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Wettability modified nanoporous 
ceramic membrane for simultaneous 
residual heat and condensate 
recovery
H.W. Hu, G.H. Tang & D. Niu

Recovery of both latent heat and condensate from boiler flue gas is significant for improving boiler 
efficiency and water conservation. The condensation experiments are carried out to investigate the 
simultaneous heat and mass transfer across the nanoporous ceramic membranes (NPCMs) which are 
treated to be hydrophilic and hydrophobic surfaces using the semicontinuous supercritical reactions. 
The effects of typical parameters including coolant flow rate, vapor/nitrogen gas mixture temperature, 
water vapor volume fraction and transmembrane pressure on heat and mass transfer performance are 
studied. The experimental results show that the hydrophilic NPCM exhibits higher performances of 
condensation heat transfer and condensate recovery. However, the hydrophobic modification results 
in remarkable degradation of heat and condensate recovery from the mixture. Molecular dynamics 
simulations are conducted to establish a hydrophilic/hydrophobic nanopore/water liquid system, and 
the infiltration characteristics of the single hydrophilic/hydrophobic nanopore is revealed. 

A large amount of energy consumed comes from hydrocarbon fuel combustion, and water vapor is one of the 
main combustion products. Especially in gas fired boiler, up to 20% volume fraction of water vapor in combustion 
products can be generated. The residual heat and the water recovery from the flue gas generated in hydrocar-
bon fuel combustion can improve the thermal efficiency and represent a real new source of potable water. The 
condensation heat transfer in various heat exchangers is one of the traditional technologies for heat and water 
recovery from the flue gas1–7. However, the corrosion during the recovery limits its use due to the presence of acid 
pollutant, such as SOx and NOx. Another alternative is the chemical or physical adsorption of water by a liquid 
or solid desiccant8. In this case, the cost, the regeneration of adsorbent and the quality of water are the main 
disadvantages.

The membrane condenser as a novel heat exchanger can overcome the weaknesses of conventional technolo-
gies in residual heat and water recovery. Actually, water vapor transport across membranes has a wide and impor-
tant utilization in many industrial processes, such as desalinization of sea water, drying of natural gas, and flue 
gas dehydration9–12. Membrane technology is an attractive, energy efficient alternative for molecular separations 
because of its high efficiency, reliability, and compact volume. It allows the selective removal of water vapor from 
mixture and can produce water with high purities. In addition, the membrane heat exchanger may have higher 
heat recovery efficiency than the conventional one because simultaneous mass and heat transfer occurs in the 
membrane heat exchanger.

There has been a growing number of studies on the new condensation technology of membrane. Sijbesma et al.13,14  
presented a composite hollow fiber membrane with a top layer of SPEEK, for the removal of water vapor from 
flue gas, and it had extremely high separation factors and fluxes. In their field test with artificial exhaust gas, the 
developed membranes continuously removed water vapor of 0.6–1 kg/m2h. And the average water vapor removal 
rate of 0.2–0.46 L/m2h was obtained during a continuous long-term field test of 5300 h under real exhaust gas con-
ditions. A membrane condenser for the selective recovery of water vapor from industrial gases was developed15–17. 
It utilized the hydrophobic property of porous membranes with microscale pore size to hold the water droplets 
present in the mixture. Macedonio et al.15 proposed membrane technology using hydrophobic membranes for the 

MOE Key Laboratory of Thermo-Fluid Science and Engineering, School of Energy and Power Engineering, Xi’an 
Jiaotong University, Xi’an 710049, P.R. China. Correspondence and requests for materials should be addressed to 
G.H.T. (email: ghtang@mail.xjtu.edu.cn)

