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Condensation may occur during various industrial applications, including water
collection, desalination, energy generation, and thermal management. This
phenomenon affects heat transfer efficiency during energy generation and heat
management processes. Film-wise and dropwise condensation were the two types of
condensation based on their formation manner. Condenser tubes are one of the
energy conversion systems in which the condensation phenomenon dramatically
affects the system's efficiency. The high surface energy of the condenser tube results in
water film formation on the tube surface, which hinders heat transfer. Therefore, the
heat transfer efficiency of the condenser is reduced due to further energy loss. The
film-wise condensation should be altered to dropwise ones by reducing the surface
energy of the tube to eliminate this issue. Hence, different coatings are applied to
increase the condenser tubes' hydrophobicity and heat transfer capacity. In this study,
the importance of wettability and heat transfer mechanisms in condenser tubes was
determined primarily. Afterward, different coatings used to create dropwise
condensation were introduced. Eventually, the applications and attributes of the
mentioned coatings based on their cost, strength, durability, and efficiency were
introduced.
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Figure 1:Schematic of contact angle on surface [23].
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Table 1: Classification of surfaces based on contact angle[25].

Type of surface wettability Super-hydrophilic
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Figure 2: Schematic of different wetting models [23].
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Figure 3: Schematic of forces acting on water molecules [36].
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Figure 4: Various resistances and resistance networks in condensation [45].
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Figure 5: Drop-wise condensation on the coated part of the condenser
tube surface and film-wise condensation on the uncoated surface of the
condenser tube surface [47].
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Figure 6: The effect of increasing CO, concentration on the heat
transfer coefficient and heat flux of uncoated and gold coated plates
[55].

Ol Gidgs 50 oolaiul 0j90  daw JUd olge (e
So aS aad e liad Slaslie ai,ls ,56 OF (glo,kad IS
Jm‘kﬁbwch.ubw’m)owmcja‘ud?)ofmwy
o slaen e Jld oole 09380 g o oo iali8l ]y Ol >
S |y gy )l JUEl o g O (gloylad (IS oo iy
3l ookl S (glaigSay iy oo Sane Likdgy N LA e
0, gy ol el ay Si39 Moo ¥ e a4y oxdans Jlad 0lge
Ol old b avslie o o)l > Jlasl gous 0 OVIVY iol58l 4 yoeie
LOV] 55,5 oo Giciigr oo Lalls e gelans (59, oo JuSCa5

ol (SL gloaws|-Y-f
GlaauST plu 5l Lyl oleS SB sloasnsT 5 50T cuale
Lot Gl Gl T 51 e 5,8 ol comle (l S o0 olae (538
ol sladsSUse b 358 (slaanST Joles a5 sl o (BS° 2p%)
J5Sdge (65 Stz (o dummlin VIS5 50 [OA] wils, o Bl
a1 S olie 50 (550 ST S5 g 4 diegll (59, 2
Mg Lais Ul Lieg)T prbans ansl 00 o3l (jlas SleeS” S5

5 Surfactant

TFAl celo Y90+ 5l an @lils mlaw (Swisd 5 oy ¥ Jgaz
Table 2: Wetting rate of metal surface after 3650 hours[48].

Type of Material Receding Angle Advancing Angle

Silver 74 85

Gold 46 85

Rhodium plated on silver 51 65
Platinum 30 50
Palladium 51 74
Rhodium plated on 73 82

copper-nickel
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Figure 7: Water molecule orientation on a) Aluminium (metal) oxide and b) REO [59].
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Table 3: Thermal conductivity of polymers [70].

Thermal Thermal
- Conductiv - Conductiv
Material ity at 25°C Material ity at 25°C
(W/m K)
Polyvinylidene
difluoride (PVDF) 0.19 Polypropylene (PP) 0.11
Polyvinyl chloride Polymethylmethacr
(PVC) ) ylate (PMMA) vz
Polytetrafluoroethy 0.27 Poly(dimethylsilox 0.25
lene (PTFE) : ane) (PDMS) ’
Polysulfone (PSU) 0.22 Polycarbonate (PC) 0.20
Polystyrene (PS) 0.14 Epoxy resin 0.19
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Figure 8: The effect of continuous condensation of water vapor on the
surface of the pure copper sample and the superhydrophobic surface of

copper coated with fluorosilane [71].
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Figure 9: a) Droplet growth and movement on a superhydrophobic surface, b) Droplet growth and movement on a superhydrophilic surface, ¢) Schematic
of droplet growth and movement on a superhydrophilic-superhydrophobic surface [72].
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Organic Interface:

