)

coated - hth(kw⁄m^2 ℃)

uncoated - hexp (kw⁄m^2 ℃)

uncoated - hth(kw⁄m^2 ℃)
25

8

4.667

4.438

3.748

6
4

4.16

3.622

3.407

2

ℎ𝑡ℎ (𝑘W∕𝑚^2 ℃)

ℎ𝑒𝑥𝑝 (𝑘W∕𝑚^2 ℃)

10

20

11.635

10.121

9.834

8.042

8.0771

15
10

7.959

5
0

0
40

60

40

80

60

80

FLOW RATE (lph)

FLOW RATE (lph)
Fig: 4 Variation of ℎ𝑒𝑥𝑝 with respect to varying flow rate

Fig: 5 Variation of ℎ𝑡ℎ with respect to varying flow rate

In order to check the accuracy of the machine the heat
transfer coefficient is calculated theory with the help of
Nusselt’s formula. ℎ𝑡ℎ value is higher than ℎ𝑒𝑥𝑝 value due to
the presence of non-condensable gases. The variation is
shown in fig: 5. The ℎ𝑡ℎ value calculated for dropwise
condensation is much higher than filmwise condensation.

Fig: 6 shows the increase in average heat loss from steam
and water with increase in flow rate. Average heat loss in
dropwise condensation is higher than filmwise
condensation. Filmwise condensation shows lower heat
transfer rate the dropwise condensation, it is due to the
wettable nature of the condenser surface. In order to make
the surface non-wettable the condenser surface has to be
specially treated.

Table: 3 Dropwise condensation result
SI no

Flow Rate
in lph

Qs (W)

Qw(W)

Qavg(W)

∆Tm(℃)

hex
hth
(k w⁄m^2 ℃) (k w⁄m^2 ℃)

1

40

2331.8

841.0314

1586.417

48.93

3.748

11.635

2

60

2738.68

775.83

1751.25

51.499

3.948

10.121

3

80

2762.4

1319.25

2040.82

50.55

4.667

9.834

Table: 4 Filmwise condensation result

SI no

Flow Rate
in lph

Qs (W)

Qw(W)

Qavg(W)

∆Tm(℃)

1

40

1548.03

730.187

1139.108

38.649

3.407

7.959

2

60

1679.465

882.132

1280.79

40.87

3.622

8.042

3

80

2028.304

1017.45

1522.9

42.311

4.16

8.0771
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hex
hth
(k w⁄m^2 ℃) (k w⁄m^2 ℃)
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[2]

F LOW R ATE VS 𝑄 𝑎𝑣
uncoated - Qavg(W)

coated - Qavg(W)

[4]

4000
2040.82

3500

1975.46

3000

𝑄𝑎𝑣 (W)

[3]

[5]

1586.417

2500

[6]

2000
1500
1000

1522.9
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Fig: 6 variation of 𝑄𝑎𝑣 with respect to varying flow rate
The record of observation shows that in order to achieve a
better rate of condensation the mode of condensation should
be dropwise condensation. An error analysis has been made
to determine the accuracy of the plated and plain condenser ,
percentage error calculation method has been used and it is
found that the accuracy of the experimental setup is around
50-60%, and it is cleared that it is due the losses occurred in
the pipes and due to the presence of non-condensable gases
in the test chamber.

5.

CONCLUSION

An experiment for dropwise and filmwise condensation was
carried out, by varying the mass flow rate. For all flow rates
the dropwise condensation results showed a good
agreement. Heat transfer coefficient for both dropwise and
filmwise condensation increase with increase in flow rate.
Dropwise and filmwise condensation showed similar heat
transfer rates were as dropwise in only slightly higher than
filmwise condensation in experimental conditions, it is due
to the accuracy of the experimental setup. Hence, it is
modestly concluded that for the steam and air mixture cases,
the drop-wise heat transfer can be reasonably approximated
by the film-wise condensation heat transfer correlations.
Systematic increase in heat loss were observed with increase
in flow rate in both modes of condensation.
The accuracy of the experiment is checked by calculating
the value of heat transfer coefficient by Nusselt’s formula,
the deviation with experimental values is high and it is due
to the presence of non-condensable gases in the test
chamber.
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