
Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier.com/locate/apthermeng

Role of substrate thermal conductivity and vapor pressure in dropwise
condensation

Sean H. Hoeniga,c,⁎, Sanat Modakb, Zijie Chenb, Massoud Kavianyb, James F. Gilchristc,
Richard W. Bonner IIIa

a Advanced Cooling Technologies, Inc., 1046 New Holland Avenue, Lancaster, PA 17601, USA
bUniversity of Michigan, Department of Mechanical Engineering, Ann Arbor, MI 48109, USA
c Lehigh University, Department of Chemical Engineering, Bethlehem, PA 18015, USA

H I G H L I G H T S

• Constriction resistance was confirmed for high heat flux dropwise condensation.

• Heat transfer coefficient decreases with conductivity and increases with coverage.

• Surface preparation and promoter effectiveness alleviate past experimental concerns.

• Liquid-vapor interfacial resistance is modeled as a vapor temperature jump.

• The predicted pressure dependence corrects for previous underpredictions.
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A B S T R A C T

The role of constriction resistance is examined experimentally using hydrophobic gold-plated copper, aluminum,
carbon steel, and stainless steel condenser surfaces over a range of surface subcooling and vapor pressure. It is
confirmed that the condensation heat transfer coefficient depends on the substrate thermal conductivity (five-
folds lower for stainless steel compared to copper) and the tendency of a hydrophobic surface to maintain a small
liquid-film resistance is controlled by the droplet growth and coalescence rate. These are accompanied by an
increase in the departing droplet radius and the surface coverage with decreasing substrate thermal conductivity.
Numerical thermal simulations isolate the role of constriction resistance from the role of the droplet distribution.
Additionally, based on recently available molecular dynamics results, the liquid-vapor interfacial resistance is
modeled as a vapor temperature jump using the vapor mean free path and the predicted pressure dependence is
in good agreement with the experimental results.

1. Introduction

Dropwise condensation (DWC) heat transfer is a coveted two-phase
thermal management solution for surface condensers, specifically steam
surface condensers used for power plant cooling. In a traditional
Rankine cycle, the condenser system for power plants uses a pumped
cooling water system to reject heat to a wet or dry cooling tower [1].
Heat rejection occurs in a shell and tube heat exchanger by filmwise
condensation (FWC) of low-pressure steam on low thermal conductivity
condenser tubes made of mild carbon steel, stainless steel, or titanium.
DWC heat transfer is preferred over FWC and significant progress has
been made since its introduction [2] including favorable conditions
[3,4]. Issues remain to create a reliable surface for industrial use [5]

due to surface oxidation and weak covalent bonding. Two related topics
to understand DWC thermal performance enhancement for power plant
cooling are the effect of constriction and interfacial vapor resistances,
with the former related to the nonuniformity of surface heat flux for low
thermal conductivity materials [6]. It has been suggested that this
phenomenon increases the overall thermal resistance due to the cov-
erage of large departing droplets [7], as depicted in Fig. 1 and outlined
in Table 1, with the area under large droplets becoming inactive for
heat transfer. The experimental evidence in support of this phenom-
enon has been inconclusive [8]. The effect of substrate thermal prop-
erties on DWC has been addressed in [9–15], while some questions have
been raised [8], including uncertainty in the surface thermometry and
the condenser and coating preparation techniques. Rose concluded that
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for heat flux< 0.1 MW/m2 and for condenser lengths< 10 mm, con-
striction resistance influences the thermal resistance for low thermal
conductivity substrates, but additional conjectures are not provided.

Steam surface condensers operate at a low vacuum (saturation
pressure) to recover a high fraction of steam enthalpy and achieve
maximum net plant efficiency [16]. The limitations of DWC thermal
performance enhancement at low saturation pressure are explained by
the interfacial vapor resistance. To understand the effect of vapor
pressure, the interfacial resistance has been semi-empirically modeled
[17], and this model has been modified by others [18–22]. A droplet
radius distribution term accounting for larger droplets has been sug-
gested [23,24] as well as insight into contact angle dependence on heat
transfer resistance [25]. A recent classical, non-equilibrium molecular

dynamic study with argon [26] has provided a new framework for
understanding the interfacial thermal resistance. Muscatello et al. sug-
gest that a low-density vapor region exists adjacent to the interface and
causes a temperature slip in the vapor (previous theories are based on
the vapor accommodation and condensation phenomena).