~ Determines surface properties
- Presents chemical functional groups
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Organic Interphase (1-3 nm):
— Provides well-defined thickness
— Acts as a physical barrier
- Alters electronic conductivity
and local optical properties

Metal-Sulfur Interface:
— Stabilizes surface atoms
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— Modifies electronic states
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Figure 10: Schematic diagram of a self-assembled monolayers coating on a gold surface [75].
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Figure 11: Schematic of the process of destruction of self-assembled monolayer coating during the condensation of water vapor [79].
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Figure 12: Schematic of the orientation of silane molecules along with the corresponding advancing and receding contact angles for (a, b) ideal state, (c,
d) coating prepared in a controlled environment and (e, f) coating prepared in an uncontrolled ambient environment [79].
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Figure 13: Dropewise condensation and film-wise condensation on copper condenser tube [19].
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Figure 14: Contact angle image a) advance b) receding for graphene in the state of chemical deposition at low vapor pressure, c) histogram of droplet

departure size during condensation of water on graphene state of chemical deposition at low vapor pressure, image of contact angle d) advance e) receding
for graphene in the state of chemical deposition at atmospheric vapor pressure, f) departure size during condensation of water on graphene state of

chemical deposition at atmospheric vapor pressure [19].
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Figure 15: The results of the thermal conductivity measurement in
different percentages of graphene nanoplate and carbon nanotube

composition [85].
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Figure 16: The results of the contact angle test in different percentages

of the combination of graphene nanoplate and carbon nanotube [85].

Seole 9 YU ()l (2ble) Jdo 4 ()5 dglgil oS oo oo
DAL 555000 15 & slophad (208 (2al38l (6l 0l oS (53,5
sl oomlie y¥gs il 5y calo b [AF] 2l Ken 5 oy
55 ol S e Laim 1) T (glo i S wend agr LSl a5
1S Aedeill a8 oo ke 5 005 gl 5 JSae Y
F SLaG g S0 (59) ;2 )5 (Rl (BOCsm) Gl
O S 90,5 S Y G ol el s cwl osls gl edew
ol 00l ool g3 UL leie

PR PUNPVES PPN 1Y BEX L PPRPE
o=y Sim Sl g Sl calaa ulidl 6l 81 samio
5 ol b iaged ooliul sSikes Lawss s Mol S 51
sloas,s o Jolb> 5,500 g Sl colas g uSoslail ioles]
9 V0 la St )3 (n)S dlgd 9l g (3T axmio ol oS 5 alike
Ll 0oy &51,1VF

S35 WY Eu) 6 T S Jo s e i Jol> s
3Oyl JES (n e (IS Sl b4 () g 9l LT L
S o 5 (S Agdeil (ig weyd /N g (i weyd UV S S
Ve boad asle g @ bgype 5,50l Gl (e (rizmen
Sleslaiwl Uy uled asgly (iolidl il go 81,8 Olorao G59 Sy
g v (625 GlRl @ alls g 4 s ()5 A 9l g 315
LAS] el sus o0ls oo prlans (6551 Laals

TS50 Wk 50 [AP] tillSem 5 (355, 1508 (ctagsy 5o
JLss sools 93 5 " gl (ol JLsd oole S ol pom 4y 1,
SRyt Jale lye 4 calise slacdle L ° gy e
oobed gl alejl ploxil 5l 50 87 esliinl 59 pl e 5090
JLss soole 5l onliinl 136 4 LosT onds aislos slodiges (59, p
2 St s b goolo 5l eolizul ply 5o sl (o
035 (g Bk sloyogy 59, 2 oled augly a8

By jguols —F-F
350 SLaidy jl 4w 10 45 (colxe g Llse 4 a2 g5 b ojg
5 ol El 4 ) iy wils 00T S glaaly) o eslil
boln (RjeeslS slaidg wilasd; (0jeuslS sla sy (o)
o Sl s 9 (638 (6 youdy (G A 4y W3 )lo &S glaie; g4
S ok ) (S oelS Slaitigy s dw (pl G 5o 3 S (o0
slaadg) 5 y2aS anie 5 Sl Jleel ogi cealo by, cle 4
Jl 0 LAV AAL 058 o 1,8 solil 590 ytien oaiS S5

