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Zusammenfassung

Kondensationsschläge in Rohrleitungssytemen sind Gefahrenquellen, welche durch nicht

kalkulierbare Lasten die Integrität eines Rohrsystems gefährden können. Forschungen zu

diesen Kondensationsschlägen konzentrieren sich vornehmlich auf horizontale Rohrleitun-

gen, zu vertikalen Rohrleitungen existieren vergleichsweise wenig Untersuchungen. Diese

Arbeit stellt eine neue integrale Versuchsanlage vor sowie neue Forschungsergebnisse

zu Kondensationsschlägen in einer von unten befüllten vertikalen Rohrgeometrie. Die

Phänomenologie von vertikalen Kondensationsschlägen kann somit analysiert werden, da

aufgrund der modernen Technik genügend hochfrequente Messdaten bereitgestellt werden.

Der Systemcode ATHLET wird zur Simulation von UniBw Kondensationsschlägen einge-

setzt. Ein kürzlich entwickeltes und implementiertes Direktkontakt-Kondensationsmodell

befähigt ATHLET, Kondensationsschläge zu berechnen. Ausgewählte Experimente wer-

den mit dem Systemcode ATHLET validiert. Eine mit ATHLET durchgeführte Sensi-

tivitätsanalyse zusammen mit den experimentellen Daten erlaubt eine Einschätzung der

Leistungsfähigkeit von ATHLET, Kondensationsschläge in einer vertikalen Rohrgeometrie

zu prognostizieren.
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Abstract

Condensation induced water hammer is a source of danger and unpredictable loads in pipe

systems. Studies concerning condensation induced water hammer were predominantly

made for horizontal pipes, studies concerning vertical pipe geometries are quite rare.

This work presents a new integral test facility and an analysis of condensation induced

water hammer in a vertical up-fill configuration. Thanks to the state of the art technology,

the phenomenology of vertical condensation induced water hammer can be analysed by

means of sufficient high-sampled experimental data.

The system code ATHLET is used to simulate UniBw condensation induced water hammer

experiments. A newly developed and implemented direct contact condensation model

enables ATHLET to calculate condensation induced water hammer. Selected experiments

are validated by the modified ATHLET system code. A sensitivity analysis in ATHLET,

together with the experimental data, allows to assess the performance of ATHLET to

compute condensation induced water hammer in a vertical up-fill configuration.
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1 Introduction

The simultaneous occurrence of water- and steam flow in pipe systems represents a two-

phase flow situation that appears in many industrial applications. The topic ”two-phase

flow” covers a wide range of phenomena like heat transfer, condensation, flow regimes,

interface physics, etc. The condensation induced water hammer (CIWH), represents one

of these two-phase flow topics and presents a special challenge, as many of the two-phase

flow phenomena interact.

Water-steam flow situations in pipes can lead to locally entrapped steam pockets sur-

rounded by liquid water. These steam pockets underlie condensation due to interactions

between vapour and the liquid phase. This condensation may appear to be harmless and

therefore does not attract attention. But it is possible that the condensation happens

extremely fast so that this steam pocket collapses instantly and forms nearly vacuum

conditions at the location of the former steam pocket for a timespan shorter than a blink

of an eye. The water flashes instantly into this former steam pocket pushed by the large

pressure difference between the water and a strong underpressure zone. The impact of the

propagating water front against a pipe component or another water front causes pressure

oscillations that are sometimes hazardous. This is the CIWH phenomenon that possi-

bly affects the intactness of pipe systems, caused by the arising loads. This effect is

mostly known in the nuclear industry, however CIWH events also happen for example

in solar thermal plants [95], food industry or district heating pipes to name a few other

possibilities.

A special flow situation, the so-called ”slug flow” is widely mentioned in the context of

CIWH in horizontal pipes [58]. Different flow scenarios depending on the pipe geometry,
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liquid and vapour velocity and the void fraction are described by so-called flow regimes.

They determine the macroscopic behaviour of a fluid flow [44]. Flow regimes and their

distinction of each other are classified by visual observations, since the shift between the

flow regimes is smoothing. This means a flow regime is a qualitative concept and somehow

subjective [88]. In case of a slug flow an increased gaseous velocity causes interfacial

waves, large enough to start bridging in the pipe. The bubbles get elongated and their

size similar to the pipe diameter. In the field of the CIWH research a large focus is placed

on this flow regime, as this is a common source of dangerous water hammer. Nevertheless,

also other flow regimes can cause CIWH events. Condensation induced water hammer

in vertical pipes is less investigated as it is known for horizontal pipes [75]. This work

addresses CIWH experiments in a vertical up-fill pipe, a configuration under-represented

in the literature. To date only a few experimental facilities are known to generate CIWH

events in a vertical up-fill configuration. In section 2.6 an overview about such facilities

is provided.

In the nuclear industry CIWH events attract high attention, although they affect any pipe

system that contains water and steam. Here, the overriding safety related restrictions

and economic concerns have resulted in extensive research activities in order to reduce

dangerous CIWH incidences. The following scenario - the loss of coolant accident (LOCA)

- in a nuclear power plant illustrates why so much emphasis is placed on CIWH events in

horizontal pipes or nearly horizontal pipes.

A LOCA [103] is a severe mode of failure in a nuclear reactor, if not managed properly,

results in a reactor damage. If the cooling medium, usually water, is lost the reactor

core has to be cooled at any circumstances. Even after an emergency stop of the nuclear

fission the delayed beta decay of fission products entails a further heat generation. This

heat amounts to approximately 4% of the thermal core power, ten seconds after the

SCRAM (emergency shut-down of a nuclear reactor) [68] and is of utmost danger. In

the worst case an uncontrolled rise of the fuel temperature leads to a core meltdown,

which recently happened in Fukushima 2011. Another LOCA almost led to a nuclear

disaster at the Three Mile Island nuclear power plant in Harrisburg 1979 and the reactor

was irreparably damaged. Therefore the cooling system of a nuclear power plant has

2



to be sustained, even in the case of a coolant loss in the primary cooling circle or in

case of a complete breakdown. To protect nuclear power plants from critical damages,

a redundant emergency core cooling system (ECCS) ensures to cool the reactor. In case

of a reactor overheating steam is present in the primary power plant loop and the ECCS

starts to inject cold water into horizontal or nearly horizontal pipes towards the reactor

core. Given this circumstances a CIWH can arise, that must not endanger the cooling of

the reactor core.

CIWH events are by no means limited to the nuclear industry or its facilities, since the

CIWH only needs the simultaneous presence of water and steam, regardless the steam

generation method. In 2007, in New York happened the so-called ”New York steam

explosion” [3]. Steam entered the district pipes after a longer shut-down and mixed

with condensates in the pipes. This combination resulted in several explosions in New

York City. The most plausible reason for those explosions is the CIWH effect and shows

impressively that the occurrence of the CIWH is not exclusively limited to the nuclear

industry.

This effect is even a topic in the medicine albeit in a different context. In the report

of Rohling [34] a promising approach in the field of cancer treatment is described that

uses steam bubble collapse. Tiny steam bubbles produced in the vicinity of diseased cells

implode and generate shock waves. They perforate the cell walls and enable an intended

influx of drugs into the diseased cells. A precisely targeted therapy can reduce the amount

of medication and thus the side effects. This CIWH research focusses at very small scales,

but the physical phenomenon, the steam bubble collapse is the same.

A case study of Armstrong International and Nestlé [116], investigated the ”water ham-

mering” events in a food production company. In order to locate these CIWH events,

temperature and pressure probes have been installed at several positions where water

hammering was supposed to occur. Within 24 hours 205 CIWH events were detected

[116]. After an analysis by Armstrong engineers several solutions were offered. The cus-

tomer opted for an installation of a flash tank between the manifold and the condensate

tank. This solution eliminated the water hammering and also helped to save energy. This

3



study offers an economic calculation with reference to the elimination of these CIWH

events. An investment of 116,000 e versus financial savings of about 55,000 e a year

and a carbon dioxide reduction of 220 tons a year are stated. With a payback time of

25 months this investment turned out to be advantageous for the customer. Additional

operational optimisations, like noise reduction and safety improvements could be achieved

likewise. This study illustrates clearly that CIWH events not only affect safety, but at

the same time economical considerations.

These selections of examples highlight the need of research in the field of condensation

induced water hammer. Experimental test facilities were often solely aligned to the gen-

eration of artificial CIWH events, using idealised initial or boundary conditions, such as

a void fraction of unity, or a well defined mass flow rate provided by pressurised tanks.

This approach is justified to gain more knowledge about CIWH in general and experimen-

tal data for the code validation as well. However, the long-term CIWH research should

overcome these restrictions, in order to have experiments in the face of more realistic

conditions.

A new water hammer test facility at the UniBw was set up to concentrate on a more

realistic proximity in the CIWH research. This facility is named ”UniBw facility” in the

following. A detailed description of this unit is provided in chapter 3. The UniBw facility

is a closed integral test facility without external steam or water supply. It contains sev-

eral pipe circuits and usual pipe components such as pumps, valves or bends. The focus

is to trigger CIWH events in a vertical up-fill configuration. The relevant pipe compo-

nent contains steam and a layer of subcooled water below the steam. This configuration

corresponds rather to reality as it would be the case in a pipe full of steam [101].

The UniBw CIWH experiments are analysed considering important parameters like the

flow rate, the degree of subcooling, the system pressure and the turbulence. These pa-

rameters are expressed by appropriate dimensionless numbers. To these numbers belong

the Froude, Reynolds, Atwood and Jakob number. The collected experimental data of

the UniBw facility offer a new CIWH stability map that points out regions where CIWH

is more likely to occur. Furthermore a numerical simulation of UniBw experiments is pro-
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vided by using the one-dimensional system code ATHLET. A modification of ATHLET,

described in the work of S.C. Ceuca [20], enables ATHLET to simulate UniBw exper-

iments. The simulations reproduce the experiments qualitatively well and a sensitivity

analysis of the used system code shows in general similar tendencies as in the experiments.

An important drawback that often goes along with CIWH modelling, a widely used pa-

rameter tuning is not necessary. The experiments demonstrate that CIWH events can

be generated in a vertical up-fill configuration with some aspects that are more realistic.

The simulations together with a sensitivity analysis reveal that these kind of experiments

even can be modelled qualitatively well.

Outline of the Thesis

This work contains seven major chapters. They are summarised in the following, except

the introduction:

• Chapter 2 provides a description of important experimental test facilities that gen-

erate CIWH events. The different experimental proceedings are presented together

with their main results. The test facilities of section 2.2 to 2.4 treat CIWH in a hor-

izontal pipe, whereas the other test facilities examine condensation induced water

hammer in a vertical pipe configuration, a geometry that is still under-represented

against the horizontal version. The vertical experiments are divided into three clas-

sifications: Vertical up-fill, vertical down-fill and implosion experiments.

• Chapter 3 describes the UniBw facility, whose experimental results represent the

core of this work. This facility was built up from the scratch in 2011 and 2012.

The first successful CIWH happened on August 14 in 2012. The UniBw facility

was constructed within the CIWA research alliance, a group of German universities

and industrial partners [107]. In contrast to the facilities reported in chapter 2, the

CIWH events at the UniBw facility are conducted in a closed pipe system. The

measurement instrumentation is state of the art. The Dewetron data acquisition

system enables a sampling rate of several kHz for each channel. In case of CIWH

events the measuring is made by using 100 kHz for each sensor. For the long

5



term measurements 10 Hz are applied. A CIWH is automatically recorded by the

Dewetron data acquisition system without human intervention.

• Chapter 4 deals with the experimental results. A description of the experimental

procedure is given. The experimental data in the vertical up-fill configuration permit

an analysis of the phenomenology of the CIWH events. A measurement of the water

front velocity flushing into the steam region allows a comparison of the experimental

peak pressure to the Joukowsky equation. The pressure wave speed can be gained

from the pressure transducer signals along the test section. Here, the application of

inflectional tangents proves to be the only special method to get reasonable results.

All experiments of the UniBw facility are expressed by the dimensionless numbers

Froude, Reynolds, Atwood, Jakob and a self-defined pressure increase ratio. These

data form a new experimental CIWH stability map, that indicates possible water

hammer regions.

• Chapter 5 offers an overview of common two-phase flow models. It begins with basic

models used for cavitating liquids and continues with the two-fluid model, the basic

numerical model for CIWH events. The most important features of the system code

ATHLET are introduced.

• Chapter 6 explicates the simulation of UniBw experiments introduced in chapter 4.

The used ATHLET model comprises the concept of a closed facility as realised in

the UniBw facility. After creating the desired initial conditions in the simulation,

CIWH events are provoked by a rising water flow rate as in the experiments. The

overall outcome of the simulations agree qualitatively well with the experimental

data and most of the CIWH events are reliably predicted by ATHLET. Experiments

without CIWH events are simulated and no significant pressure increase is predicted

by ATHLET. The results of the numerical simulations are expressed by the same

dimensionless numbers as in chapter 4. A sensitivity analysis reveals that the used

ATHLET model shows similar tendencies as in the experiments, visible in the CIWH

experimental stability map.
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2 Test Facilities Dealing with

Condensation Induced Water

Hammer

2.1 Overview of the Experimental Condensation Induced

Water Hammer Research

Although the EPRI documentation lists seven mechanisms [110] that induce water ham-

mer, the experimental research in literature focuses mainly on water hammer induced by

a simultaneous flow of water and steam in a horizontal or nearly horizontal pipe. Rapid

condensation of steam bubbles captured by the slug flow triggers the water hammer.

Slug flow as a flow regime is treated as an important parameter for water hammer, other

mechanisms are under-represented in literature. Experimental facilities dealing with wa-

ter hammer in vertical pipes are rare. Nevertheless, there are many experimental research

activities linked to CIWH, whereby the water hammer is not envisaged.

After accidents, such as at the Hanford Site [38], research activities concentrated to pre-

vent hazardous CIWH events. To this end dangerous situations in the piping are tried to

be classified by flow regimes. Quite many flow regime studies connected to CIWH research

focused on the slug flow prediction, ”which is assumed to be the precursor of the CIWH”

[24]. A well-known study of Chun et al. [24] analyses a countercurrent steam-water flow

in a circular transparent, nearly horizontal tube. At a given superficial water velocity,
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the steam speed is gradually increased until the first slugging is visually observed in the

transparent tube. At this point the water level and the flow rates are recorded and the test

matrix forms a database, which shows zones where a water hammer is likely or unlikely

to occur. This study treats the onset of slugging like a possible CIWH. But to deduce

from slugging a real water hammer has to be treated with great care, as the experimen-

tal studies of Chun et al. never produced documented CIWH events. The experiments

were finished when slugging started and the relevant data were registered. Furthermore

many slug flow studies rely on air-water flows, such as the studies of Cook et al. [26] and

Sukamta et al. [97]. In air-water flows a CIWH cannot occur. Research in the field of flow

regimes is important but in order to fully understand CIWH and for further modelling it

is insufficient to concentrate on flow regimes that are likely to trigger CIWH events. A

slug flow in a pipe does not consequently result in a CIWH.

Furthermore the CIWH phenomenon is of an extreme stochastic nature. Only a few re-

ports in literature treat this topic. Measurements at the PMK-2 facility, later introduced

in section 2.4, revealed that two identical experiments had complete different pressure

peaks. One of the first systematic studies of the CIWH stochastic nature is the article of

Urban et al. [109]. Here, the experimental research activities at the university in Ham-

burg show a large variance of the measured pressure peaks at equal boundary conditions.

This publication evaluates the appearance, the location and the magnitude of the pressure

peaks statistically. The stochastic nature of CIWH events makes it necessary to conduct

more than a single experiment to get a solid database. Well documented CIWH experi-

ments, that provide digital data are still rare and sometimes even poor. It is evident that

there is need for more research in this field.

In order to calculate the peak pressure of a CIWH roughly, different approaches were

tried in the past. The idea to catch a conservative peak pressure value of a CIWH by a

model is a widely used approach. For instance the ”Alphazahlmodell”, reported in Thiele

et al. [104] uses the temperature difference between a steam bubble that spans across the

entire cross-sectional pipe area and the surrounding water as a basis to cause a pressure

increase. Assuming a constant value of the key parameter, the heat exchange coefficient

of htc = 100, 000 W/(m2K) plus a safety factor, was thought to provide a tool for a

8



Overview of the Experimental Condensation Induced Water Hammer Research

conservative peak pressure in case of a CIWH. This procedure applied by TÜV SÜD and

Framatome ANP [112] proved to be insufficient when experiments at the PMK-2 facility

revealed that the peak pressure of a water hammer can be much higher as anticipated

according to the ”Alphazahlmodell”.

There exist understandable reasons why experimental results of CIWH events are so rare.

Particularly CIWH data in vertical geometries are very few compared to data of horizontal

flow situations [31]. This has several reasons:

• Many experimental test facilities only initiate water hammer, but do not measure

and save transient data. The focus is often placed to prevent water hammer. After

water hammer events that have damaged pipe systems or in the worst case have

caused fatalities, technical reports were written. These reports give instructions on

how to safely operate pipe systems prone to water hammer. Especially after the acci-

dent at the Hanford Site [38] the seized measures aimed to prevent future hazardous

CIWH events. Many reports of companies, for example a report of Swagelog Energy

Advisors, Inc. [98], offer beside instructions general information about water ham-

mer in order to increase the workers’ awareness for the water hammer phenomenon.