Here, we perform experiments on the effect of substrate thermal
conductivity and vapor pressure on the DWC overall thermal resistance.
The local condensation heat transfer coefficient is evaluated for hy-
drophobic gold-plated surfaces of several condenser materials, in-
cluding practical mild carbon steel and stainless steel [27]. This is
completed at high heat flux with a long condensing surface using an
effective promoter. In addition, we explain the substrate conduction
and the interfacial effects with first-principles and semi-empirical
models.

2. Experiments

Test samples were machined out of commercially available copper
alloy 101, aluminum 6061-T6, mild carbon steel 1018, and stainless
steel 304 to the specifications of the experimental setup. These con-
denser materials were chosen since they are common condenser ma-
terial options and there is an order of magnitude difference in thermal
conductivity between the highest thermal conductivity material in our
study (copper) and the lowest thermal conductivity material in our
study (stainless steel). Figs. 2 and 3 provide an in-depth look at the
details of the experimental apparatus, which is oriented vertically.

The active condensing surface is a 5.59 cm by 2.03 cm area centered
in the test block. The material surfaces were first prepared using 1200
grit sandpaper to create a smooth, mirror finish. The surfaces were then
cleaned with acetone, deionized water, and finally dried with dry ni-
trogen gas. Each test sample was gold plated (AMZ) using Type I
(99.7% purity) and Grade C Knoop hardness. The thickness of the gold-
plated layer was 1.25 μm with a 1.25–3.75 μm electroless nickel un-
dercoat for adhesion. Gold plating of each material surface was used to
promote the surface of each sample with the same hydrophobic self-
assembled monolayer (SAM) coating without significant addition to the
overall thermal resistance. The control test surface (termed “plain
copper”) was a smooth copper surface prepared the same way but
without the gold and nickel plating. The SAM coating was applied using
a 5 mM solution of 1H,1H,2H,2H-perfluorodecanethiol (Sigma-Aldrich)
dissolved in denatured (90%) ethanol (Sigma-Aldrich). The test blocks
were submerged in a sealed bath of the solution for a 24-hour period

Nomenclature

A area (m2)
ck ratio of effective film thickness to droplet radius
h local heat transfer coefficient [W/(m2 K)]

hΔ lg heat of vaporization (J/kg)
k thermal conductivity (W/m K)
L length (m)
N number
p pressure (Pa)
q heat flux (W/m2)
r radius (m)
R thermal resistance (K/W)
T temperature (°C or K)
x droplet coverage fraction
z coordinate (m)

Greek Symbols

δ thickness (m)
ρ density (kg/m3)

Subscripts

', '' temperature jump designations
c constriction
d droplet
dc dropwise condensation
g gas
i plating surface interface
k conduction
l liquid
lf liquid film
lg liquid-vapor saturation
max maximum
min minimum
o base
s solid, substrate, or surface
uc uncovered (annular ring)