L Chen

2 shj

% Silica Aerogel Powder
4 Anionic Surfactant

% Non-ionic Surfactants

1017 ¥ (V&)Y /55 slsd )3 wilallos Sele &3 uin

| A¥



AL

- OIUS A slaalg) S 0Ll 3 yg0 Sl yibigs 22 59 30 /ULRLR 9 SIFSYL S Soxo

"o JUESl s o JEl L, i 585 (65 05l
ol absizo 93 b ool )b S s g oo | (rpung e po gy
el Ll e S5 hon Va5 gl sy L
S VEY el 5 YL By glasl jlid jo (6,500 ¢ (easS S
Ol JUES o g (Sl )L Sl Jelo gl il (650l
SLI $LS ouiisS’ gl b sl 595915 (b (RjseelS Siedsn
33 G e b 9 sl il L5y b 0 S 08
ol oo anglie VA USCS po )b e Y aas] e JLad
Ol JUES oy 5 (Sl LS Sgap oaims (lis 358 39
el DV el oass 153 cls g0 @ cand (SujemelS iy
CaeelS e )L, 5l Sl jlad Koo cll gl pliee
Oeizen bl oo Gidgr g gl 9 Al de) b alie o
L o Smeels b Sl 60, 8Kkes plas (o) S
S dn HsS 3 g «(2yS SBLII il oaniS 'y 0 b oLl )e3sld
YV Lo o )L V/EY 51 5Y0 L glosl [Llid (om0 jo sl VY
2 &S jhilen .28 5 18 adll 5 e ¥ bz 5 ol,S il a0
sloyhad B> cll> Jol el Vo o 00,5 oodalin Yo S
loybd IS lizes 4z ST ceb Vel G g 00 0925

e il T Sl ad e st o5l Lol wgd co eanlic

14
®Pre TA

13 [ oPost TA o

12 ¢ o b o
f 1
kS
% 11 | o ] ®
v Q ®

10 ¢ 4 é

9 |

8 L 1 1 1 1 Il

10 20 30 40 50 60 70
GnP concentration (wt.%)
iz (55 slaso s ol slagids (il cala e IA KB
Pre TA) il >y 315 gamas ol
IAa] Post TA) p.5 oy <l o 4

Figure 18: The thermal conductivity of coatings containing different
weight percentages of graphene nanosheets in spray mode (Pre TA) and

in hot press mode (Post TA) [89].
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Figure 17: Contact angle test results on coatings containing different
weight percentages of graphene nanosheets in the application mode
using the spray method and the application mode using the hot press
method [89].
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Figure 19: The amount of heat transfer coefficient and heat flux of the polytetrafluoroethylene composite coating with carbon nano fiber reinforcement
compared to the polytetrafluorethylene coating and the uncoated surface at a vapor pressure below the atmosphere of 30 millibars [17].
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Figure 20: The results of the functional durability of the hydrophobic polytetrafluoroethylene composite coating with carbon nano fiber reinforcement,
exposed the said coating for 72 hours to a vapor saturation pressure higher than 1.42 bar, a temperature of 111 °C, and a flow of 3 m/s [17].
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Table 4: Types of different coatings used in condenser pipes with their advantages and disadvantages.

Type of Coating Advantages Disadvantages Brief Description

Promotes dropwise condensation if

Applied as a coating on the

N TS hydrocarbon absorbed on the surface HUGHEE condensing surface
Rare earth oxides (REOs) Intrinsically hydrophobic Low thermal conductivity e erosned
oncondensing surface
Promote dropwise condensation, - . Enable thin to thick
. . Low durability for low thickness, - .
Polymers excellent heat transfer with thin - . coatings applied on
: low heat transfer for high thickness -
coatings condensing surfaces
; oF . ~1-nm thick molecular

Self-assembled monolayers (SAMs) Low thermal resistance Low durability for long time film on condensing

. - One of their coating
Graphene, carbon nanotubes, High thermal conductlv_lty and High cost methods is chemical vapor

nanostructure surfaces dropwise condensation depositi
eposition.
The advantageous of composites
depends on the type of the second

phases used for reinforcing them. Some In some cases, the manufacturing Most of the coatings used

Composite of the benefits are as follows; high method is difficult and costly in this category are
droplet condensation, suitable heat compared to other processes. polymer based composite.

transfer, durability and suitable
adhesion.
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