A sophisticated scientific research of CIWH events is often not followed up, only

their prevention is of major interest.

• The requirements are very high for test facilities which not only generate and mea-

sure CIWH events but provide digital data. All components exposed to high tem-

perature and pressure gradients have to withstand these loads. This entails higher

costs compared to single-phase flow experiments. Furthermore the data acquisition

system must record the data of the sensors at a sufficient high sampling rate. In

former times transient data were visualised by an oscilloscope, but they could not

be saved digitally. To save data was possible and feasible only much later [79]. The

report of Gruel et al. [42] released in 1980 provides transient data by taking pho-

tographs from an oscilloscope. This analogue technique was the only way to preserve

information, then. The digital recording technology began with the drawback of less

memory space as it is today. In the mid 90’s the capacity of hard disks for usual PCs
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offered only a little bit more than 1 GB [115] and they were extremely expensive

compared to today. For example in 1996 a 4 GB hard disk drive was priced at about

1,800 DM [4]. Data storage of high sampled experimental data possibly consume

several GB per experimental run. Nowadays the digital storage technology provides

an affordable memory space, but this is true only for the recent past.

• CIWH experiments are stochastic and very difficult to control, as experiments at the

facilities in Budapest and in Hamburg [109] prove. The significance of CIWH is at

present more or less connected to the nuclear industry - here mainly horizontal flow

situations are investigated -, although its great importance is true for other fields

[18]. CIWH events can also occur in thermal solar plants, in the food industry and

they are even a topic in the medical research as reported in chapter 1. Professor Mr.

Iztok Tiselj, Chair of nuclear engineering at the university of Ljubljana, summarised

this situation in the following in June 2014 in Ljubljana [106]: ”Water hammer is

not so much important, but important enough!”

• Unfortunately sometimes pieces of important information concerning existing facili-

ties or procedures are unavailable in the literature. Some publications like the EPRI

documents could only be acquired by purchase for several ten thousand dollars for

a long time. Often only a rough schematic sketch without further details of sensor-

positions is available. In fact, needed insight into experimental procedures is too

often only incompletely accessible. In case of the ROSA studies, some data appear

to be consciously retained as the citations in section 2.3 show.

2.2 Water Hammer Experiments in Draining Pipes

The test facility displayed in figure 2.1 uses a tank that contains both water and steam.

A water hammer is generated by draining water from the tank towards a horizontal pipe

run [40]. This test facility concerns the steam bubble collapse induced water hammer that

occurs, if liquid water in a pipe is drained off and replaced by steam. The drained water

in the tank is replaced by steam through additional pipes connected to the tank. The
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Figure 2.1: Schematic of the apparatus used for waterhammer research - designed after
P. Griffith [40]

tank serves as a reservoir. To ensure a constant system pressure, steam is continuously

fed into the tank. Steam moves into the horizontal part of the galvanized steel pipe and

creates a slug flow that possibly results in a water hammer. The effluent water from the

piping flows into a water pool. A momentary low pressure caused by a steam bubble

collapse does not suck air into the pipe system.

The drainage velocity and the inclination of the used apparatus are the main parameter

changed in this study. A water hammer that occurs in the galvanized horizontal pipe is

detected by the noise that comes along with. Additionally, a water hammer is detectable

by pressure transducers. Unfortunately the report of Griffith et al. [40] does not provide

any transient data.

The experimental studies of this apparatus however revealed that there is a critical inclina-

tion at which water hammer are more unlikely if an identical drainage velocity is present.

Figure 2.2 provides the outcome of this study. The inclination of 2.4◦ is the critical value

at which the frequency of a water hammer occurrence changes rapidly. Inclinations above
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Figure 2.2: Diagram to display the influence of inclination on a water hammer occur-
rence in the apparatus - data extracted and converted from [40]

2.4◦ need higher drainage velocities to induce a water hammer.

Research activities in the United States primarily made by the MIT at the faculty of Peter

Griffith are mentioned in reports for the U.S. authorities and research institutes such as

the non-profit organisation EPRI. Best known are six conditions for water hammer to

occur, mentioned in the report of Griffith et al. [39]. These studies and the resulting

criteria are a guideline for the experimental water hammer work still to date. The criteria

are [39]:

• ”the pipe must be almost horizontal”

• ”the subcooling must be higher than 20◦C.”

• ”the L/D must be greater than 24.” (L: pipe length, D: inner pipe diameter)

• ”the velocity must be low enough so that the pipe does not run full, i.e, the Froude

number must be less than one.”

• ”there should be a void nearby.”
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• ”the pressure must be high enough so that significant damage occurs, that is the

pressure should be above 10 atmospheres.”

2.3 ROSA / LSTF Test Facility

ROSA is the abbreviation of ”rig of safety assessment” and is an experimental program

conducted by the ”Japan Atomic Energy Agency” since 1970. The ROSA test facility,

as known today as the Large Scale Test Facility (LSTF) is a 1/48 volume-scale model

of a 4-loop pressurised water reactor. In 2006 to 2007, ”Unstable Phenomena such as

Water Hammer” [74] were investigated at the LSTF. The CIWH experiments at the

LSTF aimed at the generation of ”detailed thermal-hydraulic transient data concerning

condensation induced water hammer (CIWH)” [12] and to investigate the influence of

the system pressure on CIWH, especially concerning high pressure conditions [76]. The

experimental facility used for the CIWH experiments as part of the LSTF consists of a

2 m horizontal pipe connected to a pressure vessel downcomer, as illustrated in figure 2.3.

Figure 2.3: Sketch of the Large Scale Test Facility for CIWH experiments [76]
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(a) Average intensity of pressure peaks induced
by CIWH [76]

(b) Pressure peaks measured in the ROSA
project [11]

Figure 2.4: CIWH research results at the LSTF facility

Steam is continuously generated in the core at a maximum thermal power of 10 MW [74].

The left side of the horizontal test section with an inner diameter of 67 mm is sealed. These

pipes are made of stainless steel of 11 mm thickness [12], thus a high system pressure can

be applied. Close to this sealed end a high pressure pump provides the coolant injection,

which forms a horizontal counter-current steam-water flow situation. An instrumentation

of 35 thermocouples and 8 pressure transducers record the temperature distribution and

pressure fluctuations along the test section. The test conditions refer to three different

water inflow rates. The system pressure varies from 0.35 to 7 MPa. The main outcome

of these tests is - in contrast to experiments at the PMK-2 facility - that water hammer

events also occur at higher system pressures. The highest pressure peaks are recorded at

a 1 MPa system pressure, beyond they decrease. But at 7 MPa CIWH events are still

recorded and their typical noises are clearly audible.

The LSTF seems to be very promising, since ”more than 1600 instrumentations are in-

stalled to measure thermal-hydraulic phenomena as precisely as possible” [76]. But the

results of the CIWH experiments that are published are unsatisfactory. Unfortunately

additional technical details like the positions of some sensors, etc. are not available in the

reports of Nakamura et al. [76], Barna et al. [12] and [11]. Figure 2.4(a) shows a relative
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intensity of the pressure peaks without mentioning a point of reference, neither in the

figure nor in the text of the publication [76]. The presented results in figure 2.4 are based

on exceptions concerning the usual experimental procedure. The water hammer pressure

peaks visible in figure 2.4(b) are based on a geometric configuration which differs in a

vital point. The results presented in figure 2.4(b) were achieved using a horizontal tube

open at both ends. As mentioned before the pipe is sealed at the left side. Certainly the

existence of the sealing plate is of influence to the flow situation in the test section. It is

unknown, why not more information about the CIWH tests and results are presented. To

offer an idea for possible reasons, the following citations are presented here without any

further comment.

• ”Unfortunately, additional technical details of the experiments cannot be found in

the report, even private communications could not helped us to lighten all details.”

[12]

• ”Data from the tests are restricted, ...” [67]

2.4 PMK-2 Experimental Water Hammer Facility

This section provides an overview of the PMK-2 test facility in Budapest and its water

hammer experiments. The PMK-2 facility is the successor of the PMK-NVH facility that

was constructed in the mid 80’s [80]. It is a model of the Hungarian Paks nuclear power

plant. The objective of the PMK-2 facility at the Atomic Energy Research Institute in

Budapest is to investigate off-normal transients in a nuclear power plant in case of a

LOCA. A thermal core power of 664 kW is provided. More technical details about the

PMK-2 facility can be found in Barna et al. [12].

CIWH experiments were conducted within a research project called WAHALoads, that

started in October 2000 and ended in March 2004. The aim of these experiments was to

get a better insight into the phenomenology of the two-phase flow water hammer and a

valuable database of a horizontal two-phase flow, including direct contact condensation
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and CIWH events. The experiments at the PMK-2 facility were the only one within the

WAHALoads project, that used steam in the pipe as an initial condition. Other facilities

in the WAHALoads project used cold water and fast acting valves to generate water

hammer. Therefore these experiments can be considered to be ”Joukowsky” experiments.

The CIWH experiments at the PMK-2 facility are carried out in a horizontal pipe, con-

nected to the steam line on top of the integral facility. The water hammer experimental

device is part of the PMK-2 facility. This water hammer device, displayed in figure 2.5,

is a 2.87 m long horizontal pipe of an inner diameter of 73 mm designed for a maximum

pressure of 16 MPa. A sketch of the water hammer test section and its sensors is presented

in the figures 2.5 and 2.6.

Figure 2.5: Picture of the horizontal PMK-2 water hammer test section [12]

One side of the test pipe is connected to the steam generator. The other side is connected

to the condenser as a substitute of the turbine in a real power plant. At both ends of

the pipe 200 kg blocks serve as a 90◦ bend. Two valves permit to isolate the test section.

A 75 l pressurised water tank allows a well-defined injection of cold water into the test

section. Every water hammer experiment starts with a test section filled with saturated
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Figure 2.6: Schematic water hammer device of the PMK-2 facility [70]
1 - horizontal test section, 2 - inlet head, 3 - outlet head, 4 - steam generator
head, 5 - connecting pipe to condenser, 6 - water tank, 7 - displacement cell,
8 - local void probe with integrated thermocouple, 9 - mesh sensor,
10 - pressure transducer

steam. After the heating up for several hours the test section is isolated by the valves. The

following cold water injection can induce high pressure peaks. From the instrumentation

point of view the test section is equipped with the following sensors, presented in figure

2.6.

• The mesh sensor:

The mesh sensor is notified by number 9 in figure 2.6. This sensor consists of two

grids of thin parallel wires which span over the measuring cross-section. These

two grids are arranged rectangularly. One plane of the electrode wires serves as a

transmitter the other one as a receiver. By applying voltage to the transmitter plane

current is induced at the receiver plane. The conductivity of the fluid close to the

crossing point of the two wires influences the current magnitude. The current signals

from the receiver plane represent a two-dimensional conductivity distribution across

the cross-section. These data can be transformed into a void fraction distribution.

Additional information about the wire-mesh sensor can be found in Giot et al. [70].
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• Temperature measurement:

These sensors are notified by number 8 in figure 2.6. In the test section local void

probes with integrated thermocouples are installed at four defined positions.

• Pressure measurement:

The high frequency measurement is realised by temperature resistant semiconductor

transducers of Kulite also notified by number 10 in figure 2.6. These sensors permit

to record fast acting pressure oscillations.

• Force measurement:

Electro-resistive strain gauges, installed at the outer surface of the pipe, measure

the strain in axial and radial directions. In figure 2.6 the strain gauges are not

expressed.

• Standard instrumentation of PMK-2:

The standard instrumentation of PMK-2 measures and records the system pressure,

the steam pressure, the water and the steam flow rates as well.

• Additional data acquisition for pressure transducers and strain gauges:

The pressure transients and strain signals are recorded by a standalone data acqui-

sition system. The sampling frequency is approximately 5 kHz.

In the report of Giot et al. [70] four experiments are listed to have a water temperature

of 25 to 30 ◦C, a steam pressure of 0.98 to 1.5 MPa and a water inflow rate of 0.66 to

1.66 kg/s. In these tests the maximum peak pressure is 18.35 MPa. This report provides

a pressure-time plot.

Figure 2.7 displays a water hammer signal whose pulse width is within the range of 1-2 ms.

This corresponds to pressure oscillations measured at the ITS facility in Novosibirsk. It

has to be mentioned that the presented results arise from the ”former” PMK-2 water
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Figure 2.7: Pressure history of the most intense water hammer observed close to the
water inlet [70]

hammer test facility in Budapest. After the WAHALoads project the PMK-2 water

hammer facility was reconstructed. The test pipe was replaced by a 5 m long pipe with

an inner diameter of about 200 mm. Unfortunately the publications concerning the PMK-

2 facility confirm 193 mm [11] or 25 cm [13] to be an inner diameter value. A new sketch

of the present facility is not provided in the publications mentioned.

The research activities at PMK-2 illustrate the stochastic nature of the condensation in-

duced water hammer phenomenon. In the article Barna et al. [13] the authors write

concerning the stochastic behaviour of CIWH experiments: ”The first is that the CIWH

has a highly stochastic nature this was confirmed with two consecutive experiments per-

formed with equal initial conditions. In the first experiment a 100 bar pressure peak was

formed and in the later experiment a 210 bar bar peak was measured. This can be ex-

plained by the stochastic nature of nucleation phenomenon in metastable systems;” This

stochastic nature of CIWH events is also reported in Gale et al. [35] and Strubelj et al.

[96]. There are not many reports that treat the stochastic nature of CIWH, since large

oscillating results may be considered as a flaw.
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2.5 Water Hammer in a Vertical down-fill Pipe: The ITS

Facility in Novosibirsk

In 2006, an international project with an EU contribution started to investigate condensa-

tion induced water hammer in a vertical geometry. The project participants wrote in their

objective [31]: ”Systematical studies of this phenomenon in the vertical geometry have

not been performed yet.” Within the project ”Full condensation-induced water hammer in

vertical vessels” [31] a test station at the Institute of Thermophysics (ITS) in Novosibirsk

was used to perform CIWH experiments in a vertical down-fill pipe [75].

A sketch of the ITS facility is given in figure 2.8. The centrepiece of the facility is a steel

pipe with an inner diameter of 25 mm. Inside, the pipe is separated by an aluminium

diaphragm over the cross-section between the valves B3 and B2. Below the diaphragm

is steam. A steam generator is connected to the down part of the facility. The steam

flow rate is controlled by the valves B2 and B1. This steam flow through the down part

prevents steam from cooling and condensation. Via valve B1 excess steam is released to

the atmosphere. Data of the steam temperature are not reported. For the same reasons

water circulation is applied between the valves B3 and B4. Water flows through valve B4,

the liquid thermostat, valve B3 and anticlockwise back to valve B4 to maintain a constant

temperature in the entire water column height. Above the water column is compressed

air in a receiver that is separated from the pipe by an electromagnetic valve B5. At

the bottom of the test pipe a pressure transducer is applied to measure the pressure

fluctuations. Shortly before an experiment the valves B1, B2, B3 and B4 are shut. After

that valve B5 is opened and the following rupture of the diaphragm due to the compressed

air initiates the transient two-phase flow. Initial conditions, as the length of the steam

and water column, the water temperature and the pressure of the compressed air can be

changed. Two tests presented in [75] were conducted under the initial conditions listed in

table 2.1.

The measured pressure peaks reached values beyond 100 bar. A time-pressure curve is

displayed in figure 2.9 and simulations with RELAP5 and WAHA confirmed the first
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Figure 2.8: Sketch of the ITS facility - designed after [75]
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Test Length steam Length water Temperature Pressurised air
section [m] column [m] of water [◦C] [bar]

1 0.37 1.2 35 2.6
2 0.37 1.2 35 7.4

Table 2.1: Initial conditions of test 1 and 2 at the ITS facility

pressure peak by adapting the wall friction multiplier by the factor of 10. Thus, the first

pressure peak can be predicted, as seen in figure 2.9. This parameter probably accounts for

the additional friction between the broken diaphragm and the water jet after the rupture.

The surface instabilities causes multidimensional processes that are insufficiently covered

by RELAP5 or WAHA code. To get better simulation results a further development of

the Rayleigh-Taylor instability is envisaged.

Figure 2.9: Experimental pressure history together with RELAP5 and WAHA calcula-
tions of an ITS test run [75]
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2.6 Test Facilities with a Vertical Pipe Filled from the

Bottom

Only a few test facilities are known that conduct condensation induced water hammer

in a vertical pipe filled from the bottom. This section provides an overview of the OHT

facility in Canada, MOD2 Pulser Test Facility in Lithuania and a test facility used by the

Massachusetts Institute of Technology, in this work named MIT Facility.

2.6.1 Ontario Hydro Technologies Test Facility

At the Ontario Hydro Technologies a test facility has been built to conduct CIWH exper-

iments in a vertical up-fill pipe. Water is injected into steam whose temperature range is

between 100 ◦C to 142 ◦C. The experiments are initiated by opening a ball valve. Water

hammer pressure peaks of more than 10 MPa are mentioned. The publication Zalts-

gendler et al. [117] provides only poor information of less than one page about the facility

as such. A literature research revealed a work from R. Marlow that mentions an ”Ontario

Hydro test rig” [73]. It is supposed that this test rig refers to the facility in the report of

Zaltsgendler et al. [117]. A drawing based on a sketch in [73] is presented in figure 2.10.

