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ABSTRACT: The research examined the influence of temperature difference between surfaces
and humid air on heat transfer and droplet distribution. A testing apparatus controlled environmental
conditions and facilitated condensation on hydrophilic and hydrophobic surfaces. The relative humidity
and speed of humid airflow were kept constant at 88% and 5 m/s, respectively, and the temperature
difference considered was 4, 7, and 10 degrees Celsius. The varying heat transfer overtime during the
60 minutes has shown that it takes time to start the condensation process; the more the temperature

difference and the amount of surface energy, the shorter this time is and the higher the average heat  Keywords:
transfer is. The photography of the experiments has also shown that with the increase in temperature 4o
difference and surface energy, the time required for the first drop to fall is shorter, and the hydraulic

Surface Energy

diameter of the dropped drop is bigger. The distribution of the droplets in the 20th minute after the start

of each experiment, in which no droplets have left the test surfaces yet, shows that with the increase in Temperature Difference

the temperature difference, the number of larger droplets is more due to the increase in the condensation ~ Heat Transfer

rate. The number of the smallest droplets is higher on hydrophobic surfaces than on hydrophilic ones.

Droplet Distribution

1- Introduction

Condensation is a critical process in many industries.
Consequently, any research or method aimed at enhancing
this phenomenon directly impacts the efficiency of these
industries. Environmental parameters significantly influence
the performance of this process. Foda et al. [ 1] experimentally
and theoretically investigated copper tubes and observed that
contrary to the increase in the temperature difference between
the surface and humid air, relative humidity enhances heat
transfer and condensation rate. They presented a correlation
for the dimensionless numbers of their experiments. Shi
et al. [2] found that increasing the concentration of non-
condensable gas, decreasing the temperature difference
between the surface and fluid, and increasing the surface
hydrophobicity reduces the droplet jump height resulting from
mixing. Youzhang et al. [3] observed that the heat transfer
rate decreases on surfaces with different wettabilities as the
concentration of non-condensable gas and the temperature
difference between the surface and humid air increase. Lieh
Wu et al. [4] stated that at any velocity and temperature
difference, the heat transfer performance of hydrophobic
surfaces is better than hydrophilic ones. Moreover, decreasing
these two parameters reduces heat transfer on both types of
surfaces. Additionally, as the relative humidity decreases, the
improvement in heat transfer due to surface hydrophobicity
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decreases. This research specifically focuses on the
temperature difference between the condensation surface
and humid air and compares hydrophilic and hydrophobic
surfaces at different temperature differences. Previous studies
have typically reported a surface’s average heat transfer
performance, with very few investigating the time-dependent
behavior of a surface. Therefore, this research examines the
transient behavior over time. Thus, a novelty of this research
is investigating and comparing the transient behavior of two
types of hydrophilic and hydrophobic surfaces under different
temperature conditions. Furthermore, the effect of surface
type and temperature difference on droplet distribution
and departure is investigated, another achievement of this
research.

2- Methodology

The experimental device was built to investigate the
condensation process. The primary components of this
device include a ventilation and temperature control system:
This system draws ambient air into the apparatus, heats or
cools it, and adjusts its humidity. Humidification chamber:
Water is added to the air using ultrasonic devices to achieve
the desired relative humidity. Condensation surface: This is
the surface upon which the condensation process occurs. It
can be made of various materials, such as copper or Teflon-
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coated copper. Sensors: The apparatus has various sensors to
measure temperature, humidity, airflow rate, and other critical
parameters. Imaging system: A camera is used to capture
images of the condensation surface, allowing for visual
recording of changes in the condensation process. Control
system: This system automatically controls the various
parameters of the apparatus, ensuring that the experimental
conditions are precisely maintained. The condensation
process can be investigated under different conditions by
varying parameters, such as the temperature difference
between the condensation surface and humid air. Valuable
insights into the mechanisms governing the condensation
process can be obtained using data collected from sensors
and recorded images. This experiment used two types of
surfaces: a hydrophilic surface made of copper, cleaned by
sanding and washing, and a hydrophobic surface created by
coating the hydrophilic surface with Teflon. Water droplets
were placed on the surface to measure their contact angle.
Then, the angle between the surface and the tangent line to
the droplet was measured using Vision Assistant Labview
software. The average contact angle of water droplets on the
hydrophilic surface is about 48 degrees, and it is about 108
degrees on the hydrophobic surface. A precise and repeatable
method has been employed to calculate the heat transfer
coefficient. This method is based on Fourier’s law. To ensure
the accuracy of the results, multiple temperature sensors were
used at different points, and the average temperatures were
calculated. Additionally, to examine the repeatability of the
experiment, each experiment was repeated multiple times,
and the results from the repetitions were compared. The
accuracy of the obtained results was ensured by calculating
the error propagation in the calculations. Finally, the results
indicate that the presented calculation method is accurate and
reliable, and the results obtained from the experiments are
also repeatable.

