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There is renewed interest in the reliability and safety of nuclear power plants 

following the Fukushima Daiichi nuclear accident followed by 8.9 magnitude 

earthquake and Tsunami with the height of 15 m on March 11, 2011. Small Modular 

Reactors (SMRs) have been developed to improve safety systems by utilizing passive 

and natural circulation forces under normal operations and accident conditions.  

One key feature of the safety systems in SMRs is the use of containment 

condensation to prevent core melt down. For further development of the SMR for 

design certifications, the condensation model at relatively high pressures compared 

with current operating power plants should be verified and validated. For this process, 

at Oregon State University, the MASLWR (Multi Application Small Light Water 

Reactor) test facility, which has 1:3 length scale, can perform integrated tests on 

containment condensation of SMRs.  

Using the MASLWR test facility experimental data, this study investigated 

three major subjects: heat flux estimation on the containment wall, flow transition of 



 

 

 

condensation film flow dynamics and assessing the scaling effects of the MASLWR 

test facility. An inverse heat conduction algorithm was developed to estimate the heat 

fluxes of film condensation at the containment wall in the MASLWR test facility during 

transients. Through a fundamental one-dimensional approach for condensation film 

flow, the governing equations were derived and numerically solved. A linear 

perturbation stability analysis using steady-state results of condensation film flow at 

the containment wall found that Re ~1600 is the transition point between laminar and 

turbulent film flow regimes. This finding agreed with the experimental results of Ishigai 

et al. (1974) and Morioka et al. (1993). Based on scaling analysis using the diffusion 

layer model and experimental correlations, the length distortion factor was examined. 

In this study, it was found that the 1:3 length scale test facility underestimated the heat 

transfer rate more than the prototype.  

 The results presented in this dissertation cover the film flow dynamics of 

condensation film flows as well as an inverse heat transfer calculation to advance the 

knowledge of containment condensation in SMRs. 
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Flow Dynamics and Condensation of Film Flows in Small Modular Reactors 

 

  

1 Introduction 

 

1.1 Objectives of the Present Study 

Small Modular Reactors (SMRs) are part of the next generation of light water 

reactors proposed or under development which have smaller size (300 MWe or less) 

than the current generation of  nuclear power plants (1,000 MWe or higher). Those 

SMR systems are of great significance particularly after the recent core meltdown 

accident at Fukushima Daiichi nuclear power station due to a devastating 8.9 magnitude 

earthquake, which was followed by a catastrophic Tsunami. Most SMRs are an integral 

reactor which have their major components inside the reactor vessel so that the 

probabilistic risk of a  Loss Of Coolant Accident (LOCA) is well below that of existing 

large nuclear plants [1]. Moreover, SMRs are substantially different from past and 

current operating nuclear power plants, due to the utilization of passive systems to 

remove decay heat [1].  

Among the passive safety systems, condensation on the containment wall plays 

a vital role for the safety of integral SMRs. SMRs utilize relatively small volume steel 
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containment vessels, operating under ambient pressure or a vacuum with external air 

or water-cooling that serves as the ultimate heat sink.   

During accident transients, high-pressure cooling water leaves the primary 

circuit and enters the containment where it flashes into steam. This high pressure and 

high temperature steam is then condensed on the containment vessel wall. The 

condensation on the containment wall is highly dependent on the containment 

environment conditions, which include pressure, geometry, fraction of noncondensable 

gases present, bulk steam flow induced convection effects, and temperature differences 

between the wall and bulk. 

This study examined fundamental condensing film flow by a one-dimensional 

approach and analyzed the stability of film flow using perturbation theory. The heat 

fluxes on condensation film flow were quantified by an inverse heat transfer algorithm 

using experimental data from MASLWR test facility. This investigation evaluated the 

scaling effects of the reduced-height test on reactor safety analysis utilizing 

characteristic lengths of condensing film flow.  

 

1.2 Outline of the Dissertation 

The first chapter introduces the outline of the dissertation and provides 

objectives of the current study.   

Chapter 2 presents the background of SMRs, and introduces several SMRs on 

the front line of development as well as MASLWR test facility.  
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Chapter 3 addresses the literature review for the film condensation, film flow 

dynamics, and inverse heat conduction problems. 

Chapter 4 is devoted to the scaling analysis of film condensation using the 

diffusion layer model.  

Chapter 5 presents the inverse heat transfer analysis for estimating heat flux by 

the least squares method.  

Chapter 6 discusses the one-dimensional stability analysis of condensation film 

flow.  

Chapter 7 addresses the experimental procedures and analytical methods to 

assess not only condensation heat transfer coefficients but the length scaling effect. 

Chapter 8 provides the discussion of the results of chapters 4 through 7.  

Finally, chapter 9 concludes this study and proposes future work that can be 

undertaken.  
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2 Background 

 

2.1 Small Modular Reactors 

Many countries are interested in SMRs as an option for future power and energy 

security. Eleven countries are participating in the development of more than 45 SMR 

designs by late 2014 according to the International Atomic Energy Agency (IAEA) as 

shown in Figure 2.1 [1].  

 
Figure 2.1 Map of global SMR technology development [Reprinted with permission 

from (IAEA, “Advances in SMR Technology Development – A Supplement to IAEA ARIS”, September 2014)] 

Advanced SMRs have four unique features compared with 2nd and 3rd 

generation reactors, which includes an enhancement of safety performance, small size, 

integral design and modularization. 

Most advanced SMRs use different approaches compared with current 

operating reactors. The SMRs utilize natural driving forces of gravity, natural 
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circulation and passive safety systems, which allows for independence from AC or DC 

during accidents. These inherent enhanced safety features make the possibilities of 

severe accidents significantly lower and give their systems a high level of reliability. 

Moreover, human errors, one of the contributing factors to accidents, can be eliminated 

by SMRs passive only systems, even under severe accidents. Suggested and developing 

SMRs would be sustained for more than 72 hours, which is the minimum coping time 

regulated by the US Nuclear Regulatory Commission (NRC) without off-site power, 

when reactors shutdown [2] .   

Due to their small size, SMRs have low power density and site flexibility. The 

potential consequences of an accident relative to a large power plant are limited by the 

low power density of the reactor. SMR’s can be sited in areas near centers of demand 

with relatively high population densities, which are now served by fossil-fueled 

plants.  SMRs can also support seawater desalination processes to supply water and 

energy to coastal sites.   

One of the innovative features of advanced SMRs is the integral design. The 

major components of the reactor, which include core, reactor cooling pumps, steam 

generator, and pressurizer, are all accommodated in the same Reactor Pressure Vessel 

(RPV). The integral reactor design contributes to significantly reduce the possibilities 

of potential large-break LOCA or small-break LOCA by eliminating large-loop piping 

and reducing the flow area of the coolant .    

The other revolutionary part of the advanced SMRs is the modular type. Several 

submodules of a SMR, which can be fabricated, tested and inspected at off-site facilities, 

could be transported and assembled on-site. The shipping of shop-fabricated structures 



6 

 

 

is dependent on the maximum size envelope for current equipped transportation system, 

and the method of shipping can be altered to suit each particular site. Due to the 

modularization of the SMRs, the construction schedule and cost for SMRs can be 

significantly reduced. Moreover, as the demand for local power increases, some of the 

SMRs could be deployed as multiple-modules to add additional power conversion [3]. 

 Even though many Research and Development (R&D) activities are under way 

for the design of advanced SMRs, further steps remain to be completed to the feasibility 

of the SMRs deployments. Licensing process, legal / regulatory framework, and 

validation and verification processes are the main issues remaining for the deployments 

of the SMRs. For further validation and verification of the most proposed SMRs, the 

distinct concept of operations, such as natural circulation, passive systems, containment 

condensation, etc., should be demonstrated in SMR test facilities [1].    

 There are several SMRs on the front line of development using water as a 

coolant: CAREM, SMART, mPower, IRIS and NuScale.  

 

2.1.1 CAREM-25 [4] 

Central ARgentina de Elementos Modulares (CAREM-25) is a national project 

to develop, design and construct a SMR design in Argentina coordinated by the 

Comisión Nacional de Energía Atómica (CNEA). CAREM-25 is deployed as a 

prototype to validate the innovations for a future commercial version of CAREM that 

will generate an electric output of 150-300 MW(e). The CAREM concept was first 
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introduced in March 1984, in Lima, Peru, during the IAEA’s conference on small and 

medium sized reactors and was one of the first new generation reactor designs [4].   

CAREM-25 is an integral Pressurized Water Reactor (PWR), which has 27 

MW(e) power, with distinctive features that simplify the design and support the 

achievement a high level of safety using an integrated primary cooling system, in-

vessel hydraulic control rod drive mechanisms, and passive safety systems. The 

primary coolants are driven by natural circulation at 12.25 MPa system pressure. 

Through the integrated design approach, the RPV, which is 11 m height and 3.2 m in 

diameter, houses the pressurizer, the Control Drive Mechanism (CRDM) and 12 Steam 

Generators (SG). Figure 2.2 shows the reactor configuration of CAREM-25. 

 

Figure 2.2 Reactor system configuration of CAREM-25 [5, 6] 
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Table 2.1 Major technical parameters for CAREM-25 [Adapted and modified with permission 

from (IAEA, “Advances in SMR Technology Development – A Supplement to IAEA ARIS”, September 2014)] 

Parameter Value 

Energy Conversion 

     Gross thermal power[MW(th)] 

     Net electrical power[MW(e)] 

Thermal design 

     Primary Circulation 

     Steam generators 

     System Pressure (MPa) 

     Fuel type/Assembly array 

     Fuel active length (m) 

     Number of fuel assemblies 

     Fuel enrichment (%) 

     Main reactivity control mechanism 

     Core inlet temperature of coolant (ºC) 

     Core outlet temperature of coolant (ºC) 

RPV 

     Height (m) 

     Diameter (m) 

Safety Features 

     Active safety features  

     Passive safety features 

     Emergency safety systems 

     Residual heat removal systems 

     Predicted core damage frequency  

 

100 

27 

 

Natural circulation 

12 mini-helical 

12.25 

UO2 /Hexagonal 

1.4 

61 

3.1 

Control rod driving mechanism 

284 

326 

 

11 

3.2 

 

Yes 

Yes 

Passive 

Passive 

10-7 (per reactor year) 
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In addition, duplicated and diversified safety systems for regulatory 

requirements are installed in CAREM-25. These safety systems consist of two Reactor 

Protection Systems (RPS), two shutdown systems, a Passive Residual Heat Removal 

system (PRHRS), safety valves, a low pressure injection system, depressurizations 

system and containment of pressure suppression, which are all based on passive 

features. Therefore, neither AC power nor operator actions are needed to mitigate any 

postulated accident. The PRHRS are heat exchangers formed by parallel horizontal U-

tube (condensers) coupled to common headers. A set of headers is connected to the 

RPV steam dome, while another set (condensate return line) is coupled with the RPV 

at the inlet of the primary system side of the SG. The design provides decay heat 

removal, transferring it to dedicated pools inside the containment and then to the 

suppression pool by natural circulation. The system ensures that the core temperature 

remains within safe levels for more than 72 hours in the case of the loss of heat sink or 

Station Black-Out (SBO) [1].  Accordingly, the probabilities of core damage will be 

the value of 10-7 per reactor year withstanding earthquakes of 0.25 g. More detailed 

design parameters for the CAREM-25 are in above Table 2.1.  

 

2.1.2 SMART 

System Integrated Modular Advanced ReacTor (SMART) is a small integral 

PWR developed by Korea Atomic Energy Research Institute (KAERI) with a rated 

power of 330 MW(th) or 100 MW(e). SMART design has developed from 1999 and 

was fully licensed in South Korea in 2012.  KAERI planned to build a 90 MW(e) 

demonstration plant to operate from 2017 [2]. Recently, on March. 4, 2015, Saudi 
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Arabia reached an agreement with South Korea that the two countries will conduct a 

three-year preliminary study to review the feasibility of constructing SMART reactors 

in Saudi Arabia [7].  

 
 

Figure 2.3 Reactor system configuration of SMART [7] 

 

The safety and reliability of the SMART systems have been enhanced by 

incorporating inherent safety features and passive safety systems. There are several 

economic improvement features for the innovative SMART design: system 

simplification, component modularization, reduction of the construction time, and 

increased plant availability. Four main coolant pumps are installed vertically at the top  
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Table 2.2 Major technical parameters of the SMART25 [Adapted and modified with permission 

from (IAEA, “Advances in SMR Technology Development – A Supplement to IAEA ARIS”, September 2014)] 

Parameter Value 

Energy Conversion 

     Gross thermal power[MW(th)] 

     Net electrical power[MW(e)] 

Thermal design 

     Primary Circulation 

     Steam generators 

     System Pressure (MPa) 

     Fuel type/Assembly array 

     Fuel active length (m) 

     Number of fuel assemblies 

     Fuel enrichment (%) 

     Main reactivity control mechanism                                    

fdfd                                                                                                                               

     Core inlet temperature of coolant (ºC) 

     Core outlet temperature of coolant (ºC) 

RPV 

     Height (m) 

     Diameter (m) 

Safety Features 

     Active safety features  

     Passive safety features 

     Emergency safety systems 

     Residual heat removal systems 

     Predicted core damage frequency  

 

330 

100 

 

Forced circulation 

8 helical type 

15.5 

UO2 /17×17 square 

2 

57 

< 5 

CRDM, soluble boron and 

burnable poison 

296 

323 

 

18.5 

6.5 

 

Yes 

Yes 

Active and passive 

Passive 

10-6 (per reactor year) 
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of the RPV. Thus, the coolant is driven by the forced circulation at 15.5 MPa system 

pressure. The integral RPV contains major components within a single vessel as shown 

in Figure 2.3.  

Safety functions in the SMART combine active and passive features. These are 

composed of a reactor shutdown system, a safety injection system, a PRHRS, a 

shutdown cooling system and a containment spray system. Additional engineered 

safety systems include a reactor overpressure protection system and a severe accident 

mitigation system. All distinct safety features of SMART have been validated through 

full-scale and scaled tests. By adopting enhanced safety features, the core damage 

frequency is remarkably reduced by 10-6 per reactor year, and can withstand a possible 

air-crash incident.  Currently, the SMART design is under upgrade process to change 

the hybrid (active and passive) safety system to a fully passive safety system. The 

capacity of the PRHRS has been modified and increased up to stand at least 72 hour 

without Emergency Diesel Generator (EDG) or operator actions. Through the R&D of 

fully passive system for SMART, all the active safety features will be replaced by a 

passive version [2]. The testing and verification are planned to be completed by the end 

of 2015.  More detailed design parameters for the SMART are in above Table 2.2.  

 

2.1.3 mPower 

The mPower small modular reactor is under development by Babcock & 

Wilcox (B&W) mPower, Inc. in the USA. In 2012, the mPower was selected by the 

Department of Energy (DOE)’s SMR program to be supported by a grant up to $226 
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million.  However, B&W decided in early 2014 that it would slow down, and would 

not adhere to a specific schedule for the development of the mPower design because of 

unsecure funding and a need for significant additional investors [8].  

The mPower is an integral PWR, which consists of nuclear fuel, control rod 

drives, SG, pressurizer and reactor coolant pumps, all contained within a single RPV 

and has a 180 MW(e) per module. The standard plant design of the mPower uses two 

of the mPower reactors generating a nominal 360 MW(e). In each reactor, there are 69 

fuel assemblies, which are made up of standard PWR UO2 pellets that are less than 5% 

percent enriched [1]. Eight internal coolant pumps are used for the forced circulation 

of primary coolant with external motors at 14.2 MPa system pressure. The reactivity is 

controlled by CRDM without soluble boron. Figure 2.4 shows the mPower reactor 

system configuration.  