The test section consists of a 6.2 m long vertical pipe with an inner diameter of 92 mm.

This pipe ends with a dead end flange. The test section is connected to a water tank that

can be pressurised. This allows to adjust different water inflow rates. Saturated steam or

high vacuum can be placed in the test section. After the valve is quickly opened, water

flushes into the test section. The motion of the water is abruptly stopped at the dead

end flange. This causes pressure oscillations that are not recorded by a sensor. The water

column velocity, immediately before its impact on the dead end flange [73], determines

the peak pressures. The water column velocity is influenced by the pressure difference

between the reservoir and the test section. It is extracted from a high speed camera that

makes a film of the fluid flow in the transparent pipe. This means the pressure is not

measured directly by a transducer. Unfortunately no further information about sensors

or the data acquisition system is available.
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Figure 2.10: Sketch of the OHT facility with a vertical up-fill configuration - designed
after [73]

2.6.2 MOD 2 Pulser Test Facility in Lithuania

In general CIWH events are treated to be annoying and dangerous and therefore are

considered to be a source of unforeseen costs. At the Lithunanian Energy Institute (LEI)

researchers take another look at this topic. They see chances and benefits in the CIWH

phenomenon. In a two-phase fluid energy can be stored gradually [7]. If this energy

can be released rapidly and in a controlled manner, some areas of applications can be

envisioned. Their visions are for example to pump fluid, to switch valves and propulsion.

Although these ideas may seem to be futuristic dreams, they depict that CIWH events
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are not always unwelcome. Some scientists believe in a valuable potential of the CIWH

phenomenon.

This is for sure a long way to go and the LEI approach is to develop a device which can

conduct controllable implosions. Since rapid condensation is the origin of CIWH events,

the focus of the MOD2 Pulser Test Facility is to generate implosion events at will. The

design of the MOD2 Pulser Test Facility is depicted in figure 2.11

Figure 2.11: Draft of the MOD2 Pulser Test Facility - designed after [91] and [7]

The core of the facility is the pulser (1). It is a 27 l horizontal cylinder with an internal

diameter of 0.26 m and a length of 0.51 m. At different locations thermocouples and pres-

sure transducers are installed in the facility, as indicated in figure 2.11. The experimental

procedure is as follows:

• Steam at the desired steam pressure is generated by the steam boiler and put into

the pulser and the steam hold-up tank.

• Cold water is filled from the water supply tank into the screw-driven piston-cylinder

from the bottom.
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• The valves V1, V6 and V7 remain open, all other valves are shut.

• By using the piston-cylinder two kg of cold water are fed into the pulser at different

flow rates. The water flow rates range from 0.016 - 0.083 kg/s. If an implosion

occurs a significant pressure drop is visible in the pressure history.

Investigations at the LEI revealed that two essential requirements have to be met to

induce implosion events. The water heat capacity must exceed the released condensation

energy of the steam in the pulser including the steam inflow for the duration of the pulse.

This means the water has to be cold enough to induce an implosion event. Therefore the

water temperature is set to 10 - 12 ◦C. This is a necessary but not sufficient requirement.

Between the condensation rate and water turbulence, mainly depending on the water

inflow rate, a feedback is present. This feedback connects the interface area and the

condensation rate. If this feedback grows rapidly interface perturbations can lead to a

shattering of the liquid-vapour interface and finally to a condensation pulse. The studies

of Almenas et al. in [7] are quite extensive, therefore two important results shall be

highlighted.

Some experiments are carried out under constant conditions varying only as to the air

concentration in the pulser. The pressure histories are presented in figure 2.12.

The test with the highest molar air fraction does not lead to an implosion. Condensation

occurs but no condensation pulse. This is not unusual because air is known throughout

to prevent rapid condensation. Experiments of the two medium molar air fraction end

up in an implosion, although air is still present in the pulser. The test of the lowest air

concentration shows a condensation weaker as in a molar air fraction of 0.027 or 0.028.

The detailed analysis in Almenas et al. [7] reveals that at a very low air concentration

the evaluated heat transfer coefficient is higher as for molar air fractions in the range

of 0.030. Figure 2.13 shows the heat transfer coefficients for different air concentrations.

The x-axis is here the ratio of the filling cycle. When the water introduction is finished

this ratio is equal unity.

A further important result is the pressure response observed in tests with different water
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Figure 2.12: Pressure history in test series at different air concentrations; water inflow
rate: 0.039 kg/s [7]

Figure 2.13: Heat transfer coefficients versus water feed ratio for different air concen-
trations (water flow rate: 0.039 kg/s) [7]
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Figure 2.14: Pressure histories in tests with different water inflow rates [7]

flow rates, displayed in figure 2.14. The obtained pressure histories are qualitatively

similar to the tests with different air concentrations. The experiment with the lowest flow

rate does not end up in an implosion, as generally expected. The highest flow rate on the

other hand shows a condensation large enough to cause some interface perturbations but

a condensation pulse does not occur. Analogously the analysis reveals similar to the tests

with different air concentrations that the heat transfer coefficient is increased compared

to tests with flow rates of 0.04 and 0.039 kg/s. The water gets more heated up during

the filling and this means that the temperature difference between water and steam is too

low concerning the condensation potential.

The results concerning the experiments with different air concentrations contradict the

predominant assumption that any air in the vapour phase hinders rapid condensation

and therefore CIWH events. Generally air is treated as a dampening effect on rapid

condensation, therefore this study may give rise to questions. Thus, further research is

necessary to verify these results.
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2.6.3 Massachusetts Institute of Technology Test Facility

The test facility at the MIT has been used for water hammer in vertical pipes filled from

the bottom. The documentation of this facility is part of the EPRI reports that have

been very expensive for a long time until they have been put into the public domain. The

vertical test section made of steel has a length of 2 m, an outer diameter of 6 cm and

an inner diameter of 4.9 cm. The test section is connected to a water tank that can be

pressurised and preheated. It can be cut off by a ball valve. At the entire test facility

seven valves for different purposes are installed, visible in the sketch in figure 2.15. The

Figure 2.15: Experimental apparatus for vertical up-flow water hammer at the MIT -
designed after [22]

air pressure is kept constant by a pressure regulator in the air supply line during the

filling process. The water temperature is heated by steam that bubbles through valve V6.

The water flow rate is measured with a differential pressure transducer installed over an

orifice. Piezo-electric type transducers at the top of the test section measure the pressure.

Three thermocouples sensors along the test section record the temperature inside the pipe.
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Noteworthy is the data acquisition system called ”UnkelScope”. The main features are:

• Analog input range ± 10 volts

• 4096 data points in a single sweep

• Maximum 8 channels which can be processed simultaneously

• Maximum sampling rate 105 Hz

The selected sampling rate has to be adapted with respect to the total sampling period.

The maximum frequency only allows to record a timespan of 0.041 s. This highlights the

shortcomings of former technologies. In this case a sampling frequency of 200 Hz was

chosen to cover a timespan of 20 s.

The experimental procedure is described in Chou et al. [22] in five steps that are literally

taken in the listing.

• ”Fill the water tank with water at room temperature to about two-thirds of its

height and heat-up the water with steam to the specified temperature.

• Pressurize the tank with air to the chosen pressure.

• Purge the water and air inside the test section and then fill it with saturated steam.

• When the steam temperature inside the test section reaches the saturation value

corresponding to one atmosphere, close all drains and steam inlet valves, then open

the ball valve, and record the pressure response.

• Discharge the water which fills the test section and alter the pressure inside the

water tank for next test and begin the purge- and-fill procedures.”

In case of a water hammer event a typical pressure response curve is illustrated in figure

2.16.
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Figure 2.16: Pressure response for a typical water hammer event - data extracted and
converted from [22]

A small pressure drop is visible at the time when the ball valve is opened. After opening

the ball valve the pressure rises monotonically until the water front reaches the end of

the pipe. The impact of water causes pressure oscillations and in case of a water hammer

some data points exceed the usual oscillations. In figure 2.16 five points, marked with

an arrow, are classified as a water hammer event. The limited amount of data points

prevents a more detailed insight into the experiments. Photographs of the UnkelScope

oscilloscope reveal that this experiment was made in 1984. At this time this was state of

the art technology.
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Several experiments were conducted with two different orifices. The initial water tem-

perature and the driving pressure were varied in the tests. The data acquisition system

facilitated to detect the occurrence of a water hammer. The stability map in figure 2.17
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Figure 2.17: CIWH stability map of the vertical up-flow pipe - data extracted and con-
verted from [22]

indicates a water hammer region. In this test higher filling rates and degrees of subcooling

are more likely to end up in a water hammer. Experiments at 35 ◦C subcooling step out

of line, but the amount of experiments is too small regrading the stochastic nature of the

water hammer phenomenon.
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3 The UniBw Water Hammer Test

Facility

The term ”water hammer” includes the two-phase flow water hammer as well as the one-

phase flow water hammer. The one-phase flow water hammer is much better known than

the two-phase flow water hammer. It is a long-known phenomenon, that was already

observed in the ancient world by Marcus Vitruvius Pollio [57]. In the 19th century the

water hammer theory was discussed by Johannes von Kries 1883 in [59] and by Tijsseling

et al. [105] and Nicolai Egorovic Joukowsky in 1900 [60]. Nowadays one-phase flow water

hammer are associated with Joukowsky and often are named single-phase flow water

hammer.

In contrast to a single-phase water hammer, a two-phase flow water hammer is more com-

plex. The interactions between these two phases are strongly influencing the experimental

and the modelling work. Especially in a two-phase flow, consisting of liquid water and

steam as acting substances, a rapid phase change also called ”steam bubble collapse” can

happen. This does not occur in two-phase flow systems without phase changes as for

example in a water-sand flow. These interactions between water and steam are important

sub-phenomena of CIWH events and per se very complex. Therefore a lot of research ac-

tivities are occupied with these sub-phenomena, like the heat transfer or the flow regime

development, to cite some important factors. This research is so complex that many test

facilities only study these sub-phenomena and do not measure CIWH events. Even some

known test facilities that generate CIWH events, do not release transient data, due to the

necessary high sampling rate to measure CIWH events.
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For the research of CIWH events a solid database of experimental data is of great impor-

tance. Experiments after the year 2000 based on sufficient data acquisition systems are

a step in this direction. Despite this fact additional transient data of CIWH events are

necessary. This is especially true for CIWH experiments in vertical geometries. In this

context the UniBw facility represents a new apparatus, that provides high frequency data

during CIWH experiments. The sections 3.1 to 3.4 give an overview of the pipe system,

the applied sensors and the data acquisition system.

3.1 Basic Facts of the UniBw Water Hammer Test

Facility

The UniBw facility at the University of the German Armed Forces is located in Unter-

biberg in the vicinity of Munich. This facility was constructed and used within a research

alliance in Germany called ”CIWA” [107]. Water hammer can be generated in the hori-

zontal test section and in the left separator above the heating rod. The initial condition

is a pipe partly filled with subcooled water and steam on top of the water in the test

section. This was called by Mr. Swidersky [99] ”a stable thermodynamic disequilibrium”.

Different construction plans of the facility have been investigated in the diploma thesis

of M. Dörfler [69] along with mechanical and thermal pre-calculations. The result, the

UniBw facility, is an integral facility that contains several pipe circuits. Figure 3.1 shows

the UniBw facility within the laboratory and figure 4.11 the test section with its sensors.

The UniBw facility is inside an experimental hall and therefore independent of weather

conditions. The red steel frame around the facility pipe system in figure 3.1 is constructed

in a way that the expected thermal and mechanical loads cannot impair the stability and

safety of the UniBw facility [69]. An inclination of up to 5◦ in both directions of the entire

pipe system is possible. Table 3.1 shows the basic operating data and key facts of the

UniBw facility. The test section extends from the left separator at the upper left to the

right separator. Three different inner diameters of the pipes are classified as follows in an

ascending order and listed in table 3.1: DN50, DN100 and DN150.
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Parameter of UniBw facility Value
Inner pipe diameters [mm] 51, 101, 156
Degree of subcooling [◦C] 0 - 60

Void fraction in test section [1] 0 - 1
Inner diameter test section [mm] 101

Operating pressure [bar] 1 - 4.5
Slow / Fast sampling frequency [Hz] 10 / 100,000

Maximum temperature [◦C] 150
Dimensions (length [m] x height [m]) 6 x 3

Maximum heat power of the electrical heating rod [kW] 19

Table 3.1: Basic information of the UniBw facility

Figure 3.1: View at the UniBw Water Hammer Test Facility
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3.2 Pipe System of the UniBw Facility

The pipe system of the UniBw facility consists of three pipe circuits. A sketch is presented

in figure 3.2.

Circuit 1 - outer circuit

The pipe system of the outer circuit is fixed along the red steel frame and is marked in

dark green in figure 3.2. In circuit 1 the separator, the electrical heating rod, pump 1,

a ball valve, a check valve and an electro-magnetic flow meter are placed. During the

preparation procedure of the experiments a circulatory mass flow rate below 1 l/s is

realised by pump 1 and the ball valve is partially opened at the same time. This low flow

rate reduces the heat flow into the inner circuit, thus saving a lot of preparatory time.

The electrical heating rod heats up the water in circuit 1 to the desired temperature. The

position of the heating rod, installed inside the left vertical pipe section, is depicted in

figure 3.1, in figure 3.2 it is at the right side. The heat loss is reduced by an isolation

from Rockwool. The ball valve, placed after pump 1, allows a mechanical adjustment of

the flow rate which is measured by an electro-magnetic flow meter beforehand. The main

functions of circuit 1 are to heat up the system, generate steam and to inject cold water

vertically into the separator above the electrical heating rod.

Circuit 2 - inner circuit

Pipe circuit 2 is marked by small red squares in figure 3.2. This circuit is connected to

circuit 1 at several positions. With its large DN150 pipes this circuit serves additionally

as a water reservoir. Water can be injected into the test section by pump 2. The water

flow rates are controlled by a ball valve as in circuit 1.

The bladder accumulators are crucial for the UniBw facility, since it is a closed pipe

system. Without such items steam generation is impossible. The bladder accumulators

provide an additional volume to generate steam. Each bladder accumulator contains
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a nitrogen filled bubble. Additional nitrogen can be pressed into the bubbles using a

nitrogen gas cylinder. Valves at the bladder accumulators enable a pressure reduction

by releasing nitrogen into the atmosphere. The bubbles in the bladder accumulators are

airtight. The qualitative interaction of the bladder accumulators with the pipe system is

a topic in the experimental procedure, explained in section 4.2.

Figure 3.2: The different pipe circuits in the UniBw facility

Circuit 3 - cooling circuit

The cooling circuit, marked by orange pipe segments in figure 3.2, is thermally connected

to the water pipe system at the two vertical jacket pipes. The inner DN100 pipe belongs

to circuit 1 and contains water. The outer DN150 jacket pipe contains the cooling oil

Fragoltherm Q-7 [32] if the pump is active in circuit 3. A mixing of oil and water is

37



Measurement Instrumentation

impossible due to the jacket pipe construction. The medium water cannot be used for

safety reasons in the cooling circuit. Since the inner pipe can reach temperatures of up to

150 ◦C an uncontrollable CIWH could happen in the jacket pipe. When the pump of the

cooling circuit is not active, oil is not present in the jacket pipes. Apart from the jacket

pipes the rest of the cooling circuit is not visible in figure 3.2. The other pipes of circuit 3

extend down to a large water reservoir from where the heat is released. Between the

water reservoir and the vertical pipe sections a pump and valves are installed to control

the oil-flow. The cooling efficiency is about 32 kW and was intensively studied by D.

Rossow [27]. His work provides experimental studies of the cooling circuit efficiency.

3.3 Measurement Instrumentation

In order to measure a water hammer and to store such data digitally, adequate sensors

and an appropriate data acquisition are needed. Especially the pressure and force sensors

register the pressure transients and loads induced by a water hammer. As generated by

injecting water into the test section via one of the pumps, the water hammer occurs there.

Consequently most of the sensors, especially fast pressure transducers and temperature

sensors are located in the test section. In the following figure 3.3 all positions of the

sensors installed in the UniBw facility are specified.

Seven different types of sensors are used, listed in table 3.2. Calibration and installing of

the sensors are in detail described in the report Dirndorfer et al. [87].

Ultrasonic sensors provide information about the water level in the test section. The

reference point is the rotation centre of the UniBw facility. The signals of the force

sensors as well as the strain gauges additionally confirm the existence of a water hammer.

The temperature sensors along the test section are mounted on top of the pipe at a 12

o’clock position and at the bottom at a 6 o’clock position. This configuration allows a

separate temperature detection of water and steam. This enables to determine the degree

of subcooling as a very important parameter for CIWH. A propagating front of cold water

at the bottom of the test section is recorded by the 6 o’clock temperature sensors. In case
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Figure 3.3: Positions of the sensors in the UniBw facility - front view

Figure 3.4: Positions of the sensors in the UniBw facility - rear view
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Sensor Quantity
Fast pressure transducer, Kulite XTL-123B-
190(M) Series [63]

8

Temperature sensors, mineral insulated
resistance thermometers [5]

20

Fill level sensor, Sonotec E11 sensor [94] and
Sonometer 05 [94]

3

Flow-meter, ABB FSM4000 [6] 2
Static pressure sensors [69] 3
Force sensors, PCB 213B [82] 2
Strain gauges, HBM 1-LY11-6/120 [48] 2

Table 3.2: Overview of sensors used in the UniBw facility

of it the sensors TA4, TA6, TA8 and TA10 register in this sequence a temperature drop.