Other

< > area averaged

Fig. 1. Constriction resistance theory demonstrated on a condenser material.
Schematic of an insulating droplet and condensate film on the substrate are
shown. The liquid film represents equivalent thickness of the smallest droplets
(radius< 0.1 mm) where liquid conduction heat transfer is significant;
whereas, droplets represent droplet radii> 0.1 mm where there is no liquid
conduction heat transfer [7]. The resistance network accounts for the major
temperature drops from the vapor (Tg) to the base heat sink temperature (To).
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and subsequently dried with dry nitrogen gas. Each sample was then
tested for thermal performance in the experimental apparatus using
deionized water, which was injected following the use of a vacuum
pump to evacuate the system. Fluid charge was completed into the
evaporator at 68% of its volume to fully submerge the cartridge heaters.
Following condensation of generated saturated vapor at uniform sa-
turation temperature, liquid condensate was drained from the con-
densation chamber to prevent buildup of a liquid pool. The absolute
pressure for each experimental test was held constant during data col-
lection to achieve steady state. The non-condensable gas (NCG)
chamber was pumped to vacuum pressure conditions to collect NCG
and then used to purge the condensation chamber of any internal NCG
buildup before data collection. A thermocouple array was used to
evaluate the surface temperature of the substrate for heat transfer cal-
culations. Thermal paste (DOW CORNING 340) was used to ensure
precise thermal coupling of the thermocouples to the thermocouple
wells (1/16 in. diameter). Results were collected over a range of heat
flux data by varying the subsequent cartridge heater input and water
chiller output. A transparent sight glass was incorporated to observe the
dropwise condensation phenomenon. Contact angle goniometry was
completed before and after testing each condenser sample as a measure
of promoter effectiveness.

Conduction calorimetry was used to calculate heat flux and extra-
polate the surface temperature during dropwise condensation.
Temperature measurements were acquired at several known locations
within the test samples (see Fig. 3). The first of three rows of thermo-
couples were inserted at the condenser midpoint, at a depth of 2.54 mm
from the condensing surface, with subsequent spacing of the rows at
6.35 mm. Additionally, there were four columns of thermocouples with
16.51 mm of width between each column. Linear regression was then
used to determine the thermal gradients across the block and extra-
polate the surface temperature during dropwise condensation. The
consistent linearity of this data confirms the use of this technique,

including validation with Nusselt’s theory in previous studies
[1,4,28,29,30,31]. Heat flux through the block was calculated using the
Fourier law,

Table 1
Thermal resistances used in Fig. 1 and the related references.

Resistance Definition Mechanism References

ARl-g Liquid-vapor interfacial resistance related to reduced vapor mean free path [26,39]
ARl liquid film (representing droplet) resistance traditional surface convection [2,3,17,27]
ARs-s substrate-gold coating contact resistance contact between substrate metal and gold coating N/A
ARc constriction resistance nonuniformity of surface heat flux for large departing droplets [7,8,10,11,12,13]
ARs substrate resistance conduction N/A

Fig. 2. The test setup, where the actual orientation is vertical (shown in inset) with the evaporator below the condensation chamber, showing its various components.

Fig. 3. Exploded view of the condensation chamber and its associated com-
ponents, with a reference length scale. The active condensing surface is the
exposed test block surface to the condensation chamber in contact with the O-
ring seal.
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=q k dT
dz

.s (1)

The experimental dropwise condensation heat transfer coefficient
was calculated using the measured saturated vapor temperature of the
condensing steam and the surface temperature (Fig. 1),

= − < >q h T T( ).g s
''

(2)

The combination of these equations using an energy balance at the
surface gives a simplified expression for calculating the dropwise con-
densation heat transfer coefficient from experimental measurements,

=
− < >

h
k

T T
.

s
T
z

g s

d
d

'' (3)

This test setup and calculation method were calibrated in our pre-
vious studies using models, filmwise condensation data, and compar-
able DWC data on smooth surfaces [4,28,32].

3. Constriction and interfacial resistances

3.1. Constriction resistance

To understand the influence of constriction resistance on the de-
parting droplet size, thermal resistance simulations were performed.
The thermal resistance of the condensed liquid depends on the droplet
radius. Heat transfer through droplet radius (rd) > 0.1 mm is neglected
[7] and the smaller droplets are presented as a uniform thin film, with
thickness determined through direct numerical thermal simulations.
The heat flowing through the condensing surface bends around large
droplets and passes through an area that is occupied by the small
droplets. This causes the heat flux to travel a longer path through the
substrate, leading to additional resistance to heat flow through the
substrate (referred to as the constriction resistance). The small droplets
(rd < 0.1 mm) have a low thermal resistance, preventing bending of
the heat flow. Our model approximates the small droplets to be a film
with uniform thickness with no contribution to the constriction re-
sistance. The constriction resistance ARc depends on the substrate
thermal conductivity, droplet coverage, and liquid film thickness (dis-
cussed in Section 3.3). The coverage fraction x (fraction of surface area
occupied by droplets with rd > 0.1 mm) is commonly used and is
determined using the estimated maximum droplet size (Table 2) and
the known droplet distribution [8,32],