3- Results and Discussions
3- 1- Heat transfer

To conduct this experiment, the surfaces of interest were
exposedtoacontrolled humidity environment, and temperature
variations were continuously recorded. Subsequently, the heat
transfer coefficient was calculated at each moment using the
temperature data and relevant equations. Data from multiple
experiments were averaged to enhance the accuracy of the
results. This research demonstrates that the condensation
phenomenon plays a crucial role in increasing heat transfer.
According to Figure 1, as the temperature difference between
the surface and the environment increases, the rate of
condensation initiation and, consequently, the heat transfer
rate also increases. Additionally, hydrophilic surfaces exhibit
a higher heat transfer coefficient than hydrophobic surfaces
due to the lower activation energy required for the onset of
condensation. However, the results indicated that the heat
transfer coefficient fluctuates over time. These fluctuations
can be attributed to various factors, such as environmental
fluctuations, the random nature of the condensation
phenomenon, and changes in the formation and movement of
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Fig. 1. Transient heat transfer coefficient of condensa-
tion on hydrophilic and hydrophobic surfaces in a tem-
perature difference of 4, 7, and 10 degrees Celsius

droplets on the surface.

3- 2- Time and size of the first departure droplet

Hydrophilic surfaces exhibit a greater tendency to absorb
water and form larger droplets. Consequently, water droplets
form more rapidly on these surfaces and detach in a shorter
time. Additionally, increasing the temperature difference
accelerates the droplet formation process and increases the
detachment rate. Conversely, due to their repulsive force
towards water, hydrophobic surfaces delay droplet formation
and cause smaller droplets to form with greater spacing. As a
result, the detachment time of droplets from these surfaces is
longer. Droplets detached from hydrophilic surfaces at higher
temperature differences are larger. This is due to the increased
condensation rate at higher temperature differences, forming
larger droplets.

3- 3- Droplet distribution

On hydrophilic Surfaces, the largest average droplet
size was observed at 10 degrees Celsius; as temperature
increases, the distribution of droplet sizes becomes wider,
indicating a higher nucleation rate and droplet growth; the
presence of huge droplets at 10 degrees Celsius suggests a
significant increase in condensation rate and heat transfer,
droplets on hydrophilic surfaces tend to spread and merge,
resulting in larger droplets. On hydrophobic Surfaces, the
number of smaller droplets is significantly higher compared
to hydrophilic ones; droplets exhibit a stronger tendency to
maintain their spherical shape, the distribution of droplet
sizes is narrower, at 4 degrees Celsius, the lowest number of
large droplets was observed, which can be attributed to the
decreased condensation rate and the hydrophobic nature of
the surface.
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4- Conclusions

This research investigated the effects of surface type
(hydrophilic and hydrophobic) and temperature difference
on condensation and heat transfer processes. The results
showed that the condensation process starts faster as the
temperature difference increases, and the latent heat is
added to the system sooner. Hydrophilic surfaces and
increased temperature differences enhance heat transfer.
The highest heat transfer rate was observed on hydrophilic
surfaces at a temperature difference of 10 degrees Celsius.
Temperature difference significantly impacts heat transfer
rate more than surface type. At higher temperatures, the
hydrophobic surface exhibits higher heat transfer compared
to the hydrophilic surface at lower temperatures. With
increasing temperature differences, droplets form faster
and become larger. The largest droplets were observed at
10 degrees Celsius on a hydrophilic surface. The number
of larger droplets is higher on hydrophilic surfaces and at
higher temperature differences.
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Fig. 2. Droplet contact angle on condensation surface
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Fig. 4. Mean and standard deviation of heat transfer coefficient of repetitions of each experiment per minute

U)IP JLO.ul ) -\ =Y
OiSe 53 ol )l C¥olee & dagi b oyl JES! )y gl
by s
Obe oS Gl 48 )S Cyan (gl o2l