received: 02 February 2016

accepted: 17 May 2016

Published: 07 June 2016

OPEN

mailto:ghtang@mail.xjtu.edu.cn


www.nature.com/scientificreports/

2Scientific Reports | 6:27274 | DOI: 10.1038/srep27274

separation and recovery of water vapor from industrial processes. Their experimental results indicated that 20% 
water recovery was achieved with temperature reduction below 5 °C. Both asymmetric microporous spongelike 
ethylene-chlorotrifluoroethylene copolymer (ECTFE) flat sheet membranes and commercial polyvinylidene flu-
oride (PVDF) hollow fiber membranes were tested by varying the feed temperature and feed flow rate16. PVDF 
microporous hydrophobic fibers assembled in a module were tested by Brunetti et al.17 It was found that 25% 
water vapor contained in the feed was recovered at the temperature difference of 8 °C and the ratio of the feed 
flow rate with the membrane area was a fundamental parameter to be taken into account in the design of the 
membrane unit. Zhang et al.18 affirmed that the permeability ratio of water to air ranged from 460 to 30000 for 
such hydrophilic membranes. In other words, gases other than water vapor could hardly permeate through these 
membranes.

Gas Technology Institute (GTI) in the United States developed a new membrane technology of transport 
membrane condenser (TMC) based on a nanoporous ceramic separation membrane19,20, which was employed to 
extract a portion of water vapor and its latent heat from the flue gas and return the recovered water and heat to 
the steam cycle. Then, Bao et al.21 experimentally studied this phenomena for both nanoporous membrane tube 
bundle and impermeable stainless steel tube bundle with the same characteristic dimensions, and they found 
that the convective condensaiton performance of the membrane tube bundle was 50–80% higher than that of 
the impermeable stainless steel tube bundle. Through the theoretical thermodynamic analysis of mass and heat 
transfer in the membrane condensation system, Yan et al.22 suggested that the heat recovery of membrane con-
densation improved dramatically with the increase of the inlet gas temperature. Wang et al.23 employed a tubular 
ceramic membrane as the condenser for simultaneous water and heat recovery from the air/vapor mixure, and up 
to 60% water recovery and up to 85% heat recovery were both achieved.

Although reserches have been reported on the condensation technology of membrane recently, there was no 
investigation of the wettability modificaiton on the NPCM. In this work, the potential of the wettabilty modi-
fied NPCM was explored for simultaneous residual heat and condensate recovery from vapor/nitrogen mixture. 
The NPCMs were modified to be hydrophilic and hydrophobic surfaces using the semicontinuous supercritical 
reactions. We experimentally investigated and compared the performance of heat and mass transfer on original, 
modified hydrophilic and hydrophobic NPCM tubes. Condensate bebaviors on the surfaces of original and mod-
ified hydrophilic and hydrophobic NPCMs were observed. Parametric studies were also carried out by varying 
cooling water flow rate, vapor/nitrogen mixture temperature, water vapor volume fraction and transmembrane 
pressure. In addition, a computational model of a single nanopore with different wettability was established using 
the molecular dynamics simulations to reveal the infiltration characteristics of liquid molecules into hydrophilic/
hydrophobic nanopores.

Results
Wettability and morphology of fabricated NPCMs.  The NPCMs were modified to be hydrophilic and 
hydrophobic using the semicontinuous supercritical reactions in the custom built apparatus (The details can be 
found in the Methods Section). Figure 1a shows the microstructure image of porous membrane tube cross-sec-
tion coated by the nanoporous layer obtained by a field emission scanning electron microscope (FESEM) 
(Hitachi-SU8010, Japan). From Fig. 1a it is found that the membrane tube wall consists of three layers: a separa-
tion layer, an intermediate layer and a substrate. The separation layer, i.e., nanoporous membrane layer is on the 
outer tube side of the tubular membrane. The tube samples (outer diameter of 10 mm, inner diameter of 6 mm, 
length of 250 mm, and average pore size of seperation layer of 4 nm and 10 nm) are provided by Jiangsu Nanjing 
Ayuqi Sci-tech Co. Ltd. This graded structure was used for both polymeric and ceramic nanoporous separation 
membranes to achieve high separation ratio with minimal resistance to flux of the permeating species21.