⎜ ⎟= − ⎛
⎝

⎞
⎠

x r
r

1 .
d x

o

,ma

1
3

(4)

The departing droplet radius is always> 0.1 mm for a given contact
angle, based on the assumption to treat large droplets as insulators and
using a radius of 0.1 mm as a cutoff from the analysis of Mikic [7].
There will always be droplets with a radius in between 0.1 mm and the
departure radius, which ensures the coverage fraction cannot approach
unity.

We consider cylindrical unit cells, Fig. 4, with a large droplet at the
center and a film at the periphery. The simulation parameters are listed
in Table 3. The temperature of the substrate base has been held con-
stant and we estimate the constriction resistance using droplet size
ranging from ro to rd,max for the different substrate materials. Despite
the condenser materials having the same gold coating, treated with an
identical chemical promoter, and having comparable advancing contact
angles, the empirical maximum departing droplet size, rd,max, listed in
Table 2 varies with the substrate thermal conductivity. These empirical
rd,max are in part based on the images of the condensing surface (Fig. S1)
and in part are chosen to recover the overall heat transfer coefficient.
The findings suggest that rd,max is negatively correlated with ks. The
rd,max values were determined such that the predicted resistances ap-
proximately match the experimental data.

The liquid film thickness is determined numerically and is assumed
the same for all substrates. The film thickness and ARl are explained
below, while x is calculated using Eq. (4) with estimated rd,max. The
predicted x and estimated rd,max are shown in Fig. 5(b), as a function of
substrate thermal conductivity. The predicted constriction resistance
follows the trend found in [7].

The ARc is calculated as

=
− 〈 〉

− 〈 〉 − −AR
T T

q
AR AR

( )
c

lg s
l s s

''

(5)

where as shown in Fig. 5(a), it increases with x and decreases with ks
and δl, and we note that ARl-g is not considered in these simulations.

Larger ks enhances the spreading of heat in the substrate thus re-
ducing ARc and improving h. The constriction resistance continues to
fall with increasing ks and is expected to become negligible for
ks > 1000 W/m K. The ratio of ARc/ARdc are in accordance with the
findings of [7].

3.2. Direct DWC simulations

The constriction resistance simulations were performed on droplets
of radius> 0.1 mm to the departure radius, shown in Fig. 5(b). The
average constriction resistance was found by taking the area weighted
averages for the individual constriction resistances. The droplet dis-
tribution is assumed to follow the Rose model, specified in [8].

The area fraction covered by droplets with r1 < rd < r2 is cal-
culated as

= −A A r r r( )/o d max2
1/3

1
1/3

,
1/3 (6)

The droplet sizes were divided into ranges, for which, r1,I = rd,I –
Δrd, r2,I = rd,I + Δrd and Δrd = 0.1 mm.

The simulations are performed assuming hemispherical droplets. To
study the effect of the constriction caused by the droplets, the simula-
tion geometry has an annular area around the droplet through which
the heat transfers. The annular ring is covered by a uniform film of
thickness δl,f, which uses the heat transfer coefficient equal to δl,f/kl.
The annular ring area, Auc is calculated by finding the number of large
droplets (Nd) and dividing the total uncovered area [A(1 – x)] by Nd,
and Nd is calculated by the relation given by [8] as

= − −A πR r R r R r2 [1 ( / ) ]/[1 ( / ) ],uc d max d max d maxo
5/3

,
1/3

o ,
5/3

o ,
1/3 (7)

and Auc is found to be 0.25 mm2 for all the substrates.
The outer radius of the annular ring is

= −r r A π( / ) .d i d i uco, ,
2 1/2 (8)

The overall thermal resistance (ARdc) is

∑ ∑− 〈 〉w T T w q( )/ ,i lg s i i
''

(9)

where wi is calculated based on the area fraction of the droplets with
size rd,i as

= −w A A x/[ (1 )].i c i, (10)

3.3. Liquid film thickness

The liquid film thickness is estimated from the direct numerical

Table 2
Substrate thermal conductivity and the empirical maximum droplet radius.