A monitor that displays the temperature values during the experiments gives an insight

of the cold water front position in the test section.

Two types of pressure sensors are installed at the UniBw facility. The Kulite pressure

transducers with a response time of 5 µs are able to measure pressure transients induced

by CIWH events. The Tyco sensors TY1 and TY2 are not able to measure pressure

oscillations caused by CIWH events. They are used to measure the system pressure in

the facility. Their signals correlate if their differential height is considered.

3.4 Dewetron High Speed Data Acquisition System

All sensor signals of the UniBw experiments must be digitally saved for further insight

and analysis. To this end the Dewetron Dewe 2602 system [28] is used. This system

is applied to the sensors of the UniBw facility and offers after an upgrade 32 channels

with a sampling frequency of up to 500 kHz. This frequency is available for each channel

because any of them has its own analogue digital converter. The temperature sensors

are not directly connected to the Dewetron system in contrast to all other sensors. Their

signals are collected by a universal measurement module Q.brixx A107 of Gantner [36]

that forwards the measured signals to the Dewetron system. The Gantner system allows
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a sampling rate of 100 Hz, sufficient for useful results of the temperature sensors that are

not able to measure within the range of kHz. In case of a water hammer a frequency of

100,000 Hz is applied to all sensors. In such a case a uniform data set with 100,000 digits

per second is allocated to each sensor. The Dewetron system supplies interim values to

those sensors, that are unable to measure 100 kHz. This is true for all sensors except for

the pressure transducers and force sensors. These sensors measure using 100 kHz. If this

kind of measuring is applied it is called ”fast mode” in this work.

If no fast mode is active, the Dewetron system records all sensors using a frequency of

10 Hz, the so-called ”slow mode”. It always starts in the slow mode. Due to a limited

memory space the fast mode cannot be applied during the entire experimental recording.

It is applied only for a short self-defined water hammer timespan and ends automatically.

The Dewetron system allows to define the so-called trigger events. A trigger is a user

defined command when the fast mode of the data acquisition is started. For the UniBw

experiments the fast mode is activated when one pressure sensor signal exceeds a given

value. This value lies closely above the system pressure. The data acquisition system

starts to measure at 100 kHz one second prior to the trigger moment. This method ensures

automatically that no water hammer is lost in the data acquisition and is independent of

human influences.
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4 Condensation Induced Water

Hammer Experiments at the UniBw

Facility

This work refers to CIWH events that occur in the separator above the electrical heating

rod. The separator contains steam and subcooled water prior to the experiments. Sub-

cooled water in the vertical pipe below the separator is fed upwards to initiate the CIWH

events. These UniBw experiments can be classified as steam condensation induced water

hammer in a vertical up-fill configuration within an integral test facility. The transient

digital pressure data allow an analysis of the water hammer phenomenology, the wave

propagation and a verification to the Joukowsky equation 4.3. A comparison to simulated

results, calculated by the system code ATHLET, is provided in chapter 6.

All experiments form a database which depict the appearance of CIWH events. The results

are expressed by relevant dimensionless numbers and they are introduced in section 4.4.

They contain important influencing parameters and are represented in the following:

• A modified Jakob Number: The ratio of heat that is needed for the liquid to reach

saturated conditions to the latent heat.

• Froude Number: A measure for internal forces against gravitational forces, used to

classify the flow situation.

• Atwood Number: For the density difference between the liquid and gaseous phase.
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• Reynolds Number: The ratio of internal to viscous forces, the Reynolds number is

often used to determine whether a flow is laminar or turbulent.

All experiments are listed in a scatter-plot to reveal regions where water hammer is likely

or not. This approach to detect ”water hammer regions” is often used in the research.

In contrast to other provided water hammer regions that analyse the flow situation, like

the map of Chun et al. [24], the UniBw experiments offer in a scatter-plot real CIWH

experiments together with data of peak pressure values.

The denomination of the experiments and simulations is structured as follows:

Experiments always start with the capital letter ”E”, simulations with the capital letter

”S”. The experiments are consecutively numbered. This number is attached to the capital

letter. Simulations of experiments have the same number, e.g. S5 is the simulation of E5.

The capital letter ”C” followed by a number, represents both simulation and experiment,

e.g. C5 consists of S5 and E5.

4.1 Definition of a Water Hammer in the UniBw Facility

The classical one-phase water hammer is defined as an effect caused by a sudden change of

the fluid velocity, in most cases due to a sudden valve closure in a pipe. Literature agrees,

that a water hammer is based on extremely fast happening events. A generated pressure

wave moves from its origin to a reflection point and back in a given timespan 2L
a

[33]. L is

here the distance between origin of the pressure wave and the point of reflection and a its

velocity. The closing time of the valve is of vital influence on pressure characteristics [37].

Closing times below 2L
a

cause peak pressures as to the Joukowsky equation. However, if

the closing time is longer, peak pressures are increasingly smaller [17], [93].

These criteria assist to understand how a water hammer is induced. But they do not

give an insight to define a water hammer via its experimental pressure history. Thus, a

proper definition of a water hammer is developed and applied in this work. This allows

to identify a water hammer in experimental data.
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Time Magnitude
W1/2 ≤ 15 ms Pir ≥ 1

Table 4.1: Criteria to classify a water hammer from experimental or numerical data

A classical steel hammer is used to hammer a nail into a wall. It has a contact time

of about 10 ms [85]. Water hammer at the ROSA project are reported to have a half

width of 2 ms [11], at the PMK-2 facility a typical pulse width of 1-2 ms is reported [70].

The pressure histories of water hammer at the UniBw facility have a half width of about

4-6 ms. It is reasonable that the duration of a pressure increase is an important criterion

to define a water hammer. To set an upper limit, a maximum half width of 15 ms is

used for this work. An additional requirement is the magnitude of the pressure increase.

It is needed to exclude small pressure oscillations that are obviously no water hammer.

For example it does not make sense to regard pressure increases from 2.9 bar to 3.0 bar

within a few milliseconds to be a water hammer. It exists no clear statement in literature

which pressure increase should be a water hammer. In this work the water hammer peak

pressure must be at least twice as high as the system pressure to be regarded as a CIWH

event.

Pir =
pmax
p0
− 1 ≥ 1 (4.1)

This condition can be expressed by a pressure increase ratio, which is defined by equation

4.1. Pressure increase ratios below unity are not treated to be a water hammer. Table

4.1 summarises the criteria for water hammer.

4.2 Generation of Condensation Induced Water Hammer

Prior to conduct UniBw experiments some preliminary preparations like checking the

water level in the water reservoir have to be made. These preparations are of no further

importance and are described in a project report of Dirndorfer et al. [87]. The UniBw

facility is a closed system without an external water or steam supply. The relevance
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of the bladder accumulators was highlighted in chapter 3. The following description

of the experimental procedure additionally contains a short overview of the qualitative

interaction between the bladder accumulators and the facility.

Heating up the water close to the desired steam temperature

Figure 4.1: Draft of the UniBw facility at the beginning

The initial situation at the UniBw facility is given in figures 4.1 and 4.2. Figure 4.2

concentrates on the test section and bladder accumulator. The bladder accumulator is a

component that does not exist in most of the other test facilities being involved in water

hammer research, since they do not have a closed pipe system. Without the bladder

accumulator steam production is impossible in a closed pipe system filled with water.
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Figure 4.2: Simplified draft of test section and bladder accumulator

The water in the UniBw facility is at ambient conditions at the beginning. The pressure

in the nitrogen bubble inside the bladder accumulator is higher than the pressure in the

pipe system. That is why the bladder accumulators are separated from the pipe system

by a poppet valve. The first step for CIWH experiments is to produce steam. Therefore

the water in the UniBw facility has to be heated up. For this purpose the control system

of the UniBw facility, the ”Advanced Temperature Controller and Programmer” [53], is

adjusted in order to heat up the circulating water by approximately 0.5 ◦C/min. This

control system is also applied for temperature and pressure control at the UniBw facility.

The power supply of the heating rod is automatically turned off, if the static system

pressure, recorded by sensor TY1, rises above 4.8 bar. These are the most important

functions of the control system at the UniBw facility. Subsequent pieces of information

concerning this system are not part of this work and can be found in [52] and [51].

The flow rate of pump 1 is controlled by the Victaulic ball valve [111] in circuit 1 and is set

to not more than 1 l/s during the heating phase. Exhaust valves on top of the separators

allow de-aerating the pipe system, even if pump 1 and the heating rod are active. This

prevents the presence of non-condensable gas in the test section. The content of nitrogen

or oxygen decreases drastically at higher temperatures [113]. Therefore the exhaust valves
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are used at temperatures above 100 ◦C to ensure the absence of non-condensable gas in

the test section. Circuit 2 is not used actively in this work and all valves in circuit 2

remain shut.

Steam production

If the water temperature is at approximately 3 - 5 ◦C below boiling in the facility, the

production of steam is initiated. Both pumps are shut off and not active during the

steam production. In this situation the combination of the pipe system and bladder

accumulators is essential to generate steam.

Figure 4.3: Steam production in the UniBw facility
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Figure 4.4: Bladder accumulators provide volume for steam production

The figures 4.3 and 4.4 demonstrate the situation during the steam production. Mean-

while the pressure in the pipe system has risen and the poppet valves at the bladder

accumulators have opened up. Now the pressure in the nitrogen bubble corresponds to

the pressure in the pipe system. The bladder accumulators get hot at spots where water

is inside. The heating rod is still active at this step. In order to support the generation

of sufficient steam, nitrogen is released to the atmosphere at the bottom of the bladder

accumulators. This reduces the volume of the nitrogen bubble and supplies more volume

to the pipe system, which is consumed by the generated steam. The steam bubbles rise

upwards and accumulate in the test section. This is even audible. The signals of the

ultrasonic sensors show a slowly cascading water level, induced by the presence of steam

in the test section. The steam production process is continued until the desired amount

of steam has accumulated. The signals of the ultrasonic sensors displayed at a monitor,

allow to estimate the amount of steam in the test section.
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Generation of subcooled water and accumulating it carefully below the steam

After the steam production the heating rod is turned off and the cooling system is acti-

vated. The thermal oil Fragoltherm Q-7 [32] flows through the tabular heat exchanger

in the vertical pipe section below the separator. After approximately 4 - 5 minutes the

temperature sensors TA15 and TA16 indicate a temperature decrease. The water from

the separator to the ball valve cools down. This situation is shown in figure 4.5. In the

test section a saturated water layer separates the gaseous phase from the liquid phase.

If there is a direct contact between subcooled water and saturated steam a condensation

rate occurs according to equation 4.2 [9]. But as long as the subcooled water does not

get into direct contact with the steam or the water at the interface is not subcooled no

relevant condensation occurs.

It is important that the subcooled water does not cause a relevant condensation while it

is put into the test section below the steam. Therefore pump 1 is switched on and the ball

valve is adjusted in order to get a maximum flow rate of 0.85 l/s. This flow rate takes the

subcooled water into the test section without causing mentionable condensation. In the

test section the following profile due to the densities of the three components is present:

On the top the steam, in the middle hot water and below the subcooled water. At the

interface of steam and water no relevant temperature difference is present and therefore no

condensation. The temperature data reveal that during this process only the temperature

at the bottom at the 6 o’clock position decreases, whereas the temperature at the top of

the test section remains quite stable. The sensors closer to the heating rod react earlier,

visible in figure 4.6, in combination with the sensor map of the facility.

At first at 3900 s the sensor signal TA1 decreases, followed by TA4 at about 3945 s, TA6

at about 3955 s and TA8 at about 3965 s. In the timespan between 3900 s to 3965 s the

sensor signals at the 12 o’clock position remain nearly stable. The TA2 signal represents

the 12 o’clock temperature sensors well. That means that the subcooled water, present

at the bottom of the pipe, is hardly of influence to the steam in the same pipe. This

procedure is decisive for the entire experiment. For a CIWH experiment, the procedure

must be handled with utmost care, otherwise only a usual condensation without a pressure
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Figure 4.5: Generation of subcooled water in the facility

increase takes place. If this step is successfully solved, the test section contains saturated

steam in the top layer and subcooled water at the bottom of the pipe. Between steam

and water is an interface that may have a different temperature. If no condensation

occurs during this careful water transport process, it is assumed that the interface and

the steam temperature are nearly the same. However, there are no experimental data

available concerning the temperature at the interface. After this transport of subcooled

water into the test section, a very labile situation is present there, indicated in figure 4.7.

On top there is saturated steam, and at the bottom subcooled water.
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Figure 4.6: Experimental data of cold water front moving along the test section at the
bottom

Γ =
htcl Aint (Tl − Tsat)

hv − hl
(4.2)

Triggering a condensation induced water hammer in the separator

After the careful water transport into the test section everything is prepared to trigger

a condensation induced water hammer. The following step induces the CIWH very fast.

The CIWH experiment is initiated by fully opening the ball valve in circuit 1. This is done

manually within 0.8 s. The following figures 4.8(a) to 4.8(d) demonstrate what happens

in the test section, especially in the separator immediately after the ball valve is opened.

The water flow rate in circuit 1 increases and the water shoots upwards into the separator.

This way subcooled water is transported to the interface and perturbations at the interface
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Figure 4.7: Labile situation: Subcooled water in the test section below the steam
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(a) Start of water injection into the separator (b) Water surging in the separator

(c) Steam collapse in the separator (d) Water impact at dead end of separator causes
pressure peaks

Figure 4.8: Occurrences in the test section after opening the ball valve in circuit 1

are caused due to the increased flow rate. The saturated water layer breaks up and

the accumulated subcooled water gets into contact with steam. This leads according to

equation 4.2 to condensation because of the temperature difference between steam and

subcooled water. If the condensation is strong enough, the steam collapses completely in

the separator. This process is illustrated in figure 4.9.

The collapsed steam leaves an extreme low pressure region. Water shoots into the former

steam region due to the large pressure difference. The water impacts at the dead end

of the separator. This causes large pressure oscillations. A typical pressure-time plot is

presented in figure 4.10.
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Figure 4.9: Initiation of steam collapse in the separator
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Figure 4.10: Pressure oscillations at experiment E70
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4.3 Experimental Results

Important results of the experiments are presented in this section. The focus of the

experimental data evaluation is the following:

• Phenomenological description of pressure transient data and evaluation of the pres-

sure wave speed

• Exemplary comparison of experimental data to Joukowsky equation 4.3

• Summary of all experiments in a CIWH stability map by means of dimensionless

numbers

Figure 4.11: Transient pressure sensors in the test section, in colour

4.3.1 Rapid Condensation as Source for CIWH

The term CIWH already provides the information that condensation is the driving force

for this kind of water hammer. A lot of publications deal with the rapid condensation as

the source for CIWH in experiments, like Almenas et al. [7] or in numerical simulations

as in the work of S.C. Ceuca [20]. A typical characteristic of a CIWH in the experimental

data is a pressure decrease immediately before the peak pressure arises. In contrast to a

classical Joukowsky water hammer, induced by a fast closing valve, no condensation or

pressure decrease is given prior to the peak pressure. In report of Neuhaus et al. [78]

water hammer caused by a fast closing valve is investigated at the UMSICHT test facility.

The experimental data do not show any pressure decrease prior to the water hammer just

before the first pressure peak.
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CIWH experiments are based on rapid condensation, therefore a condensation should be

visible in experimental data of CIWH experiments, if pressure sensors are installed near

the steam collapse location. In some cases a pressure drop is not visible in a pressure

history of CIWH experiments, as it is for the ITS facility in figure 2.9. Here, the pressure

increase is much higher than the pressure drop, therefore a condensation is not visible

because it is too small compared to the peak pressure. Thus, the figure 4.12 of UniBw

experiment E70 explicitly shows only the pressure drop prior to the CIWH to illustrate

the condensation. In figure 4.12 a pressure drop is visible at the sensors PA2, PA3 and
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Figure 4.12: Pressure drop due to steam collapse in the separator

PA8. Sensor PA8 registers the strongest pressure drop, followed by the sensors PA2 and

PA3. This indicates that the location of the steam collapse is in the separator.

4.3.2 The Phenomenology of CIWH Events in the Separator by

means of Measurement Data

A qualitative description of what is going on during a CIWH experiment in the separator is

presented in this section. Beside the pressure transducers the ultrasonic and temperature

sensors allow an insight. It is a fact that all CIWH events occur after the ball valve in
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Figure 4.13: Pressure history of PA1 during a CIWH experiment

circuit 1 is opened. Thus, the CIWH happens approximately at the moment when the

flow rate recorded by sensor D1 starts to rise. For this purpose the signals of the sensors

PA1 and WA1 are analysed at the time of the experiment.