       
Figure 2.4 Reactor system configuration of mPower [9] 
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Table 2.3 Major technical parameters for mPower [Adapted and modified with permission from 

(IAEA, “Advances in SMR Technology Development – A Supplement to IAEA ARIS”, September 2014)] 

Parameter Value 

Energy Conversion 

     Gross thermal power[MW(th)] 

     Net electrical power[MW(e)] 

Thermal design 

     Primary Circulation 

     Steam generators 

     System Pressure (MPa) 

     Fuel type/Assembly array 

     Fuel active length (m) 

     Number of fuel assemblies 

     Fuel enrichment (%) 

     Main reactivity control mechanism                                                                                                                                                      

     Core inlet temperature of coolant (ºC) 

     Core outlet temperature of coolant (ºC) 

RPV 

     Height (m) 

     Diameter (m) 

Safety Features 

     Active safety features  

     Passive safety features 

     Emergency safety systems 

     Residual heat removal systems 

     Predicted core damage frequency  

 

530 

180 

 

Forced circulation 

One through tube type 

14.2 

UO2 /17×17 square 

2.4 

69 

< 5 

Control rods 

295 

318.8 

 

27 

4 

 

Yes 

Yes 

Passive 

Passive 

Target 10-8 
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Since the reactor design has a low core linear heat rate with a large coolant 

system volume, the mPower allows more time for safety system response. Further, 

mPower’s fuel and cladding temperature is lower than that of other proposed SMRs in 

case of an accident. The mPower has passive Emergency Core Cooling System (ECCS) 

and Decay Heat Removal Systems (DHRS). The DHRS include a passive heat 

exchanger connected with the atmosphere (as the ultimate heat sink), an auxiliary steam 

condenser on the secondary system, water injection or cavity flooding that uses the 

reactor water storage tank, and passive containment cooling [1]. By enhancing the 

safety system, the mPower design can cope for at least two weeks after an accident, 

without any off-site support or safety related AC power from diesel generators. The 

target of the core damage frequency is 10-8 per reactor year. More detailed design 

parameters for the mPower are in Table 2.3.  

 

2.1.4 IRIS [10] 

The IRIS (International Reactor Innovative and Secure) is a modular and 

integral Light Water Reactor (LWR), which was originated from STAR-LW (Secure 

Transportable Autonomous Light Water Reactor) concept developed under the US 

DOE program led by Westinghouse. Currently Italian organizations lead the IRIS 

development. They are focusing on a large-scale integral test. The integral RPV 

includes major components as shown in Figure 2.5.  

The IRIS is designed to satisfy enhanced safety through the “safety-by-design” 

approach, which can be described simply as “design the plant in such a way as to 
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eliminate accidents from occurring, rather than coping with their consequences” based 

on proven technology provided by over 40 years of operation PWR experience.  

Through “safety-by-design” with an international consortium, the IRIS adopts passive 

only safety systems, so that any accident is either eliminated, or its consequences are 

greatly reduced. The IRIS design showed that 88% of class IV accidents (possible 

accidents of radiation release) are either eliminated or downgraded [1]. For example, 

to eliminate the large LOCA using “safety-by-design,” an integral design was chosen 

because the primary components are located inside the pressure vessel [10]. Due to 

IRIS’s defense in depth design with passive safety systems, there is no need for an 

emergency response zone.  The IRIS has the lowest core damage frequency of 10-8 per 

reactor operating year. More detailed design parameters for the IRIS are in Table 2.4. 

 
Figure 2.5 Reactor system configuration of IRIS [11] 
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Table 2.4 Major technical parameters for IRIS [Adapted and modified with permission from 

(IAEA, “Advances in SMR Technology Development – A Supplement to IAEA ARIS”, September 2014)] 

Parameter Value 

Energy Conversion 

     Gross thermal power[MW(th)] 

     Net electrical power[MW(e)] 

Thermal design 

     Primary circulation 

     Steam generators 

     System Pressure (MPa) 

     Fuel type/Assembly array 

     Fuel active length (m) 

     Number of fuel assemblies 

     Fuel enrichment (%) 

     Main reactivity control mechanism                                                                                                                                                      

     Core inlet temperature of coolant (ºC) 

     Core outlet temperature of coolant (ºC) 

RPV 

     Height (m) 

     Diameter (m) 

Safety Features 

     Active safety features  

     Passive safety features 

     Emergency safety systems 

     Residual heat removal systems 

     Predicted core damage frequency  

 

1,000 

335 

 

Forced circulation 

8 helical type 

15.5 

UO2/MOX /17×17 square 

4.26 

89 

4.95 

ICRDM 

292 

330 

 

21.3 

6.2 

 

Non-safety grade active systems 

Yes 

Passive 

Passive 

10-8 



18 

 

 

2.1.5 NuScale 

The NuScale reactor was started from the MASLWR concept, which was the 

US DOE funded research project for the development of a small nuclear power plant 

to be used in multiple applications. Idaho National Environment & Engineering 

Laboratory (INEEL) led the project with support from OSU in 2000. NuScale power 

agreed to commercialize the design of a small nuclear plant that used natural circulation 

in 2007. In 2013, the US DOE announced their selection of NuScale Power to receive 

up to $217 million to support to further development of NuScale and to secure a design 

certification from the US NRC.  

 

  

Figure 2.6 Reactor system configuration of NuScale [12] 
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Table 2.5 Major technical parameters for NuScale [Adapted and modified with permission from 

(IAEA, “Advances in SMR Technology Development – A Supplement to IAEA ARIS”, September 2014)] 

Parameter Value 

Energy Conversion 

     Gross thermal power[MW(th)] 

     Net electrical power[MW(e)] 

Thermal design 

     Primary Circulation 

     Steam generators 

     System Pressure (MPa) 

     Fuel type/Assembly array 

     Fuel active length (m) 

     Number of fuel assemblies 

     Fuel enrichment (%) 

     Main reactivity control mechanism  

     Core inlet temperature of coolant(ºC) 

     Core outlet temperature of coolant(ºC)                                                                                                                                                     

RPV 

     Height (m) 

     Diameter (m) 

Safety Features 

     Active safety features  

     Passive safety features 

     Emergency safety systems 

     Residual heat removal systems 

     Predicted core damage frequency  

 

160 

> 45  

 

Natural circulation 

2 helical type 

12.8 

UO2 /17×17 square 

2 

37 

<4.95 

CRDM, boron 

n/a 

n/a 

 

17.4 

2.9 

 

No 

Yes 

Passive 

Passive 

10-8(internal event) 
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 The NuScale reactor is a module and integral type SMR using natural 

circulation for both normal and transient events, which allows the elimination of many 

large and complex systems used in current nuclear power plants. An integral RPV 

houses the nuclear core, 2 helical coil SGs, and pressurizer in a single vessel. Each 

reactor module includes a high pressure containment vessel immersed in water pool. 

One reactor module produces more than 45 MW(e) power. In its standard plant design, 

each plant comprises twelve modules generating a nominal 540 MW(e) [1, 2]. Figure 

2.6 shows the reactor system configuration of NuScale.  

 The NuScale passive safety systems ensure stable, long term nuclear core 

cooling with no need for pumps, or additional water, or AC or DC during an accident. 

Their safety systems include a high pressure containment vessel, two passive DHRS 

and an ECCS. The DHRS operates by two independent means using two phase natural 

circulation in a closed loop. The pool surrounding the containment contains 8 million 

gallons of water providing the ultimate heat sink for long term cooling. If the pool 

inventory is reduced, the decay heat will be removed by natural circulation of air flow.  

The vacuum condition of the containment vessel prevent heat losses during a normal 

operation and enhances steam condensation inside the containment wall during reactor 

blowdown [13]. More detailed design parameters for the NuScale are in above Table 

2.5. 
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2.2 MASLWR Test Facility 

MASLWR is an integrated PWR (Pressurized Water Reactor) meaning that 

major components are contained in one reactor vessel. The integrated nuclear reactor 

pressure vessel contains the nuclear core, a helical coil steam generator, and a 

pressurizer. The reactor has 150 MW(t) power and is designed to operate without 

pumps, so that it relies on the natural circulation in both its normal and transit modes.  

The MASLWR test facility was constructed to examine the important safety 

features of MASLWR design, in 2003.  The facility can be able to perform a simulation 

of single-phase and two-phase natural circulation process, reactor system 

depressurization during accidental blowdowns, and the associated containment 

responses. It is scaled at 1:3 length scale, 1:254 volume scale and 1:1 time scale.  

 

Figure 2.7 MASLWR conceptual design layout and its test facility [14] 
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It contains the integral reactor model, a separate containment linked to the core 

through pipes that simulate vents and breaks, and a containment cooling pool. A heat 

transfer plate lies between the cooling pool and the containment because the difference 

in surface the volume scaling ratios. It is designed to simulate the integrated reactor 

pressure vessel and containment structure as shown in Figure 2.7.   

Inside the RPV (Reactor Pressure Vessel), fluid enters the core and is heated so 

that it has buoyancy force. Then, coolant moves up through the riser and descends 

through the downcomer located between outer wall of the riser and the inner wall of 

the reactor vessel by losing its energy to helical coil shaped Steam Generator (SG). 

Once fluid gets to the shroud connected to the riser entrance, it reenters the core by 

natural circulation flow as shown in Figure 2.8.  

 

Figure 2.8  RPV internal components of MASLWR test facility [14] 
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The high-pressure containment is a 5.75 m tall vessel consisting of three 

sections: a 3.87 m high lower cylindrical section of 0.27 m Inner Diameter (ID), a 1.21 

m high upper cylindrical section of 0.508 m ID, and an eccentric cone section that 

connects the other two sections, as shown in Figure 2.9. Between the cooling pool and 

the containment, a 0.0381 m thick, 0.168 m wide, heat transfer plate runs 5.59 m 

vertical length. The containment and the cooling pool are insulated from atmosphere. 

The integral reactor model is capable of providing steam flow at a power of 398 kW 

with a maximum primary system pressure of 11.4 MPa at 590 K, which is sufficient to 

perform the proposed quasi-steady and transient containment condensation tests. In the 

steam vent line, on the top of the integral reactor model, a vortex flow meter measures 

the steam flow rate, which is controlled by an adjustable valve.  

 

  

Figure 2.9 MASLWR  test facility photo [15] 
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To measure the condensation heat transfer rate, the wall heat flux is measured 

through the temperature gradient in the condensation plate. The heat transfer plate has 

six sets of thermocouples placed along the vertical direction, measuring the temperature 

distribution from the containment to the cooling pool. Each set consists of five 

thermocouples arranged as shown in Figure 2.10. Two of the five thermocouples 

measure the fluid temperature (air, water, or steam) adjacent to the heat transfer plate 

surface (on each inside the plate), and two are embedded in the heat transfer plate at 

the midpoint of the plate thickness. The holes drilled in the heat transfer plate for the 

thermocouples are filled with boron nitride heat conducting spray to minimize the 

difference between the actual heat transfer plate temperature and the temperature 

sensed by the embedded thermocouples. An inverse heat transfer algorithm is 

developed for the estimation of wall heat fluxes in transient as described in Chapter 5.  

 

 

Figure 2.10 Thermocouple arrangement in the heat transfer plate  



25 

 

 

Figure 2.11 shows a schematic of postulated pressure trend for a MASLWR 

Small Break of Loss of Coolant Accident (SBLOCA). As shown in Figure 2.11, the 

transient starts with a relatively short blowdown period, venting superheated steam into 

the containment vessel. From the vent valve, the fluid is collected in the containment 

as liquid via condensation on the containment wall, which is connected with cooling 

pool. For long term cooling, the reactor decay heat ultimately transfers in the cooling 

pool that surrounds the containment.  

 

 
Figure 2.11 Illustration of transient phases for a MASLWR SBLOCA [15] 
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From the facility test data, containment condensation models for SMRs at 

relatively high pressure conditions can be carried out to develop and modify current 

condensation models under a transient and steady-state.  

Due to MASLWR’s high pressure and high temperature steam blowdown in 

containment, continuous film condensation will be anticipated. The filmwise 

condensation is related to the length of condensation vertical wall. The MASLWR test 

facility has a 1:3 length scale.  Adopting a reduced height test facility brings a question: 

“Are MASLWR test facility data reliable for the filmwise condensation phenomenon 

that are supposed to represent the prototype?” or “Are test results more conservative 

than the prototype?” To answer this fundamental research question, the bottom-up 

scaling process for film condensation phenomenon is needed. Based on Zuber’s H2TS 

(Hierarchical, Two-Tiered Scaling) methodology [16], scaling analysis, which 

considers not only geometry, but operating conditions will be thoroughly examined.  

This study contributed to finding the heat flux, which is a vital parameter to 

calculating the condensation heat transfer rate. There are six sets of thermocouples 

equipped at the Heat Transfer Plate (HTP) between the Cooling Pool Vessel (CPV) and 

the High Pressure Containment (HPC) to measure wall heat fluxes in the condensation 

wall. Each set consists of five thermocouples arranged as shown in Figure 2.12. To find 

the accurate condensation heat flux, it is necessary to model an inverse heat conduction 

problem, with time dependent boundary conditions using temperature test data.  

Therefore, we investigated the following subjects for this thesis research: 

1. Heat flux estimate on containment wall during transient film condensation 

using inverse heat transfer calculation 
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2. Examination  of condensing film flow dynamics by a one-dimensional 

approach 

3. Evaluating the scaling effects of the scale-down test facility for 

condensation heat transfer capability  

 

Figure 2.12 Six sets of thermocouples in HTP [17] 
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3 Literature review 

Condensation occurs when a vapor contacts a solid surface or a fluid interface 

whose temperature is below the saturation temperature of vapor. Various types of 

condensation occur under typical conditions. This chapter reviews the general 

condensation types and focuses on diverse methods to examine the condensation heat 

transfer on the containment wall. In general, there are three different approaches to 

analyze the condensation phenomenon in the containment: a theoretical, an empirical, 

and a numerical approach. In addition, the fundamental studies of falling film dynamics 

itself are reviewed. 

 

3.1 Types of Condensation  

Modes of condensation are classified by the homogenous and heterogeneous 

condensation. Homogeneous condensation occurs entirely within a supercooled vapor. 

The liquid droplet is completely surrounded by supercooled vapor and is not attached 

to a lower temperature wall. Figure 3.1 shows three different possible cases of 

homogeneous condensation. 

There are two idealized heterogeneous condensation processes depending on 

the condition of the surface: filmwise and dropwise. In dropwise condensation, the 

drops of liquid form from the vapor at particular nucleation sites on a solid surface, and 

the drops remain separate during growth until carried away by gravity or vapor shear 

[18]. In filmwise condensation, the drops initially formed quickly coalesce to produce 

a continuous film of liquid on the surface shown in Figure 3.1. Consequently, the steam 
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no longer condenses on the cooled wall which is entirely covered by the film. Then, 

the vapor condenses on the condensate film instead.    

The heat transfer coefficients which can be achieved by dropwise condensation 

are more than an order of magnitude larger than those of film condensation. Therefore, 

it is desirable to take advantage of dropwise condensation in applications. However, 

because of the difficulties of maintaining reliable condensation and the uncertain nature 

of dropwise condensation, filmwise heat transfer coefficients are commonly adopted 

for engineering design purposes with conservative approach [18].  

