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PREFACE 

PREFACE 
This thesis is presented as partial fulfilment of the requirements for the 

degree of Doctor of Philosophy (PhD). The research was carried out at the 
Division of Water Resources Engineering, Luleå University of Technology. 
The goal of the research was to provide a better understanding of how frazil 
ice accumulates on intakes at hydropower plants. 

The thesis consists of two parts. The main part presents field observa
tions, laboratory studies and numerical simulations followed by a discussion 
of their significance. In the second part, the more detailed results and 
descriptions are given in the three appendices. 

Part of the funding was provided by the COLDTECH foundation and I 
wish to acknowledge the foundation for the financial support. 

I am indebted to many people that have, in one way or another, contrib
uted to my work. First of all I would like to express my sincere gratitude to 
Professor Urban Svensson for his overall guidance and support. Discussions 
concerning the numerical modelling and some of the experimental work have 
been very valuable and instructive. Professor Lennart Billfalk offered guid
ance particularly concerning my field observations and experimental studies 
of frazil ice accumulation, and Professor Anders Sellgren provided guidance 
on various parts of the thesis. 

I had the privilege of conducting some of the experiments at the US 
Army Cold Regions Research and Engineering Laboratory (CRREL) in 
U.S.A. The personnel there, especially Steven Daly and John Gagnon 
advised me effectively, and the personnel at Untraverket and Olidan hydro-
power plants helped me during the field studies. Some experiments were car
ried out at the Luleå University of Technology and Rolf Engström and 
Anders Westerberg helped me with these experiments. A high-speed video 
camera was used in some of the tests and Per Gren, Division of Fluid 
Mechanics, helped me with the camera and Professor Lennart Gustafsson, 
Division of Electronics and Robotics, instructed me on an image processing 
program. Professor John McNown, Royal Institute of Technology, guided me 
in the writing of English and organisation of the text. 

Finally, I would like to thank my colleagues for contributing to an 
enjoyable working environment. 

Luleå in January 1997 

Annika Andersson 
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ABSTRACT 

ABSTRACT 

To provide a better understanding of how frazil ice deposits on trash 
racks at water intakes, the phenomenon was video recorded at two hydro-
power plants and in a refrigerated laboratory flume. Initial accretion of frazil 
ice around a single bar and the motion of particles in the vicinity of an obsta
cle was simulated through numerical modelling and studied using plastic 
particles in a laboratory flume. 

Ice initially accumulates on the upstream face of the bars, and it 
progresses then to the upstream sides of the bars. The frazil ice layer grows 
in all directions, and it finally bridges over the spaces between bars. The ice 
blockage starts at the upper part of the rack and progresses downward. The 
head losses across each intake, which are observed continuously at the 
plants, illustrate the degree and importance of ice growth. 

Observations from laboratory experiments with a single bar in a flume, 
showed that frazil ice particles deposited on all bar surfaces. Separate flume 
tests were run with plastic particles simulating ice particles. The frequency of 
collision of these particles with the front face of a rectangular bar varied with 
the particle density and the fluid velocity. In a test with particles of various 
sizes, the smaller particles were more likely to enter the side wake than larger 
ones. 

A mathematical model can be used to predict patterns of ice deposition 
that correspond to the observed results. Such a model must include a hydro-
dynamic part for viscous flows and a particle trajectory model. Some models 
neglect the term for force due to pressure gradient in their calculations of a 
particle trajectory because the particles had larger density than the surround
ing fluid. Ice particles have almost the same density as the water and simu
lated results showed that this term, caused by the pressure gradient, is the 
dominant force that counter the momentum of the particles when they move 
in the region close to the obstacle. 

The simulated results were affected by the particle size distribution, 
therefore the size distribution of frazil ice particles in a river is a factor in fur
ther studies. In tests in which no particles were allowed to deposit on the 
front part of the bar, in a simulation of a heated bar, lesser amounts deposited 
on the other parts of the bar. 

Knowledge of the way frazil ice accumulates on water intakes and the 
initial ice accretion on individual trash racks should be valuable in future 
work for finding methods to reduce the ice blockage and in the verification of 
more detailed model studies. 
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INTRODUCTION: Background 

Chapter 1 

INTRODUCTION 

1.1 Background 

Ice formation on structures can cause serious difficulties, in regions 
with cold climates. Icing can occur on structures situated on land by atmos
pheric icing, and below the water surface through frazil ice accretion. Frazil 
ice is economically significant because it forms in rivers and it often blocks 
intakes to hydropower plants. 

Frazil ice forms in supercooled turbulent water in which seed nuclei 
are present. An illustrative description of frazil ice is that it looks like a snow 
storm taking place under water. It may be present in a river whenever the 
bulk water temperature is slightly below zero, usually only a few hundreths 
of a degree. Various measurements of temperatures have been reported: 
-0.01° C (Osterkamp and Gilfillian, 1975), -0.05°C (Osterkamp, 1978). 
-0.07°C (Arden andWigle, 1972) and -0.10°C (Altberg, 1923). 

Nucleation around foreign particles (heterogeneous nucleation) is the 
mechanism for the formation of the first ice crystals in natural water. These 
foreign particles are called seeding particles and must be present i f frazil ice 
is to form. Several mechanisms have been proposed as to how particles can 
act as seeding particles. Michel (1967) proposed that the nucleation of frazil 
ice crystals can take place in a thin thermal boundary layer at the surface of 
flowing water where the water attains the critical temperature for nucleation. 
Osterkamp (1977) suggested that nuclei originate in mass exchanges across 
the air/water interface, and can also be caused by bursting and splashing bub
bles, wind-spray and evaporation. These water droplets may freeze in the air 
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INTRODUCTION 

and then fall back into the water. Seed crystals can also originate from exter
nal substances like snow, sufficiently chilled organic and soil particles, fro
zen fog and ice fragments. Substances already in the water cannot act as 
seeding particles because the required amount of supercooling that causes 
nucleation of frazil ice on these substances is more than that normally occur
ring in natural water (Robert, 1979). Secondary ice crystals are produced by 
mechanical fragmentation of outgrowths (dendrites) from the growing ice 
crystal (parent ice) (Arakawa, 1956). Mechanical fragmentation results from 
collisions between particles and with solid boundaries. Turbulent eddies can 
also cause the dendrites to break off. This secondary nucleation may be 
responsible for the large concentrations (as large as 106 particles/m3) that 
occur in rivers (Schaefer, 1950). 