The pressure history and experimental water level of experiment E6, displayed in the

figures 4.13 and 4.14, are marked with capital letters A, B and C. The letters correspond

to important steps before the CIWH happens. The timespan from point A to point C is

below one second. Before A at 659.25 s the pressure and the water level are stable in the

separator. After point A water surges into the separator and the water level rises. The

rising water level compresses the steam in the separator, which leads to a slight pressure

increase to 5.5 bar. The subcooled water provided beforehand, is now transported towards

the steam-water interface to provoke the steam collapse. At point B at 659.7 s the rising

water level is further accelerated and skyrockets upwards. This is the moment of the

steam implosion. At the same time the pressure history shows a significant pressure drop,

that ends at point C close to zero pressure. The rapid condensation of steam leaves an

extreme low pressure region in the separator. This process can be only explained by a

steam collapse.
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Figure 4.14: Position of water level during CIWH experiment recorded by WA1

The water, pushed by the pressure difference, flashes into the former steam region and

the water level rises extremely fast and shoots upwards. The impact of the water at the

dead end in the separator causes a sharp pressure increase after position C, visible in

the pressure history. After that at about 659.75 s the signal of sensor WA1 is not longer

reliable. The ultrasonic sensor needs a stable and steady water surface area to supply

optimal measurement results. If this requirement is not given, ultrasonic measurements

can lead to unrealistic results. For example discharge measurements conducted by using

an ultrasonic technology, called ADCP, are strongly influenced if bubbles are present

[43]. The pressure decrease in the separator may also lead to a bubble formation in the

water. That means the signal of the ultrasonic sensor WA1 is reflected before it can

reach the water surface area. There is no doubt that at the moment C the flow situation

is far from being a stable water surface area. This characteristic of the WA1 signal is

true for all CIWH experiments. Fortunately in experiment E6 the sensor WA1 provides

useful data up to moment C. For experiments with a smaller CIWH peak pressure, the

rise of the water level is not so abrupt. In such cases, although the condensation rate is

smaller, it is strong enough to provoke a CIWH in the separator. The temperature profile

presented in figure 4.15 displays the sensor signals TA1 and TA2, located in the separator.
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Figure 4.15: Temperature profile in the separator before and during an experiment

According to the sensor-map of figure 3.3 the steam temperature is indicated by sensor

TA2 and the water temperature by sensor TA1. At 531 s the water temperature starts

to decrease whereas the steam temperature remains constant. A few minutes earlier,

the cooling circuit was activated and subcooled water accumulated below the separator

down to the ball valve. A water flow rate of 0.8 l/s transported the subcooled water into

the test section. The cold water front moved along the bottom of the test section. The

temperature sensors at the 12 o’clock position in the test section do not show a decrease

of temperature according to figure 4.6. At 659 s the water level rises rapidly due to the

opening of the ball valve in circuit 1. Both figures in 4.15 show at about 660 s that

temperatures at TA1 and TA2 equalize within two seconds. Immediately because of the

steam compression, sensor TA2 registers a small temperature increase of about 1.5 ◦C.

After this small temperature increase the following CIWH destroys the saturated water

layer and therefore the separation of water and steam. The steam implodes due to the

rapid condensation and is replaced by the water that skyrockets to the dead end of the

separator. This rapid change of the TA1 and TA2 signals as well as the characteristic of

the WA1 signal match the incidence of a CIWH.
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4.3.3 Comparison of Experimental Peak Pressure to the Joukowsky

Equation

The occurrences in the separator during a CIWH described in section 4.3.2 are similar

to the well-known concept of a Joukowsky pressure surge [60]. A water front is abruptly

stopped at the dead end in the separator. The valve closing time can be treated as zero and

is therefore below the needed value of 2L/a [93]. According to the theory of Joukowsky

this water impact at the dead end in the separator causes a pressure increase. Since not

all presumptions of a Joukowsky water hammer are fulfilled [57], like the complete fill of

the pipe with water, a comparison of the experimental data to the Joukowsky theory has

to be treated with great care. The experimental data support the concept of Joukowsky

in general, but an exact numeric comparison of the peak pressures is not constructive.

The precise water velocity just before the impact cannot be determined exactly enough.

Thus, it is sufficient if the measured pressure increase in the UniBw facility at PA1 is

within the range of the calculated Joukowsky pressure increase. A comparison between

experimental data and the Joukowsky equation 4.3 for experiment E6 is exemplary given.

∆p = ρav (4.3)

The speed of sound in water is higher than in steam or air and is approximately 1,400 m/s

[16]. The water density is given by the pressure and the temperature and is 955 kg/m3 for

E6. The water front velocity that hits the dead end of the separator is determined by the

WA1 signal. Here, a gradient applied to the WA1 signal at point B at 659.7 s yields a water

front velocity of 1.06 m/s. By means of these three factors, the pressure rise according

to the Joukowsky equation 4.3 is 14.17 bar. If an averaged velocity between B and C in

figure 4.14 is taken, a pressure increase of 4.97 bar is calculated. The measured pressure

rise, shown in figure 4.13, is ∆p = 14.3 bar and lies within the range of the Joukowsky

estimation by using the water level gradient in point B. This evaluation exhibits clearly

that the velocity of the water front just before the impact has to be strictly determined.
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4.3.4 Wave Propagation in the Test Section

After a CIWH occurred, pressure waves propagate in the test section. Their velocity is an

important parameter concerning the wave propagation. The velocity magnitude depends

on several parameters such as temperature and the wall thickness of the pipe. In case of a

two-phase flow additionally the local void fraction is also a strong influencing parameter.

The speed of sound in a homogeneous two-phase flow mixture varies from 20 to 1,400 m/s

[16]. In order to get a value for a pressure wave speed in the UniBw facility, an analysis

of exemplary experimental data is presented.

Therefore the experimental pressure transient data together with the positions of the

pressure transducers, listed in figure 4.11, are needed for this purpose. The pressure

sensors distance to each other is known and constant. It has to be stated that for the

UniBw facility minor errors in estimating the time lag between two pressure signals, leads

to significant higher deviations compared to other facilities.

For example, with a supposed speed of sound of 1,300 m/s, a pressure wave needs

0.000374 s to cover the distance of 0.487 m between sensor PA1 and PA2. If an er-

ror of 1/10,000 s is assumed, which is about 27% of the travel time between the sensors,

a large deviation from 1,028 to 1,778 m/s is the consequence. This means that the de-

termination of the pressure wave speed at the UniBw facility is very sensitive concerning

an accurate time lag estimation. Other facilities, that have longer pipe systems than

the UniBw facility, for example the UMSICHT facility [2], do not suffer in this way to

determine the pressure wave speed.

At the UMSICHT facility a typical distance between two pressure sensors is 34 m, far

more than in case of the UniBw facility. If the same time lag error of 1/10,000 s for

the UMSICHT facility is assumed, a speed interval of 1,295 to 1,305 m/s is calculated.

This speed interval is significantly smaller as in case of the UniBw facility. Nevertheless,

it was tried to estimate the velocity of the pressure wave from the transient data, since

the Dewetron system measures with 100,000 Hz. Different approaches to extract the

time lag from the experimental pressure data were investigated in Dirndorfer et al. [87].
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Only one of them provides a plausible velocity for the pressure wave speed. It can be

called ”applying inflectional tangents to the rising pressure curve”, what was seen to

be the best method within the CIWA research alliance [30]. Other methods like the

cross-correlation failed because the pressure waves suffer from dispersion. In case of the

exemplary examined experiment E70 this leads to absolute unrealistic values, since due

to damping effects the cross-correlation yields very small time lags, which are impossible

in reality.

To determine the pressure wave speed the first significant pressure rise of each pressure

signal in case of a CIWH is taken into account. A numerical first derivation is defined for

each data point in the interval of interest by the difference quotient. The local maximum

of this first derivation is the inflection point. The tangent line through the inflection point

and the horizontal line at the ordinate of the system pressure define a point of intersection

and time, used for the time lag calculation. The same procedure is applied concerning

other pressure sensor signals, as long as they provide relevant data. Figure 4.16 shows

three pressure signals with inflection tangents.

This procedure used for the pressure histories of the sensors PA1 - PA3 results in an

average speed value of 1,409 m/s. This value is within the same range as other studies

concerning the velocity of pressure waves in pipes [19].

4.4 Introduction to Dimensionless Numbers

Dimensionless numbers are used in section 4.5 to present an overview of the experimental

results at the UniBw facility. Therefore the relevant dimensionless numbers are introduced

in this section. Dimensional analysis is essential to minimise the amount of influential

parameters by combining them in dimensionless groups [1]. This method is often used

to get a basic relation among parameters, when a direct relationship between them is

quite unknown. The obtained dimensionless numbers can help to characterise the most

important physical phenomena out of several influencing parameters. Moreover, dimen-

sionless numbers are independent of scaling effects. This offers a comparison of different

63



Introduction to Dimensionless Numbers

−2 −1 0 1 2 3 4 5 6 7 8 9

x 10
−3

0

5

10

15

20

25

30

35

40

45

50

Time [s]

P
re

s
s
u
re

 [
b
a
r]

 

 

PA1

PA2

PA3

PA4

p
0

Figure 4.16: Tangent lines in the inflection points of the rising pressure curves define
the relevant time factors in experiment E70

experimental facilities.

Dimensionless numbers are also used in two-phase flow phenomena. Since a large variety

exists, only those are useful, that include relevant variables of a significant influence on

the examined phenomenon. For example, the studies of Griffith et al. [39] and Swierza-

wski et al. [102] use the Froude number to identify critical flow rates of water hammer.

Almenas et al. [7] describe the energy difference between steam and water with the Jakob

number in their analysis. In the field of two-phase flow phenomena there are many di-

mensionless numbers listed in Awad et al. [72]. To characterise the CIWH experiments in

the UniBw facility, the following numbers seem to be the most useful: Reynolds, Froude,

Jakob and Atwood number. Table 4.2 summarised the most important effects of the used

dimensionless numbers with relevance to the CIWH phenomenon.
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Dimensionless
Number

Effect Relevance to flow dynamics

Reynolds Turbulence Enhances heat and mass transfer
Atwood Density differences Less density difference between the

phases weakens the magnitude of
CIWH events

Jakob Condensation potential High condensation rates favours implo-
sion and thus CIWH events

Froude Flow regime Subcritical liquid flow in horizontal
pipes rather leads to CIWH events

Table 4.2: Dimensionless numbers considered for the interpretation of the results

Reynolds Number

The Reynolds number is defined as:

Re =
vldsep
ν

(4.4)

The Reynolds number is traditionally defined as the ratio of inertial to viscous force

scales. By means of this number, it is determined whether a flow situation is turbulent or

laminar. In the analysis carried out in subsection 4.5 the Reynolds number is used as an

indicator of the turbulence degree. The turbulence of the liquid flow is of great influence

on the interface between water and steam. The water velocity is usually a mean value.

For this work the D1 signal is used to calculate a water velocity value. Concerning the

length scale it has to be considered to use the inner diameter of the separator. The values

of the kinematic viscosity can be gained from pressure and temperature data.

Froude Number

The Froude number, Fr, is commonly used in hydrodynamics and represents the ratio of

inertial and gravitational forces. It is defined as:

Fr =
vl√
gdsep

(4.5)
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Equation 4.5 uses the same velocity vl as the equation for the Reynolds number. In

classical hydrodynamics the Froude number is the indicator whether a flow situation is

supercritical, critical or subcritical. In Griffith et al. [39] the Froude number is known to

be essential for CIWH mitigation strategies. In two-phase flow analysis the Froude number

is often used as an indicator of a special flow regime together with other parameters.

Especially the transition from stratified to slug flow is of major interest in the CIWH

research.

It has to be considered, that the flow regime maps and most of the experiments are based

on constant liquid flow rates. If the flow rate is not constant, as it is in the UniBw

experiments, the value of vl has to be defined. At the moment of a CIWH the present

local maximum is used to calculate the Froude number. Figure 4.18(b) gives an example

of a flow rate diagram during a CIWH with the marked vl value that is applied to compute

the Froude and Reynolds numbers. Furthermore the Froude number is used to indicate

the power of the water front that is pushed into the separator by the pump.

Jakob Number

The Jakob number used in this work is modified and defined as:

Ja =
ρlcp∆T

ρg∆hlg
(4.6)

The Jakob number represents the ratio of the sensible to the latent heat interchanged

during condensation or evaporation. Therefore the Jakob number is an indicator for the

energy difference in a two-phase flow and is used to quantify the effect of the liquid sub-

cooling on the CIWH phenomenon. The subcooling strongly influences the condensation

rate and therefore the Jakob number represents a possible potential for the CIWH. The

subcooling is calculated just before the steam implodes. It is the moment just before the

temperature profiles of TA1 and TA2 start to converge. Figure 4.18(a) illustrates this
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moment via a marker. The Jakob number can be converted by multiplying it by the

density ratio ρl/ρg. This procedure is found in several studies such as Almenas et al. [7],

Awad et al. [72] or Yang et al. [25] and is used in this work.

Atwood Number

The Atwood number is defined as:

At =
ρl − ρg
ρl + ρg

(4.7)

The Atwood number, defined in equation 4.7, expresses a density ratio between two

different phases. It is used in the study of hydrodynamics to characterise instabilities

in density stratified flows. Atwood numbers of steam-water flows are close to unity at

a system pressure of less than 5 bar. At a higher system pressure the Atwood number

decreases and this is also true for the density difference between water and steam. The

vapour dome of water, displayed in figure 4.17, clearly illustrates at a higher system

pressure the tendency of a decreasing density difference between saturated water and

saturated steam. The parameter vV ol in figure 4.17 is the specific volume which is the

same as the inverse of the density vV ol = 1
ρ
. There is no phase transformation at

a pressure above 221 bar, the critical pressure for water. This means that in such a

case no CIWH is possible since condensation disappears above the critical pressure. The

magnitude of CIWH events depends among others on the density difference between

water and steam. A systematic study of the system pressure influence on the magnitude

of CIWH events was carried out at the LSTF facility [76]. There, the magnitude of CIWH

pressure peaks decreased significantly at a higher system pressure or at a smaller Atwood

number, respectively.
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Figure 4.17: Vapour dome of water

4.5 Results of CIWH Experiments in the Form of

Dimensionless Numbers

This section provides an overview about the experimental CIWH results by means of the

four dimensionless numbers Atwood, Jakob, Reynolds and Froude, introduced in section

4.4. The complete analysis of the experimental data is carried out using the MATLAB

R2013b software. It is considered in the evaluation that the underlying parameters,

like density, enthalpy, etc. are temperature- and pressure-dependent. To consider these

influences the free script of ”X Steam” [46], [47] is used in MATLAB. The functionality

of this free program was tested and proved to be reliable. Different water properties were

calculated at random by ”X Steam” and verified by two steam tables of Schmidt [90] and

Grigull et al. [41].

The following results contain all vertical CIWH UniBw experiments. Each significant

increase of the D1 flow rate signal is considered as an experiment as far as steam is

present in the separator. The result is a change in the pressure value recorded by the
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Figure 4.18: Diagrams display the points in time used to calculate dimensionless num-
bers

Kulite pressure transducers in the test section. The sensor that records the maximum

pressure is used for the pressure increase ratio calculation, defined in equation 4.1. The

sensors PA1 or PA8 record in a CIWH the strongest pressure increase. The system

pressure is given by the sensors TY1 or TY2. These two sensors only differ due to their

differential height and reveal concerning this matter the same system pressure.

Experimental results illustrated by the Atwood number

Figure 4.19 contains all measured Atwood numbers of the UniBw experiments. These

values differ from the third decimal place. Since the experiments were all carried out

below 5 bar system pressure, all Atwood numbers are close to unity. The variations of the

Atwood numbers are too small to allow statements about the influence of this number.

Therefore for further analysis the Atwood number is neglected.

Experimental results illustrated by the Jakob number

The Jakob numbers in figure 4.20 differ from 0 to nearly 90. The Jakob number contains

the subcooling and is an indicator for the condensation potential [20]. It is expected that
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Figure 4.19: Experimental pressure increase ratio as a function of the Atwood number

larger Jakob numbers lead to more intense CIWH events, since the condensation potential

increases with the Jakob number. In fact table 4.3 contains the relative frequencies of

CIWH events according to the Jakob number and illustrates that higher Jakob numbers

favour the occurrence of CIWH events. Pressure increase ratios larger than 3 only appear

at Jakob numbers of 30 or more. Intense CIWH events happen at Jakob numbers above 40.

A steam implosion is favoured at a high condensation rate, thus at high Jakob numbers.

Nevertheless, also small Jakob numbers can lead to pressure increase ratios above unity.

This means that also small degrees of subcooling have the potential to CIWH. At Jakob

numbers below 20 only four experiments result in a CIWH and these CIWH events do

not exceed a pressure increase ratio of 2.

Experimental results illustrated by the Reynolds number

The turbulence is an important parameter in two-phase flow studies and of influence

on the steam-water interface. Turbulence causes the formation of vortices that shift
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Figure 4.20: Experimental pressure increase ratio as a function of the Jakob number

Jakob number interval Relative frequency
0 - 20 0.10
20 - 40 0.53
40 - 60 0.70
60 - 90 0.80

Table 4.3: Relative frequencies of experimental CIWH events according to the Jakob
number
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Figure 4.21: Experimental pressure increase ratio as a function of the Reynolds number

subcooled liquid to the steam-water interface. A sufficient high turbulence is able to

break up the saturated water layer, that separates water and steam from each other [112].

Figure 4.21 reveals that up to Re = 310, 000 no CIWH events occur. In the Reynolds

interval 500, 000 < Re < 700, 000 the strongest measured CIWH events with a pressure

increase ratio up to 9.1 happen. As table 4.4 lists in this range the relative frequency of

CIWH events is higher compared to other Reynolds intervals. In the Reynolds interval

700, 000 < Re < 900, 000 CIWH events are weaker. CIWH events occur with the highest

relative frequency in the interval 500, 000 < Re < 700, 000 with a value of 0.43.