Substrate ks (W/m K) rd,max (mm)

Copper 391 0.5
Aluminum 167 0.8
Carbon Steel 51 1.4
Stainless Steel 16 1.8
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simulations of DWC using the software MATLAB. The droplets are
modeled in a Lagrangian simulation with the nucleation of droplets in
unoccupied locations, growth of droplets due to condensation at the
surface, and coalescence. The model does not account for the sweeping
of droplets (occurs when rd > 500 μm), as it suffices to simulate the
droplets with rd < 100 μm. The simulations were performed on do-
main of size 200 × 200 μm2 in order to allow a maximum rd of 100 μm.
A nucleation site density of 1011 m−2 was used, while a fixed time step
of 20 μs was used in order to limit the maximum droplet volume in-
crease in one time step to 5% of its previous volume. Each droplet is
assumed to be hemispherical cap and the advancing contact angle is
90°.

3.3.1. Droplet nucleation and growth
The nucleation sites are generated randomly and a droplet with the

nucleation radius is formed at a site if the site is not covered by an
existing droplet. The nucleating droplets have a radius of 500 nm. This
is approximately the minimum size for a stable water droplet. Since a
small radius droplet grows rapidly, small changes in initial droplet size
had little effect on the final drop-size distribution, in addition to the
high computational cost using a smaller initial droplet size [33].

The droplets in the domain receive liquid due to condensation from
vapor, which causes their volume to grow. This volumetric growth rate
is

=V πr T AR ρ ḣ Δ / Δd d d l lg
2 (11)

where the area specific thermal resistance of a droplet is

= =AR δ k c r k/ /d l l k d l (12)

where δl is the equivalent film thickness of the droplet and is propor-
tional to rd. The value of ck is determined using numerical simulations
with software StarCCM + .

Using Eqs. (11)–(12) with a first-order time discretized scheme, the
volume of a droplet is calculated (assuming the droplet to have a
spherical cap shape) as

= +−V V πk Tr c ρ h tΔ / Δ Δdk dk l d k l lg1 (13)

therefore, the radius of the droplet is calculated by

= + −r V π θ θ{ /[ (2 cos )(1 cos ) /3]} .dk dk c c
2 1/3 (14)

3.3.2. Droplet coalescence and exit
The droplet coalescence is determined by comparing the distance

between the centers of the droplets to the sum of their radii. If the sum
of the radii is smaller than the distance between the centers of the
droplets, the droplets are assumed to have coalesced and a new droplet
is created with its volume being equal to the sum of the coalescing
droplets and the center located at their center of mass. A droplet is
considered to have exited the domain when it touches one of the par-
ticle boundaries. A simulation snapshot is shown in Fig. 6(a). The
droplet number density distribution with respect to the droplet radius,
for nucleation density of 107 1/cm2, is shown in Fig. 6(b). The blue line
is the direct simulation of this study and the orange line is the Rose
model [34], defined in Eq. (15) as,

= −n r dr r r πr r dr( ) ( / ) /(3 )d d d d max d max d
2/3 2 (15)

The simulation results are in agreement with the Rose distribution
for large droplet radius, while the results diverge for droplet radii
smaller than 2 μm. These comparisons are similar to those reported in
[35].

Fig. 4. (a) Oblique view of a unit-cell numerical thermal simulation showing
the droplet boundary and the liquid film. (b) Section cut of a simulation unit-
cell showing the temperature distribution and boundary conditions.

Table 3
Parameters and conditions used in thermal si-
mulations.