Three different particle shapes are usually present in laboratory experi
ments: disk-like, semi-circular and needle-like (Schaefer, 1950, Arakawa, 
1954). With small amounts of supercooling in rivers, ice particles that may 
have a variety of shapes evolve rapidly into disk-like forms so that fiat disks 
soon become dominant. The progression from a small spherical ice crystal to 
a notched-disk crystal, is shown in Figure 1.1. 

Top View 

° o O 
Time 

O c d CD <h; Æ1 <6x*^&£> 

Side View 

Figure 1.1 Growth of a seed particle into a notched-disc crystal 
(after Arakawa, 1954). 

The typical variation of the water temperature with time, as frazil 
develop, was studied by Carstens (1966); see Figure 1.2. For a constant rate 
of heat loss to the atmosphere, the temperature decreases linearly and 
reaches the freezing point at time t i . Further cooling results in supercooling, 
and frazil ice begins to form at t 2 . This process is accompanied by a release 
of latent heat due to freezing. The maximum amount of supercooling is 
reached at t 3 , and a balance between released latent heat and heat loss 
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INTRODUCTION: Background 

through the water surface occurs at that time. Between t 3 and t 4 the release of 
latent heat is larger than the heat loss to the atmosphere. The temperature 
thus increases until thermal equilibrium is reached at t 4 . From t 4 on, the tem
perature (T 4 ) is constant, and i f T 4 is less than 0° C, residual supercooling 
take place. The maximum amount of supercooling (T 3 ) is greater i f the rate 
of heat loss through the free surface is greater. The curve in the lower part of 
Figure 1.2, which shows the rate of freezing, is derived from the upper curve 
T(t). The frazil ice formation and its concentration wil l be greater the more 
supercooling there is. 

Rate o f 
Freezing 
(g/min) 

Residual Supercooling 

Time, t 

Time, t 

1.2 Typical time history of supercooling (after Carstens, 1966). 

The water temperature along the centre line of a river at one point of 
time is shown schematically in Figure 1.3. Frazil ice forms at the location 
where conditions favour the process, i.e. where enough supercooling occurs. 
At the beginning of a cold period, the water flows for a long time down the 
river before it becomes supercooled. The river continues to be cooled as long 
as the air temperature is low and therefore the flow time, until a supercooled 
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condition is reached, decreases. The location where frazil ice forms then 
moves upstream. 

Frazil ice particles grow as long as the water is supercooled. They may 
adfreeze to any solid body they collide with, like stones, cables, river bottom, 
and submerged structures. The surface temperature of these obstacles must 
also be below the freezing point i f adfreezing is to occur. Once the water 
temperature rises to 0° C or above, frazil ice particles stop growing. Adfreez
ing ceases also because the submerged structure soon reaches the tempera
ture of the ambient water. 

Figure 1.3 Temperature variation and frazil formation along a 
river (after Michel, 1971). 

The evolution of frazil ice in rivers can be described briefly in four 
stages, shown in Figure 1.4. A high concentration of circular discoids forms 
first (stage 1); the frazil ice particles are well mixed over the water depth i f 
the turbulence level is high. Needle-like dendrites grow out from the discoids 
(stage 2). The discs collide with each other and form agglomerates and clus
ters (stage 3). I f the clusters become large enough that they are no longer 
affected by the turbulence or i f the turbulence level is low enough, they col
lect at the surface (stage 4). Frazil ice pans then form, and they can combine 
and freeze together to form an ice cover. 

The water velocity is a factor in determining the evolution of ice covers 
in rivers. A study of several Norwegian rivers showed that an ice cover forms 
i f the surface velocity is lower than 0.6 m/s (Flatjord, 1964). I f the velocities 
are greater than 0.6 m/s but less than 1.2 m/s, frazil ice forms and accumu
lates on the water surface. I f the velocities are greater than 1.2 m/s, the turbu-
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lence level is high enough to mix the frazil ice so well that it does not rise to 
the surface. 

Stage 1 Stage 2 Stage 3 Stage 4 
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build up on under

water objects 

Figure 1.4 Stages in the formation of frazil ice (after Williams, 1959). 

1.2 Intake blockage by ice 

Certain hydropower plants in cold regions frequently suffer from 
intake blockage by frazil ice. Figure 1.5 shows the accretion of frazil ice on a 
trash rack. At some installations such blockage occur more than once during 
a winter. The annual income lost as the result of frazil ice formation on 
Swedish hydropower intakes, is approximately 6-15 million SEK (1-2 mil
lion U.S. dollars), according to an inventory within the Swedish hydropower 
industry (Sahlberg et al, 1993). Ice blockage at a single power plant can cost 
hundreds of thousands of SEK per day in lost power production. As an exam
ple, a power plant that produces 100 MW, wil l lose 600 000 SEK for each 
day it does not operate. (These calculations are based on an energy price of 
250 SEK for 1 MWh, a realistic price for Sweden when the energy demand is 
high, as it is when the weather is cold enough for frazil ice to form.) Ice 
blockage at trash racks usually occurs at "run of the river" hydropower 
plants. Water is rarely supercooled near intakes located in large reservoirs, 
and therefore blockage by frazil ice there is also rare. 
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INTRODUCTION 

Figure 1.5 Frazil ice accretion on a trash rack (photo taken at 
Untraverket, 1991). 

A variety of attempts have been made to prevent or to mitigate ice 
blockage, and these have been at least partially successful. I f an ice cover 
forms on the river, it prevents the formation of frazil ice. The ice cover insu
lates the water from further cooling so that the water temperature usually 
does not go below 0° C. An ice cover forms more readily i f the water velocity 
is low. Hence, actions have been taken to reduce the surface velocity in cer
tain river reaches when a cold period is forecasted (Billfalk, 1984). In small 
rivers ice fences can be installed that capture frazil ice slush; these become 
blocked, form a dam, and hence reduce the surface velocity (Mineta et ai, 
1994). Ice booms or ice nets capture ice floating on the surface and cause it 
to freeze together, thus hastening the formation of an ice cover (Perham, 
1983, Sahlberg, 1990). 

A method, commonly used, is to heat the trash rack bars and thus pre
vent adfreezing of the frazil ice particles to the bar elements. This method 
does not always work, and the heating requires energy. Estimates of the 
energy required to prevent frazil ice adhesion are 2 to 6 kW/m 2 (Billfalk, 
1987). One power plant with 5 intakes, each with an area of 100 m 2 , wil l 
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therefore use some 1 to 3 MW for heating, and this amount of power has a 
value of 6 000 - 18 000 SEK per day - again, for an energy price of 250 SEK 
per MWh. 