Figure 1b–d show the FESEM images of the NPCM layers with and without wettability modification. It is 
seen that the original and hydrophilic modified nanoporous membranes are accumulated by nanoscale spher-
ical particles and the hydrophilic modification does not affect the morphology of the nanoporous membrane 
significantly. And tiny burrs appears on nanoscale spherical particles through the hydrophobic modificaiton. To 
provide appropriate spectroscopic characterization data, in addition, the original and modified membranes have 
been analyzed and confirmed using the electron dispersive X-ray spectroscopy (EDS). As shown in Fig. 1e, the 
characteristic peaks of C and Si can be observed on the hydrophobic membrane surface, and the characteristic 
peaks of C, N and Si can be observed on the hydrophilic membrane surface, comprared to the original membrane 
surface. The contact angles of deionized water droplets on the original, modified hydrophilic and hydrophobic 
membrane surfaces are measured using a contact angle measurement apparatus (Powereach JC2000D5, China) 
with uncertainty of ±​0.25°. The measurements are shown in Fig. 1f. We can see that the original membrane also 
behaves hydrophilic. Once the droplets contact the original and modified hydrophilic surfaces, the measured 
contact angles are 63.25° and 26.25°, respectively. Due to both the surface tension and capillarity, droplets on 
the original and modified hydrophilic surfaces can infiltrate into the pores, and the contact angles gradually 
decrease over time. The static contact angle of the hydrophobic nanoporous membrane surface is 137.5°, and 
hardly changes over time.

Condensate recovery performance.  The NPCM tubes with and without wettability modification were 
characterized during the condensation heat transfer using a custom built apparatus as schematic in Fig. 2a. The 
details of the apparatus and testing procedures can be found in the Methods Section. The condensation exper-
imental system was made up of the following parts: condensing chamber, coolant circulating loop, water vapor 
generator, high pressure nitrogen supply and data acquisition and control system.

Figure 2b–d show typical images of condensation behaviors extracted from high-speed imaging duing the 
condensation heat transfer on the surfaces of original, modified hydrophilic and modified hydrophobic NPCM 
tubes. It is seen that there is no condensate on the surfaces of both original and modified hydrophilic NPCMs, 
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nevertheless the dropwise condensaiton forms on the surface of the modified hydrophobic NPCM. Figure 2e 
illustrates the heat and mass transfer mechanisms across the original and modified hydrophilic nanoporous mem-
branes. When the temperature of the ceramic membrane tube surface is lower than the dew point temperature, 
which depends on the partial pressure of water vapor, the vapor/nitrogen mixture passes across the tube wall and 
the condensation of water vapor takes place in the pores of the membrane layer or on the surface. The condensate 
is then convected away from the surface under a certain transmembrane pressure difference. A curved meniscus 
forms in the hydrophilic membrane pores when the capillary condensation occurs in the membrane condensa-
tion. For the hydrophobic NPCM, the condensate cannot overcome the infiltration pressure into the hydrophobic 
nanopores, so it is difficult for the condensate to be carried away by the cooling water flowing inside the tube and 
therefore the droplets form on the hydrophobic membrane surface.

Heat and mass transfer occurs simultaneously across the NPCM. In this study, we define the condensate 
transport flux to evaluate the condensate recovery performance, Mc =​ Δ​mc / (Δ​τ Ao), where Δ​mc is the measured 
mass change of the liquid water during a period of time Δ​τ, and Ao is the outside area of tested NPCM tube with-
out considering the effect of porous surface. Figures 3a–d show the effects of typical parameters, i.e., the cooling 

Figure 1.  Microtopography characterization of NPCM. (a) FESEM image of porous membrane tube cross-
section coated by the nanoporous layer (1000 times magnification). (b) FESEM image of the original NPCM 
layer (35000 times magnification). (c) FESEM image of the NPCM layer with hydrophilic modification 
(35000 times magnification). (d) FESEM image of the NPCM layer with hydrophobic modification (35000 
times magnification). (e) Electron dispersive X-ray spectroscopy (EDS) of original, modified hydrophilic and 
hydrophobic NPCM layers. (f) Measured contact angles on original and modified hydrophilic and hydrophobic 
NPCM surfaces over time.
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water flow rate, vapor/nitrogen mixture temperature, water vapor volume fraction and transmembrane pressure 
difference on the condensate transport flux of NPCMs with and without wettability modification.