Magnitude

Ls 5 mm
Tlg 100 °C
To 99 °C
1/ARl 285 kW/m2 K
kl 0.6 W/m K

Fig. 5. (a) Variations of the predicted overall thermal resistance and the con-
striction resistance with the substrate thermal conductivity. (b) Variations of
predicted surface coverage fraction and the assumed maximum droplet radius
with respect to the substrate thermal conductivity.
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3.3.3. Average heat transfer coefficient
The average heat flux through the surface is calculated by con-

sidering the thermal resistance of the droplets in parallel, i.e.,

∑〈 〉 = 〈 〉 =q T AR k T
δ

Δ / Δ .l
l

l (16)

The average film thickness for the domain is calculated from Eq.
(16) as

〈 〉 = 〈 〉δ k q T/Δlf l (17)

The processes of droplet growth, coalescence and exit are repeated
for every time step and the simulation result for 〈 〉q is averaged over
1000 time steps in order to obtain a stable estimate.

The simulation result for ARl is close to that estimated using the
model in [8] and given by Eq. (11).

The liquid film resistance, gold coating contact resistance, and the
interfacial resistance are in series and give the overall resistance or the
heat transfer coefficient as

= 〈 〉 + +− −h AR AR AR1/ .l s s l g (18)

3.4. Interfacial resistance

The classical interfacial resistance −ARl g,o [36], referred to as the Le
Fevre-Rose model, is

= =−AR ξ h v T R T ξ1/ Δ /[ ( ) ], 0.7.l g lg lg lg g g,o o
2

o
1
2 (19)

Fig. 6. (a) A snapshot of the direct numerical dropwise condensation simula-
tion, showing nucleation sites, growth, coalescence, and re-nucleation of dro-
plets. (b) The variations of the simulation results for the droplet size distribu-
tion function of the droplet radius for droplet nucleation density of 107 1/cm2.

Fig. 7. Variations of the predicted temperature-slip and Le Fevre-Rose inter-
facial resistances with respect to vapor pressure. The temperature-slip model is
based on molecular dynamic simulations with argon (Ar). The results of Eqs.
(21) to (23) can be applied to water using the appropriate properties in this
model.

Fig. 8. (a) Variations of the predicted temperature-slip interfacial resistance
with respect to vapor pressure. (b) Variations of the predicted (with tempera-
ture-slip model) and measured overall DWC resistance with vapor pressure. The
interfacial resistance model prediction is consistent with the overall thermal
performance.
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However, the recent classical non-equilibrium molecular dynamic
simulations with argon [26], shows the interfacial layer forms at the
liquid vapor interface and has a thickness of a few atomic radii. The
interfacial resistance is in the vapor phase and decreases with an in-
crease in pressure and temperature. Using the results of [26], the
thermal resistance for argon is estimated from the reported temperature
difference between the liquid and vapor phases at the interface and the
heat flux as

= −− −AR T T q( )/l g g l g,Ar (20)

The simulations are in dimensionless form using the Lennard-Jones
interatomic potential model parameters, =∗T k T ε/B LJ, =∗L L σ/ LJ. The
values of σLJ, εLJ for argon are from [37]. We assume this thermal

resistance layer thickness is proportional to the mean free path λg and
using the bulk gas thermal conductivity [38] for an interfacial re-
sistance

=−AR λ k0.6 /l g λ g g, (21)

The vapor mean free path, considering σLJ as the collision radius
[37] is

= =λ πn σ n p k T1/(2 ), /g g g
1/2

LJ
2

B (22)

Substituting the ng in Eq. (22), we get

=λ k T πpσ/(2 )g B
1/2

LJ
2 (23)

Fig. 9. Variations of the vapor-to-surface temperature difference with the heat
flux for each substrate, at (a) 130, (b) 47, (c) 20 kPa. The reference data are
from [12] for a comparable smooth hydrophobic copper surface without gold
plating.

Fig. 10. Variations of heat transfer coefficient with the substrate thermal
conductivity, at 130 kPa vapor pressure. The adjusted (adj.) data is without the
contact resistance due to the gold plating.

Table 4
The contact angle goniometry (advancing contact angle) was measured before
and after experimental testing on each promoter coated, gold-plated condenser
surface.