If ice completely blocks the intakes, the plant is forced to shut down. 
The ice can be removed either mechanically by a trash rack cleaner or 
knocked loose by hand, but only if the intake can be drained first by closing a 
gate upstream. Heating of a drained intake causes the ice to fall off only after 
some hours. I f the intakes are located out-doors, ice removal is more compli
cated. Sometimes the only solution is to halt operations until the formation of 
frazil ice decreases or ceases entirely. Discussions of measures for keeping 
intake trash racks free of frazil ice have been presented by Granboi (1953) 
and Logan (1974). 

Ashton (1988) presented a description of river ice conditions and water 
intake designs. A detailed monitoring of the water temperature and know
ledge about ice regimes that can occur help one to plan a more efficient 
hydropower operation. The great variety of both intake types and ice condi
tions complicates the development of general methods to prevent ice block
age. A discussion of frazil ice at intakes and guidelines for intake operators, 
including methods to mitigate the loss of power production, was presented 
by Daly (1991). Billfalk (1992) made a summary of ice effects and their con
trol in the context of hydropower production; in it, he pointed out that a bet
ter understanding of ice formation and break-up under dynamic flow 
conditions is needed in order to optimize power production. Reliable surveil
lance, effective warning systems, and more efficient equipment are needed 
redundant to limit or prevent the clogging of intakes. 

More detailed field observations of the processes whereby ice accumu
lates on trash racks are also needed. Models that can correctly represent river 
ice phenomena such as the detailed motion of ice particles near a trash rack 
element wil l be valuable in improving the design of intakes. So little is 
known about the early stages of the growth of ice and its subsequent accumu
lation at the trash rack that present day operations rely primarily on the expe
riences of intake operators. 

The goal of this work is to provide a better understanding of how frazil 
ice deposits on intake trash racks. In order to achieve this goal, the phenome
non was investigated at several hydropower plants and in a laboratory. In 
order to simulate the initial accretion of frazil ice particles around a single 
trash rack bar, the motion of particles in the vicinity of an obstacle was also 
studied through numerical modelling. 

Frazil Ice at Water Intakes 7 



INTRODUCTION 

Frazil Ice at Water Intakes 



FBELD STUDY: Preliminary studies 

Chapter 2 

FIELD STUDY 

2.1 Preliminary studies 

The observations of ice accretion in the field, reported by Andersson 
and Andersson (Appendix A), are summarized, evaluated and discussed 
herein in terms of the accumulated ice and the consequent head losses at the 
intake. Details of the observation of ice accumulation are discussed further in 
Chapter 5. 

A better understanding of the initial accumulation of frazil ice and its 
further growth on intake trash racks will help in the development of methods 
to reduce or prevent the blockage of intakes by ice. Figure 2.1 shows sche
matically the arrangement of a trash rack at a water intake and the formation 
of frazil ice. I f one knows when and how the intake becomes blocked, one 
can better devise methods for avoiding the interruption of power production; 
the results would be especially valuable during critical periods of high 
energy demand. 

Ice accumulations on intakes were investigated in the field over a 
period of three years. During the first year, the winter of 1988-89, prepara
tions for data collection were made at only one power plant: Untraverket, 
located near the middle of Sweden (Figure 2.2). Unfortunately, no frazil ice 
formed there that winter, and hence no data were obtained. Nonetheless, use
fu l information was obtained as to the adverse effect of ice formation on the 
experimental equipment. A large amount of skim ice often flowed towards 
the rack and became rather densely packed and its presence made it impossi
ble to move the equipment mounted on the rack. Only the trash rack cleaner 

Frazil Ice at Water Intakes 9 



F I E L D STUDY 

was heavy enough that it could be forced through the ice. New strategies 
evolved out of this experience: (1) to collect data at more than one plant, and 
(2) to mount the equipment on the trash rack cleaner. 

Figure 2.1 Schematic arrangement of the trash rack and the accumulated 
frazil ice at a hydropower plant. 

Two additional plants were chosen: Finnfors in the north and Olidan in 
the south (Figure 2.2). An underwater video camera was adapted to allow the 
recording of the ice deposition pattern over the depth and with time. The 
trash racks were recorded while the plant was operating normally. The 
recordings thus obtained are unique. A video was made that summarizes 
them, and it was presented at the IAHR Symposium on Ice (Andersson and 
Andersson, 1992). 

The head loss at the rack was recorded continuously by measuring the 
water levels immediately upstream of the hydropower plant and downstream 
of the rack. It indicates the degree of blockage and whether the trash racks 
need to be cleaned. Once frazil ice begins to form, it can completely block an 
intake within a few hours. I f the intake is drained for examination, one sees 
that the ice is usually distributed uniformly over the depth (Figure 1.5). One 
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FIELD STUDY: Equipment and procedures 

cannot, however, deduce from such an observation when the blockage started 
or how it progressed with time; present knowledge of this process is quite 
limited. 

A chain made of a material with a high heat conductivity (e.g. copper) 
is sometimes used to detect the frazil ice formation in the river, because frazil 
ice adheres easily to such materials. No instrument, available today, can 
detect the first frazil ice formation in a river. Attempts have been made to 
construct such an instrument but more work is needed to develop these tech
niques, Tsang (1985) and Lever et al. (1992). 

Figure 2.2 Location of hydropower plants where field observations 
were made. 

2.2 Equipment and procedures 

The pattern of ice accumulation was studied in two of the three hydro-
power plants that were chosen for the study; Untraverket and Olidan. The ice 
growth was recorded with a video camera. The intakes of both power plants 
are located indoors, and this fact facilitated the installation of the recording 
system. A steel box was installed at each plant, and it housed the video cam
era within a waterproof casing. The steel box was mounted on the trash rack 
cleaner so that the camera could be moved up and down. At Untraverket, 
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each trash rack was photographed at two different times on two occasions, 
with the camera moving from top to bottom, while frazil ice was accumulat
ing. The field of the camera covered 4 bars out of about 113, and a section 
was chosen that would be representative of the course of the blockage over 
the whole trash rack. The pattern of ice growth was estimated from an analy
sis of the video recordings. 

The intakes at Olidan are heated prior to and during frazil ice forma
tion to reduce the adhesion of the ice. Therefore the deposition of frazil ice 
was studied on steel bars that were mounted some distance upstream from 
the trash rack. These bars had a cross section of 0.03 m by 0.05 m and were 
6 m long. As the ice accumulated, samples of it were taken. Thin sections of 
ice were made. In the preparation of them, water was added. The water was 
used to freeze the ice pieces to a glass plate in order to hold them in place 
while the thin section was cut. The thin sections were photographed in cross-
polarized light. Each crystal caused the light to be refracted into different 
wave lengths, resulting in different colours. The sizes of the crystals could be 
estimated directly from such photographs. The size and orientation of the 
crystals indicated the type of ice. 