 

Homogeneous condensation 

   

Small contaminant 

particles in the vapor 

mixture 

Liquid droplets 
Vapor bubbles 

 

Heterogeneous condensation 

  

Filmwise condensation Dropwise condensation 

Figure 3.1 Condensation types [19] 
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In containment analysis, dropwise condensation usually changes quickly to film 

condensation during the initial period of condensation, which probably would not affect 

the final containment pressure-temperature response [20]. Therefore, this thesis 

primarily deals with filmwise condensation, which is classified by Reynolds number as 

laminar, wavy and turbulent film condensation. At the very low film Reynolds numbers 

at the top of the surface, the condensate flow is laminar and wave-free. At some point 

down the vertical wall a transition occurs where waves form on the condensate film. 

This transition is due to instabilities at the vapor-liquid interface, and it can be 

characterized by the film Reynolds number. At a much higher Reynolds number there 

is a transition from stable wavy-laminar flow to turbulent flow. There is controversy at 

which Reynolds numbers the condensation makes the film transit to wavy and turbulent. 

Table 3.1 summarizes the falling film flow regimes that have been postulated with their 

Reynolds number by different researchers.  

 

Flow regime 
Kutateladze 

(1963)  

Ishigai et al. 

(1974) 

Brauner 

(1989) 

Morioka et al. 

(1993) 

Laminar flow Re ≤ 30 Re ≤ 1.88 Ka0.3  Re ≤ 16 

First transition  1.88 Ka0.3  ≤ Re ≤ 8.8 Ka0.3  16< Re ≤ 60 

Stable wavy-laminar 30 <  Re < 1800 8.8 Ka0.3  ≤ Re < 300  Re < 1000 60 ≤ Re < 300 

Second transition  300 ≤ Re ≤ 1600  300 ≤ Re ≤ 1600 

Fully turbulent Re ≥1800 Re ≥1600 1000 ≤ Re   

Table 3.1 Falling film flow regimes by Reynolds number [21] 
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In this research, we are interested in the heat transfer coefficient and the 

corresponding Nusselt number under filmwise condensation. Heat transfer coefficients 

according to each of the regimes will be discussed in next paragraph.  

 

3.2  Film Condensation and Film Flow Dynamics 

Literature reviews focus on the heat transfer coefficients, film wavy regimes, 

and film thickness of vertical condensation falling film, based on experimental and 

theoretical approaches.  

 

3.2.1 Approaches for Condensation Heat Transfer 

The theoretical works on the condensation heat transfer have been addressed by 

two separate methods: a solution of conservation equations in the boundary layer and 

an application of heat and mass transfer analogy in the closure relations. Both methods 

start from Nusselt’s theoretical work of 1916 [22] . Nusselt presented the first analytical 

solution that dealt with the heat transfer coefficient of filmwise condensate flow. In his 

pioneering work, he considered the ideal situation with the following assumptions: 

1. The flow of condensate in the film is laminar. 

2. The fluid properties are constant. 

3. Subcooling of the condensate may be neglected. 

4. Momentum convective change through the film is negligible. 

5. The vapor is stationary and exerts no drag on the downward motion of the 

condensate. 
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6. Heat transfer through the film is by conduction only 

The mean value of the heat transfer coefficient by Nusselt’s theory over the whole 

surface was given by  

 

1/4
3

,( )
0.943

4 ( )

f f v b fg f
film

f b w

g h k
h

L T T

  



 
  

  

                                       (3.1) 

 

3.2.1.1 Boundary layer model  

One of the most important parameters in determining the heat transfer 

coefficients of film condensation is the amount of noncondensable gas. The presence 

of even a small quantity of noncondensable gas in the steam can reduce the heat transfer 

coefficients significantly.  

Based on the importance of noncondensable gas, the boundary layer model is 

solving the mass, momentum, energy conservation equations, for both liquid film and 

gaseous boundary mixture layer.  The noncondensable gas fraction at the interface 

between liquid film and binary mixture is higher than its value in the ambient. It will 

be discussed in Chapter 4.   

Minkowycz and Sparrow (1966) were some of the first researchers to solve the 

boundary layer equations for laminar forced and free convective condensation on an 

isothermal plate. Their solution was achieved using stream functions and similarity 

transformation. Their study included the effects of interfacial resistance, superheating, 

thermal diffusion and property variation in the condensate film [23].  
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Fillo (1985) proposed a model for vapor condensation with noncondensable gas 

which is based upon a turbulent gas-vapor boundary layer. His method is viable for 

both forced and natural convection since the bulk velocity remains unspecified. 

Unfortunately, the equations are only listed and not solved for comparison [24].  

Dehbi et al. (1991) solved the boundary layer equations for the case of turbulent 

free convection condensation in the presence of noncondensable gases over vertical 

surfaces. Turbulence was treated using the Turbulent Kinetic Energy (TKE) method 

and empirical constants from experiments in pure air were employed. They reduced the 

partial differential equations into ordinary differential equations by using the 

independent variable transformation suggested by Minkowycz and Sparrow. Their 

solution showed excellent agreement with experimental data was demonstrated for 

their study [25].  

Oh and Revankar (2005) performed the filmwise condensation analysis in a 

vertical tube with noncondensable gases using the boundary layer method. The 

transport quantities, such as interfacial friction factor, heat transfer Nusselt number and 

mass transfer Sherwood number, were calculated by the numerical method and 

compared with various condensation correlations. For the turbulent model in the gas 

mixture region, various simple algebraic models are used and the results were 

compared with experimental data. Results showed that Prandtl mixing length type 

model is better than any other turbulent model [26].  

  One of the major problems with this type of solution is the complexity involved 

in numerically solving the differential equations, and as a result some of the physical 
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intuition is lost in computational solutions. The other problem is the implementation of 

these solutions in computer codes used to model accident scenarios, causing a large 

amount of time for convergence. According to Herr and Kadambi (1993), the boundary 

layer solutions, although insightful from a theoretical point of view, are not useful for 

containment analysis due to their complexity and expense [27]. 

 

3.2.1.2 Heat and Mass Transfer Analogy 

Another theoretical approach for condensation modeling has been addressed by 

the application of the heat and mass transfer analogy. The thermal resistances in the 

condensate film and gas/vapor boundary layer are estimated by correlations along with 

heat and mass transfer analogy.  

The heat and mass transfer analogy was first introduced by Colburn and Hougen 

in 1934. They described the heat transfer process as controlled by the mass 

concentration gradient through the noncondensable layer, as the sum of sensible heat 

and latent heat flows. Since then, this analogy has been used to obtain solutions for 

several condensing systems [28]. Kim and Corradini (1990) summarized the use of this 

analogy with force and natural convection condensation, in the presence of a 

noncondensable gas and analyzed the potential impact of film waviness [29].  

Peterson et al. (1993) introduced the diffusion layer model, a more straight 

forward expression of the condensation heat transfer coefficient. They described the 

total gas heat flux, partitioned into condensing and convective components [30]: 
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By using the diffusion theory and a modified Clausius-Clapeyron equation, 

where a difference between vapor and liquid specific volume (vfg) was approximated 

as its mean value in the boundary layer, Peterson et al. were able to obtain a 

condensation velocity: 
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where 
,v avgX  and 

,g avgX  are the logarithmic average mass fractions of vapor and 

noncondensable gas respectively, D0 is the diffusion coefficient, and 
g is the effective 

thickness of the diffusion layer.  

Then, with some manipulations of this equation Peterson et al. derived the 

condensation heat transfer coefficient as 
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,
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cond

avg fg g avg

Dh CM X
h

PT v X
                                             (3.4) 

In 1998, Herranz et al. proposed an improved model of condensation heat 

transfer at the surface based on Peterson’s approach, which extended the model to deal 

with large gas-wall temperature differences, high mass fluxes, and the wavy structure 

of the condensate. Particular attention was paid to the definition of key variables such 

as the Grashof number, and steam diffusion coefficient through noncondensable binary 



36 

 

 

mixtures [31]. The model has been validated using the database of Herranz et al. (1998) 

in a pressure range of 0.1 to 0.3 MPa [31]. 

Herr and Kadambi (1993) argue that the analogy based models can be easily 

implemented into the nodal system codes used in the containment analysis and that they 

provide an insight to the phenomena with a non-time consuming feature [27].  

 

3.2.1.3 Empirical Approach 

The most used heat transfer correlations for condensation in containment were 

derived from experimental results, due to the complexity of the phenomenon. The 

empirical approach is based on deriving a correlation from experimental data recorded. 

The correlation can be divided in two groups: one finds a heat transfer correlation only 

for film condensation and the other finds a correlation for total heat transfer coefficient.  

Rohsenow (1956) improved Nusselt’s analysis by allowing for a non-linear 

distribution of temperature through the film due to energy convection for the laminar 

filmwise flow [32]. The results indicated that the latent heat of vaporization (hʹfg) in 

Equation (3.1) should be replaced by 
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                                  (3.5) 

Since wavy and turbulent film condensation is complex, it is difficult to derive 

a heat transfer coefficient compared with laminar film, most accurate results come from 

empirical correlation. Kutateladze (1982) gave the following correlation for the mean 
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heat transfer coefficient of film condensation on a vertical plate where wave effects are 

present [33].  
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For turbulent flow of condensation on a vertical plate, Labuntsov (1957) 

recommended the following experimental correlation for local turbulent heat transfer 

coefficient [34]. 
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Chun and Seban (1971) obtained the following empirical correlation for evaporation of 

water from the vertical wall, which is applicable for condensation [35]: 
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Butterworth (1983) obtained the average heat transfer coefficient for film condensation 

that includes laminar, wavy laminar, and turbulent flow by Equation (3.1), (3.6) and 

(3.7) as follows [36] 
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The initial measurements of total heat transfer coefficient when the 

condensation occurs used for design and equipment qualification of containment vessel 
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were obtained by Uchida (1964) and Tagami (1965) [37, 38] . Uchida performed his 

experiments under natural convection conditions. A vertical plate with dimensions of 

140 mm by 300 mm was installed in a closed vessel filled with steam and 

noncondensable gas. The air-steam mixture experiment was tested in the range of 0.1 

to 0.28 MPa [37]. Uchida’s correlation for a total heat transfer coefficient is 

0.7

/

/

380
1

n c
Uchida

n c

W
h

W



 
  

 
                                     (3.10) 

where Wn/c means noncondensable gas, air,  mass fractions.  

Uchida’s correlation, which depends only on the ratio of mass fractions, is one of the 

correlations implemented in GOTHIC code and used for scaling analysis of the 

MASLWR test facility. 

Tagami conducted experiments using two different conditions: a forced convection and 

a natural convection. The forced convection was simulated by the initial stages of a 

large break LOCA. The results showed that bulk convective motion was small 

compared to the condition existing in a LOCA event suggesting the total heat transfer 

coefficient for the transient [38]; 

0.60.5

_max _max, where 426 A
TOT TOT TOT

A A c

t E
h h h

t t V

  
    

   
           (3.11) 

where EA is a dimensional grouping of the energy added, Vc is the containment volume 

and tA is the total time for the addition.  
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Also, Tagami suggested the total heat transfer coefficient for natural convection 

quiescent condition as follows: 

/

/

1
11.4 284 n c

Tagami

n c

W
h

W

 
   

 
                                    (3.12) 

Uchida and Tagami’s results indicated that the total condensation heat transfer 

coefficient for natural convection depended on only the mass fraction of 

noncondensable gas.  

Dehbi et al. (1991) tests focused on the effect of the containment variables at a 

small scale. They conducted these experiments in the pressure range from 0.15 to 0.45 

MPa. It was concluded that the total pressure and mass fraction of noncondensable gas 

were dominant factors determining condensation heat transfer coefficient suggesting 

following equation [25]. 

   0.05

/3.7 28.7 2438 458.3 log n c

Dehbi

b w

L P P W
h

T T

    


             (3.13) 

where L is total length of condensation wall, P is pressure and Tb-Tw is the temperature 

difference between steam bulk and condensation wall temperature.  

Another correlation is from Kataoka et al. (1992), who derived the correlation from 

experiments along a flat vertical plate between pools of different temperatures [39] .  

0.8

/

/

430
1

n c
Kataoka

n c

W
h

W



 
  

 
                                        (3.14) 

Green et al. (1994) derived a correlation from the realistic full-height test facility [40]: 
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0.86
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Green

n c
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                              (3.15) 

The correlation developed by Liu et al. (2000) is given as [41] 

2.344 0.252 0.307

Liu sh CX P T                                           (3.16) 

where C is the constant coefficient, equal to 55.635 W/m2, Xs is the steam mole fraction 

The above equation is valid for the following range of pressure: 0.26 < P < 0.46 MPa. 

In general, the values given by theoretical correlations are lower than the 

empirical heat transfer measurements in natural convection. Green and Almenas (1996) 

proposed three mechanisms to account for such behavior [42]: 

1. Theoretical models impose bulk velocities that usually are much lower than 

reality. 

2. Formation of mist in the gas-vapor boundary layer under saturated 

conditions may increase the sensible heat transfer from the atmosphere to 

the walls.  

3. The rippled nature of the condensate film also enhances the heat transfer 

process. 

Peterson (1996) found out that experimental condensation correlations only 

agrees with reality, if the boundary conditions are similar to those applied in the tests 

(pressure value, gas velocities, wall length, etc.). Otherwise, the correlation tends to 

under predict the results [43].  
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3.2.1.4 Numerical Approach 

Remarkable developments of computational power allow a numerical approach 

to validate and verify condensation models derived from experiments and analytical 

methods. There are great number of codes that can model and analyze condensation in 

containment for the various nuclear systems shown in Table 3.2.   

It is possible to classify between codes for commercial and nuclear use. In 

nuclear system analysis, large, complex structures have to be represented by averaged 

“lumped” parameters. Recently, modelling of water vapor condensation in the presence 

of non-condensable gases has been conducted using commercial Computational Fluid 

Dynamics (CFD) [44]. The advantages of using CFD include the ability of predicting 

water vapor condensation in complex geometries with fewer assumptions in modelling 

the mass and heat transfer involved. These commercially available CFD codes 

generally do not have built-in steam condensation models. Consequently, it is necessary 

to implement steam condensation via user-defined subroutines.  

Code Type of code Nature of the code Condensation model 

GOTHIC Nuclear  Lumped 
Uchida & Tagami or 

Boundary layer  

RELAP5/MOD3.3 Nuclear Lumped 
Uchida or 

Heat & Mass analogy 

FLUENT Commercial Field equations User defined 

CONTAIN Nuclear Lumped Heat & Mass analogy 

MELCOR Nuclear Lumped Heat & Mass analogy 

COMPACT Nuclear Lumped Uchida & Tagami 

Table 3.2 Classification of condensation computer codes 
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Sharma et al. (2012) first applied the CFD-based generalized analysis for 

condensation modeling for containment wall surfaces. They suggested a generalized 

heat transfer coefficient based on a curve fitting of most of the reported semiempirical 

condensation models.  Their CFD has been validated against the limited experiment 

data reported [45].  

With respect to the condensation model, the nuclear numerical code can have 

either an empirical model, a boundary layer model, or a model that makes use of the 

heat and mass transfer analogy. The nuclear type of computational codes have been 

validated extensively using many experiments. However, the validation performed in 

an Integrated Effect Test (IET) facility could call the capability of the nuclear code into 

question due to the complexity of condensation phenomenon [46].  