Vo amBd o ) byyguinw bhwgi ol <l glod MBI & a8
ly 0 dle Hlade V-
dole aids ol 3 oyl JESl Cops Glae 4 o)l sl ey o
0SSl 00 Pl )L Y bl jo Sl 4 g b iran Caslosd
2l JEl cops plsie 4 g kb amsloe Gilefl V50 s 0
4B 5o Code 4y g ABSD a0 O JSD )0 g Cawlonds b))55 alasd )]
slnl > 05 o sdaline Syl 1 &S jslailan (Caslodbosls yioles
ool G381 e ) &> J3l a8 ol 5l e (RSB Slesl plov
&ly > oloj ol A8 g o] Jso 9 48,5 )18 easle jlade 13 b
JSl 5 sy 53 4 IS5 0 U393 b ool p3¥ 8 o
ilon 1) 1393 o353 JS s Jish & of ) Jobs ol s
13 ol 3l At o3y rbaie & Altuo ) 3950 oAl 45

1305 adgl Cuound s Lod AWM ] 01581 b o jluy o loges

stelbie slasig; &Sl e 039 32l Jlaw St Slojl 2 1S5

 lgtalef] 39 2ol S5 5] liselol 48 35 00 osmlia ) ,S5 o (ol
S o il yp Lo gl

s Ty il el S5 gl Jil cayd Sl ¥ S5

Y sl 4aBd )] 50 ond dwlxe Hlae jl Clsul a5 amd e oLis adds

039 (09 SaeS 45 Cuwlodds o3l (oles as lg IS5 &y 1SS

ol (633,55 blod & L‘bui‘.ﬁlc)‘] Cuwlie €83 oy )l Laa"j

oialojl gl (ow -

IR sy Son 250 gl Jolb @l (isu ol
5506 5 52,50 5 oyl s ) Jisl 3 Shae L5 3 .8 S ialgs
5 48,5 )8 syt 3y90 Ol g sboye (Slsp g e (glod MBI 45
Ly ol 5 03,95 s gdaws 5 a5 (cloylad ol 051l g b3l Lo aals] )
pl Ve addy jo clylad &390 Coles )0 5 Cuwl oud dpwlee A5 o gyl
aolllas 390 00l a5l (glojled g join o Ltulejl g9,
Cawldid S 1\

AY -~



1 @ DT4CU € DT7CU % DTI0CU A DTATEF M DT7TEF @ DTI0TEF
1.

~ %
I
_ wpema® ¥
1 Ee P i 4
A
_a
x
08 3%

3
= I
07 S i
3 fﬁﬁi
= [1]
o [T}
Lo gl e
05 lil

0.4 E%Kﬂxﬁ@
-y
s
0.3
=
0.2
0 5 10 15 20

25

T - T -T-—T = - T -

L L e r oo o

L R i e e %

= =% L e ey e
i T

ézl%%ﬁilﬂzﬁf%

30 35 40 45 50 55 60

Time(min)

51,5 ilw dn yd Ve g ¥V oF glalod BWRT 45 5,501 5 Cowgl ok (59, RS 1,35 @ lye JUES! o o .0 JSUWS

Fig. 5. Transient heat transfer coefficient of condensation on hydrophilic and hydrophobic surfaces in a tem-
perature difference of 4, 7, and 10 degrees Celsius
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Table 1. Average heat transfer coefficient of condensation on hydrophilic and hydrophobic surfaces
in a temperature difference of 4, 7, and 10 degrees Celsius

gl o 35T o ol g5
¥ Y \e ¥ \ \e. Lo Lol
i 2 (e Silon
Q)|)>
< [OA <IVY AN <Y /7N </A

e
m*°C

Py ooyl g 59y Sllab (U] (ypme (glod SIS o )3 55,
Cawlodgy

S5 1y o o (slog o]l bl o8] gl 1 e
a3 F olod BB )3 Cungsl pdaws (9, ol Caad] glyl> 55 03,8
» S ol gy alsS s ne p olihd ol Siswel )5 ke
Sl ol s 25 51 4l 8 ol ol o b €5 ol
Cawlod S anlge S b 1y caslons ol (9,05 o 4 ymie g 03,5
sl Jy cudly (B> anlone plgie 0jhad (pl o3l 0)lyd cnlplu
o s o Sl 5 43, ] g o5 (o s o]
929 < sl (a9 )13l p 5 g o] Sluslre 5 0sd Cuf 00y
Ve gV laled MBS  cavgul mhw (69, Cuwlord bl
3,5 S5 1y o &5 (Soed (Sdyyin b i 4 355l
iy 1,500 maw gy caleds dulxe jiedie +/AOY g </AYS
o oylad  SJgyam s o) S ole dn 0 Ve 5 VO slales My
polie 4 da i b Cunlonds duslxe yiaudio </AY g /ALY /DD 03,95
|y oo 48 glolad Lod (M) ial3al by 3 e bliitusl 005 dnolono
sl 0313 5 o] ] 568 loj 0 g 0392 555 00,5 S5