Substrate θa (°), Before θa (°), After

Copper 89.7 ± 0.3° 90.1 ± 0.4°
Aluminum 88.7 ± 0.3° 89.3 ± 0.2°
Carbon Steel 90.1 ± 0.2° 89.8 ± 0.4°
Stainless Steel 89.1 ± 0.4° 88.3 ± 0.7°

Fig. 11. Variations of the total dropwise condensation area-resistance with the
vapor pressure, for the four substrates.
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The constant of 0.6 is selected to match the order of magnitude of
the resistance of [26] at 5.8 bar. The variations of the predicted and
measured interfacial resistance with respect to pressure are in Fig. 7.
With this model developed based on the Ar results of [26], we now
consider water as the fluid using the appropriate properties in this
model.

The classical interfacial resistance −ARl g,o for water is< 2% of the
heat transfer resistance offered by the condensing droplets. The vapor
mean free path is calculated using the collision diameter d instead of σLJ
and d is 4.6 Å for water vapor. The overall, dropwise condensation
resistance ARdc is

= + + 〈 〉 +− −AR AR AR AR ARdc c s s l l g (24)

where the first three terms on the left are independent of pressure. Here

ARc depends on the droplet distribution and ks, ARs-s is the contact
resistance of the gold plating and hence independent of the pressure of
the vapor, and ARl depends on the droplet distribution, which is in-
dependent of the vapor pressure. The predicted resistance for the dif-
ferent models is shown in Fig. 8(a) and (b). To summarize, the available
results for Ar from [26] are used to develop the temperature-slip model,
but the water vapor properties are used to compare to the experimental
results. We note that Eq. (21) predicts a resistance an order of magni-
tude higher than the Le Fevre-Rose model shown in Fig. 8(a) and better
explains the experimental results in Fig. 8(b). The interfacial resistance
is considered proportional to λf which varies inversely with Tlg. The
predicted ARl-g matches well with the experiment for all substrates.

4. Results and discussion

4.1. Constriction resistance

All measured heat transfer data are shown in Fig. 9, which re-
presents the local vapor-to-surface temperature difference (ΔT) as a
function of the local condensation heat flux (q) at different saturated
vapor pressures. Since many applications operate condensers under
atmospheric pressure, it is important to establish the effect of vapor
pressure on DWC thermal performance. The saturated vapor pressures
are (a) 130, (b) 47, and (c) 20 kPa. A saturated vapor pressure of
130 kPa was chosen to ensure the system was above atmospheric
pressure to establish results comparable with previous studies. Each
condenser material was tested at the aforementioned saturated vapor
pressures, including a smooth, plain copper surface in order to de-
termine an adjusted (adj.) heat transfer coefficient value that removes
the contact resistance due to the gold plating and the nickel undercoat
on the surface. It is additionally assumed that the contact resistance due
to plating is the same for all condenser materials. This assumption is
based on similar plating conditions and only measured for copper since
the same promoter can be utilized. This value was found to be ARs-

s = 3.2 ± 0.8 [μK/(W/m2)]. Results were found for several iterations
of the condenser materials and coating formulation in order to establish
statistical uncertainty in the overall thermal performance. The linear
trend in data for the vapor-to-surface temperature difference against
heat flux allows the heat transfer coefficient to be represented as an
average value for each condenser material. While the data for copper,
aluminum, and carbon steel are consistent with this trend, there is a
slight scatter for the stainless steel data. This is attributed to the con-
striction resistance causing a range of larger departing droplets.

The variations of the local heat transfer coefficient (h) as a function
of the condenser thermal conductivity (ks) are shown in Fig. 10. The
adjusted results account for (i.e. remove) the resistance caused by the
gold and nickel plating. All subsequent plots present the measured
values for the overall thermal resistance data. The adjusted results for
copper are consistent with previously reported results and reference
data [4], which indicates a negligible thermal resistance of the coating
itself. The promoter effectiveness over the lifetime of the experiment
(less than eight hours) was found to be maintained using contact angle
measurements before and after testing. These values were measured for
the promoter coated surfaces. The values of the advancing contact angle
are demonstrated in Table 4.