Reynolds and Froude numbers both depend on the water velocity and on other constants.

A relation between these two numbers is given. A temperature depending factor connects

the Reynolds and Froude number Re = TDF (T ) ·Fr, due to the temperature-dependent

viscosity. The dynamic viscosity for water varies between 2.0 · 10−4Pa s to 4.5 · 10−4Pa s

in the experiments. Consequently the TDF (T ) factor lies in the interval 5.78 · 105 <

TDF (T ) < 1.30 · 106. Therefore the assumption that there is a fixed ratio between
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Reynolds number interval Relative frequency
0 - 300,000 0.00

300,000 - 500,000 0.36
500,000 - 700,000 0.43
700,000 - 900,000 0.29

Table 4.4: Relative frequencies of experimental CIWH events according to the Reynolds
number

Froude number interval Relative frequency
0 - 0.4 0.00

0.4 - 0.6 0.29
0.6 - 0.80 0.30
0.80 - 0.89 0.75

Table 4.5: Relative frequencies of experimental CIWH events according to the Froude
number

Reynolds and Froude number is not correct in this case. But the general tendency that

higher Froude numbers are related to higher Reynolds numbers still remains, since both

go back to the water velocity. It has to be considered that the temperature-dependent

viscosity can locally influence this relation.

Experimental results illustrated by the Froude Number

In horizontal flows Froude numbers above unity are not expected to lead to CIWH events

as reported in Chou et al. [23] and [22]. Further investigations at Fauske & Associates

revealed this statement to be correct [45]. The UniBw experiments represent a vertical up-

fill configuration and cannot be compared to horizontal pipe flow studies. In experiments

Froude numbers above unity could not be realised according to the maximum possible

flow rate supplied by pump 1. Whether Froude numbers above unity enhance or weaken

the the frequency of CIWH events cannot be proved experimentally. Figure 4.22 reveals

that Froude numbers below 0.4 do not end up in CIWH events. The relative CIWH

frequencies in table 4.5 reveal that higher Froude numbers favour CIWH events. From

Froude number 0.4 to 0.6 CIWH events with a pressure increase ratio of maximum 6.65

occur at a relative frequency of 0.29. In the interval 0.6 < Fr < 0.8 the relative frequency
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Figure 4.22: Experimental pressure increase ratio as a function of the Froude number

rises slightly up to 0.30, but CIWH events occur with a pressure increase ratio of up to 8.9.

At Froude numbers larger than 0.8 the relative frequency grows to 0.75 and the CIWH

events with a pressure increase ratio of up to 9.1 are the most intensive ones. Overall it

can be stated that an increasing Froude number enhances both, the relative frequency and

the relative intensity of CIWH events. Since the Reynolds and Froude number are similar,

it can be concluded that a special degree of turbulence and a certain flow situation have

to coexists in order to favour the generation of CIWH events. For the UniBw experiments

the combination of Re = 600, 000 and Fr = 0.8 is very prone to CIWH events. In this

range not only the occurrence probability is increased, the same is true for the intensity

of the CIWH events. This area can be classified as a ”water hammer zone”.
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5 Introduction to Two-Phase Flow

Models

Two-phase flow simulations of UniBw experiments are discussed in chapter 6. This chapter

provides a brief overview about different two-phase flow models and introduces the ”two-

fluid model” mostly used in codes that shall compute CIWH events. The basic equations

of a two-phase flow model are based on the conservation of mass, momentum and energy.

In some cases of two-phase flow scenarios the energy equation may be neglected. If

a thermal equilibrium between the two phases is assumed, an energy balance may be

superfluous. The following list introduces common two-phase flow models that can be

found in the literature. This list is not complete and it briefly addresses the quintessence

of appropriate models:

Cavitation models, e.g. Kunz cavitation [64]

The International Institute for Cavitation Research defines this process as ”rapid growth

and collapse of vapour pockets [...] due to reduction in the static pressure below the liquid

vapour pressure” [50]. That means that in case of cavitation exists no conventional steam

generation by heat. The vapour bubbles collapse as soon as the pressure increases above

the saturation pressure. The implosion of the vapour bubbles form a so-called ”micro-

jet” of fluid with a velocity of up to 200 m/s [81]. This fluid-jet is responsible for several

negative effects, such as a large noise generation, strong vibrations, erosion, destruction of

pipe components and a process standstill [89]. Cavitation appears in hydro power plants,

marine applications, automotive applications and even in the field of bioengineering, to
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name important topics that are faced with cavitation.

Different cavitation models are found in the open literature. They contain equations

for mass and momentum balance and different approaches for the physical modelling of

the mass transfer. The mass transfer models of Kunz and Sauer, also called cavitation

models, are briefly presented. The empirical mass transfer model of Kunz describes the

steam generation by how much the system pressure lies below the saturation pressure.

The steam destruction is represented in a third polynomial function of the water volume

fraction αl [49]
Cprod ρg αl min[0, p− psat]

ρl v2∞ t∞
= ṁ+ (5.1)

Cdest ρg αl
2 (1− αl)

t∞
= ṁ− (5.2)

where ṁ = ṁ+ + ṁ−.

In contrast to the Kunz cavitation model, Sauer’s mass transfer model for cavitating

liquids is based on the bubble dynamics governed by the Rayleigh equation [84]:

RR̈ + 3/2
(
Ṙ
)2

=
p(R)− p∞

ρl
(5.3)

The cavitation models of Kunz and Sauer are quite known, but they are not able to

describe CIWH events. This is also true for other cavitation models. Important sub-

processes like development of the interface or change of flow regimes are not addressed.

Thus, these models are not suitable to simulate UniBw CIWH experiments.

Homogeneous equilibrium model (HEM)

The homogeneous equilibrium model is based on several assumptions. They are mentioned

by the name ”Homogeneous Equilibrium Model”. The velocity, temperature and pressure

in the two phases are equal. The balance equations for mass, momentum and energy in
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the HEM model are [114]:
∂ρm
∂t

+∇(ρm~vm) = 0 (5.4)

∂~vm
∂t

+ ~vm∇~vm = − 1

ρm
∇p− λ~vm|~vm| − ~gsin(β) (5.5)

∂(ρmem)

∂t
+∇(ρmem~vm) + p∇~vm = Q (5.6)

where

vl = vg = vm

ρm = αρg + (1− α)ρl

ρmem = αρgeg + (1− α)ρlel

Concerning the HEM requirements the mass, momentum and energy transfer is fast

enough to assume an equilibrium between the phases. If one phase is finely dispersed

in another phase, like in a bubbly flow of steam in water, HEM can be applied [71].

Rapid acceleration or large pressure changes cannot be modelled accurately by the HEM

model. At the UniBw facility no equilibrium is given in case of a CIWH. Thus, the HEM

model is not suitable to compute CIWH events.

Homogeneous relaxation model (HRM)

The HRM is an enhancement of the HEM. The main idea is that the fluid reaches its

equilibrium within a certain relaxation time. The balance equations for mass, momentum

and energy are nearly the same as in the HEM model. The non-equilibrium interface

mass transfer is described by means of a relaxation equation [29].

∂x

∂t
+ vs

∂x

∂s
=

Γg
ρm

= −x− x̃
θ

(5.7)
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Equation 5.7 describes the relaxation of x, the dryness fraction that reaches its equilibrium

in a timescale θ. The dryness fraction is needed to compute the specific volume and

enthalpy of the mixture. If the fluid is in equilibrium, the HRM model changes formally

to the HEM model.

The relaxation time θ, the crucial parameter in the HRM model, has to be determined

by further physical modelling. Values for the timescale θ strongly depend on the applied

situation. The work of Downar et al. [29] provides correlations for θ. For low pressure

systems under 10 bar θ is in the range of 10−4 s. The HRM model is the basis for several

applications. It is used for superheated injector flows [92] or for simulating cavitation

inside a diesel injector [77]. Although the HRM model allows a disequilibrium for the

dryness fraction, it is unable to address the complexity of CIWH events. For this task

mostly the so-called ”two-fluid model” is used.

Two-fluid model

CIWH events consist of several very complex sub-phenomena, therefore too many sim-

plifications are not helpful, if a CIWH ought to be modelled. To compute CIWH events

the two-fluid model is often applied in system codes, CFD codes and CFX. The two-fluid

model offers balance equations for mass, momentum and energy, two for mass, two for

momentum and two for energy. Thus, the two-fluid is model known as the six equation

model. Different values for the velocity, temperature and pressure are given in the two-

fluid model. Between water and steam is an exchange of mass, momentum and energy

at the interface. This transfer is described by interaction terms in each balance equation.

These terms are characterised by additional constitutive equations. They must be accu-

rately enough to match the physical situation. These ”interfacial terms are the weakest

link in a two-fluid model because of considerable difficulties in terms of experimentation

and modelling” [56]. To describe these interaction terms sufficiently, an accurate mod-

elling of the interfacial area concentration is necessary. This is one of the most crucial

points in the modelling of two-phase flow [54].

The two-fluid model is known to be very complex because of its sub-processes. In con-
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trast to other presented models it addresses the dynamics and non-equilibrium conditions

between the two phases more realistically. M. Ishii provides a common two-phase flow

model [54]. His model is consistent and complete in mathematical sense. However, Ishii

stresses that the existence of the solution is not guaranteed [54]. Therefore the results of

the two-fluid model should be compared to experimental data to verify and improve the

model.

5.1 Conservation Equations

This section presents the differential form of the area-averaged balance equations, formu-

lated by Ishii et al. [56]. In the literature different formulations for the two-fluid model

can be found, but Ishii’s model has provided more or less a standard in two-phase flow

studies. It has to be considered that beside different formulations of two-phase flow equa-

tions, their implementation into different codes can lead to modifications of the general

equations. The mass equation is:

∂(αkρk)

∂t
+∇(αkρk ~vk) = Γk (5.8)

The momentum equation is:

∂(αkρk ~vk)

∂t
+∇(αkρk ~vk ~vk) = −αk∇pk+∇[αk(τ k+τ tk)]+αkρk~g+~vk,intΓk+ ~Mk,int−∇αk ·τint

(5.9)

The energy equation is:

∂(αkρkhk)

∂t
+∇(αkρkhk ~vk) = −∇αk(~̄qk +~q tk)+αk

Dk

Dt
pk +hk,intΓk +q

′′

k,int/Lint+Φk (5.10)

These conservation equations are a system of non-linear partial differential equations.
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The subscript int stands for the interface between the phases, k for the liquid or gaseous

phase and D
Dt

is the Lagrangian derivative. The terms Γk, ~Mk,int, τint, q
′′
k,int and Φk are

the mass generation, generalised interfacial drag, interfacial shear stress, interfacial heat

flux and dissipation, respectively. 1/Lint has the meaning of an interfacial area per unit

volume, the relation 1
Lint

= Aint = interfacial area
mixture volume

is the interfacial area term.

On the right hand side of the balance equations several interfacial transfer terms appear.

Local jump conditions ensure that the balance equations are valid due to these transfer

terms. These local jump conditions are:

∑
k

Γk = 0 (5.11)

∑
k

~Mk,int = 0 (5.12)

∑
k

(Γkhk,int + Aintq
′′

k,int) = 0 (5.13)

The modelling of the jump conditions and transfer terms is a very demanding challenge.

A key parameter in this context is the modelling of the interfacial area concentration

and its transport equation. The interfacial area concentration for a two-phase flow has

been studied for example in Ishii et al. [55]. The initial model was proposed by Koca-

mustafaogullari and Ishii [62]. The modelling of the term Aint is extremely complicated

since this parameter depends on the local geometric configuration of the phases [83]. The

break-up and coalescence of fluid particles is ”quite important in interfacial area trans-

port” [61].

If the mechanical energy transfer at the interface can be neglected, the enthalpy transfer at

the interface simplifies the development of the constitutive relations for interfacial transfer

terms [56]. The mass transfer Γk is calculated by performing a heat equation across the

interface:
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Γk =
htck(Tk − Tsat)

hg − hl
(5.14)

The interface is assumed to be massless and therefore unable to store thermal energy [66].

Thus, any energy transfer at the interface must result into vaporisation or condensation.

Although the development of the interfacial area transport equation made considerable

progress, it is still a challenge to model complex phenomena like CIWH events in detail

[20].

5.2 Introduction to the System Code ATHLET

Two-phase flow phenomena like CIWH events are three-dimensional by nature, but nev-

ertheless one-dimensional system codes are extensively used to simulate two-phase flow

patterns in large thermal-hydraulic facilities such as for nuclear power plants. Three-

dimensional CFD codes that simulate long lasting and physically complex transients are

extremely computational extensive. Due to this fact, system codes often are preferred in

practice and sometimes they offer the only way to simulate thermal-hydraulic transients

in large integral facilities. They can provide acceptable results within relative short com-

putational times. System codes were developed to get a balance between the complexity

and the usability. The complexity arises from difficult phenomena which deserve a special

modelling and an acceptable computational time [14].

In this work the thermal-hydraulic computer code ATHLET is used for the simulation of

UniBw experiments. ATHLET has been developed by the ”Gesellschaft für Anlagen- und

Reaktorsicherheit”, also known by the name ”Global Research for Safety” (GRS). The

two-fluid model is integrated in ATHLET in form of a one-dimensional description and

is applied for simulations. Apart from the modelling of the two-phase flow ATHLET has

integrated sub-modules to describe other systems like, pumps, valves, neutron kinetics,

etc.

Important for this work is the implementation of a new direct contact condensation (DCC)
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model. DCC is the driving force for CIWH events and a sufficient modelling of this process

is essential to simulate CIWH events. To this end a new hybrid HTC model has been

developed and is the basis of this new approach. This DCC model is a separate work and

is the topic of the PhD of S. C. Ceuca [20], where this model is developed and explained in

detail. Moreover, together with this new DCC model an existing model for the interfacial

area transport equation has been activated in ATHLET. This transport equation has been

developed by the GRS [10] and is used in the work of S.C. Ceuca [20].

The used model for the interfacial area transport is capable to describe bubble and droplet

flow. It includes the appropriate sink and source terms in the interfacial area transport

equation: Break-up and coalescence can be simulated. At the same time the model con-

tains the formation and disappearance, such as evaporation, entrainment or condensation

of the fluid flow, whereas for intermediate flow patterns an interpolation function is ap-

plied. With these changes ATHLET is capable to predict CIWH events without parameter

tuning. Imre Barna’s statement to RELAP5 and CATHARE ”So these two system codes

are unable to calculate steam condensation induced water hammer at all” [13] illustrates

that CIWH modelling is something special for system codes.

Figure 5.1: Staggered grid employed by the system code ATHLET [9]
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In order to build up a geometry in ATHLET, basic fluid-dynamic elements, called thermo-

fluid dynamic objects (TFOs), can be linked. These TFOs consist of control volumes and

their interconnections, called junctions. Adjacent control volumes between the centres of

the junctions define the control domain. This leads to a staggered grid, where the junction

centres are displaced by half a control volume length from the control volume centres [9].

The energy and mass balance equations are spatially integrated using the control volume

as integration domain. The interconnections are the integration domain for the momen-

tum balance equations. ATHLET uses a first order accurate, fully implicit solution of the

non-linear system of partial differential equations. The system of equations is linearised

by the Jacobian matrix of the equation system. Further information about the grid ap-

proach and numerical schemes in ATHLET are not part of this work and can be found in

the ATHLET manual [9] and other literature, such as [20] or [65].
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6 ATHLET Simulations of UniBw

Experiments

6.1 Model of UniBw Facility in ATHLET

Before a simulation in ATHLET can be performed, the topology of the pipe system has

to be defined. Different TFOs are linked to represent the UniBw facility. The necessary

models of components like check valves, ball valves or pumps are available in ATHLET to

build up a model of a complex pipe system, in this case the UniBw facility. The different

TFOs can be arranged to different loops in the model.

Figure 6.1 represents the UniBw facility in ATHLET. Starting from zero at the x-axis

in water flow direction the loop representing circuit 1 consists of the following TFOs:

Pipe320, BR302, Pipe410, BR400, Pipe111, BR100, Pipe112, BR112, Pipe113, BR200,

Pipe210, BR301 and Pipe310. All other TFOs visible in figure 6.1 form circuit 2 of

the UniBw facility. The length of the cells in the TFOs is set to the inner diameter

according to recommendations of the ATHLET developers [21]. Within the TFOs the

pipe components of the UniBw facility are defined by ATHLET sub-models. The location

of these components corresponds to the dimensions of the real facility. A former model

of the UniBw facility has been used in the report Thiele et al. [104]. This model only

consisted of circuit 1 and did not represent a closed pipe system.

The ATHLET model of the UniBw facility used in this work has been improved at some

points. It is now a closed pipe system, at least during the simulation of CIWH events.
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Figure 6.1: Topology of the UniBw facility in ATHLET

Circuit 2 is included in the model and contains a bladder accumulator. The separator is

realised with a single cell in ATHLET according to personal recommendations of ATH-

LET developers [8]. A significant difference to the former model is that no interventions

concerning the condensation rate is made. The bladder accumulators are implemented by

a volume of nitrogen. Here, ideal gas equations are applied by ATHLET. A diffusion of

nitrogen is not anticipated as the gas in the UniBw facility is separated from the water

by an impermeable membrane. In all cells except for the nitrogen bladder the two-fluid

model is utilised. Of great importance is the fact that with the new ATHLET model

no parameter tuning is necessary. After the initial conditions are adjusted, no manual

interventions are made. This approach does not always bring about nice looking results,

but shows the capability of ATHLET to simulate CIWH events.