Sl g 0398 ($395 @ 395 2]d S (IS oy Sl 4 gl
S e S5 dilio a4 Lod AT il oy (pl Sy oS sl Loloe
Wy ond (8> 25 Gl coge Ml juln d2pn o5 035 Jos
5 4 e Colyg 3 b esd S ol Gly (Sl 5 ad,

Cawlodgs yiias 32,500 5| Cavgsl pdan

oyad ol o3l g polidl lo; =¥ =Y
b Glefl o > o)ab (gl ol ey 5 43 i i3 5 IS
A G Jolaie yloj 5 L):b"l.aﬂ)m).) Aol @ dogi b g e o oyl
e 9 Sl oloj )3 S50 sl ey bl B ul K> Sl
2 1y Cung] maws (g9 08 gl (Ll Q] o s e
Sl 4By FY dgds g a0 o ol o8 il a0 ¥ glod M
S dm g b slabiod 4 bgpe o o ol 033 ) islejl g9
3,5 il a3 ¥ (glod MBI )3 Canng ] o (69, 0yka8 gl L3l
Caleg 52 903 5 halel g9, 51 g 4B T+ 900 o5 a0 3 )
ool bl Lo 31,5 il ds y3 Vo (glod OB )3 Cowsg ] pdans (¢l
Oinlojl Egpm 5l L 48ES VY 39 45 0 03l LS s o )3 ol
3,5 il a3 Ve g V¥ clod BB )5 35,500 o (gl sl 039
T 5@ s )3 i 4 olad (gl (31815l Ly 5 S8 Sl
o 4 O 0,8 il an 0 ¥ slod GMB] p5 &S Cawlonds edly L
4885 FY dgas ;0 5,5 ol dmd V¥ slod MBI )3 yinlej] 94 ]
235 Bl a3 Ve (glod MBI > colag 3 5 ilejl g9 3l mg
Caslod S gyl 1) s 0yl (il ol 95 5] g 4BBS VY 2905
oylad gl kbl Los OS] yiulj8l b sad o ol ol a7 jskailen

5 Canghl aw e duglis )3 5 00> ) 5yl loj ) e |

AYY



AYY B AV doxiuo VF¥ Lo & oylad BF 093 puiS pual CSlSlo (nties &y it

o oyl ol 5 3
After the first droplet falling Before the first droplet falling
Cawgly] a5 o dn )3 F Los B3 (il

o lad ol (oLl 5l s

emperature di

fference of 4 degrees Celsius - hydrophilic surfacg
“)Y,"

o lad 9‘ P s » o lab 9‘ ol 5l S
After the first droplet falling Before the first droplet falling
Cawglyl gaw—,5 ko do )3 ¥ Los BB (0

ok o Bl SERNARR=FNE

After the first droplet falling Before the first droplet falling
gyl gaw—l,5 o dn )3 Vo Lod BB (o

C) temperature difference of 10 degrees Celsius - hydrophilic surface

(5,15 aolsl) 51,5 ilw an 45 Vo oV £ slalod BWAT 45 5,51 5 Cowgl ol (595 LIRS oasy )3 o4kl ylgl (ydLAT .5 IS

Fig. 6. The first droplet falling in the condensation phenomenon on hydrophilic and hydrophobic surfaces at the
temperature difference of 4, 7, and 10 degrees Celsius(Continued)
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Fig. 6. The first droplet falling in the condensation phenomenon on hydrophilic and hydrophobic surfaces at the
temperature difference of 4, 7, and 10 degrees Celsius
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Table 2. Average and standard deviation of the hydraulic diameter of droplets in each test
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Table 3. The number of droplets in the specified range of hydraulic diameter size in each test
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Fig. 8. The number of droplets in the range of different sizes of the hydraulic diameter for each test
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