The Reynolds number of the cooling water inside the tube is defined as Rew =​ 4 qV / (π​ di ν), where di is the 
internal diameter of the tested tube, qV and ν are the volume flow rate and kinematic viscosity of the cooling 
water. Both Reynolds number and mixture temperature have important effect on the condensate transport flux 
as presented in Fig. 3a,b, respectively. It is seen that the condensate transport flux increases with the increase of 
the coolant flow rate and the mixture temperature. As the mixture temperature increases from 65.8 °C to 95.9 °C, 
the condensate transport fluxes of the original and modified hydrophilic NPCMs grow almost linearly. The main 
reason is that the high driving force resulted from the higher water vapor partial pressure on the gas side at a 

Figure 2.  Test setup and experimental images of condensation. (a) Schematic diagram of the condensation 
heat transfer experimental apparatus. (b,c) No condensate on the original and modified hydrophilic NPCM 
tubes during condensation. (d) Dropwise condensation on the hydrophobic NPCM tube. (e) Schematic of heat 
and mass transfer across hydrophilic NPCMs.
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higher temperature can lead to higher mass flux23,24. Compared with the original membrane, the condensate 
transport flux of modified hydrophilic membrane increases by 32%. The volume fraction of water vapor has a 
significant effect on the condensate transport flux across the membrane condenser, as shown in Fig. 3c. As the 
volume fraction of water vapor increases, the condensate transport flux improves dramatically due to the increase 
of driving force of mass transfer. Under the condition of the vapor volume fraction of 4.9–35.2%, the condensate 
transport flux of the modified hydrophilic NPCM increases by 17–69%, compared with the original membrane 
with average pore size of 10 nm. The relationship between the condensate transport flux and the transmembrane 
pressure difference is shown in Fig. 3d. It seems that the condensate transport flux does not change much as the 
transmembrane pressure difference increases from 0.021 MPa to 0.092 MPa. In addition, we can see that the large 
membrane pore size can produce higher permeability with respect to the condensate transport flux. From Fig. 3 
it is also found that the parameters of cooling water flow rate, vapor/nitrogen mixture temperature, water vapor 
volume fraction and transmembrane pressure difference have negligible effect on the condensate transport flux of 
the modified hydrophobic NPCM. The modified hydrophobic NPCM demonstrates approximately 70% degrada-
tion of the condensate transport flux compared with the original membrane. For modified hydrophilic NPCMs, 
the condensation origins from two sources: one is the cooling effect of the cold surface, and the other is capillary 
condensation in the hydrophilic pores of the membrane. Note that the capillary condensation is important here 
because the water vapor can condense inside the pores of the membrane. Furthermore, the capillary condensation 
dominates the mass transfer mechanism when a hydrophilic membrane pore size is in the range of 2–50 nm25,26. 
During initial adsorption stage, water vapor molecules are more easily adsorbed on a high free energy hydro-
philic surface, in comparison to the hydrophobic surface. In addition, the degrading of condensate transport flux 
of modified hydrophobic NPCMs is attributed to the block of condenste transport in the membrane due to the 
gas-liquid interface caused by the hydrophobicity.

Condensation heat transfer performance.  The condensation heat fluxes are measured to evaluate the 
heat recovery performance on the three types of tubes with different wettability: the original, the modified hydro-
philic and the modified hydrophobic NPCM tubes. Condensation heat flux q″​ is determined by the expression of 
q″​ =​ (ρ(tout) qV,out hout−ρ(tin) qV,in hin)/Ao, where hin, hout, ρ(tin) and ρ(tout) are the specific enthalpies and densities 
at inlet and outlet cooling water temperatures, respectively, and qV is the measured volume flow rate of cooling 
water. The outlet flow rate of cooling water is increased due to the extra mass transfer across membrane compared 
with the inlet flow rate.