The ice thickness on the bars was determined both directly from meas
urements made on the bars with a ruler, and from estimates based on the 
video recordings. The porosity of the ice was roughly estimated from its 
water content; it is related to the degree of visibility of the bars through the 
ice. The overall appearance and some of the details of the accumulated ice 
were observed and photographed after the intake had been drained. 

2.3 Results 

Ice accretion and corresponding head losses 

The ice accretion observed on two occasions at Untraverket are shown 
in Figures 2.3 and 2.4. The figures show the two middle bars on which the 
camera was focused. Altogether, there are 114 bars in each of intakes 2 and 
5, and 112 in intake 3, with a distance between centres of 0.081m. 

The accretion of frazil ice started near the water surface and grew both 
upwards and downwards, as indicated in Figures 2.3 and 2.4. Frazil ice con
centration is highest near the surface and quite low near the bottom. There
fore, the top of the trash rack became blocked first, and water containing 
frazil ice was then forced downward. In this way, the accretion and the block
age progressed downwards. The blockage continued to progress as long as 
frazil ice formed. The fact that Figure 2.3 shows an initial growth at 2 m 
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Figure 2.3 Frazil ice accumulation at Untraverket (5 Dec. 1990). 
The numbers in the figure indicate at what time the recordings 
were made. The air temperature was -4° C. 
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Figure 2.4 Frazil ice accumulation at Untraverket (13 Dec. 1990). 
The numbers in the figure indicate at what time the recordings 
were made. The air temperature was -6° C. 
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depth, rather than close to the surface, is a consequence of the skimmer that 
was mounted upstream (Figure 2.1). This skimmer extended downward to a 
depth of 2 m, and only water below this depth could flow directly towards the 
rack. Above 2 m, a zone of separation formed and the velocities within it 
were much lower than below it. The depths that the ice reached are shown in 
Table 2.1. The thickness of the ice was approximately 0.15 m near the water 
surface and 0.05 m near the bottom. 

Table 2.1 The depth to which ice accumulated at different dates 
and times at Untraverket. 

Date Time 
Intake 2 

Depth o f ice (m) 

Intake 3 

Depth of ice (m) 

Intake 5 

Depth o f ice (m) 

901205 08:30 3 3 -

09:50 7 4 -

10:00 - - 4 

10:30 - - 5 

901213 13:00 7 5 5 

16:30 8.5 (bottom) 8.5 (bottom) 8.5 (bottom) 

The accumulation of ice on the trash rack bars causes the head losses 
across the trash racks to increase. At the Untraverket plant, losses are not 
allowed to exceed 1.2 m at maximum flow. An alarm is set for some amount 
of loss between 0 and 1.2 m in order to control the force on the rack. The dis
charge through the turbine is then reduced until head losses become accepta
ble. 

The power of the turbines and the total head for each intake are regis
tered continuously. These data are used to estimate the discharge through 
each intake. Evaluated values of discharge ( 0 and measured head losses, hp 
at Untraverket on Dec. 5 and on Dec. 13 are presented in Tables 2.2 and 2.3. 
Discharge and power are interrelated as follows, 
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where 

Q = flow-rate (m3/s) 
P - turbine power (W) 
T) = efficiency 
p = water density (kg/m3) 
g = acceleration due to gravity (m/s2) 
H = total head (m) 

The efficiency of the system was 0.84. 

Without any deposited ice the measured head losses across the trash 
racks were about 0.05,0.13, and 0.175 m for intakes 2,3, and 5, respectively. 
These values includes total head losses from a point upstream, in an old 
intake inside a skimmer (beside intake 1), to the downstream end of each 
intake. Consequently, these values include the local head losses as well as 
point-losses. Local head losses are due to the angle of the flow relative to the 
rack, to the inclination of the trash rack with the horizontal and to the shape 
of the bars. Point-losses are caused e.g. by flow separation and trash that may 
had accumulated on the rack. 

The accuracy of the power registration was not better than 1 MW. 
Hence, the lower discharges are accurate to within about 25% and the higher 
one to within 10%. Table 2.3 and Figure 2.4 show that ice had accumulated 
over the entire trash rack but the measured head loss was only 0.45-0.57 m 
(about 17:00 on Dec. 13). Therefore, the water must have flowed through the 
ice or more likely, through some gaps between the ice-coated bars some
where in the intake. 

The development of ice accumulation and head losses on trash racks 
with time is discussed further in Chapter 5. 

Some observations of ice accretion 

I f ice accretion is caused by frazil ice only, it soon becomes wavy in 
both the horizontal and vertical directions, Figure 1.5 and 2.5. This pattern is 
also schematically shown in Figure 2.6. The waviness appears to have a wave 
length that is approximately constant. A similar waviness is apparent in pho
tos taken by others (Schaefer, 1950, Gemperline, 1991, Daly, 1991, Hallberg, 
1982), even though, the purposes for their photos were not to detect the wav
iness of the deposited ice. 
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Table 2.2 Measured head losses at Untraverket hydropower plant 

and estimated discharges, Dec. 5, 1990. 

Time 

(h) 

Intake 2 Intake 3 Intake 5 Time 

(h) 
Q 

(m3/s) 

h f 

(m) 

Q 

(m3/s) 

hf 
(m) 

Q 

(m3/s) (m) 

01:00 73 0.06 82 0.13 100 0.17 

02:00 73 0.06 82 0.14 100 0.17 

03:00 73 0.06 82 0.14 100 0.17 

04:00 82 0.07 73 0.14 109 0.18 

05:00 73 0.05 82 0.13 100 0.16 

06:00 73 0.06 82 0.13 100 0.17 

07:00 73 0.06 82 0.13 100 0.17 

08:00 73 0.08 82 0.14 100 0.18 

09:00 82 0.13 82 0.12 100 0.17 

10:00 72 0.32 72 0.27 100 0.20 

11:00 63 0.76 72 0.71 99 0.32 

12:00 63 0.88 81 1.00 99 0.28 

13:00 63 0.87 72 1.02 99 0.19 

14:00 72 0.81 72 0.93 100 0.19 

15:00 63 0.68 54 0.65 99 0.29 

16:00 54 0.87 54 1.06 99 0.48 

17:00 63 0.89 36 0.95 99 0.21 

18:00 63 0.89 27 0.84 99 0.23 

19:00 54 0.90 54 1.09 99 0.44 

20:00 54 0.89 45 1.10 98 0.56 

21:00 53 0.93 35 0.91 89 0.70 

22:00 44 0.69 35 1.05 53 0.69 

23:00 62 0.92 44 1.12 80 0.46 

24:00 53 0.92 44 1.11 98 0.56 

Video 
recordings 

Fig. 2.3 
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Table 2.3 Measured head losses at Untraverket hydropower plant 

and estimated discharges, Dec. 13, 1990. 