 

3.2.2 Wave Dynamics of Film Flow  

In nuclear engineering, the annular flow, which is observed at high gas flow 

rates in two phase flows, is an example of film flow in a vertical pipe. The gas phase 

occupies the central core of the pipe cross section, while the liquid phase flows as a 

film on contact with the inner surface in annular flow. Another example of film flow 

in nuclear engineering is condensation in the containment, and the containment spray 

cooling, which keeps the outer surface temperature of containment vessel at a specific 

level used in AP 1000 design, one of Generation III designs. Therefore, in nuclear 

engineering, the liquid film flows were more extensively examined from the interfacial 

heat/mass transfer perspective, than film flow itself [47]. 
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However, wave dynamics of a thin liquid falling film has been subject of 

intensive research for several decades in chemical engineering, where research focuses 

on film flow stability, different film types, measuring film thickness, and wavy falling 

behaviors. Condensation film of interest to this study are the gravity driven flow of a 

continuous liquid film down a solid vertical surface. The falling film can be treated as 

open channel flow hydrodynamic systems in many aspects and features except wave 

natures of the instabilities [48].  

 

Author 

(Years) 
Re # range Flow regime Features Methods 

Zadrazil 

et al. 

(2014) 

[49] 

n/a Ripple wave  

Experiment 
n/a  ~ 613 Dual wave δw > δs, λw < λs 

613 ~ 1,226 Thick ripple δw ~ δs, λw ~ λs 

1,226 ~ n/a Disturbance wave δw >> δs, λw < λs 

Chang 

(1994) 

[50] 

<< 1 Low flow rate 
Intermolecular 

force  

Theory 

Experiment 

1 ~300 Intermediate region  Interfacial wave 

300 ~ 1,000 Moderate region 
Gevity-capillary 

instabilities begin 

1000 <  Very large flow rate  Shear-wave  

Morioka 

et al. 

(1993) 

[51] 

~ 16 Laminar  
Experimentally 

examined failing 

film flowed 

outside of a pipe 

of 28 mm 

diameter and 1.4 

m length.  

 

Experiment 

 16 ~ 60 Frist transition  

60 ~300 Stable wavy-laminar 

300 ~ 1600 Second transition 

1600 < Fully turbulent 

Table 3.3 Falling liquid film flow regimes by wave types 
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Many researchers have performed studies on the flow dynamics of falling film 

following Kapitza’s (1949) pioneering work. Kapitza predicted that if the Reynolds 

number was greater than a specific value, the onset of waves would be examined by 

theoretical and experimental methods [52].   

In case of pipe flow, it is obvious that flows encounter the transition from 

laminar to turbulent around a critical Reynolds number. However, the transition from 

laminar to turbulent film flow cannot be defined by a single critical Reynolds number 

as in the case of film flow [53]. Most researchers’ data showed that the transition from 

laminar to turbulent in a falling thin film, is gradual process which is completed 

between 1,600 and 1,800 of Reynolds number [18, 51, 53]. A condensation falling film 

transforms to different types of waves dependent on its Reynolds number as shown in 

Table 3.3  [49-51].  

Recently, Zadrazil et al. (2014) experimentally examined the characteristics of 

film flow using a laser-based measurement technique. They classified the film flow 

regime according the Reynolds number with wave features such as length of wave 

substrate (λs), wave length (λw), film thickness of wave (δw), and film thickness of 

substrate (δs) [49]. 

Nusselt (1916) first derived a laminar film thickness based on assumptions of 

viscous flow where no shear or wave motion existed at the liquid interface. This theory 

showed that the liquid film mass flow rate increases as a cubic power of film thickness 

[22]. After Nusselt’s work, much theoretical and experimental research for the film 

thickness has been conducted and tabulated at Table 3.4.  
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Brauner (1987) developed a numerical study of turbulent wavy films by 

prescribing a geometric shape for large waves. He derived film thickness from energy 

and mass balances of laminar and turbulent wavy flow [54].  

Authors Year Geometry 

Reynolds #  

Flow 

regime 

Film thickness Methods 

Nusselt [22] 1916 Flat plate Laminar  
1/3

23 Re g   Theory 

Kapitza [52] 1949 Flat plate < 100  
1/3

22.4 Re g   
Theory 

Experiment 

Brauer [55] 1956 Cylinder 20~1,800  
1/3

2 8/150.302 3 Reg   Experiment 

Takahama & 

Kato [56] 
1980 Cylinder 150~2,000  

1/3
2 0.5260.473 Reg   Experiment 

Brauner [54] 1987 Flat plate 

Laminar 

Turbulent 

 
1/3

23 / 8 Re g   

 
1/3

2 7/120.104 Reg 

 

Theory 

Experiment 

Karapantsios 

et al. [57] 
1989 Cylinder 126~3,275  

1/3
2 0.5380.451 Reg   Experiment 

Table 3.4 Film thickness correlations for vertical downward film flow 

 

3.3 Inverse Heat Conduction Problem 

 Directly measuring a heat flux on a solid wall is a challenge. Inverse heat 

conduction is one option for indirectly finding heat fluxes. Many advanced solution 

methods were developed between 1950-60 to examine the heat transfer mechanism of 

re-entering space shuttles. Most research into inverse heat conduction problems, has 

been conducted based on the assumptions that one boundary was adiabatic. 



46 

 

 

4 Scaling Analysis of Film Condensation 

The method of scaling analysis followed Reyes’ top-down scaling methodology 

[15] and updated to find the noncondensable gas fraction in transients. The diffusion 

layer model developed by Herranz et al. (1998) and Debhi’s (1991) experimental 

correlation was adopted for bottom-up scaling analysis. When bottom-up scaling was 

analyzed, it was assumed that an isochronal condition was achieved between 

experimental and prototypical system.  That means the two systems have same the 

temperature and properties of fluid with respect to time.    

 

4.1 Scaling Analysis of HPC 

For scaling analysis of HPC, we selected the control volume that was exactly 

same as HPC as shown in Figure 4.1.  

 

Figure 4.1 Energy flows in a control volume in HPC 
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The air mass remains constant within the containment volume since it is a 

noncondensable gas. Assuming no air leaks from the control volume, the air mass ( am ) 

only depends on the initial vacuum condition. 

0adm

dt
                                                          (4.1) 

The vapor mass is determined by a balance between the incoming mass flow rate and 

condensate rate. 

v
v in l

dm
m m

dt 
                                                    (4.2) 

Thus, if M represents the total mass in the containment, then total mass change rate is 

 a v l

v in

d m m mdM
m

dt dt 

 
                                  (4.3) 

If the radiation heat transfer is ignored in the HPC and the control volume is 

adopted as shown in Figure 4.1, the energy conservation equation for the HPC is 

expressed as 

sinkv in v in loss

dU
m h Q Q W

dt  
                                       (4.4) 

Some of energy is lost by means of conduction at the heat transfer rate (
loss wallQ Q ) 

from the HPC to the CPV. Since the control volume is constant, the work rate to the 



48 

 

 

system can be ignored ( 0W  ). The phase change rate (
condQ ) and convection heat 

transfer rate (
convQ ) inside the HPC are heat sinks. Equation (4.4) can be expressed by 

v in v in wall cond conv

dU
m h Q Q Q

dt  
                                 (4.5) 

The total internal energy (U) is comprised of two phases: 

 
mix fU u u                                                         (4.6) 

umix is the sum of the internal energy for air and vapor, assuming that the two species 

are a homogeneous mixture.  

mix l air v fU u u u u u                                           (4.7) 

For a gas mixture, the specific internal energy and specific volume are defined as 

follows 

 / /1mix air air v v
mix n c air n c v

mix mix

u m e m e
e W e W e

m m


                        (4.8) 

 / /1mix air air v v
mix n c air n c v

mix mix

V m v m v
v W v W v

m m


                      (4.9) 

where Wn/c is the mass fraction (weight fraction) of the air, and (1-Wn/c) is the mass 

fraction of the water steam. Utilizing the definition of specific internal energy (U=Me) 

together with the product rule (dMe=Mde+edM), the left hand side of Equation (4.5) 

becomes 
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   mix mix f f

f fmix mix
mix mix f f

d m e m ed MedU

dt dt dt

de dmde dm
m e m e

dt dt dt dt


 

   

                           (4.10) 

Then, using the conservation of mass balance, Equation (4.3), the above equation can 

be rearranged as 

fmix
mix mix v in f f f

dedU de
m e m m e m

dt dt dt
                             (4.11) 

The final form of the governing equation during pressurization in the HPC is given by 

 fmix
mix f v in v in mix f f wall cond conv

dede
m m m h e m e Q Q Q

dt dt  
             (4.12) 

The above equation can be expressed in dimensionless from by dividing each term by 

initial internal energy condition   ,0 ,0 /mix mixm e    as follows 

_ _ _

fmix
mix u f

e v in v in m v in mix m vent l f wall wall cond cond conv conv

dede
m m

dt dt

m h m e m e Q Q Q


 

 

        



       

                

(4.13) 

where  is the mixture residence time is given by 

,0

_ , 0

v

v in

M

m
                                                        (4.14) 
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 This shows that the pressurization process will be influenced by 

nondimensional groups, which were developed from the ratio of different energy in the 

containment vessel as shown in Table 4.1. 

Table 4.1 Dimensionless parameter group relevant to containment pressurization 

The ideal gas law is needed for the governing equation to find the mixture 

internal energy (emix ).   One of the most important parameters of film condensation is 

the fraction of noncondensable gas in the containment (Wn/c). Air and steam can be 

described by the ideal gas law. Here M represents a molecular weight.  

 
m

PV nRT RT
M

                                                 (4.15) 

The number of moles of the mixture gas is given by 

Dimensionless 

Parameter 
Expression Description 

u  
f,0 f,0

,0 mix,0mix

m e

m e
 Ratio of specific internal energy 

between venting and condensing flow 

e  
,0 _ ,0

mix,0

v v inM h

e
 Ratio of energy between venting and 

mixing flow 

m  
,0

mix,0

vM

m
 Ratio of mass between initial reserved 

venting steam and mixing mass 

vent  
f,0 f,0

_ , 0 mix,0v in

m e

m e
 

Ratio between condensation liquid 

energy rates and venting energy rates 

wall  
 

,0

,0 ,0 /

wall

mix mix

Q

m e 



 
Ratio of conduction rates from HPC to 

CPV 

cond  
 

cond,0

,0 ,0 /mix mix

Q

m e 



 Ratio of condensation rates in HPC 

conv  
 

conv,0

,0 ,0 /mix mix

Q

m e 



 Ratio of convection rates in HPC 
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mix mix mix
mix

mix mix

m P V
n

M RT
                                               (4.16) 

Using the weight fraction, the mixture’s molecular weight can be expressed by 

1

/ /1n c n c
mix

a v

W W
M

M M



 
  
 

                                        (4.17) 

After plugging Equation (4.16) into Equation (4.17), the mass fraction of air (Wn/c) can 

be  

/

1

1 1
v

n c

mix

a a v

M
W

n

m M M


 

  
 

                                                  (4.18) 

Wn/c is only dependent on the nmix in this system since the total mass of air (ma) is fixed.  

Using Equations (4.13) and (4.18) the pressurization process can be modeled in 

the MASLWR test facility.   

 

4.2 Diffusion Layer Model 

With the presence of noncondensable gas, the diffusion layer model gives a 

useful approach to predict the condensation rate. Noncondensable gas accumulates at 

the liquid-vapor interface when the condensate liquid film forms near the cooled wall. 

The condensate film and heat/mass transfer rates in gas/vapor mixtures are calculated 
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separately in the diffusion layer model. Figure 4.2. Illustrates the schematic for the 

thermal resistance of the model. 

               

                                
Figure 4.2 Illustrative outline and thermal resistance network of the diffusion 

layer model 

The heat flux is the same between the gas/vapor mixture and the condensate 

film. The condensate film is driven by the temperature difference between the cooling 

wall and the interface (Ti-Tw). Both latent and sensible heat are transferred through the 

interface, and the gas/vapor mixture regions.  



53 

 

 

" ( ) ( ) ( ) ( )film i w cond b i conv b i T b wq h T T h T T h T T h T T                  (4.19) 

Modifying and rearranging Equation (4.19), the total heat transfer coefficient 

is obtained by 

 film conv cond

T

film conv cond

h h h
h

h h h




 
                                          (4.20) 

The local film heat transfer coefficient (
filmh ) is calculated by a modified 

Nusselt’s equation [22]. 

1/4
' 3

,( )

4 ( )

f f v b fg f

film

f i w

gh k
h

x T T

  



 
  

  
                               (4.21) 

where ( '

fgh ) accounts for condensate subcooling and temperature change across the 

film, 

,f'
( )

1 0.68
p i w

fg fg

fg

C T T
h h

h

 
  

  
                                   (4.22) 

and   takes into account the enhancement in heat transfer caused by the rippled 

structure of the film (waviness effect) [58].  

0.04Rel                                                        (4.23) 

Kutateladze [33] recommends a correlation of the Reynolds number, averaged  

over the containment length, in the laminar wavy region as follows 
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1/3
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3.7
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l

f fg f
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h v g

 
     
 
 

             (4.24) 

where A is a combination of properties and fluid conditions such that 

 

 
1/3

' 2

3.7 f i w

f fg f

k T T
A

h v g


                                           (4.25) 

The average film condensation coefficient for the entire length is  

1/4
' 3

, 0.04

0

( )1
( ) 0.943 Re

4 ( )

L

l l v b fg l

film film l

l i w

gh k
h h x dx

L L T T

  



 
   

 
        (4.26) 

Using the heat and mass transfer analogy and the Clapeyron equation, the parallel 

coupling of convective and condensation heat transfers can be expressed by [31] 

con conv cond eff

Sh
h h h k

L
                                             (4.27) 

where Sh is the suction corrected Sherwood number, and keff is an effective thermal 

conductivity of the condensation and convection term: 

1/3 1/30.13Sh Gr Sc                                            (4.28) 

1/3
Pr

eff cond gk k k
Sc

 
   

 
                                       (4.29) 

where the Grashof number and the Schmidt number is 
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  3

2

w ig T T L
Gr

v

 
                                        (4.30) 

v
Sc

D
                                                     (4.31) 

Herranz et al. [31] suggested a suction factor to improve the Sherwood number 

as follows 

 

i

nc

avg

nc

X

X
                                                        (4.32) 

Peterson et al. [30] integrated the Clapeyron equation over a temperature range 

and derived the condensation thermal conductivity (kcond) formula as follows  

2

V fg

cond

V i b

CM h D
k

R TT
                                               (4.33) 

where   is the ratio between the average molar fractions of steam and noncondensable 

in the boundary layer. 

,

,

V avg

g avg




                                                      (4.34) 

Using the diffusion layer model, the ratio of the total heat transfer coefficient 

(hT,R) is examined by comparing the scaled-down test facility with the prototype facility.  
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                    (4.35) 

Then, the total heat transfer coefficient ratio (hT,R) can be examined separately 

as follows 

 

 
     

1
model

,, ,

prototype

T
film R filmT R con R con

R
T

h
h h h h h

h



                       (4.36)  

 

4.2.1 Ratio of film condensation heat transfer coefficient  ,film Rh   

The facility scaling report[15] showed the scaled-down facility was constructed 

to preserve the isochronicity of the two systems (experimental and prototypical) and 

established a thermodynamic similitude. The scaling factor (γ) for the characteristic 

length can be given by  

 

 
model

prototype

L

L
                                                      (4.37)  
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The ratio of the film condensation heat transfer coefficient, the first term of 

Equation (4.36), can be expressed as follows using Equation (4.26). 