Figure 3.  Condensation experimental measurement of condensate transport flux. (a) Experimental 
condensate transport flux across the membrane against Reynolds number of the cooling water. (b) Experimental 
condensate transport flux across the membrane against the vapor/nitrogen mixture temperature. (c) Experimental 
condensate transport flux across the membrane against the water vapor volume fraction in the mixture.  
(d) Experimental condensate transport flux across the membrane against the transmembrane pressure difference.
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The measured condensation heat fluxes across the original, modified hydrophilic and hydrophobic NPCMs as 
a function of typical parameters of the cooling water flow rate, vapor/nitrogen mixture temperature, water vapor 
volume fraction and transmembrane pressure difference are presented in Fig. 4a–d, respectively. In Fig. 4a,b, the 
heat flux has similar growth trends of the condensate transport flux, since the condenation heat transfer across the 
membranes is closely associated with the mass transfer. A high flow rate of cooling water or high vapor/nitrogen 
mixture temperature produces a large temperature difference between the hot mixture and the membrane tube 
surface. Thus, the condensation heat transfer performance is enhanced due to the increase of driving force of 
heat transfer. The heat flux of the modified hydrophilic NPCM increases approximately by 26% compared with 
the original NPCM. Figure 4c shows that the measured heat flux improves significantly, as the volume fraction 
of water vapor becomes larger. When the water vapor concentration difference between the mainstream and the 
region near the surface becomes large, more water vapor in the mixture condenses. As the water vapor concentra-
tion increases, large volume fraction of water vapor results in high vapor partial pressure, and then results in large 
driving force of mass transfer. In addtion, the capillary condensation on the original and modified hydrophilic 
nanoporous membranes cannot add extra thermal resistance of liquid phase, and large amount of latent heat is 
released by the water vapor. In comparison to the original NPCM, the heat flux of modified hydrophilic NPCM 
increases by 26–34% as the vapor volume fraction increases from 4.9% to 35.2%. As shown in Fig. 4d, the heat 
fluxes of original, modified hydrophilic and modified hydrophobic NPCMs have little improvement in the range 
of the transmembrane pressure difference of 0.021–0.092 MPa. In comparison to the original NPCM as shown 
in Fig. 4a–d, the condensation heat transfer performance of modified hydrophobic membrane exhibits 24–40% 
degradation. This is mainly because the hydrophilic NPCMs can adsorb the water vapor more easily and the 
capillary condensation phenomenon appears, as mentioned above. Based on the pore capillary condensation 
mechanism, Kelvin equation27 (ln (P / P0) =​ 2 γ Vm / (r R T), where P is the actual vapor pressure, P0 is the saturated 
vapor pressure, γ is the surface tension, Vm is the molar volume of the liquid, R is the universal gas constant, and 
T is temperature) indicates that the vapor pressure of concave surface is lower than that of a flat or non-curved 
surface. So the pore capillary condensation can occur even if the partial pressure of vapor is below the saturation 
pressure at the same temperature, especially for the membrane pore in nanoscale. The mass transfer across the 
membrane has a significant effect on condensation heat transfer performance. That is to say, the presence of the 
adsorption property and capillary condensation is attributed to increasing the condensation rate, therefore, the 
condensation heat transfer performance is enhanced.

Figure 4.  Condensation heat transfer performance as function of typical parameters. (a) Heat flux across 
the membrane against Reynolds number of the cooling water. (b) Heat flux across the membrane against the 
vapor/nitrogen gas mixture temperature. (c) Heat flux across the membrane against the water vapor volume 
fraction in the mixture. (d) Heat flux across the membrane against the transmembrane pressure difference.
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Discussion
To better understand and interpret the experimental results, we employed the molecular dynamics (MD) simula-
tions to investigate the water infiltration behavior in a nanopore of 4 nm pore size for different surface wettability. 
All the present simulations are based on the LAMMPS package28. The monatomic water model29,30 described by 
a Stillinger-Weber potential31 is employed. We adopted a diamond crystal structure of silicon with a lattice con-
stant 5.4 Å to construct the nanopore by deleting the atoms located at the center of the bulk with a diameter of 
4 nm. The solid wall is treated as a rigid body and the wall atoms are just fixed in the initial position during the 
simulation. The 12-6 LJ potential, ε σ σ= −E r r4 [( / ) ( / ) ]ij ij ij ij ij