Time 

(h) 

Intake 2 Intake 3 Intake 5 Time 

(h) 
Q Q hf Q hf 

(m3/s) (m) (m3/s) (nv) (m3/s) (m) 

01:00 72 0.06 82 0.14 91 0.16 

02:00 82 0.05 82 0.14 100 0.16 

03:00 73 0.05 73 0.13 91 0.15 

04:00 73 0.05 82 0.14 91 0.17 

05:00 73 0.05 82 0.14 100 0.15 

06:00 73 0.04 82 0.12 91 0.16 

07:00 73 0.05 82 0.14 91 0.16 

08:00 73 0.04 82 0.11 100 0.14 

09:00 73 0.04 73 0.13 91 0.16 

10:00 73 0.04 82 0.12 91 0.16 

11:00 72 0.08 63 0.09 99 0.15 

12:00 53 0.19 44 0.11 98 0.17 

13:00 53 0.26 62 0.25 89 0.15 

14:00 53 0.28 62 0.27 108 0.19 

15:00 53 0.32 62 0.34 97 0.19 

16:00 53 0.45 53 0.47 98 0.32 

17:00 44 0.45 44 0.43 80 0.57 

18:00 44 0.33 35 0.45 80 0.41 

19:00 44 0.55 35 0.55 80 0.48 

20:00 44 0.56 26 79 77.8 0.49 

21:00 35 0.53 26 0.4 70 0.54 

22:00 35 0.39 53 0.25 80 0.56 

23:00 27 0.43 53 0.38 80 0.60 

24:00 27 0.45 53 0.43 71 0.54 

Video 

recordings 

Fig. 2.4 
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Figure 2.5 Frazil ice on a trash rack (photo taken at Untraverket, 1991). 

(a) 

Trash rack bars 
Downstream 

WidthJ 

Frazil Ice Upstream 

Flow 

Top View 

(b) _ v  
Width 

(b) _ v  -«—^ 

Frazil ice 

Flow 

Single bar 

Side V i e w 

Figure 2.6 Schematic pattern of frazil ice on the trash rack at 
Untraverket after the rack is completely blocked; 
(a) horizontal variation and (b) vertical variation. 
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Ice that grew on bars mounted a short distance upstream of the rack (Olidan) 
did not form waves (Figure 2.7), as shown schematically in Figure 2.8. 

Flow 

Figure 2.7 Frazil ice accretion on rectangular steel bars 
(photo taken at Olidan, 1991). 

Top View 

Upstream 
Wid th 

Downstream 

Frazil ice 

Flow 

Single bar 

Side View 

Figure 2.8 Schematic figure of the more even shape that 
formed on a bar placed upstream of the rack 
at Olidan power plant. 
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The video recordings from Untraverket indicate that ice initially accu
mulates on the upstream face of the bars, and soon progresses to the 
upstream parts of the sides. The frazil ice layer then grows and subsequently 
bridges over the space between adjacent bars. The result is shown schemati
cally in Figure 2.9. 

Figure 2.9 Schematic shape of the frazil ice accumulation and 
the shape of the bars at the trash rack at 
Untraverket power plant. 

Figure 2.10 shows the accumulation of ice on the trash rack at an initial 
stage. Figure 2.11 shows that the upper part of the rack is almost completely 
blocked, while openings between the bars are still present in the lower part. . 
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FIELD STUDY 

Inspection of photographs of thin ice sections indicated whether the ice 
had deposited on the bar or nucleated there. The layer closest to the bar 
looked like glaze ice (Figure 2.12) because the crystals were oriented parallel 
to each other, with this parallel plane normal to the bar surface. This layer 
was formed when water was added to the sample, after the deposited ice had 
been removed from the bar, to aid in the preparation of a thin section. The 
next layer contains frazil ice particles that are randomly oriented. The parti
cle size varies also, from less than 1 mm up to a maximum of about 10 mm. 

The ice appeared to be quite porous because the bars could be seen 
even if the ice was as thick as 0.1 m. The ability to see through the ice 
decreases with decreasing porosity, of course, because frazil accumulation is 
built up of small particles that impede the passage of light. 

Figure 2.12 Thin section of ice deposited close to a rectangular bar. 
Ice sample taken in Olidan, 1991. 
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Chapter 3 

LABORATORY EXPERIMENTS 

3.1 Introduction 

The process of frazil ice accumulation on an obstacle can be effectively 
studied in a refrigerated flume (Daly and Colbeck, 1986). Ice forming on a 
small trash rack was studied by Andersson and Daly (1992), Appendix B. 
The rates of blockage were measured for various bar spacings and for bars of 
different shapes. The shapes studied were rectangular, square, round, and 
pointed. The results showed that the shape of the bar did not affect the rate of 
the blockage; the accumulation patterns were similar for all shapes. The ice 
deposited on the upstream face of the bar, near the water surface and formed 
a feather like shape there. Once the edges of the ice came in contact with 
those on a neighbouring bar, an ice-bridge formed between the bars. The 
bridging then progress downward until it blocked the entire rack. The results 
indicated that the distance between the bars has an effect on the process; 
larger space caused slower blockage, as would be expected. These results are 
discussed in more details in Chapter 5. 

In order to follow up the laboratory investigation reported in Appendix 
B in more detail, the pattern of frazil ice accumulation on a single steel bar 
was studied photographically. Furthermore, experiments with plastic parti
cles were carried out in a laboratory flume at Luleå University of Technology 
in order to obtain results that could be used to verify a numerical model. The 
model simulates the motion of suspended particles around an obstacle and 
indicates the location of their collisions with the obstacle. The model is 
described in Chapter 4 and Appendix C. 
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3.2 Photographic study of a single bar 

Experimental set-up 

The refrigerated flume used in this experiment is the same as that used 
in the tests reported in Appendix B; it is 36.6 m long, 1.2 m wide, and 0.61 m 
deep. The maximum flow rate in it was 0.026 m3/s. A weir was placed at the 
downstream end of the flume (Figure 3.1) to increase the water depth; a 
depth of 0.3 m was chosen. A narrow section was installed upstream of the 
weir to obtain the same velocity as in previous tests. The width of the narrow 
section was 0.457 m, and it was still wide enough that the side walls did not 
affect the pattern of the ice accumulation. Roughness elements on the bottom 
generated enough turbulence to keep the frazil ice mixed throughout the 
water despite the relatively low velocities. The air temperature was main
tained between -18° C and -22° C. The water was slightly supercooled and 
frazil ice formed continuously. 