 
 

 
 

0.04
1/4 0.04

model model model
, 0.04

0.04
prototype prototype

prototype

3
( ) Re

Re14

3 Re
( ) Re

4

film l
lfilm

film R

film l
film l

h L
h

h
h

h L


 
   

        
    

  
 

     (4.38)  

According to Equations (4.24) and (4.25), the ratio of the Reynolds number is 

a function of geometry, subcooling(∆T) and fluid properties as follows  

 

 

0.82

model
f,

prototype

4.8
Re

4.8
R

L A

L A

 
  

  

                              (4.39)  

Combining Equations (4.38) and (4.39) yields the ratio of the film condensation 

heat transfer coefficient. 

 

 

0.0328

1/4 model
,

prototype

4.8

4.8
film R

L A
h

L A
 

 
  

  

                          (4.40)  

 

4.2.2 Ratio of gas/steam heat transfer coefficient (hcon,R ) 

The ratio of the parallel coupling resistance, hcon (=hcond+hconv), composed of 

the scaling factor (γ), the ratio of the Sherwood number and effective conductivity (keff) 

is as follows 
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    (4.41)  

Using definitions of the Sherwood number and the Grashof number, the ShR is  

 
 

1/3 1/3

model

1/3 1/3

prototype

0.13

0.13
R

Gr Sc
Sh

Gr Sc





                                  (4.42)  

Consequently, the ratio of keff is a unit, since all thermodynamic properties are 

the same within the two systems.  

1/3

model
, 1/3

prototype

Pr

1
Pr

cond g

eff R

cond g

k k
Sc

k

k k
Sc

  
     

 
  

     

                               (4.43)  

Then, the sum of Equations (4.41), (4.42) and (4.43) yields the ratio of parallel 

coupling resistance equals one.  

, 1con Rh                                                         (4.44)  

 

4.2.3 Ratio of sum of film condensation and gas/steam heat transfer coefficient  

The last term of Equation (4.36),  (hfilm+hcon)R, can be modified with divided 

by  
prototypefilmh  in both numerator and denominator. Then, it will be 



59 

 

 

 
 
 

 
 
,model R

prototype prototype
1

film con film R con film

film con R
film con con film

h h h h h
h h

h h h h

    
     

    
   

       (4.45)  

 

4.3 Results 

Using Equations (4.40), (4.44), and (4.45) the total heat transfer coefficient 

ratio between two systems is 
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       (4.46)  

The Dehbi’s correlation was compared with the diffusion theory model to show 

how the ratio of the total heat transfer coefficient changes with respect to a length 

scaling factor at Tb=406 K, P=3 bar and ∆T=14.48 K. Dehbi’s condensation correlation 

was derived from the experimental results as follows 

 

 

   

   

0.05

0.05model modle
, 0.05
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h
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 The results will be discussed in Chapter 8 compared with the model developed.  
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5 Inverse Heat Transfer Analysis  

 

5.1 Numerical Modeling for Heat Flux Estimation 

 Simplified 1-D geometry for the HTP was adapted as shown in Figure 5.1. 

Assuming thermally insulated boundary conditions at the top and bottom sides, radial 

conductive heat transfer dominates at the location of each set of thermocouples in the 

HTP.  

 

Figure. 5.1 Discretized nodes of the HTP for numerical modeling. 

 

 The time dependent conduction heat transfer equation with constant properties, 

one-dimension, and no heat generation is as follows [18]: 

2

2

1 T T

t x

 


 
                                                 (5.1) 

where α is a thermal diffusivity  

p

k

C



                                                           (5.2)                  
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Equation (5.1) can be solved with an initial and two boundary conditions (BC) 

which are defined by 

Initial condition: 
0( ,0)T x T                                           (5.3) 

Left BC:  
"

0

in

x

T
q k

x 





                                                  (5.4) 

Right BC: 
"

out

x L

T
q k

x 





                                                 (5.5) 

 The backward Euler method for time and central difference method for space 

were utilized to numerically solve Equation (5.1). The discretized nodes (Figure 5.1) 

were created for the numerical calculation of temperature profiles in the HTP. Each 

node can be expressed by   

Left boundary:      1 1 "

1 2 11 p p p

in

x
Fo T FoT T q Fo

k

   
     

 
                     (5.6)

                            

Interior nodes:  1 1 1

1 11 2p p p p

i i i iFoT Fo T FoT T  

                              (5.7) 

Right boundary:  1 1 "

1 1p p p

N N N out

x
FoT Fo T T q Fo

k

 



 
      

 
          (5.8) 

where Fo is a finite difference form of the Fourier number 

                     
2

t
Fo

x





                                                        (5.9) 

 Then, the temperature profile can be computed directly by solving the matrix 

shown in Figure 5.2. 



62 

 

 

 

 

                       

 

F
ig

u
re

 5
.2

 M
at

ri
x

 f
o
rm

 o
f 

im
p
li

ci
t 

an
d
 c

en
tr

al
 d

if
fe

re
n
ce

 f
in

it
e 

m
et

h
o
d
 f

o
r 

th
e 

tr
an

si
en

t 
co

n
d
u

ct
io

n
 

eq
u
at

io
n
. 

 



63 

 

 

5.2 Inverse Heat Flux Estimation : Least Squares Method 

 The least-squares method was used to find the minimum value (difference 

between experimental and estimated temperatures) of the sum of squared residuals as 

follows: 

 
2

1

( )
N

i i i

i

S t Y T


                                                    (5.10)

 

 After solving for the temperature profiles, the variance (Equation (5.10)) can be 

obtained by comparing calculated and measured temperatures in the HTP.  

 The main objective of the least-squares method is to find the boundary 

conditions that determine the minimum variance of the sum of squared residuals.  

The steps for obtaining the minimum variance are: 

Step 1: Start with an initial guess of inlet and outlet heat fluxes to compute temperature 

profiles. 

Step 2: Adjust the boundary conditions by comparing computed and measured surface 

temperatures. 

Step 3: Compare variances to identify heat fluxes that determine the variance minimum.  

Step 4: Compute additional temperature profiles with the new boundary conditions 

until the iteration number N is reached. 

Figure 5.3 shows the flow chart of the computation method for the inverse heat 

flux estimation from transient conduction heat transfer.   
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Figure 5.3 The flow chart for heat flux estimation using the least-squares method 
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5.3 Data and Test Description 

Since the Three Mile Island (TMI) accident in 1979, the SBLOCA has been 

considered as a plausible accident for relating nuclear power plant safety issues. In the 

event of a small break, the MASLWR passive safety systems would respond to the 

accident in the following order of components: 

1. Two independent, small diameter, steam vent valves (SVV) 

2. Two independent, small diameter, automatic depressurization system (ADS) 

valves 

3. Two independent, small diameter, sump recirculation valves (SRV) 

4. A high-pressure containment vessel  

5. An external cooling pool that serves as the ultimate heat sink for the reactor 

decay heat 

The transient starts with a relatively short blowdown period venting 

superheated steam into the containment. From the vent valve, the fluid is collected in 

the containment as liquid via condensation on the containment wall which is connected 

with cooling pool. For long-term cooling, the reactor decay heat ultimately transfers in 

the cooling pool which surrounds the containment.  

For the experiment conducted by MASLWR test facility to simulate a SBLOCA, 

the test is initiated by stopping the main feed pump thus cutting off flow to the steam 

generators, once the initial conditions are reached. With the subsequent loss of the 

reactor heat sink the primary pressure will begin to rise. When the pressurizer pressure 

reaches 8.963 MPa,  the MASLWR core heaters will be set to decay power and valve 
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PCS-106A, a connection valve between the steam generator and the HPC as illustrated 

in Figure 5.4, will be paced on Auto mode to allow ADS-106A to open on high pressure 

(9.308 MPa) venting into the high pressure containment. PCS-106A will be operated 

in automatic mode to vent the primary system to the high-pressure containment while 

at the same time preventing the high pressure containment from exceeding its 

maximum operating pressure of 2.068 MPa. When the difference between the RPV 

pressure and HPC pressure is less than 0.034 MPa, vent valves PCS-106A, PCS-106B, 

PCS-108A and PCS-108B open. The test continues until the pressurizer pressure drops 

below 0.514 MPa or 5 hours have elapsed since commencing blowdown.  

Figure 5.4 Schematic diagram of the MASLWR RPV, ADS lines, and containment 

structures [17] 
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5.4 Results 

 The estimated inlet/outlet heat fluxes on the HTP at an elevation of 4.17 m are 

shown in Figure 5.5. The inlet heat fluxes following a blowdown suddenly increase to 

73 kW/m2-K before the fluctuating region during the repeated opening and closing of 

the PCS-106A, a connection valve between the steam generator and the HPC. A similar 

peak in inlet heat fluxes at the beginning of blowdown wasn’t observed in outlet heat 

fluxes. The outlet heat fluxes matched with inlet heat fluxes though less oscillation than 

inlet heat fluxes during the repeated PCS-106A open and close region. Once the PCS-

106A valve opened continually, the inlet and outlet heat flux matched each other until 

the end of the experiment.   

 

Figure 5.5  Estimated inlet heat fluxes on the HTP at elevation of 4.17 m. 



68 

 

 

The estimated inlet heat fluxes on the HTP of each elevation are shown in 

Figure 5.6. The peaks of inlet heat fluxes at early stage of experiment were found for 

each elevation. The inlet heat fluxes of the top two elevations (4.67 m and 4.17 m) 

behaved almost same as each other except that the inlet heat fluxes at 4.67 m had more 

fluctuation than those at 4.17 m. The inlet heat fluxes reduced from top to bottom of 

the containment.   

The estimated outlet heat fluxes on the HTP of each elevation are shown in 

Figure 5.7. The outlet heat fluxes at 3.17 m gave almost same values as those at 4.67 

m and 4.17 m until the PCS-106A valve was opened continually. More analysis is 

needed to analyze the behavior of heat flux at each elevation. This study focused only 

on finding heat flux itself. 

 

Figure 5.6 Estimated inlet heat fluxes at each elevation. 
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Figure 5.7 Estimated outlet heat fluxes at each elevation. 
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6 1-D Stability Analysis of Condensation Film Flow 

This chapter deals with the derivation of governing equations of condensing 

film flow, by a one-dimensional approach. The derived equations are a stiff ordinary 

differential equation (ODE) and there is no analytical solution for the steady-state 

condition, so that it was solved numerically using a variable order method. The ODE 

solver, ode15s, built in MATLAB function, was used to solve the equations.  

Using the steady-state solution, the perturbation analysis was conducted to find 

the critical Reynolds number, where the condensing film flow makes the transition 

from laminar to turbulence. 

 

6.1 Introduction 

There were some previous stability analyses of falling liquid films. Kapitza’s 

(1946) study found that a film becomes unstable and that having a small Reynolds 

number made the film unstable [52]. Most stability analysis focused on laminar film 

flow itself without condensation to find the unstable point by 2-D and 3-D.   

This section introduces a derivation of governing equations for a falling 

condensing film in a vertical surface and numerically solves it. Using MASLWR test 

data of a low pressure blowdown experiment, the steady-state solutions were obtained.  

Then, taking the values of the solutions, a linear stability analysis was 

developed employing perturbation theory.  
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6.2 Governing Equations 

Blass (1977) suggested that the effect of the film curvature can be ignored for 

falling annular films, when the ratio of film thickness to tube radius is less than 0.2 [59]. 

He derived the analytical mass flow rate in the tube using a Taylor series expansion as 

follows   

2 33 3 1
1

3 20 40

g
m

v R R R

       
             

                       (6.1) 

Therefore, it is valid to assume that the condensing falling film in the MASLWR 

containment is a vertical flat film flow, because its containment vessel has a radius 

much greater than the film’s thickness.  

The following assumptions were used to simplify the governing equations of 

falling condensing film flow on a vertical surface.  

1. Constant properties (ρ, μ) 

2. One-dimensional incompressible flow 

3. Unsteady-state  

4. Constant condensation rate per area ( "

condm ) 
2

kg

m s

 
  

 

5. Ignore the pressure force 

6. Negligible shear stress at interface    

By adopting the control volume as shown in Figure 6.1, the general form of a 

mass balance with a constant condensing rate on the falling film will be 
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  "

cond film

CV CS

dV u n ds m A
t

 


   
                      (6.2) 

where 
filmA  is the condensation area (interfacial area between film and steam) on the 

surface within the control volume. 

The time change rate of mass in the control volume will be expressed by  

 
x x

CV x

dV w dx
t t

  
  

  
   
                                        (6.3) 

where   is the film thickness and w is the width of the film.  

 

Figure 6.1 Control volume of condensing film flow 
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The one-dimensional advection term in the mass balance, Equation (6.2), can 

be 

     
x x x

CS

u n ds u w u w    


                       (6.4) 

If x is small enough, an interfacial area between the liquid film and the steam can be 

expressed by  

" "

cond film condm A m x w                                    (6.5) 

The combination of all terms in mass balance together will be  

      "

x x

condx x x

x

w dx u w u w m x w
t

     




 
     

  
             (6.6) 

After both sides of Equation (6.6) are divided by  x w  , then the mass balance 

equation will be 

    "

x x x cond
u u m

t x

 





 

 
                                    (6.7) 

If 0x  , then the unsteady 1-D mass balance equation of condensing film can be 

derived by 

   
  "

cond
u m

t x






 

 
                                          (6.8) 

The velocity of liquid film (u) is treated as a mean velocity at specific x for one-

dimensional analysis as following 
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0

1
( ) 'u f x u dy




                                      (6.9) 

The general form of momentum balance can be expressed by 

    
CV CS

u dV u u n ds F
t

 


  


                        (6.10) 

where F is the sum of each force acting on the control volume. 

The change rate of momentum in the control volume, i.e. local change rate of 

momentum, is  

   
x x

CV x

u dV uw dx
t t

  
  

  
   
                            (6.11) 

The one-dimensional advection term in the momentum balance will is  

      2 2

x x x
CS

u u n ds u w u w    


                  (6.12) 

Ignoring interfacial shear stresses and pressure drop due to stationary conditions 

[60], the forces on the control volume include gravity and friction. The gravity force in 

the control volume is  

x x

gravity
x

F g w dx 


                                  (6.13) 

The friction force in the control volume can be expressed by   

friction wF w x                                        (6.14) 
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where, 

0

w

y

u

y
 







                                       (6.15) 

Then, the final form of the momentum balance equation can be expressed by   

     2 2

x x
x x

wx x x x
x

uw dx u w u w g w dx w x
t

        






 
     

  
     (6.16) 

Both sides can be divided by  w x  : 

     2 2

x x

x x

wx x x x x

u dx
g dxu u

t x x x


  









 
       
    
 
 

 
               (6.17) 

If 0x  , then the unsteady 1-D momentum balance equation of the condensing film 

can  be derived as follows 

   2

w
uu

g
t x

 





  

 
                                      (6.18) 

 

6.3 Friction Factor  

Since the falling film gradually transits from laminar to turbulence, the friction 

factor should be treated as it depends on the Reynolds number.  The wall shear stress 

is given by  

21

2
w fC u                                                    (6.19) 
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where 
fC is the skin friction factor. 

In laminar film flow, the skin friction factor can be derived by [53] 

,

6

Re
f LC                                                       (6.20) 

which can be compared with the analogous value for laminar flow in a pipe,  

,

64

Re
f LC                                                       (6.21) 

In the turbulent film flow, Brauer (1956) has shown that the friction factor of 

wall shear stress for vertical film flow is given by [55] 

, 8/15

0.408

Re
f TC                                                         (6.22) 

The friction factor in the transition between laminar and turbulent film flows 

can be given by  

 1

,TR , , Tf f L fC C C
 

                                               (6.23) 

where α is a weighting factor.  