12 6 , is adopted to describe the interaction between 
the solid wall and the water molecules using different energy parameters to cover the surface property from the 
hydrophobic to the hydrophilic as shown in Fig. 5. The corresponding εij in Fig. 5b–e is 0.4 kcal/mol, 0.3 kcal/mol, 
0.2 kcal/mol, 0.1 kcal/mol, respectively, and σij is 3.4 Å in all cases. Considering the experimental operating con-
ditions, the pressure difference between the internal cooling water and external vapor/nitrogen mixture is a max-
imum of 0.1 MPa, so we control the same pressure difference by applying a uniform force on the left piston as 
shown in Fig. 5a. Note that the water molecules are all outside of the nanopore initially. However, for the same 
loading, the nanopore shows different infiltration process depending on the surface wettability. For the hydro-
philic nanopore, we can see that the water molecules enter the nanopore smoothly. Furthermore, comparing 
Fig. 5b with 5c, we can see that the higher hydrophilicity will lead the water molecules to move into the nanopore 
faster. On the contrary, for the two hydrophobic nanopores shown in Fig. 5d,e, the pressure difference of 0.1 MPa 
is still too small to pressurize the water into the nanopore. The simulation results are consistent with the present 
observation that the droplets occur on the modified hydrophobic surface rather than into the ceramic membrane 
tube. Conversely, no condensate is observed outside the original and modified hydrophilic NPCM tubes during 
condensation, which indicates that the condensate passes through the membrane and is carried away by the cool-
ing water.

Based on the simulation results shown in Fig. 5, we have confirmed that the experimental operating pres-
sure cannot pressurize the condensate into the hydrophobic nanopore. So another initial structure shown in 
Fig. 6a is built to accurately calculate the infiltration pressure Pc, the critical pressure to achieve water entering the 

Figure 5.  The geometric model of computational nanopore/water liquid system and infiltration 
performance of nanopores with different wettability. (a) The MD computational model of nanopore/water 
liquid system. One end of the nanopore is inserted into a water reservoir, the other end is open, and an external 
pressure is applied on the mobile piston. (b–e) Infiltration characteristics of water molecules into hydrophilic 
and hydrophobic nanopores under an external pressure of 0.1 MPa.
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hydrophobic nanopore. All the simulations are performed in two stages. In the first stage, the piston is fixed dur-
ing the simulation and the nanopore is partially filled until the water reaches equilibrium state. Then we calculate 
the critical pressure in Region 1 for two hydrophobic nanopores. In the second stage the piston is unfixed and the 
uniform force above or below the critical infiltration pressure is applied on the piston. The water molecule num-
ber in Region 2 is calculated for different loadings, as shown in Fig. 6b,c. From the simulation results obtained 
in the first stage, the critical infiltration pressures are 21.4 MPa and 54.7 MPa represented by the blue dotted line 
in Fig. 6b,c, respectively. This means that the nanopore surface with well hydrophobicity results in a large crit-
ical infiltration pressure which is qualitatively consistent with the prediction of Young-Laplace equation. From 
Fig. 6b,c, when the applied pressure is larger than the critical infiltration pressure, the water continues to enter 
the hydrophobic nanopore. On the contrary, the water will flow out of the hydrophobic nanopore if the applied 
pressure is less than the critical infiltration pressure.

Methods
Wettability modification for nanoporous membranes.  The modified hydrophilic and hydrophobic 
NPCMs were obtained from the semicontinuous supercritical reactions in the custom built apparatus, which 
was composed primarily of reaction kettle, electric preheater, high pressure metering pump and vacuum pump 
as schematic in Fig. 7. Prior to the wettability modification, the samples of original tubes were cleaned in an 
ultrasonic bath with deionized water for 30 min at room temperature. The cleaned samples were placed in the 
reaction kettle. Switch on the power, and the temperature inside the reaction kettle and the electric preheater was 
kept at 250 °C. Then, the vacuum pumping operation kept for 30 min using a rotary vane vacuum pump (First 
FX16, China). Hexane was continually pumped into the reaction kettle through the high pressure metering pump 
until the pressure reaches 3 MPa. For the hydrophobic modification, the hexane solution of 10 wt% dimethyl 
dimethoxy silicane ((CH3)2Si(CH3O)2, Aladdin) and 5 wt% trimethylmethoxysilane (C4H12OSi) was subsequently 
injected into the reaction kettle. The hexane solution of 10 wt% aminopropyltrimethoxysilane (C9H23NO3Si, 
Aladdin) was subsequently injected into the reaction kettle for hydrophilic modification. With the continuous 
injection of modified chemical reagent steam, the pressure in the reaction kettle was raised up to 5 MPa. The 
reaction between the samples and the modified chemical reagent steam kept for 2 hours at constant temperature 
of 250 °C and constant pressure of 5 MPa. The wettability modification progress was completed after the proce-
dure of the isothermal pressure relief. To achieve higher hydrophilicity, besides, the samples after the hydrophilic 
modification were put in boiling water for 6 hours to make an oxygen radical hydrolysis.