A steel bar, with a cross section of 0.03 m by 0.05 m, was mounted on 
the bottom near the downstream end of the narrow section; its length in the 
vertical direction was 0.23 m. It was mounted on the channel bottom with its 
shorter side perpendicular to the flow, as shown. The upper end of the bar 
was approximately 0.05 m below the water surface in order to prevent the 
deposition on the bar of surface ice, either skim ice or frazil clusters. Seven 
tests were conducted, each one lasting two hours. 

The water velocity was measured using an electromagnetic velocity 
meter. The probe enabled one to measure the two horizontal components of 
the velocity. The accuracy of the velocity measurements was about 
±0.02 m/s. 

A standard video camera recorded the pattern of ice accumulation from 
above. Two underwater cameras were used to obtain other views of the ice 
accumulation: one from upstream and the other from the side. Appropriate 
sequences were selected from the video tapes for detailed analysis, and 
35 mm film slides were made of them. The sequences that were used were 
simultaneous views taken 20, 60 and 100 minutes after the beginning of an 
experiment, and the slides made from them were then projected on to a digi
tizing tablet. The x- and y-coordinates of the outer boundary of the ice accu
mulation were stored in a computer, and the data were then used to make 
drawings of the ice accumulation pattern. 

In one of the tests, the sizes of six ice particles and some of the particle 
trajectories were determined from high speed video pictures. 
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Underwater Top V i e w 

video camera 

Roughness 

elements Side V i e w 

Figure 3.1 Schematic arrangement of experimental set-up. 

Results 

Upstream of the bar, the velocity was approximately uniformly distrib
uted in the region between 0.1 and 0.2 m above the bottom. The observations 
of the ice accretion were made in that region. The patterns of ice accumula
tion during the course of one experiment are shown in Figure 3.2; they are 
representative of all of the experiments. Figures a, b, c are views from the 
top, upstream, and side. 
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Ups t ream view Side view 

Figure 3.2 Frazil ice accretion on a single bar in a flume. 

Curve No 1 in the figure was measured 20 minutes after the experiment 
began; No 2 was measured 40 minutes later; and No 3 after another 40 min
utes. The thickness of the ice was more or less uniform over the depth but 
irregular in detail, particularly in the early stage (Curve No 1). Figure 3.3 is a 
photograph of the accumulated ice at the end of the experiment (after 120 
minutes). Most of the frazil ice deposited on the upstream face of the bar. 
Some ice particles entered the wake behind the bar so that some ice formed 
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on the downstream face of the bar as well. Frazil ice also deposited on both 
sides of the bar, initially mostly in the region of separated flow just down
stream of the upstream corners of the bar. Figure 3.2 indicates some variation 
in the increase of the volume of accumulated ice. The space between Curves 
No 1 and No 2 and between No 2 and No 3 in Figure 3.2 show the volumes 
of ice that had deposited during equal periods of time; the volume of ice 
accretion during the second 40 minute period of the experiment was less, 
particularly in the side and top views. 

Ups t ream view Side view 

Figure 3.3 Photo of frazil ice deposited on a single bar. 

The particles generated in the experiment were disc shaped, and their 
diameters were mostly between 1 and 4 mm. Figure 3.4 shows two typical 
trajectories; in one, the particle hit the bar. 
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0.05 m 

Isolated bar 

0.03 m 

^ T r a j e c t o r y 

Figure 3.4 Trajectories of frazil ice particles, from photos 
taken with a high-speed video camera. 

3.3 Motion of plastic particles 

A laboratory flume with a width of 0.3 m was used to observe the 
motion of plastic particles in water. The particles with various sizes (2.4-6.4 
mm) and two densities (1140 and 910 kg/m 3) were released both at the centre 
line and over the width of the flume, and their motion around a rectangular 
obstacle was recorded with a high-speed video camera. The obstacle had a 
cross-section of 0.03 m by 0.05 m, and it was 0.185 m long. The water veloc
ity was varied: 0.3,0.40, and 0.60 m/s. 

The frequencies of the collisions of particles with the upstream face of 
the obstacle and of their entrances into the side and back wakes were deter
mined visually. The high-speed video camera was equipped with a computer 
that could be used to track a particle as it moved in the water. The particle 
trajectories were obtained by determining the locations of each particle (x-
and y-coordinates) at different times. This techniques requires that the parti
cles be spaced some distance apart. 

In order to produce a high number of collisions, a large amount of par
ticles were released within a short time. The recordings were analysed by a 
novel image-analysis method (Gustafsson and Andersson, 1997). An accu
mulation particle trajectories (APT) method was used to track the motions of 
the particles, and the paths of many particles could be determined. 

The results demonstrated that larger particles collided more often with 
the front end of the obstacle than did smaller ones. Also, the lighter particles 
collided less often than did the heavier ones. More particles collided i f the 
water velocity was higher. Smaller particles were more often captured in the 
side wakes. 
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3.4 Concluding remarks 

The single-bar photographic study showed that the volume of depos
ited ice did not increase uniformly with time; the rate decreased and at times 
even reversed. The accumulated ice became more and more dense as the ice 
particles struck the upstream face of the ice that had accumulated on the bar. 
Thus, the rate of mass of ice accumulation may have been the same, even 
though the volume rate changed. 

The ice appeared to build up in steps. A certain amount of ice depos
ited and extended out into the water on the upstream face of the bar. But once 
the mass forces from the flowing water exceeded the adhesion forces 
between particles, the ice structures collapsed and the ice became more 
dense. The flowing water tended also to erode particles that projected into the 
stream, especially into regions of high velocity. Such factors as these must be 
considered in determining how a mass of ice deposits and the rate at which it 
accumulates. 

Video recording is one practicable method to estimate ice accretion on 
an obstacle and it is fairly easy to use. A high-speed video camera can be 
used to determine the trajectories of ice particles. To be able to detect the ice 
particle along its trajectory, the lighting must be arranged in a such a way 
that it is reflected from the ice. 

The APT method is a versatile tool for studying particle movements in 
two-phase flows because it can track several particles instantaneously. 
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Chapter 4 

NUMERICAL MODELLING OF INITIAL 
I C E GROWTH 

4.1 Introduction 

Numerical models that describe the initial process of ice accretion on a 
bar can be a useful complement to field and laboratory studies. With them, 
trajectories of ice particles and frazil ice accumulation patterns can be stud
ied. 