In the sense of Yen (2002), the weight factor can be considered the probability 

of the effect of the laminar component on the friction, and (1- α) the probability of the 

portion of the turbulent friction component [61]. When α equals one, the film flow 

remains in the laminar regime. The film flow change to the turbulent regime is complete  

at α=0. To compute the a weight factor (α), a range of the Reynolds numbers in 
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transition regime is selected based on the stability analysis in Chapter 6.5.5, which 

found that film flows become unstable when the Reynolds number is greater than 1,600. 

That means an intermediate Reynolds number is 1,600 ( Re 1,600IM  ), at which the 

flow transition occurs between laminar and turbulent regimes. Allowing ±200 in the 

intermediate Reynolds number, the transition regimes can be defined as follows 

1,400 Re 1,800TR   

If ReTR is close to 1,400, the film flow is treated as laminar and thus α goes to 1 

based on Equation (6.23), otherwise, the flow is largely turbulent and α goes to zero if 

ReTR is close to 1,800. With this concept, the value of α would reduce with an increase 

in the ratio of Re / ReTR IM . The relationship could be described by Equation 6.24 

mathematically.  

 

1

1 Re / Re
m

TR IM

 


                                           (6.24) 

The m in Equation (6.24), selected as a number of 30 for best fitting the curve by 

changing the values as shown in Figure 6.2. 
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Figure 6.2. The skin friction factor for falling film at transition region  

6.4 Steady-state condition analysis 

If the film flow is at the steady-state condition, the time dependent term in the 

mass balance equation can be neglected.  

  "

cond
u m

x









                                                  (6.25) 

The above equation can be integrated as follows:   

  "

0 0

x x

cond

u
dx m dx

x

 


                                          (6.26) 
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Then, the mass flow rate for unit length ( ) will be proportional to "

condm  times axial 

direction at steady-state condition.  

"

condu m x                                                   (6.27) 

From Equation (6.26), the film thickness can be 

"

condm x x
A

u u



                                                 (6.28) 

where 

"

condm
A


  

Under a steady-state condition, the momentum balance equation can be reduced 

as follows 

 2

w

u
g

x


  


 


                                            (6.29) 

where 21

2
w fC u   and Cf is a skin friction factor  

Using the mass balance equation, Equation (6.25), the above equation can be 

expressed by 

      
  21

2
f

ux x
A Ag C u

x u
  


 


                                    (6.30) 

Equation (6.30) can further be simplified as an ODE with the initial condition.  
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        Condensing film flow ODE:  

2
1

2

fCu u u
gu

x A x x


   


                           (6.31) 

              Initial condition: (0) 0u   

The above ODE is a stiff problem and there is no analytical solution. Therefore, one  

numerical method, a variable order method, was used to solve Equation (6.31) with the 

initial condition. The MATLAB built-in solver for a stiff problem, ode15s, used for 

numerical calculation.  

 Three different models were developed to solve the ODE based on computation 

of the skin friction as follows 

 Model I : used total averaged Cf  over the vertical length 

 Model II : used regime averaged Cf  over the each flow regime  

 Model III : used 3 point averaged Cf  over the discretized 3 point  

The steps for numerically solving the ODE are: 

Step 1: Start by reading experiment data (properties and temperatures). 

Step 2: Assign (or guess) Cf with initial condition . 

Step 3: Solve the stiff ODE and compute new Cf according to the different Models (I, 

II, and III).  

Step 4: Compare Cf between previous and new results.  
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Step 5: Check the convergence of the difference between previous and current Cf and 

flow regime. 

Step 6: If Step 5 doesn’t work, go to Step 2 with updated Cf and initial condition, 

otherwise end the program.  

 

Figure 6.3 Flow chart for solving steady-state condensing film flow  
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Figure 6.3 shows the flow chart for solving the condensing film flow at steady-

state. Low pressure blowdown test data used in this analysis and the test description 

will be discussed in Chapter 7.  

The following figures show the results of the 1-D steady-state for film flow 

using the MASLWR test data for a low pressure blowdown. Three different models are 

compared in Figures 6.4 and 6.5.  The results of Model III are shown in Figures 6.6 and 

6.7.  

A flow transition from laminar to turbulence occurred about 3 m from the top 

at 800 sec from Figure 6.4. The velocity and film thickness increased with the flow 

falling down. Model III gave a smooth transition from laminar to turbulent flow 

compared with the results of Model II. Model I slightly underestimated velocities and 

overestimated film thickness in the turbulent film flow regime compared with other 

two models.  

 

Figure 6.4 Velocity profiles at 800 sec for a low pressure blowdown test 
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Figure 6.5 Film thickness profiles at 800 sec for a low pressure blowdown test 

As the experimental time increased, the condensate rate decreased. Therefore, 

the transition point moved down with time, as shown in Figure 6.6 and 6.7. The velocity 

ranged from 0.8 m/s to 1.6 m/s, and film thickness changed from 0.21 mm to 0.38 mm 

at 20 m length from top.  

Since HTP have 5.6 m height, the MASLWR test facility might only 

demonstrate laminar film flow at 2,250 sec and 3,000 sec of the low pressure blow test.  

Therefore, the transition point along the vertical length affects the total heat transfer 

rate. Moreover, it can be expected that the difference of total heat transfer rate between 

model and prototype will be large at high or low condensate rate. In those conditions, 

one of flow regimes might dominate the test section because of its length scaling factor.   
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Figure 6.6 Velocity profiles using Model III (3 Point Ave. Cf)   

 

Figure 6.7 Film thickness profiles using Model III (3 Point Ave. Cf) 
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6.5 Linear Perturbation Analysis 

Steady-state governing equations of condensing film flow from previous 

section give  

 Mass balance: 
  "

cond
u m

x









                                             ( 6.32) 

 Momentum balance : 
 2

w
u

g
x

 





 


                              (6.33) 

The classical hydrodynamic perturbation stability analysis involves imposing 

an infinitesimally small perturbed term on the surface of the flow. From condensing 

film flow governing equations, the steady-state solution was calculated by MATLAB. 

Then, this solution was used for the perturbation stability analysis. The prime symbol 

is used to indicate a perturbed state consisting of steady-state term (over bar) and 

perturbed term (subscript star).  

*u u u                                                          (6.34) 

*                                                            (6.35)              

After plugging perturbation terms into the mass balance equation, Equation (6.32), the 

mass balance equation can be written as  

 
  

"
*

* *
condm

u u
t x

 
 



  
      

                           (6.36) 

By subtracting Equation (6.36) from Equation (6.32), the above equation can be expressed 

by 
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 *
* * * * 0u u u

t x


  

 
   

 
                                   (6.37) 

The high order term ( * *u  ) can be ignored.  

 *
* * 0u u

t x


 

 
  

 
                                         (6.38) 

Then, according to product rule of derivative, Equation (6.38) will be 

* * *
* * 0

u u
u u

t x x x x

  
 

    
    

    
                           (6.39) 

The momentum balance equation can be expressed the same way with perturbed 

mass balance equation as follows 

           
2 2

* * * * * *

1

2
fu u u u g C u u

t x
     

            
    

 

(6.40) 

The above equation can be reduced by subtracting Equation (6.40) from 

Equation (6.33) and by ignoring the higher order terms such as * *u  , 2

* *u   and 2

*u  .   

   2 2

* * * * * * * * *2 2 fu u u uu uu u g C uu
t x

      
 

      
 

          (6.41) 

LHS of Equation (6.41) can be expanded term by term as follows: 

 Time change rate: 

 * *

*
*

u u
t

u
u

t t

 









 
 

 

*
*

u
u

t t



 

 
 

* *u

t t




 
 

 

                 (6.42) 
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 Advection term: 

 2 2

* * * * *

* * * *

2 2

2 2 2

u uu uu u
x

u u u

   

  


  



     2 *
*

2

*

2
u

u uu
x x

u

 
 

 

     *
* * *2 2 2 2

u
uu u u u

x x


  

 
   

 

 (6.43) 

Then, the combination of all perturbed momentum equations will be  

     2* * * *
* * * * * *

* *

2 2 2 2 2 2 2

f

u u u
u u u u uu uu u u u

t t x x x x

g C uu

  
     



     
        

     

 

(6.44) 

 

Using expression of a normal mode, perturbed terms can be written by  

( )

* 0

i kx ctu u e                                                 (6.45) 

( )

* 0

i kx cte                                                   (6.46) 

where 0u  is initial perturbed velocity,  0  is initial perturbed film thickness, k is 

wavenumber, and  c is frequency.   

Substituting Equations (6.45) and (6.46) into the mass balance, Equation (6.8), yields 

( ) ( ) ( ) ( ) ( )

0 0 0 0 0 0i kx ct i kx ct i kx ct i kx ct i kx ctu
i ce i kue e u e i ku e

x x


        

     
 

 

 0 0 0 0 0 0
u

i c i ku u i ku
x x
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0 0 0

u
ic iku i k u

x x


 

   
           

                                                    (6.47)  

In the same way, the momentum balance, Equation (6.18), can be expressed by   

               

 

 

 

( ) ( ) ( ) ( )

0 0 0 0
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0 0 0
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0 0 0
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0 0 0 0 0

2 2

2 2

2 2 2

i kx ct

i kx ct i kx ct

f

u
i cu iu c u u

x
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2
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( ) ( ) 2

0 0 0

2 2 2 2

4 2 0

f

i kx ct i kx ct

u u
icu u iu k g ic u i u k C u u

x x x

i uke u i ke u


   

  

    
                

  

 

 

(6.48) 

Since 0u and 0 are infinitesimally small, therefore it is assumed that any 

products of these variables such as 0 0u   and 2

0u  are very small. Neglecting these small 

terms, the perturbed momentum balance equation from Equation (6.48) can be written 

as   

2

0 02 2 2 2 0f

u u
icu u iu k g ic u i u k C u u

x x x


   

    
                 

  (6.49) 
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Then, the perturbed mass and momentum balance equations (Equation (6.47) 

and (6.49)) can be combined as a system, and the following matrix yields 

 

   

0

02

0

0
2 2 2 2f

u
i ku c i k

x x

uu u
u g i u k cu u C u i u k c

x x x







  

  
        

     
      

          

  

(6.50) 

To have a non-trivial solution, the determinant of the matrix should be zero, which 

leads to 

   
 

2 2 2

2

2 2

2
2 3 0

2

f

f

f

u k u uu C g
c u k i u u uC c

i u k u ku u kC kg

  
   

  

      
          
        

(6.51) 

Equation (6.51) specifies the relationship between k and c by quadratic formula as 

follows 

   
 

2 2 2
2

2 2

2
2 3 2 3 4

2

2

f

f f

f

u k u uu C g
u k i u u uC u k i u u uC

i u k u ku u kC kg
c

  
      

  



      
               
          


 

(6.52) 

 

6.6 Results 

If the imaginary part of c is positive, the results of Equations (6.45) and (6.46) 

show that the perturbed terms blows up, which means it becomes unstable. The 

following figure shows the line dividing stable and unstable conditions from 
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calculations, determining the specific c by changing the wave number and the Reynolds 

number. 

If the wave number (k) is small enough, the flow transition will occur at 

Reynolds number equal to 1,600. Otherwise, the film flow might be unstable at low 

Reynolds number as show in Figure 6.8.  

 

Figure 6.8 Stability curve for condensing film flow at m''=0.0157 (kg/m2-s) 

 

 

 

 

 

 

 



91 

 

 

7  Experimental Data and Data Analysis 

To analyze the length scaling effect on MASLWR test facility, the data for a 

blowdown experiment at low pressure was used. The test was run on Feb. 15, 2012. 

The data were collected by the Data Acquisition and Control System (DACS), and nine 

specific time points were selected for the analysis approximating quasi steady-state. 

Experimental heat transfer rates were compared with the model developed in Chapter 

6, and the condensation length effects were examined.  

 

7.1 Experimental Results 

The low pressure blowdown of the MASLWR test was conducted with initial 

vacuum conditions in the containment. At the steady-state operating condition of 35 

bar and -6.67ºC subcooled (223.89 ºC) at the core exit, a single and continuous 

blowdown into the HPC was initiated by opening PCS-106A vent valve and data were 

collected through the DACS.  Figure 7.1 displays the pressure response and condensate 

water level in the HPC. 

   

7.2 Data Analysis 

To apply the quasi steady-state approximation, we selected the data set after 

800 sec from the experiment start. The selection of 800 sec is supported by the ratio of 

between two temperature differences in HTP as shown in Figure 7.2. 
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Figure 7.1 Low pressure blowdown test results: HPC pressure and condensate level 

 

 

Figure 7.2 Temperature differences ratio between TW832&833 and TW833&834 

 

TW832-TW833
Ratio of temperature difference=

TW833-TW834
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Then, 10 points were selected based on the containment water level change 

rate as shown in Figure 7.3. and the test data are tabulated in Table 7.1 

 
Figure 7.3 10 points location for the analysis of low pressure blowdown test 

 

Time 

(s) 

Pressure 

(bar) 

Tsat 

(oC) 

Tw 

(oC) 

HPC water 

inventory level (m) 

m'' 

(kg/m2-s) 

800 2.96 133.01 118.45 0.220 0.0286 

900 3.80 141.79 124.96 0.257 0.0255 

1000 4.47 147.69 129.43 0.293 0.0230 

1100 4.97 151.58 132.35 0.326 0.0209 

1200 5.28 153.88 134.50 0.360 0.0193 

1300 5.42 154.89 135.29 0.391 0.0179 

1400 5.40 154.76 135.43 0.418 0.0167 

1500 5.27 153.85 135.06 0.445 0.0157 

2250 3.18 135.51 120.72 0.609 0.0110 

3000 1.73 115.77 105.59 0.730 0.0085 

Table 7.1 Low pressure blowdown test data of 10 points after 800 sec 
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A condensing rate at the containment can be measured from the change rate of 

liquid inventory level inside of the HPC in MASLWR test facility as follows 

 Liquid volume changing rate : 
HPC

dl
V A

dt
  

 Liquid mass changing rate: m V  

 Condensing rate per area: 
" HPC
cond

film film

m A dl
m

A A dt


 
    

 
      

2

kg

m s

 
 
 

 

where AHPC is a cross section area of lower part of the HPC, l  is length of liquid 

inventory, and Afilm is active heat transfer plate area. 

 The total condensation rate is equal to the liquid mass change rate in HPC, and 

can determined as follows 

"

' '

( )film sat w

cond film

fg fg

hA T TQ
m m A

h h


                                 (7.1)  

From Equation (7.1), the total condensation heat transfer coefficient can be derived as 

" '

( )

cond fg

sat w

m h
h

T T



                                                  (7.2) 

 

7.2.1 Condensation Heat Transfer Coefficient 

The condensation heat transfer coefficient used the following correlations for 

each regime in the model to compare with experimental results. 
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 Laminar (Nusselt (1916) [22]): 

1/4
' 3

,( )

4 ( )

f f v b fg f

x

f b w

gh k
h

x T T

  



 
  

  
 

 Turbulent (Labuntsov (1966) [62]): 
 

3 0.4 0.65

1/3
2

3.8 10 Re Pr
/

f

x f

f

k
h

v g

    

Figure 7.4 shows the comparison of heat transfer coefficients between the 

experimental results and the model proposed. When the heat transfer coefficient ranged 

in 2,000  ~ 3,000 W/m2-K, the combined correlation model gave 5 % error compared 

with experimental results. However, above that range of heat transfer coefficient 

underestimated the heat transfer rates within 40 % error. At low condensation heat 

transfer rate, the model yielded only laminar film flow regime. Therefore, Figure 7.4 

proved that Nusselt’s laminar condensation correlation always underestimates the heat 

transfer rate.  