Fig. 12. Variations of the Le Fevre-Rose model of the interfacial resistance as a
function of the temperature dependent parameters in Eq. (26), for the four
substrates.

Fig. 13. Variations of the temperature-slip model of the interfacial resistance as
a function of the temperature dependent parameters in Eq. (27), for the four
substrates.

Table 5
The constants (a1, a2) in Eqs. (25) and (26) for each substrate.

Theoretical Copper Aluminum Carbon Steel Stainless Steel

Temperature-slip model (a1) 8.82 8.84 9.57 7.07 6.15
Le Fevre-Rose model (a2) 28.6 937 1010 754 640
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4.2. Interfacial resistance

The thermal performance results have additional implications at
low vapor pressure and these results are shown in Fig. 11 for each
condenser material. Corroborating findings have been determined by
Wen et al. [39]. The predicted resistance due to the vapor-phase tem-
perature slip covered in Section 3 [26] is also shown. This increase in
the interfacial vapor resistance is in contrast to the relatively constant
liquid conduction resistance for each condenser material (observed in
the figure at each pressure). The prediction of the Le Fevre-Rose model
is also shown. While the sum of the liquid conduction resistances
( = + + 〈 〉−AR AR AR ARk c s s l ) is independent of temperature (or pres-
sure), the interfacial vapor resistance is temperature dependent.
Therefore, a linear relationship can exist between the overall thermal
performance and the sum of the resistances in series. The interfacial
vapor resistance can be expressed as

= +AR AR af T( )dc k (25)

This Le Fevre-Rose model is linearized in the form of Eq. (25) as

= +AR AR a
T

ρ hΔdc k
lg

g lg
2 2

3
2

(26)

where = +
− ( )a K γ

γ
R
π2 2

0.627
0.664

( 1)
( 1) 2

g
1
2 , where = =γ K1.33, 0.52 ,

and similarly, the linearized form of the temperature-slip model is

= +AR AR a
T

p kdc k
lg

lg g
1

(27)

where =a k
πσ1

0.6
2

B

LJ
2 , and where = × =−k σ1.381 10 , 4.6ÅB

J
K LJ

23 .

In Figs. 12 and 13, variations of the overall DWC thermal perfor-
mance versus the respective temperature dependent functions are
shown. Table 5 lists the predicted fitting constants a1 and a2 compared
with the theoretical values for each model. The Le Fevre-Rose model,
Eq. (26), underpredicts the fitting constants by 1 to 2 orders of mag-
nitude. This results in a negligible value to account for the interfacial
vapor resistance using the current Le Fevre-Rose predictions. Alter-
natively, good agreement is found between the temperature-slip model
predictions, Eq. (27), and experimental data.

5. Conclusions

Hydrophobic gold-plated condenser surfaces using copper, alu-
minum, carbon steel, and stainless steel as the substrate material were
prepared using self-assembled monolayer coatings. The heat transfer
coefficient for DWC of steam on these surfaces was measured. As evi-
denced by a decrease in thermal performance with a decrease in sub-
strate thermal conductivity, the existence of constriction resistance was
confirmed at high heat flux. The consistent surface preparation, pro-
moter effectiveness, and reliable measurement technique alleviate past
concerns of similar experiments. The overall thermal resistance of the
condensing surface depends on the droplet coverage and departing
droplet radius, which is estimated for each substrate based on limited
image analysis (Supplementary Materials) and presented in Table 2.
This study expands to substrates with intermediate thermal con-
ductivity and is able to isolate the effects of constriction resistance from
the role of the varying coverage. Finally, by varying the vapor pressure,
the interfacial resistance increases at low pressure. This resistance de-
pends on the vapor mean free path. The proposed temperature-slip
model predicts the measured interfacial vapor resistance closely. These
predicted interfacial vapor resistances are 1–2 orders of magnitude
larger than the Le Fevre-Rose predictions. We conclude that design of
hydrophobic steam surface condensers used for power plant cooling
could lead to more efficient two-phase thermal management with a
clear understanding of the constriction resistance and the operational
vapor pressure.
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