Models that simulate ice accretion on structures, found in the literature, 
are mainly based on potential theory; hence, they do not include the zones of 
separated flow. Horjen (1994) presented a model that predicts frazil ice and 
glaze ice accretion on trash racks. Lozowski and Oleskiw (1983) and Jones 
and Egelhofer (1991) presented models that predict ice accretion on cylin
ders or on transmission lines located in air flows. In addition, Gates et al. 
(1988) developed a stochastic model that simulates the accumulation of rime 
ice on structures; the process involved is the impact and freezing of small 
water droplets on the solid surface, and it also predicts the growth of "rime 
feathers". 

Recently, Hedde and Guffond (1995) developed a three-dimensional 
icing model. An Eulerian approach was used to calculate an inviscid com
pressible flow field. However, it did not allow for the study of separated 
flows. 

Andersson and Svensson (1996), Appendix C, presented a particle 
model, which is based on the balance of forces for particles suspended in the 
flow. It was used to predict the motion of particles as they travel around an 
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obstacle. The flow around the obstacle was assumed to be two-dimensional 
and it was calculated with a hydrodynamic model that numerically solves the 
Navier-Stokes equation. 

The laboratory results with plastic particles described in Chapter 3 
were compared with the numerical results (Table 4.1). The particle size and 
density were varied as well as the water velocity. The obstacle had a rectan
gular shape. In the simulations, smaller particles collided less frequently with 
the front of the bar than did those in the experiments. The numerical model 
could not be used to predict the process of particles entering the side and 
back wakes. 

Table 4.1 Measured and predicted particle statistics for different 
combinations of fluid velocity (uß, particle diameter (dp) 
and particle density (pp). The row "Passed" gives the 
percentage of the particles that passed the cylinder without 
either colliding or entering side or back wakes. E means 
experimental and S means simulated. 400 particles 
were released. 

dp (mm) 2.38 3.17 4.76 6.35 

Pp (kg/m 3) 1140 1140 910 1140 910 

u f (m/s) 0.29 0.4 0.6 0.4 0.6 0.29 0.4 0.6 0.4 0.6 0.4 0.6 

Collision 

( * ) 

E 97 88 96 92 92 50 62 80 83 89 57 70 Collision 

( * ) 
S 62 75 91 88 98 18 19 22 97 100 84 94 

Entering 
side wakes 

(%) 

E 6 24 24 18 21 12 8 10 16 17 5 1 Entering 
side wakes 

(%) S 0 0 0 0 0 0 0 0 0 0 0 0 

Entering 
back wake 

(%) 

E 12 26 20 28 15 10 11 16 25 14 5 6 Entering 
back wake 

(%) 
S 0 0 0 0 0 0 0 0 0 0 0 0 

Passed E 3 7 4 4 3 46 37 18 7 5 39 28 Passed 

S 38 25 9 12 2 82 81 78 3 0 16 6 

The numerical simulations showed that the force due to the pressure 
gradient had the greatest effect on the particle when it travelled in the vicinity 
of the obstacle. The results also showed that the remaining forces and the 
effect of turbulence fluctuations could be crucial in determining whether the 
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particle would hit the obstacle or pass by it. Further details are given in 
Appendix C. 

The model described in Appendix C was also used to simulate the ini
tial ice accretion on an obstacle. These simulations are further discussed in 
this section. The proportions of the obstacle can be set, arbitrarily, but it was 
restricted to a rectangular shape. The particles were released over a region 
equal to one bar width instead of at the centre line of the bar. The pattern of 
initial ice growth was simulated to show the effects of the size of the particles 
and the water velocity. 

Results of the field study, reported in Chapter 2, showed that ice parti
cles deposited mainly on the upstream part of the trash rack bars. Haynes et 
al. (1991) suggested heating the front of the trash rack bars in order to keep 
them free of ice. In order to simulate this, a pattern in which no ice particles 
were allowed to deposit on the front part of the obstacle was also studied. 
The effects the initial ice growth may have on further accretion can also be 
studied in these simulations. 

4.2 Mathematical formulation 

The mathematical formulation consists of a hydrodynamical part and 
another part for the particle motion. A detailed description of the hydrody
namical model is given in Appendix C. 

In the particle model the following particle momentum equations were 
formulated based on the work done by Corrsin and Lumley (1956). 

du 

dt 
7 1 % d » 

u f - u p | ( " / - " P 

(4.1) 

m 
dv 

P 
P dt 

dv 

dt 
f 

d2z 
dt ) 

1 % d v , , 

2 c s p / 4 H u f - u p K v / - v > 

(4.2) 
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The formula for the drag coefficient is 

(1 + 0.l5Re 
p 
0.687 

) + 
1 + 4.25 • \04Rep 

42 
-1.16 

(4.3) 

The Reynolds number of the particle is 

(4.4) 

where mp is the mass of the particle, dp its diameter and V p its volume. The 
velocities of a particle in the x- and y-directions are denoted by up and vp, 
and u f and u p are the velocity vectors of the fluid and the particle. The fluid 
velocity at the location of an ice particle is the sum of the mean velocity and 
a fluctuating component. The fluctuating component is calculated using a 
random number process. A memory effect, based on the integral time scale 
of the turbulence, is included in the calculation of the turbulence velocity; the 
same fluctuating value remains over a certain time interval. This time is the 
smaller of two times: (1) the life time of the local eddy in which the particle 
is assumed to be trapped and (2) the time a particle takes to cross the eddy 
(Gosman and Ioannides, 1981, Mostafa and Mongia, 1987). 

The terms in equations (4.1) and (4.2) represent, from left to right, 
mass times acceleration for the particle, the force required to accelerate the 
added mass, momentum exchange with the fluid and the force due to the 
pressure gradient. The drag-coefficient calculated from equation (4.3), is 
valid for a solid sphere with a particle Reynolds number less than 3 • 105 

(Clift and Gauvin, 1970). The coefficient CA in the added mass term was set 
to 2.1, an approximate but acceptable value. More correctly it is a function of 
the acceleration number (Odar and Hamilton, 1964). 

The effect of the Basset history term was small in comparison with the 
uncertainties in the hydrodynamic formulation. Once the flow field can be 
solved more accurately, especially that in the separated zones, this and other 
force terms in the particle momentum equation can be evaluated and 
included, as justified. 