 

 
Figure 7.4 Comparison of heat transfer coefficients between the experiment 

and the model  
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7.2.2 Length Scaling Analysis  

Adopting the condition at 1,000 s giving  5% error between experimental and 

the heat transfer coefficient, the total condensation heat transfer coefficient might be 

underestimated as the length scaling factor increases, as shown in Figure 7.5. The 1:3 

length scale test facility might underestimate the heat transfer rate about 50 % more 

than the prototype. If the test facility has a small length scaling factor, only laminar 

film condensation will be observed.  

 

Figure 7.5 Total heat transfer rate ratio vs length scaling factor using proposed 

model 
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8   Discussion 

The developed inverse heat conduction model showed that maximum errors 

(compared with experimental results) peaked to 5 % , at the beginning of the blowdown 

stage. After the peak stage, the temperature difference between experiments and 

estimates by the inverse calculation model dramatically decreased so that errors 

remained within 0.5 % as shown in Figure 8.1. Figure 5.5 shows relatively high heat 

fluxes at the beginning of the blowdown. These results could provide evidence that a 

dropwise condensation dominates at early stage of a blowdown. Therefore, unstable 

dropwise condensation could cause the peak of errors.  

 

Figure 8.1 Temperature differences between estimated and measured temperatures at 

the center of HTP. 
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Figure 8.2 shows the comparison of film thickness between previous work and 

current work in turbulent film flow regime. It gives that the 3 point ave. friction model 

is matched with Brauner’s (1987) experimental results [54]. The total ave. friction 

model slightly overestimates the film thickness compared with Brauner’s results. 

Karapantsios et al.(1989), and Takahama & Kato (1980), and Brauer’s (1956) models 

predict the film thickness larger than it of the model [55-57]. Experimental geometry 

difference might explain the discrepancies. 

 

Figure 8.2 Comparison of film thickness between suggested models and previous 

work in turbulent film flow regime 

 

In the laminar film flow regime, all 3 models in this study underestimated the 

film thickness compared with Nesselt (1916) and Kapitza’s (1949) theoretical model 
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as shown in Figure 8.3 [22, 52]. Accounting for the advection term in momentum 

balance equation may cause the film thickness to be thinner than their model, which 

ignores the advection term.  

 

Figure 8.3 Comparison of film thickness between suggested model and previous work 

in laminar film flow regime 

 

 Calculations based on the developed one-dimensional film flow dynamics with 

heat transfer rate found that the scaled down facility might underestimate the 

condensation heat transfer rate as shown in Figure 8.4. With the assumption that m'' 

(condensation rate per unit area) is same between a test facility and the prototype, 

results showed that a 1:3 length scale test facility might underestimate the heat transfer 

rate by 50 % more than the prototype. The reason for underestimation is that the 
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condensation heat transfer rate depends on the Reynolds number, which can be 

different along the length of a vertical structure. Debhi’s model agreed with the trend 

that a ratio of the total heat transfer rate decreases as a length scaling factor increases. 

However, the diffusion layer model predicted that the length distortion effect is minor 

because it inherently assumed that the convection is turbulent natural circulations in 

the containment.  

 

Figure 8.4 Total heat transfer rate ratio with respect to length scaling factor 
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9   Conclusion and Future Work 

This study advances the body of knowledge regarding condensation in 

containment vessels under steady-state and accident conditions in three major ways.  

First, this research attempted to establish the estimation of heat fluxes on 

condensation film using an inverse heat conduction algorithm. Using two unknown 

Neumann boundary conditions, heat fluxes were estimated using the least squares 

method. The accurate prediction of condensation heat flux with inverse calculations 

will provide more authentic modeling at high pressures.  

Second, from condensation film flow dynamics stability analysis, this study 

confirmed that the Reynolds number ~1600 is a critical point for the transition from 

laminar to turbulent film flow supported by Morioka & Ishigai’s (1993) experimental 

results [51].  

Last, using Re  ~ 1600, the scaling analysis and heat transfer model showed that 

a 1:3 length scale MASLWR test facility might underestimate the heat transfer rate 

compared to the prototype. This assessment of length scaling effects will contribute to 

the understanding of the condensation process and the design of test facilities for SMRs 

with the scaling analysis of noncondensable gas fraction describe in Chapter 4.1.  

Future research in condensation model by MELCOR or RELAP5 should be 

compared to MASLWR test facility experimental data for verification and validation 

process. An error analysis for the inverse heat transfer estimation needs to be done with 

lateral, three-dimensional, and fin effects.  The Re ~ 1600 confirmed in 1-D can be 

further developed by using 2-D or 3-D approach.  
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Additionally, considering the benefit of better heat transfer coefficients under 

dropwise film flow, a study to find a transition criteria from dropwise to filmwise can 

be helpful to build condensation models more accurately and economically. Moreover, 

the study of isolating conditions for dropwise condensation will improve the efficiency 

of heat transfer rates in SMRs.  
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Appendix A. Inverse Heat Conduction Computer Code 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%                                                                                                                          % 

%                    Inverse Heat Conduction MATLAB Code                                   % 

%                    Estimate heat fluxes using least-squares method                          % 

%                    Written by Dongyoung updated on 11/15/13                                % 

%                                                                                                                           % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

clear all 

 

%  Properties depends on node's temperature induced by Directslove5 

 

 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

%  Read test data                                                       % 

%  Assign geometric data / initial conditions            % 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

%  Read the data from excel file (Read whole data as matrix) 

data=xlsread('Input842.xlsx','Input'); 

 

% Assign geometric data 

L=0.0381; 

N = 20;                     

delta_x=L/N;            

 

% Set initial condition at t=0 

T_initial=zeros(N,1); 

for i=1:N 

    T_initial(i,1)=mean(data(1,1:3)); 

end 

T_current=T_initial; 

 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

%  Initial guess inlet/out heat fluxes                          % 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

% Set initial q and delta_T (Difference between measured and calculated at center) 

q1=zeros(length(data)-1,1);        

q2=zeros(length(data)-1,1); 
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% Initial temperature for each node 

DeltaT=zeros(length(data)-1,1); 

 

% Time interval 

delta_t=1; 

 

 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

%  Loop for finding best estimate the heat fluxes     % 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

for m=1:length(data)-2 

 

    if mean(data(m,1:3))== mean(data(m+1,1:3)) 

        delta_t=delta_t+1; 

        q1(m,1)=NaN; 

        q2(m,1)=NaN; 

        DeltaT(m,1)=NaN; 

         

    elseif mean(data(m,1:3))~= mean(data(m+1,1:3)) 

            k_in=Cal_k_304(data(m+1,1)); 

            qin_est=k_in*(data(m+1,1)-data(m+1,2))/(L/2)+25000; 

            S1_int=10^7; 

     

        for i=1:2000                   % loop for estimate q_in 

            k_out=Cal_k_304(data(m+1,3)); 

            qout_est=k_out*(data(m+1,2)-data(m+1,3))/(L/2); 

                    

           for j=1:5000               % loop for estimate q_out 

                

                 T_next=Directslove5(N,delta_x,delta_t,T_current,qin_est,qout_est); 

                 k_in=Cal_k_304(T_next(1,1)); 

                 k_out=Cal_k_304(T_next(N,1)); 

                 Tout_est=-qout_est*(delta_x/2)/k_out+T_next(N,1); 

                 Tin_est=qin_est*(delta_x/2)/k_in+T_next(1,1); 

                  

                 S1=(Tin_est-data(m+1,1))^2+((T_next(N/2,1)+T_next((N+2)/2,1))/2-

data(m+1,2))^2+(Tout_est-data(m+1,3))^2; 

                       

                 % Find best value using least squares 
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                     if S1 <= S1_int   && qout_est >= 0 && (T_next(N-1,1) - 

T_next(N,1)) >= 0  

                         S1_int = S1; 

                         qin_opt=qin_est; 

                         qout_opt=qout_est; 

                     end 

 

                      

                  if Tout_est < data(m+1,3) 

                      qout_est=qout_est*0.96; 

                  elseif Tout_est >= data(m+1,3) 

                      qout_est=qout_est*1.05; 

                  end 

                      qout_history(j,1)=qout_est; 

                   

                   

                  if j>=3 && abs((qout_history(j,1)-qout_history(j-

2,1))/qout_history(j,1))<10^-3 

                      break 

                  end 

                   

           end        

            

           if  qout_est < 0 

               qout_est=0; 

           end 

            

           T_next=Directslove5(N,delta_x,delta_t,T_current,qin_est,qout_opt); 

           k_in=Cal_k_304(T_next(1,1)); 

           Tin_est=qin_est*(delta_x/2)/k_in+T_next(1,1); 

                             

                if  Tin_est < data(m+1,1) 

                    qin_est=qin_est*1.05; 

                elseif Tin_est >= data(m+1,1) 

                    qin_est=qin_est*0.96; 

                end  

                        

                qin_history(i,1)=qin_est; 

                 

                if  qin_est < 0 
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                    qin_est=0; 

                end 

                 

                if i>=3 && abs((qin_history(i,1)-qin_history(i-2,1))/qin_history(i,1))<10^-

2 

                   break 

                end 

            

        end                                %    End loop for q_in 

                      

          

    T_next=Directslove5(N,delta_x,delta_t,T_current,qin_opt,qout_opt); 

    k_in=Cal_k_304(T_next(1,1)); 

    k_out=Cal_k_304(T_next(N,1)); 

    %k=Cal_k(mean(T_next(1:N,1))); 

    T_Next(1:N,m)=T_next;         

    q1(m,1)=k_in*(T_next(1,1)-T_next(2,1))/delta_x; 

    q2(m,1)=k_out*(T_next(N-1,1)-T_next(N,1))/delta_x; 

    DeltaT(m,1)=((T_next(N/2,1)+T_next((N+2)/2,1))/2-data(m+1,2)); 

    T_current=T_next; 

    delta_t=1; 

 

    end 

end 

 

 

 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

%   Functions used in the codes                                 % 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

 

%%%%%%%%%%%%% 

% Direct solver               % 

%%%%%%%%%%%%% 

 

function T_next=Directslove5(N,delta_x,delta_t,T_current,q_in,q_out) 

% Direct slove with heat flux which is function of A(a1,a2,...) 

% Input : delta_x(space interval), a(vector for a1,a2...) Intemp:data(t+1,1),  

% Outtempp:data(t+1,3) (BC condtion / Outlet measuread temperature) 
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% Output : Tempearature profile at each timestep 

% Compute mean properties 

 

        rho = 7900;  

        for i=1:N 

            Cp(i,1)=Cal_Cp_304(T_current(i,1)); 

            k(i,1)=Cal_k_304(T_current(i,1)); 

            alpha(i,1)=k(i,1)./(rho.*Cp(i,1)); 

            Fo(i,1)=alpha(i,1)*delta_t/delta_x^2; 

        end 

         

    % Direct Method 

    % Forming the tridiagonal Matrix 

        T_current(1,1)=T_current(1,1)+q_in*Fo(1,1)*delta_x/k(i,1); 

        T_current(N,1)=T_current(N,1)-q_out*Fo(N,1)*delta_x/k(N,1); 

         

        A=zeros(N,N); 

         

   % Tridiagonal matrix 

        A(1,1)=1+Fo(1,1); 

        A(1,2)=-Fo(1,1); 

        A(N,N-1)=-Fo(N,1); 

        A(N,N)=1+Fo(N,1); 

            for i=2:N-1 

                A(i,i-1)=-Fo(i,1); 

                A(i,i)=1+2*Fo(i,1); 

                A(i,i+1)=-Fo(i,1); 

            end 

        

         T_next=A\T_current; 
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%%%%%%%%%%%%% 

% Function for Cp          % 

%%%%%%%%%%%%% 

 

 

% Function for Cp 

function Cp=Cal_Cp_304(x) 

 

Cp=-.0006*x^2+0.7767*x+295; 

 

 

%%%%%%%%%%%%% 

% Function for k             % 

%%%%%%%%%%%%% 

 

% Function for k 

function k=Cal_k_304(x) 

 

k=-3E-6*x^2+0.0193*x+9.4; 
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Appendix B. Computer Code for Steady-State Solution of Condensing Film Flow 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%                                                                                                                           % 

%          Steady-state numerical solution of condensing film flow                       %          

%          Used “ode15s” function in MATLAB with Model I (Total Ave. Cf)     % 

%          Written by Dongyoung updated on 4/30/15                                            % 

%                                                                                                                           % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

clear all 

  

 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

%  Read test data                                                       % 

%  Assign geometric data / initial conditions/data    % 

%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

global Cf A g                 % variables used in ode15 solver 

  

Int=10^-5;                    % Initial value 

Cf=0.08;                      % Initial friction coefficient 

g=9.8;                          % Gravity acceleration (m/s^2) 

 

% Read data  

row = xlsread('Data.xlsx','A11:O11'); 

 

T_sat=row(1,3);                             % Saturation Temp(C) 

T_w=row(1,4);                               % Wall Temp (C) 

HPC_level=row(1,7);                    % HPC accumulated water level 

Slope_level=row(1,8);                   % Water inventory level change rate (m/s) 

rho_f=row(1,9);                             % Liquid density (kg/m^3) 

rho_g=row(1,10);                          % Steam density (kg/m^3) 

mu_f=row(1,11);                           % Dynamic viscosity (Pa*s) 

h_fg=row(1,12);                           % Latent heat (kJ/kg) 

k_f=row(1,13);                              % Thermal conductivity(W/m-K) 

Cp_f=row(1,14);                           % Liquid Heat Capacity (kJ/kg-C) 

Pr_f=row(1,15);                             % Liquid Prantl Number 

nu_f=mu_f/rho_f ;                         % Kinematic viscosity [m^2/s] 

Ja=Cp_f*(T_sat-T_w)/h_fg;         % Jakob number 

h_fg_prime=h_fg*(1+0.68*Ja);   % Modified latent heat 
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A_HPC=0.054;                                    % HPC cross section area at bottom (m^2) 

A_film=0.166*(5.64 - HPC_level);     % Active HPC area (m^2) 

  

% Condensation rate (kg/m^2-s) 

m_double_prime=A_HPC/A_film*rho_f*Slope_level;   

L=20;                                                   % Length of film condensation plate (m) 

A=m_double_prime/rho_f;               

 

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%  Loop for finding Cf that is satisfied the convergence criteria          % 

%%%%%%%%%%%%%%% %%%%%%%%%%%%%%%%%%% 

 

 

for j=1:100 

 

    [x,u] = ode15s('program',[Int L],Int);  % [int,20],int / [int,20]-> int<= x <= 20m / 

y=intitial 

     k=length(x);             % Length of k (adoptive length caused by ode15s function) 

     

    for i=1:k 

        delta(i,1)=m_double_prime*x(i)/(rho_f*u(i))*1000;         % Film thickness (mm) 

        Re_x(i,1)=m_double_prime/mu_f*x(i)*4;   

        alpha=1/(1+(Re_x(i,1)/1600)^30);                                     % Weight Factor  

        Cf_total(i,1)=(6/Re_x(i,1))^alpha*(0.408/(Re_x(i,1)^(8/15)))^(1-alpha);   

 

           if i==1 

                Sum_Cf(i,1)=abs(Int-x(i))*Cf_total(i,1); 