Figure 6.  Critical infiltration pressure of hydrophobic nanopores. (a) Partially filled hydrophobic nanopore/
water liquid system. (b,c) Effects of hydrophobicity on the critical infiltration pressure.
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Condensation heat transfer performance test.  To evaluate the condensation heat transfer, the sample 
of NPCM tube was plugged into a condensing chamber made of stainless steel. The resistive heater lines were 
wrapped around the exterior of the condensing chamber walls to prevent vapor condensation on the inner walls. 
The temperature in the chamber could maintain at the expected temperature of the vapor side using a voltage 
regulator, which was the output power controller of resistive heater lines. A water reservoir, which was connected 
to the condensing chamber via a vapor valve, was heated to saturated temperature to provide vapor. Prior to the 
condensation experiment, the air in the chamber was fully evacuated by a rotary-vane vacuum pump (First FX16, 
China). The vacuum condition in the condensing chamber was always monitored by the pressure transducer 
(Tecisis P3276, Germany) with the full scale of 0–0.25 MPa. A check valve was attached onto the chamber to 
prevent any backflow of air after turning off the vacuum pump. The nitrogen gas treated as noncondensable gas 
was supplied by high pressurized nitrogen gas cylinder with a pressure reducing valve. The nitrogen gas flowing 
into the condensing chamber was monitored and controlled by the gas mass flow controller (Sevenstar CS200A, 
China). During the condensation heat transfer test, the heat released from the vapor/nitrogen mixture was taken 
away by the forced flow of cooling water inside the tested tube. The inlet and outlet cooling water flow rates were 
measured by electromagnetic flowmeters (Rosemount 8732A, USA) with same measurement range and uncer-
tainty. Especially, to obtain the bulk temperature of the cooling water accurately, the mixers assembled by baffles 
with holes alternately near the center and perimeter were installed at the inlet and outlet32. All the measured 
temperature data were collected by T-type thermocouples. Throughout the experiments, the condensing chamber 
pressure and temperature were continuously monitored. The bulk temperatures of the cooling water at the inlet 
and outlet were measured to determine the heat transfer rate. The cooling water temperature was maintained 
using a thermostatic water tank, which was placed on a mass balance (YP50K-1, China) to monitor the mass 
change Δ​mc of the water during a period of time Δ​τ. Once the experimental condition reaches steady state, both 
the mass and temperature data of cooling water in thermostatic water tank were recorded repeatedly for 30 min 
at a time interval of 3 min. To visually record the condensation behavior, a high speed camera (Phantom Miro 
M110, USA) was placed in line with the viewing window on the condensing chamber. All the thermocouples were 
calibrated against a platinum resistance thermometer in a high precision constant temperature bath (Julabo F26, 
Germany). The measured experimental data including the pressure, thermocouple reading, noncondensable gas 
content and flow rate of the cooling water were collected by a data acquisition system (Keithley 3706A, USA). 
All the measurements were conducted under steady conditions. The maximum uncertainty of the cooling water 
Reynolds number is ±​1.7%, the maximum uncertainty of vapor volume fraction in the mixture is ±​1.8 %, the 
maximum uncertainty of the condensate transport flux is ±​3.3%, and the maximum uncertainty of the conden-
sation heat flux is ±​7.0%.
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