86



Definition of a Successful Simulation

6.2 Definition of a Successful Simulation

Before a simulation is compared to experimental data, a ”successful” simulation should

be defined. Since no consistent definition of a successful simulation exists, a definition

was discussed by CIWA members. This discussion [108] is the basis of the definition used

for this work.

The most important criterion is the prediction of the CIWH occurrence. It is a simple

”Yes-No” criterion whether the simulation reveals a CIWH or not. Also experiments

without CIWH events should be covered by this criterion. The next point is the correlation

of the simulated and measured pressure history, especially the peak pressure of the CIWH

and its duration. Further validation criteria are the location of the CIWH, the pressure-

time integral of a CIWH and the time difference between the water injection and the

CIWH occurrence.

In order to assess the simulations of the experiments by the modified ATHLET system

code, only the first two criteria are used, but the ”Yes-No” criterion is considered to be the

most important one. The modified ATHLET with the implemented DCC model makes

simulation of CIWH events possible. The focus of the modification was to model the

DCC phenomenon. This modification was made recently, thus an in depth validation of

this new model concerning CIWH events exists not yet. Therefore ATHLET should only

be expected to predict the CIWH occurrence. This is still a challenge for many system

codes, CFD and CFX codes. If furthermore the pressure histories of experiments and

simulations correlate well, this is treated to be an additional bonus.

6.3 Simulation of UniBw Experiments

In order to get good simulation results, there is some temptation to make interventions

in a simulation. This may be by setting a manual trigger in the simulation or by defining

important parameters, such as the condensation rate, according to expectations arising
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from conducted experiments. Since a realistic simulation of CIWH events still presents

a laborious challenge, such approaches are comprehensible in order to gain some results

at all. Nevertheless, this strategy has the big drawback, namely that satisfactory results

rather rely on ”manipulation” and not on physical modelling.

The objective of this section is to assess whether the modified ATHLET system code is able

to predict vertical CIWH events in the UniBw facility. Therefore a selection of experiments

is simulated. Additionally a sensitivity study is made to compare the simulation results

to the experimental data. The simulations together with the experimental data show the

characteristics of ATHLET and allow to estimate the ATHLET performance to simulate

CIWH events in an integral facility.

6.3.1 Condensation Induced Water Hammer Experiments Simulated

by ATHLET

Experiment E70 is a good example of the ATHLET performance to simulate CIWH events.

First of all the initial conditions have to be extracted from the experimental data. The

experimental data of E70 are depicted in figure 6.3 and the according initial conditions

are: Maximum flow rate 33 l/s, 52 ◦C subcooling and 3.0 bar system pressure.

The test section is partially filled with water when the CIWH is initiated. In experiment

E70 the water level is nearly in the middle of the test pipe so that the lower half of

the pipe is filled with water and steam is above the water. It is not possible to specify

such a situation in ATHLET as an initial condition. In ATHLET a cell can contain only

water or only steam as an initial condition. To reach the measured experimental initial

situation in ATHLET, a pre-simulation is performed. Overall the entire simulation is a

single simulation with one input file. The CIWH is not triggered at the beginning of the

simulation, because the initial conditions cannot be specified in advance. The simulation

starts with the test section full of steam. Via the branch BR112 a small imaginary flow

rate of saturated water with maximum 0.5 kg/s flow rate is applied. Due to the small

temperature difference between the injected water and the steam, condensation occurs
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Figure 6.2: Flow rate and temperature data of experiment E70
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Figure 6.3: Pressure data of experiment E70
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(a) Temperature profile at the separator bottom
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(b) Temperature profile at the separator top

Figure 6.4: ATHLET results of temperature profiles in S70; UniBw experimental data
E70

and the water level rises in the test section.

The liquid temperature in the input file is set to the relevant TA1 signal. The values in

the input file for the initial system pressure, steam temperature and injection flow rate are

adjusted in a way that the experimental initial conditions are reached in a pre-simulation.

The next step in the simulation is that the imaginary water flow rate via BR112 is set

to zero. Now the situation in the simulation is comparable to the experiment. The test

section contains steam and liquid water. The liquid in Pipe410 is subcooled.

The numeric CIWH in the simulation is induced similar as in the experiment. The flow

rate in the model is increased by pump 1. It is influenced by a pressure difference over a

certain timespan at pump 1. As in the experiment a numeric CIWH can happen directly

after the injection of water into the separator. The following diagrams of figure 6.5 show

the temperature profile of TA1 and TA2, the pressure history in the separator and the flow

rate induced by pump 1, as measured and simulated. Problem time zero is the moment

when the water level in the separator, respectively in cell BR400 during the simulation

starts to rise.

The simulated flow rate in figure 6.5(a) matches the maximum measured flow rate. The
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(a) Flow rate at D1 sensor position
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(b) Pressure history in separator

Figure 6.5: ATHLET results of flow rates and pressure histories in S70; UniBw experi-
mental data E70

rise of the measured D1 flow rate is quite satisfactorily calculated in the simulation. It

is apparent that measured and computed flow rates are chronologically not synchronous.

The D1 sensor in the UniBw facility cannot measure fast changing flow rates in time.

In case of fast changing flow rates a time offset of approximately 0.5 s to 1.5 s appears.

Therefore the signal of sensor WA1 is used as zero-point for both, experiments and sim-

ulations.

After 1 s problem time the computed flow rate is different to the experimental data.

One reason is that the pump 1 is not modelled in its complete complexity such as the

flywheel or the starting process of the pump. Furthermore, the ATHLET model of the

UniBw facility as a closed system can cause numerical instabilities. Pressure waves can

propagate through the entire model. Often models are used that reproduce only the

test section with boundary conditions, e.g. the PMK-2 facility in [20]. These boundary

conditions eliminate pressure oscillations and instabilities which furthermore exist in the

closed model used in this work. The closed system model leads to an inaccurate computed

flow rate after the first flow rate maximum. But this drawback is not of importance. It

is only important that the first flow rate maximum and its rise is simulated precisely to

some degree. Moreover, in case of a CIWH event that appears directly after the opening
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of the ball valve cavitation occurs at pump 1 due to the pressure drop in the entire UniBw

facility. To avoid a damage to the pump, it is switched off after a CIWH event. Anyway

the experiment ends after a CIWH event. As a result there are no data of interest after

the first flow rate maximum.

The computed temperature profiles of the sensors TA1 and TA2 show, as in the exper-

iments, a rapid change. It exists a time offset of 1 to 2 s between experimental data

and simulation of the sensors TA1 or TA2. Considering the properties of ATHLET a

time offset is reasonable. In reality the temperature sensors are installed at certain posi-

tions, in the ATHLET model variables like the temperature are stored in the cell centre,

which is volume averaged. When cold water enters cell BR400 a temperature decrease

is computed. However, in reality a drop of temperature is registered not before the cold

water front has reached the position of sensor TA2. The volume averaged temperature in

ATHLET considers properties of the relevant cell, whereas the installed sensors provide

temperature data only at the sensor’s position in the facility. Furthermore the temper-

ature distribution below the separator is not recorded. The water below sensor TA1 is

assumed to have the temperature that sensor TA1 measures. This can lead to a stronger

temperature drop in ATHLET than in the experimental data, which is visible in figure

6.4(b).

The water hammer itself is computed about 1.3 s later as it is measured. A difference

of the CIWH point in time between experiment and simulation was also present in other

reports [104]. Practically, the different points in time of the water hammer present no

relevant drawback. First of all, according to the definitions of section 6.2 it is important

that a one-dimensional system code is capable to predict a CIWH at all. According to the

publications of Barna et al. [13] codes like CATHARE or RELAP5 are unable to do this.

As visible in figure 6.5(b), ATHLET computes a CIWH in the range of magnitude, a little

bit over 30 bar. A pressure drop directly prior to the CIWH is not computed by ATHLET.

The pressure drop appears 1.5 s earlier at about 0.5 s problem time. Considering that no

parameter tuning is performed these results are quite promising. The modified ATHLET

system code is able to compute CIWH events in an integral facility and the temperature

profiles are in agreement with the experimental data of experiment E70.
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Sensor Relevant parameter E13 E64
TY2 [bar] System pressure 1.87 3.30
TA1 [◦C] Water temperature 62.0 111.0
TA2 [◦C] Steam temperature 118.0 137.0
D1 [l/s] Maximum water inflow rate 32.0 36.0
dT [◦C] Subcooling 56.0 26.0

Table 6.1: Initial conditions of experiments E13 and E64

−1 0 1 2 3 4

60

70

80

90

100

110

120

130

Time [s]

T
e
m

p
e
ra

tu
re

 [
°C

]

 

 

ATHLET TA1

Experiment TA1

ATHLET TA2

Experiment TA2

(a) Temperature profile in the separator for C13 at
TA1 and TA2

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
0

2

4

6

8

10

12

Time [s]

P
re

s
s
u
re

 [
b
a
r]

 

 

Experiment PA1

ATHLET PA1

(b) Pressure history in the separator for C13

Figure 6.6: ATHLET results of pressure history and temperature profiles in S13; UniBw
experimental data E13

Beside experiment E70 also other experiments of the UniBw facility were simulated by

the modified ATHLET system code to stress that this progress enables ATHLET to

detect CIWH events. In the experiments E64 and E13 a CIWH is recorded by the data

acquisition system. The simulations of these experiments are made in the same way as for

experiment E70. The initial conditions for these experiments are listed in table 6.1. The

following simulation results contain the most important diagrams, the temperature profile

and pressure history in the separator. Concerning experiment E13 the results are visible in

figure 6.6 together with the computed S13 results by ATHLET. This experiment shows a

slight pressure increase prior to the CIWH, that is not predicted by ATHLET. At problem

time 0.4 s a short-time pressure drop is visible, that appears in nearly all simulations

resulting in a CIWH. At this problem time the PA1 signal signifies an increase but still no
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Figure 6.7: ATHLET results of pressure history and temperature profiles in S64; UniBw
experimental data E64

water hammer. In the experiment the pressure reduction is at about 0.8 s problem time.

Here, the calculated signal shows minor pressure oscillations that accumulate to a CIWH

of 7.48 bar, 0.24 s later than in the experiment. The temperature profile of experiment

E13, displayed in figure 6.6(a), indicates the same characteristics as in experiment E70 in

figure 6.5. Four seconds after the CIWH, the calculated TA1 and TA2 signals are below

the measured ones, as a result of the unknown temperature distribution below sensor

position TA1. The delayed rise of the calculated TA1 temperature is a consequence of

the initial uniform temperature profile in Pipe410.

The experimental data and the simulation of C64 are displayed in the figure 6.7. The

pressure history of ATHLET follows in general those of simulation S13. Just before 0.5 s

problem time the pressure drop followed by pressure oscillations is visible. The maximum

of the pressure oscillations is again 0.24 s after the CIWH in the experimental data. In

this simulation the CIWH is calculated as a sharp pressure increase comparable to the

experiment at the problem time 2.37 s with a pressure drop prior to the computed CIWH.

With 6.8 bar ATHLET underestimates the peak pressure of experiment E64 that records

a peak pressure of 9.3 bar. It can be stated that all simulations performed in ATHLET

that predicted a CIWH in the UniBw facility can be structured as follows:
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A short-time pressure drop from the stable system pressure always occurs prior to a

significant pressure increase. This pressure drop is followed by pressure oscillations. The

spectrum of these oscillations range from small fluctuations to several bar. In case of

experiment E13 the oscillations represent the CIWH event. Other simulations like S64

or S70 compute a sudden rapid pressure increase about 1 s after the computed pressure

oscillations. Nevertheless, in most cases ATHLET is able to predict a CIWH event that

is measured in the UniBw facility.

The temperature profile of experiment E64 is nearly the same as in the experiments E13

or E70. Only the measured TA1 temperature profile differs to other experiments. Here,

as figure 6.7(a) displays, subcooled water reached at problem time 1 s the separator and

induced a CIWH event. Before this moment, at problem time -0.5 s, the temperature

difference between TA1 and TA2 was below 10 ◦C. Temperature sensor TA1 registered

a temperature of more than 130 ◦C. This means that at the position of sensor TA1

was warm water. This warm water was replaced by colder water during the injection

into the separator shortly before the CIWH occurred. In the experimental work it is not

uncommon that the water temperature, recorded by TA1, is quite close to TA2 a few

seconds prior to the water injection. The process to produce subcooled water and to

transport it carefully into the test section without causing to much condensation is very

difficult. It strongly depends on the flow rate that has to be adjusted manually by the ball

valve. A flow rate being too high, even for a short period of time, may lead to ”normal”

condensation, but often not to a CIWH event. In case of E64 this temperature is relevant

that induced the steam collapse. According to the signal of sensor TA2, the relevant point

in time is 1 s. The TA1 temperature at this moment is taken to be a reference value for

the simulation of this experiment.

6.3.2 ATHLET Simulations of Experiments without CIWH Events

The last section exhibits that ATHLET is capable to calculate CIWH events measured

in the UniBw facility. This is a promising step forward in the system code development,

but it should be checked how a system code behaves, if no CIWH event happens in an
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Sensor Relevant parameter E5 E31
TY2 [bar] System pressure 2.89 1.92
TA1 [◦C] Water temperature 101.3 88.7
TA2 [◦C] Steam temperature 132.4 117.1
D1 [l/s] Maximum water inflow rate 15.9 13.4
dT [◦C] Subcooling 31.1 28.4

Table 6.2: Initial conditions of experiments E5 and E31

experiment. It is no use if a system code always predicts a CIWH in a certain two-phase

flow configuration. Therefore two experiments without a CIWH in the experimental data

are simulated and their results presented in this section. The experiments E5 and E31

have the initial conditions listed in table 6.2.

The main difference in these experiments to those with a CIWH event is a reduced max-

imum flow rate of 15.9 or 13.4 l/s, respectively. This is of influence for example to the

temperature profile. The diagrams in figure 6.8 and 6.9 present the computational ATH-

LET results for these experiments. The mixing of water and steam consumes more time,

as the temperature profiles indicate compared to experiment E70. In E70 after 2 s TA1

and TA2 are nearly equal, whereby in experiment E5 ten seconds after the water injection

exists still a temperature difference of 5 ◦C between TA1 and TA2. Moreover, the reduced

water inflow rate leads to a delayed rise of the calculated TA1 signal. The computed TA1

signals starts to rise 14 s after the water injection in the simulation. In experiment E31

an increase of the TA1 temperature is predicted even 17 s after the water injection into

the separator.

C5 reveals neither in the experiment nor in the simulation a significant pressure increase.

An increase of 0.4 bar in the experiment is too small to be regarded as a CIWH. Both,

the experiment and the simulation register a pressure reduction that occurs prior to a

CIWH event. The pressure history of the simulations S5 and S31 coincide well with the

system pressure sensor data. The TY2 signal does not illustrate a significant pressure

drop. Sensor TY2 is located in the test section at the opposite side of sensor PA1 and

does not register the local instabilities at the PA1 position and is not applicable for CIWH

measurements. The conformity of TY2 signal and the simulated PA1 pressure indicates

clearly that ATHLET is able to simulate this two-phase flow situation, even if no CIWH
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Figure 6.8: ATHLET results of pressure history and temperature profiles in S5; UniBw
experimental data E5
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Figure 6.9: ATHLET results of pressure history and temperature profiles in S31; UniBw
experimental data E31
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Group Froude [1] Froude [1] Jakob [1] Jakob [1] dT [◦C] dT [◦C]
data ATHLET data ATHLET data ATHLET

C5 0.39 0.39 35.6 36.2 30.4 30.8
C13 0.85 0.84 88.0 96.0 56.2 57.0
C31 0.33 0.35 51.1 50.9 28.5 28.8
C64 0.88 0.89 27.2 28.0 26.2 27.0
C67 0.70 0.69 37.9 38.0 32.9 33.6
C70 0.81 0.83 56.2 56.2 49.3 49.3

Table 6.3: Initial conditions in form of dimensionless numbers of selected experiments
and simulations

occurs.

6.4 ATHLET Sensitivity Analysis concerning the

Simulation of CIWH Events

In the sections 6.3.1 to 6.3.2 several simulations are presented together with the exper-

imental data. The modified system code ATHLET is able to detect CIWH events in a

vertical up-fill configuration in the UniBw facility. Furthermore, experiments without

CIWH events are simulated. It can be ruled out, that ATHLET predicts generally a

CIWH in the separator. In the experiments E5 and E31 no CIWH is present and the

simulations do not reveal a significant pressure increase.

To present the experimental research results, dimensionless numbers are used. These

results offer tendencies despite the stochastic nature of CIWH events. To examine how

ATHLET reacts under variations of important parameters, a sensitivity analysis of the

simulations S5, S31, S64, S67 and S70 is presented in this section. The outcome of

this analysis is compared to the entire experimental results of the UniBw facility. The

dimensionless numbers of referential simulations are listed in table 6.3.