                Sum_Re(i,1)=abs(Int-x(i))*Re_x(i,1); 

           else 

                Sum_Cf(i,1)=abs(x(i)-x(i-1))*Cf_total(i,1)+Sum_Cf(i-1,1); 

                Sum_Re(i,1)=abs(x(i)-x(i-1))*Re_x(i,1)+Sum_Re(i-1,1); 

           end 

    end 

  

    Cf_ave=Sum_Cf(i,1)/L;          % Average friction factor from Fulford 

    Re_ave=Sum_Re(i,1)/L;         % Average Reynolds number at laminar region 

     

    if abs(Cf-Cf_ave) < 10E-5               % Convergence check for friction factor 

        Cf_Lanimar=Cf; 
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        break 

    else  

        Cf=Cf_ave; 

        clear Re_x; 

    end  

         

end 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%                                                                                                                                   % 

%          Used “ode15s” function in MATLAB with Model II (3 Regime Ave. Cf)     % 

%                                                                                                                                   % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

 

%%%%%%%%%%%%%%%%%%% 

%  Laminar flow regime                     % 

%%%%%%%%%%%%%%%%%%% 

 

for j=1:100 

 

% [int,L], Int means int / [int,L]-> int<= x <= L / y=Int 

    [x_l,u_l] = ode15s('program',[Int L],Int);   

     k=length(x_l);            % Length of k (adoptive length caused by ode15s function) 

     

    for i=1:k 

        Re_x_l(i,1)=4*m_double_prime/mu_f*x_l(i);         % Local Reynolds number 

    end 

  

    if Re_x_l(k,1) <= 1400                            % Check if Reynolds # is belower than 

1400 

       index = k ; 

    else  

    index = find (Re_x_l> 1400,1);                           

    end  

     

    for i=1:index-1 

        delta_l(i,1)=m_double_prime*x_l(i)/(rho_f*u_l(i))*1000;         % Film thickness 

(mm) 

        alpha=1/(1+(Re_x_l(i,1)/1600)^30);                              % Weight Factor  

        Cf_l(i,1)=(6/Re_x_l(i,1))^alpha*(0.408/(Re_x_l(i,1)^(8/15)))^(1-alpha);  % 

Transition Cf 

           if i==1 

                Sum_Cf_l(i,1)=abs(Int-x_l(i))*Cf_l(i,1); 

                Sum_Re_x(i,1)=abs(Int-x_l(i))*Re_x_l(i,1); 

           else 

                Sum_Cf_l(i,1)=abs(x_l(i)-x_l(i-1))*Cf_l(i,1)+Sum_Cf_l(i-1,1); 

                Sum_Re_x(i,1)=abs(x_l(i)-x_l(i-1))*Re_x_l(i,1)+Sum_Re_x(i-1,1); 
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           end 

    end 

  

    Cf_l_ave=Sum_Cf_l(i,1)/x_l(index-1);       % Average friction factor from Fulford 

    Re_l_ave=Sum_Re_x(i,1)/x_l(index-1);         % Average Reynolds number at 

laminar region 

     

    if abs(Cf-Cf_l_ave) < 10E-5                % Convergence check for friction factor 

        Cf_Lanimar=Cf; 

        break 

    else  

        Cf=Cf_l_ave; 

    end  

     

end  

 

%%%%%%%%%%%%%%%%%%% 

%  Transition flow regime                   % 

%%%%%%%%%%%%%%%%%%% 

 

Int=x_l(index); 

Int_u_tr=u_l(index);               % Initial friction coefficient 

Re_criterion=1600; 

 

alpha=1/(1+(Re_x_l(index)/Re_criterion)^30);                              % Weight Factor  

Cf=(6/Re_x_l(index))^alpha*(0.408/Re_x_l(index)^(8/15));         % initial guess for 

Cf 

 

 

%% 

for l=1:100 

 

    [x_tr,u_tr] = ode15s('program',[Int L],Int_u_tr);  % [int,20],int / [int,20]-> int<= x 

<= 20m / y=intitial 

    k=length(x_tr);                                % Length of k (adoptive length caused by 

ode15s function) 

 

      for i=1:k 

          Re_x_tr(i,1)=4*m_double_prime/mu_f*x_tr(i);       % Local Reynolds number 

      end 
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      index_tr = find (Re_x_tr>1800,1);    % Find that x that begins turbulent  

     

      for i=1:index_tr-1 

          delta_tr(i,1)=m_double_prime*x_tr(i)/(rho_f*u_tr(i))*1000;         % Film 

thickness (mm) 

          alpha=1/(1+(Re_x_tr(i,1)/Re_criterion)^30);                              % Weight 

Factor  

          Cf_tr(i,1)=(6/Re_x_tr(i,1))^alpha*(0.408/(Re_x_tr(i,1)^(8/15)))^(1-alpha);  % 

Transition Cf 

          if i==1 

             Sum_Cf_tr(i,1)=abs(Int-x_tr(i))*Cf_tr(i,1); 

             Sum_Re_x(i,1)=abs(Int-x_tr(i))*Re_x_tr(i,1); 

          else 

             Sum_Cf_tr(i,1)=abs(x_tr(i)-x_tr(i-1))*Cf_tr(i,1)+Sum_Cf_tr(i-1,1); 

             Sum_Re_x(i,1)=abs(x_tr(i)-x_tr(i-1))*Re_x_tr(i,1)+Sum_Re_x(i-1,1); 

          end 

       end 

  

        Cf_tr_ave=Sum_Cf_tr(i,1)/(x_tr(index_tr-1)-Int);       % Average friction factor 

from Fulford 

        Re_tr_ave=Sum_Re_x(i,1)/(x_tr(index_tr-1)-Int);         % Average Reynolds 

number at laminar region 

     

         if abs(Cf-Cf_tr_ave) < 10E-5                % Convergence check for friction factor 

            Cf_Transition=Cf; 

            break 

         else  

            Cf=Cf_tr_ave; 

         end  

    end 

          

Int=x_tr(index_tr); 

Int_u_t=u_tr(index_tr);   % Initial friction coefficient 

 

 

%%%%%%%%%%%%%%%%%%% 

%  Tubulent flow regime                   % 

%%%%%%%%%%%%%%%%%%% 
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for m=1:100 

 

    [x_t,u_t] = ode15s('program',[Int L],Int_u_t);  % [int,20],int / [int,20]-> int<= x <= 

20m / y=intitial 

    k=length(x_t);     % Length of k (adoptive length caused by ode15s function) 

  

    for i=1:k 

        delta_t(i,1)=m_double_prime*x_t(i)/(rho_f*u_t(i))*1000;        % Film thickness 

(mm) 

        Re_x_t(i,1)=4*m_double_prime/mu_f*x_t(i);                        % Local Reynolds 

number 

        alpha=1/(1+(Re_x_t(i,1)/Re_criterion)^30);                              % Weight Factor  

          

        % Transition Cf 

        Cf_t(i,1)=(6/Re_x_t(i,1))^alpha*(0.408/(Re_x_t(i,1)^(8/15)))^(1-alpha);   

           if i==1 

                Sum_Cf_t(i,1)=abs(Int-x_t(i))*Cf_t(i,1); 

                Sum_Re_x(i,1)=abs(Int-x_t(i))*Re_x_t(i,1); 

           else 

                Sum_Cf_t(i,1)=abs(x_t(i)-x_t(i-1))*Cf_t(i,1)+Sum_Cf_t(i-1,1); 

                Sum_Re_x(i,1)=abs(x_t(i)-x_t(i-1))*Re_x_t(i,1)+Sum_Re_x(i-1,1); 

           end 

    end 

    Cf_ave_t=Sum_Cf_t(i,1)/(L-Int);       % Average friction factor from Fulford 

    Re_ave=Sum_Re_x(i,1)/(L-Int);         % Average Reynolds number  

 

    if abs(Cf-Cf_ave_t) < 10E-5          % Convergence check for friction factor 

        Cf_Tubulent=Cf; 

        break 

    else  

        Cf=Cf_ave_t; 

    end  

     

end  

 

%%%%%%%%%%%%%%%%%%% 

%  Combine all results together           % 

%%%%%%%%%%%%%%%%%%% 
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 u=vertcat(u_l(1:index-1),u_tr(1:index_tr-1),u_t); 

 x=vertcat(x_l(1:index-1),x_tr(1:index_tr-1),x_t); 

 delta=vertcat(delta_l(1:index-1),delta_tr(1:index_tr-1),delta_t); 

 Re_x=vertcat(Re_x_l(1:index-1),Re_x_tr(1:index_tr-1),Re_x_t); 

 Cf=vertcat(Cf_l(1:index-1),Cf_tr(1:index_tr-1),Cf_t); 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%                                                                                                                                   % 

%          Used “ode15s” function in MATLAB with Model III (3 Points Ave. Cf)      % 

%                                                                                                                                   % 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

 

%%%%%%%%%%%%% 

% Laminar flow regime % 

%%%%%%%%%%%%% 

 

for j=1:100 

 

    [x_l,u_l] = ode15s('program',[Int L],Int);   

     k=length(x_l);                                % Length of k (adoptive length caused by 

ode15s function) 

     

    for i=1:k 

        Re_x_l(i,1)=m_double_prime/mu_f*x_l(i);         % Local Reynolds number 

    end 

  

    if Re_x_l(k,1) <= 3                            % Check if Reynolds # is bellow than 1400 

       index = k ; 

    else  

    index = find (Re_x_l>3,1);                           

    end  

     

    for i=1:index-1 

        delta_l(i,1)=m_double_prime*x_l(i)/(rho_f*u_l(i))*1000;         % Film thickness 

(mm) 

        alpha=1/(1+(Re_x_l(i,1)/1600)^35);                                % Weight Factor  

         

        % Transition Cf 

        Cf_l(i,1)=(6/Re_x_l(i,1))^alpha*(0.408/(Re_x_l(i,1)^(8/15)))^(1-alpha);   

        

           if i==1 

                Sum_Cf_l(i,1)=abs(Int-x_l(i))*Cf_l(i,1); 

                Sum_Re_x(i,1)=abs(Int-x_l(i))*Re_x_l(i,1); 

           else 

                Sum_Cf_l(i,1)=abs(x_l(i)-x_l(i-1))*Cf_l(i,1)+Sum_Cf_l(i-1,1); 
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                Sum_Re_x(i,1)=abs(x_l(i)-x_l(i-1))*Re_x_l(i,1)+Sum_Re_x(i-1,1); 

           end 

    end 

  

    Cf_l_ave=Sum_Cf_l(i,1)/x_l(index-1);      % Average friction factor from Fulford 

    Re_l_ave=Sum_Re_x(i,1)/x_l(index-1);    % Average Reynolds number at laminar  

     

    if abs(Cf-Cf_l_ave) < 10E-5                % Convergence check for friction factor 

        Cf_Lanimar=Cf; 

        break 

    else  

        Cf=Cf_l_ave; 

    end  

     

end  

 

 

 

%%%%%%%%%%%%%%%% 

%  After laminar flow regime   % 

%  3 points ave. Cf                     % 

%%%%%%%%%%%%%%%% 

 

Int=x_l(index); 

Int_u_tr=u_l(index);   % Initial friction coefficient 

Re_criterion=1600; 

 

alpha=1/(1+(Re_x_l(index)/Re_criterion)^30);                              % Weight Factor  

 

% Initial guess for Cf 

Cf=(6/Re_x_l(index))^alpha*(0.408/Re_x_l(index)^(8/15))^(1-alpha);         

 

Re_x_limit=Re_x_l(index); 

 

 

%% 

o=1; 

while Re_x_limit <= 1870                 % 1870 depends on Reynolds number at L 

 

    for l=1:50 
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        [x_tr,u_tr] = ode15s('program',[Int L],Int_u_tr);   

        k=length(x_tr);         % Length of k (adoptive length caused by ode15s function) 

     

            for i=1:k 

                Re_x_tr(i,1)=m_double_prime/mu_f*x_tr(i);         % Local Reynolds 

number 

            end 

             

            index_tr = 3; 

    

            for i=1:index_tr 

                delta_tr(i,1)=m_double_prime*x_tr(i)/(rho_f*u_tr(i))*1000;          

                alpha=1/(1+(Re_x_tr(i,1)/Re_criterion)^30);                               

                Cf_tr(i,1)=(6/Re_x_tr(i,1))^alpha*(0.408/(Re_x_tr(i,1)^(8/15)))^(1-

alpha);  % Transition Cf 

 

                if i==1 

                    Sum_Cf_tr(i,1)=abs(Int-x_tr(i))*Cf_tr(i,1); 

                    Sum_Re_x(i,1)=abs(Int-x_tr(i))*Re_x_tr(i,1); 

                else 

                    Sum_Cf_tr(i,1)=abs(x_tr(i)-x_tr(i-1))*Cf_tr(i,1)+Sum_Cf_tr(i-1,1); 

                    Sum_Re_x(i,1)=abs(x_tr(i)-x_tr(i-1))*Re_x_tr(i,1)+Sum_Re_x(i-1,1); 

                end 

            end 

  

        Cf_tr_ave=Sum_Cf_tr(i,1)/(x_tr(index_tr)-Int);       % Average friction factor 

from Fulford 

        Re_tr_ave=Sum_Re_x(i,1)/(x_tr(index_tr)-Int);         % Average Reynolds 

number at laminar region 

     

         if abs(Cf-Cf_tr_ave) < 10E-5                % Convergence check for friction factor 

            Cf_Transition=Cf; 

           % o=o+1; 

            break 

         else  

            Cf=Cf_tr_ave; 

         end  

    end 
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%%%%%%%%%%%%%%%%%%%% 

%  Accumulate u and delta                     % 

%%%%%%%%%%%%%%%%%%%% 

 

         

    if o == 1 

    x_tr_p=x_tr(1:index_tr-1); 

    u_tr_p=u_tr(1:index_tr-1); 

    delta_tr_p=delta_tr(1:index_tr-1); 

        else 

        x_tr_all=vertcat(x_tr_p,x_tr(1:index_tr-1)); 

        u_tr_all=vertcat(u_tr_p,u_tr(1:index_tr-1)); 

        delta_tr_all=vertcat(delta_tr_p,delta_tr(1:index_tr-1)); 

        x_tr_p=x_tr_all; 

        u_tr_p=u_tr_all; 

        delta_tr_p=delta_tr_all; 

        Re_x_tr_p=Re_x_tr_all; 

        Cf_tr_p=Cf_tr_all; 

         

    end 

 

    Int=x_tr(index_tr); 

    Int_u_tr=u_tr(index_tr); 

    alpha=1/(1+(Re_x_tr(index_tr)/Re_criterion)^30);                              % Weight 

Factor  

    Cf=(6/Re_x_tr(index_tr))^alpha*(0.408/Re_x_tr(index_tr)^(8/15))^(1-alpha);    

    Re_x_limit=Re_x_tr(index_tr);      

     

    o=o+1; 

     

end 

 

 

%%%%%%%%%%%%%%%%%%% 

%  Combine all results together          % 

%%%%%%%%%%%%%%%%%%% 

 

 u=vertcat(u_l(1:index-1),u_tr_all); 

 x=vertcat(x_l(1:index-1),x_tr_all); 

 delta=vertcat(delta_l(1:index-1),delta_tr_all); 
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%%%%%%%%%%%%%%%%%%% 

% Function used in each model         % 

%%%%%%%%%%%%%%%%%%% 

 

% ODE slover 

 

function up = program(x,u) 

 

global Cf A g 

 

 

up = -Cf*u^2/(2*A*x)-u/x+g/u;         