Table 6.3 contains Froude number, Jakob number and the degree of subcooling of the

selected experiments and simulations. ATHLET provides the initial conditions of the

experiments well. Table 6.4 lists the pressure increase ratio of the experiments and simu-
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Group Pressure increase ratio [1] Pressure increase ratio [1]
ATHLET Experiment

C5 0.18 0.24
C13 3.05 4.73
C31 0.35 0.48
C64 1.02 1.93
C67 2.54 1.74
C70 9.18 8.86

Table 6.4: Pressure increase ratios of selected experiments and simulations

lations. Despite the fact that ATHLET does not predict an exact pressure increase in case

of a CIWH event, it predicts the CIWH occurrence as such. Values of a pressure increase

ratio below unity for S5 and S31 simulations are computed as it is for the experiments.

Experiments E5 and E31 contain no relevant pressure increase in the experimental data.

The following sensitivity analysis, based on the experiments listed in table 6.4, utilises

measurable parameter variations. This ensures comparability between experiments and

simulations. The applied parameter variations are:

• Inclination of the entire UniBw facility ⇒ geometric influence

• Degree of subcooling - different water temperatures ⇒ different Jakob numbers

• Maximum pump 1 flow rate ⇒ different Froude numbers

6.4.1 Influence of Inclination on Simulation Results

The studies of Griffith demonstrate a clear influence of the inclination on the occurrence

of CIWH events in his facility. At a critical inclination of 2.4◦ the occurrence of water

hammer is drastically reduced. This is clearly visible in figure 2.2. This result is valid for

horizontal CIWH events.

The UniBw facility is inclined for some experiments. The degree of inclination is 1.4◦

for all non-horizontal experiments. The inclination of the UniBw facility is adjusted and

measured by a digital spirit level. As a result of the inclined experiments a significant
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Figure 6.10: ATHLET simulations S13 and S31 with a horizontal and an inclined test
section

reduction of the relative CIWH events frequency is given. It decreases from 0.3 for hori-

zontal experiments to 0.17 for inclined experiments [86]. In case of inclined experiments

a higher flow rate is necessary to induce a CIWH. The minimum Froude number that

induces a water hammer increases from 0.38 for horizontal tests to 0.57 for inclined tests.

The simulations S5 and S31 do not compute a water hammer, neither in a horizontal nor

in an inclined test section. Figure 6.10(b) for simulation S31 is analogously valid for S5

as well. The other simulations S13, S64 and S70 indicate a weaker CIWH for an inclined

UniBw facility or even for S70 no CIWH at all. Overall, these simulations confirm the

tendency of the UniBw experiments that an inclined test section leads to fewer or weaker

CIWH events. Thus, the qualitative statement of Griffith et al. [40] is confirmed by

UniBw experiments and ATHLET simulations.

6.4.2 Influence of Subcooling and Flow Rate on Simulations

In contrast to the inclination as a static parameter, temperature and flow rate are im-

portant dynamic parameters. These parameters are selected for the sensitivity analysis,
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Figure 6.11: ATHLET simulations S64 and S70 with a horizontal and an inclined test
section

since they allow a comparison to experimental data. The Jakob number, Froude num-

ber and pressure increase ratio are selected for this work. They contain the degree of

subcooling, the flow rate and the pressure increase ratio. To adjust different degrees of

subcooling, the temperature of liquid water is changed, whereas the steam temperature

is not adopted. This ensures that only the subcooling and no further parameters, such as

the system pressure, are changed. This allows a far better comparison of the simulations.

The flow rate is adjusted by applying appropriate pressure differences at pump 1. For

each simulation, listed in table 6.4, five different degrees of subcooling within the range

of 10 - 80 ◦C and five different flow rates between 10 - 50 l/s are set.

These simulations do not reveal CIWH events below Froude number 0.4 considering figure

6.13. In the interval 0.4 < Fr < 0.6 the first CIWH events occur. Between Fr = 0.6 and

Fr = 1.0 the absolute frequency of detected CIWH events rises drastically. Only one out

of eight simulations predicts a pressure increase ratio below unity. Froude numbers above

unity cause in this case a relative CIWH frequency of 0.6 in the simulations. The maximum

flow rate applied in these simulations is approximately 52 l/s. Pump 1 can supply a

maximum flow rate of approximately 35 l/s. A Froude number of unity corresponds
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Figure 6.12: Computational pressure increase ratio as a function of different
Jakob numbers

to a flow rate of 42.6 l/s, thus simulations with a Froude number above unity are not

comparable to experimental data. Simulations with different maximum flow rates indicate

the existence of a lower limiting Froude number which is necessary to induce a numerical

CIWH event. This result is confirmed by the experimental data of the UniBw facility as

well as in the stability maps provided in the literature, reported in section 2.6.3. Moreover,

the experimental data as well as the simulations indicate the most intense CIWH events

at a Froude number of approximately 0.8. Concerning the influence of different Froude

numbers the simulations agree well with the experimental data.

The influence of the different liquid water temperatures on the simulations is expressed
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Figure 6.13: Computational pressure increase ratio as a function of different
Froude numbers

by the Jakob numbers and visible in figure 6.12. Jakob numbers below 10 do not lead

to a CIWH event. In the interval 20 < Ja < 40 the arising CIWH events are weaker

compared to interval 40 < Ja < 100. In the preceding interval the most intense CIWH

events are clustered. Up to Jakob number 80 ATHLET confirms the tendency of more

intense CIWH events, as it is observed in the experimental data. Beyond Jakob number

100 still CIWH events are predicted in the simulations but their peak pressures decrease.

A comparison to experiments is not longer possible in this Jakob interval. This does

not mean that large degrees of subcooling do not lead to CIWH events. First of all it

should be considered that in contrast to the Froude number there is no linear correlation

between subcooling and the Jakob number. All parameters of the Jakob number, except

the degree of subcooling, are temperature and pressure dependent. That is why at the
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same degree of subcooling different Jakob numbers can result.

It is evident that a minimum degree of subcooling is necessary to induce a CIWH event.

But the assumption that a higher subcooling generally induces more intense CIWH events

cannot be confirmed. Figure 6.14 displays the isobars of the water hammer at the PMK-2

facility, provided by Swidersky et al. [100]. It indicates that the simple correlation ”more

subcooling, more intense water hammer” maybe a false friend.

Figure 6.14: Interpolated isobars of measured pressure peaks at the PMK-2 facility [100]

Furthermore, another effect beside the temperature difference between water and steam

influences the condensation rate. Zaltsgendler et al. [117] provide a short analysis of the

condensation process in a vertical up-fill pipe of several stages. After the injection of cold

water into the steam region condensation occurs additionally at the wall interface. At
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this moment the condensation is [117] ”100 times higher than for a period of ”normal”

condensation.” The condensation returns to usual values after the water hammer. The

wall condensation is also reported to influence the stability maps in Chou et al. [23].

According to their model the wall condensation is even more dominant than the con-

densation between the water and steam interface. A large amount of literature exists

concerning the topic condensation in steam-water flows. The used modified system code

ATHLET is only able to simulate CIWH events due to a new implemented hybrid HTC

model. Condensation is still an ongoing research topic, as the titles of the publications at

international conferences, e.g. at the Nureth-14, show. Therefore this point is a challenge

for the experimental and numerical research as well.
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7 Conclusion and Outlook

A new integral test facility, the UniBw facility, is introduced in this work. This facility

enables steam condensation induced water hammer in a vertical up-fill configuration.

Research and documentation of condensation induced water hammer is often provided

with respect to nuclear applications. This type of water hammer can cause pipe burst

and even fatalities are reported. After accidents like at Hanford Site recommendations

were published to avoid this dangerous effect in future. Nevertheless, a lot of other fields

are affected by the CIWH phenomenon, as reported in chapter 1.

From the scientific point of view CIWH experiments and numerical modelling are in-

evitable for a better understanding of this phenomenon. Two-phase flow test facilities

investigate thermal-hydraulic phenomena such as heat transfer, temperature distribution

and a few even conduct CIWH experiments. A literature review in chapter 2 reveals that

some drawbacks hinder further developments in the CIWH research. Information in the

open literature about experiments like the LSTF facility are in a way insufficient or even

not released. This makes it difficult to understand their procedures or their results.

CIWH experiments of the last century do not supply high sampled transient pressure

data as it is nowadays. The technology to record and save high frequency data, which is

needed for CIWH experiments, could not meet this requirement, then. Therefore these

experiments only give information about the occurrence of a CIWH event and maybe its

possible peak pressure. The PMK-2 facility uses a sampling frequency of 5 kHz. With

this frequency and an assumed CIWH duration of 2 ms, 10 data points are recorded. In

this work the UniBw facility provides at the same time 200 data points. Thus, a CIWH

pressure history is more clearly recognisable as a curve.
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Research of CIWH events in vertical pipes compared to horizontal pipes maybe of little

interest and is under-represented. A review of Beuthe [15] reveals that studies of water

hammer in a vertical up-fill configuration are extremely seldom. The few facilities deal-

ing with water hammer in a vertical up-fill configuration generate CIWH events under

artificial conditions to force CIWH events. A pipe full of steam is filled with subcooled

water. These studies do not offer transient data, since they were carried out before the

year 2000.

In this context, the UniBw facility addresses several topics where further research is

necessary. As an integral facility the UniBw facility has a pipe system with components

like pumps, valves, etc. It does not use an isolated tube section together with an external

cold water or steam supply to enforce CIWH events. This makes experiments more

realistic, but also more difficult to perform. A ”stable thermodynamic disequilibrium” of

steam and subcooled water in the test section can be created at the same time. Such an

initial condition is not known for other water hammer test facilities. The state of the art

measurement instrumentation ensures a sampling frequency of 100 kHz for each channel.

This ”fast mode” measurement is automatically induced without human interference. The

CIWH experiments presented in this work are realised by injecting cold water into a steam

region. Vertical CIWH events within an integral facility, a high sampling frequency of

100 kHz and more realistic conditions are features that make the UniBw facility unique.

The experimental results are expressed by means of dimensionless numbers to ensure

comparability to performed simulations. The applied dimensionless numbers are the Jakob

number, Froude number, Reynolds number and Atwood number. They refer to the heat

transfer during a phase change, the flow situation, the turbulence and the stability of

stratified flows. The experimental and numerical results, the peak pressure magnitudes

of the CIWH events are expressed by the dimensionless pressure increase ratios, defined

in equation 4.1. These results show clearly regions where CIWH events arise at smaller

relative frequencies, e.g. at a Jakob number below 40 or a Froude number below 0.4.

Nevertheless, even in these regions CIWH events still may occur. In general their intensity

and relative frequency is distinctly reduced. At Jakob numbers above 80 the CIWH events

seem to decrease. CIWH events have an extremely stochastic nature, as the studies at
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the PMK-2 facility prove. In the range of Jakob numbers above 80 only one experiment

is available. Thus, the results in this range suffer strongly from the stochastic nature of

the CIWH phenomenon.

A numerical simulation of CIWH is an enormous challenge and often some ”tricks” are

used to gather acceptable results. To overcome this drawback a new direct contact conden-

sation model has been developed in [20] and implemented into the system code ATHLET.

Furthermore an internal model of the interfacial area transport equation, not used in stan-

dard ATHLET, has been activated. These changes improve the modelling of two-phase

flow test facilities, e.g. the PMK-2 facility. As the rapid condensation is the driving force

for CIWH events, the assumption arises that this can be useful for modelling CIWH events.

The scientific work, that implemented a new HTC model in ATHLET, does not directly

aim at CIWH modelling. All the same, computing CIWH events becomes possible, be-

cause direct contact condensation is the essential requirement for CIWH. The simulations

of UniBw experiments in this work investigate whether this modified ATHLET system

code can be utilised to compute CIWH events. Therefore some UniBw experiments are

chosen to be validated. It can be stated that CIWH events can be quite well predicted by

ATHLET. Additionally, it can be demonstrated that simulations of experiments without

a significant pressure increase do not end up in a CIWH. Overall in the analysis, provided

in this work, ATHLET predicts CIWH events reliably.

To estimate the general behaviour of this modified ATHLET, a sensitivity analysis is

performed. The changed parameters are the water temperature, the flow rate and the

inclination of the UniBw facility. The initial conditions of the simulations are expressed

by the same dimensionless numbers as used for the experiments. This allows a comparison

to experimental data. As in the experiments water hammer does not occur at low Jakob

numbers. The most intense water hammer can be found between Ja = 50 and Ja = 100.

In this interval experiments with a higher Froude number tend to end up in a more intense

CIWH. Beyond Ja = 100 the pressure increase ratios drop significantly. The assumption

that a higher degree of subcooling automatically results in more intense CIWH events is

superficial, as the experiments of the PMK-2 facility reveal [104].
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Considering the Froude number the simulations correlate qualitatively well with the ex-

periments. Both do not indicate major CIWH events at low Froude numbers. At about

Fr = 0.8 the experiments as well as the simulations show the most intense CIWH events.

At Froude numbers above unity the magnitude of CIWH events and their relative fre-

quency drops compared to the interval 0.6 < Fr < 1. A comparison to experimental

data is not possible, since the installed pump 1 does not to supply water flow rates above

35 l/s. Thus, the maximum experimental Froude number is 0.82.

In the literature many studies exist about flow regimes that aim to detect flow situations

prone to water hammer. These studies often use air-water flows and conclude a CIWH

based on special flow regimes. But a CIWH cannot be safely concluded because it cannot

happen in an air-water flow. Only real CIWH experiments provide certainty concerning

the occurrence of CIWH events. The stability maps of the MIT are known to present

information when water hammer events appear in a vertical up-fill pipe. In [39] water

hammer events in a vertical up-fill configuration are declared to be of minor importance.

”Filling steam-filled pipes or other volumes with cold water from below [...] is usually a

smooth process.”[39]. A thin stable saturated layer reduces condensation and prevents a

water hammer. If a water hammer does occur, it is primarily due to a ”poor choice of

piping geometry, and is best eliminated by a design change.” [39]. Nevertheless, the ex-

periments at the UniBw facility prove that CIWH events in a vertical up-fill configuration

are not unusual. They occur during usual filling procedures. Furthermore a change of

the piping geometry is often not feasible and a vertical up-fill into steam maybe necessary

due to production factors. Although the horizontal condensation induced water ham-

mer remains the more important type of water hammer, research in the field of vertical

condensation induced water hammer is under-represented and necessary.

The experiments of the UniBw facility contribute to minimise this research gap. More-

over, it can be demonstrated that with the modified system code ATHLET UniBw ex-

periments are simulated qualitatively well. ATHLET simulations by using the standard

condensation model failed to produce a CIWH. This means that prior to this modification

in ATHLET no successful CIWH simulation was possible. CFD and CFX codes are in

[20] not reported to be able to simulate CIWH events at all. Other system codes like
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RELAP5 or CATHARE cannot compute CIWH events. It has to be stated that the

ATHLET simulations do not need parameter tuning for a successful simulation.

This fact is impressive but of course there remain lot of topics which demand additional

research. Since many sub-phenomena exist that influence the CIWH phenomenon there is

a great need for further improvements. The magnitude of the CIWH events in the UniBw

facility are not exactly computed by ATHLET. However, the expectation to predict the

peak pressure of a CIWH event is unrealistic. CIWH events have a very stochastic nature,

as investigations, e.g. at the PMK-2 facility prove. A deterministic code like ATHLET

always computes the same peak pressure if no changes are made. In reality different

results appear because the time evolution of relevant parameters may differ during the

experiments. It is simply impossible to conduct two absolutely identical experiments,

even if the same conditions are given. To achieve better simulation results an in depth

modelling of important sub-phenomena is inevitable. In this field more experiments that

are able to measure local parameters at the location of a CIWH event are useful.

CIWH events are three-dimensional by nature and this limits a detailed modelling by a

one-dimensional system code. To combine the advantages of CFD and a 1-D simulation,

a virtual interface between 1-D and CFD simulation has been envisaged, but this is still

not satisfactory realised. The biggest advantage of a one-dimensional system code is the

smaller computational time compared to CFD or CFX codes. The simulation time of an

UniBw experiment using the official ATHLET is about several minutes and ATHLET does

not compute a CIWH event. A CIWH simulation of a PMK-2 experiment only modelling

the test section with boundary conditions using a CFD code with 40,000 nodes needs

about 2 weeks [21]. A simulation of an UniBw experiment consumes some hours when a

notebook equipped with an Intel Core i5 2.6 GHz processor is used. This constitutes a

significant difference to a CFD simulation of the PMK-2 facility. It is essential to consider

the computational time if one-dimensional codes are extended for CIWH simulations.

There is no benefit to use enhanced one-dimensional codes, if their main advantage, the

relatively small computational time, is too highly afflicted. The used ATHLET version in

this work is currently in an ongoing validation process and non-official at present.
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Altogether a remarkable step forward in the field of CIWH research has been achieved.

The UniBw facility provides experimental data of condensation induced water hammer

events in a vertical pipe geometry. This facility is not just a single test pipe where CIWH

events are artificially enforced. Different pipe circuits with many components form the

UniBw facility to an integral facility. The experiments are conducted under more realistic

conditions. Literature for this type of water hammer is rare and the UniBw experiments

offer a contribution to reduce the lack of knowledge in this field. A sensitivity analysis

reveals that ATHLET cannot compute the peak pressures or the pressure history exactly,

but it is able to predict the occurrence of CIWH events. With this competence ATHLET

belongs to those few system codes that simulate CIWH events without parameter tuning.

To improve the simulation results, further modelling of important sub-phenomena and

additional experiments in the face of these phenomena are necessary.
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