A Lagrangian prediction of the ice particle trajectory was obtained 
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from equations (4.1) and (4.2) by numerical integration; the successive posi
tions are calculated from the equation 

. old new. 

where xp is the position and Ar is the time-step. A similar equation is used 
for the y-direction. The time-step (Ar) is the shorter of two times: (1) the 
particle relaxation time ( T r ) , and (2) the minimum cell crossing time divided 
by the minimum number of Lagrangian time-steps per cell; the latter number 
was set at the value 3. This procedure guarantees that a particle does not pass 
through one or more cells during one time-step. The particle relaxation time 
is given by 

% r -_ 4 d f P (4.6) 

4.5 Procedure 

The computational domain corresponding to the laboratory flume is 
shown schematically in Figure 4.1. Lines of symmetry were set at the bound
aries along the x-direction as marked. 

The ice particles were assumed to be spherical and their density was 
taken to be 917 kg/m 3, a value that corresponds to the density of ice at a tem
perature of approximately -4° C. The ice accumulation was simulated in two 
fields of flow with free stream velocities of 0.2 and 0.4 m/s. Values of 1, 3, 
and 5 mm were used for the ice particle diameter, except for one simulation 
in which the diameters were varied randomly between 1 and 5 mm. The 
effect of the size of the particles was simulated for the free-stream velocity of 
0.2 m/s. The particles were released into the flow with the same velocity as 
the flow, at the inlet boundary. The initial positions were randomly distrib
uted within a region equal to one bar width. The point of particle release was 
far enough upstream that the flow field was undisturbed by the obstacle. 
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Figure 4.1 Schematic outline of the computational domain. 

The particle model was integrated with a repeatedly updated flow field. 
A velocity field was first calculated with a vortex street behind the obstacle. 
Particles were then released and some of them impacted on the bar. The grid-
cell that the particle had just travelled through, prior to the impact, was then 
blocked to prevent further entrance of water (Figure 4.2). The effect the 
blockage caused on the flow field was introduced by recalculating the flow 
until a new transient condition was obtained. The presence of only one parti
cle was taken to be enough to cause the blockage of a grid-cell. The velocity 
field was in a steady state during the calculation of the trajectory. The proce
dure was repeated until a layer of ice 10 mm thick had grown on the bar. The 
calculations were stopped at this value because only the initial ice growth 
was being simulated. 

Figure 4.2 Schematic figure of the blockage of grid-cells in which 
particles have impacted and adhered to the obstacle. 
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4.6 Results 

The velocity fields are shown in Figure 4.3 for a free-stream velocity of 
0.2 m/s. Figure (a) shows the field before any ice particles had deposited on 
the bar, and Figure (b) after initial ice growth had taken place. Ice, deposited 
near the upstream corner, caused the wakes to be located further upstream 
compared to when no ice was present, and to increase in size. The corre
sponding pressure fields are shown in Figure 4.4; (a) corresponds to Figure 
4.3 (a) and (b) to Figure 4.3 (b). The low pressure areas on the upstream side 
of the obstacle are located further upstream after ice had deposited on the 
obstacle. The maximum pressure at the stagnation point was the same for the 
two conditions, as expected. 

The flow field was recalculated each time a particle deposited on any of 
the bar walls. The procedure was repeated 300 times, which means that a 
maximum of 300 particles could deposit. The patterns of ice accumulation 
for different sizes of particles are shown in Figure 4.5. The initial ice growth, 
built by particles with diameters of 1, 3, and 5 mm are found in the (a), (b), 
and (c) parts of the figure, respectively. The pattern of deposited ice shown in 
figure (d) is for particles with a variable diameter, randomly distributed 
between 1 and 5 mm. Most of the small particles (1 mm) deposited on the 
surfaces at the rear of the bar. The larger particles deposited mainly on the 
upstream face of the bar so that very few of them deposited on the sides and 
the back. Approximately the same amount of middle size particles deposited 
on the front and rear parts. Particles with sizes varying between 1 and 5 mm 
deposited on all surfaces. Still the smaller particles could have deposited on 
the rear part and the larger ones on the front part. The distribution of the 
assorted sizes was not measured. 
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(a) 

(b) 

— 0.6 m/s 

Figure 4.3 Velocity fields around the bar. (a) Before any ice particles 
have deposited, (b) With initial ice growth, corresponding to 
Figure 4.5 (c). The free-stream velocity was 0.2 m/s. 
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Figure 4.4 Pressure fields (Pa) around the bar. (a) and (b) are for the 
corresponding parts of Figure 4.3. 
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(a) (b) 

Figure 4.5 Patterns of initial ice accumulation. The sizes of the particles 
were (a) 1 mm, (b) 3 mm, (c) 5 mm, and(d) randomly varied 
between 1 and 5 mm. The free stream velocity was 0.2 m/s and 
the particle density was 917 kg/m3. 

Figure 4.6 shows the results of simulations in which particles were not 
allowed to adhere to the front of the obstacle; otherwise, conditions were the 
same as for Figure 4.5. Almost all of the large particles (96%) hit the front 
part but could not deposit there; 72% of the smaller ones hit the front. Com
parisons with Figure 4.5 show that once ice particles had deposited at the 
front, subsequent particles could more readily deposit at the sides and at the 
rear. 

The effect of the velocity being higher is shown in Figure 4.7. Fewer 
particles collided with the obstacle in the same number of time steps i f the 
velocity was 0.4 m/s, instead of 0.2 m/s. To achieve the amount of ice deposit 
shown in Figure 4.5, the simulation had to be run 30% longer than for the 
lower velocity. Particles with a diameter of 5 mm were used in the simula
tion. The reason for the longer time may be that the turbulent fluctuations 
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increased along with the increase in velocity. The particles could have been 
more widely dispersed, between the release point and the obstacle, and thus 
more of them could pass the obstacle without making contact. 

(a) (b) 

Figure 4.6 Initial ice accumulation patterns. No particles were allowed 
to deposit on the front face, in order to simulate the situation 
that the front end of the bar is heated. 

Figure 4.7 Initial ice accumulation pattern with the higher free-stream 
velocity of 0.4 m/s. The particle diameter was 5 mm. 
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4.7 Discussion 

The basic question is whether the particle hits the obstacle or not. To 
obtain an answer, a recapitulation of the basic features of the flow and pres
sure fields is useful. 

The pressure field generated by the obstacle is as follows. Along the 
centre line the pressure increases towards the obstacle and reaches its maxi
mum value at the centre of the upstream face. From there it decreases sharply 
toward the corners. The minimum pressure is found along the side of the bar 
just downstream of the upstream corner. 

The flow is turbulent, and it separates at the upstream corners. In the 
region of upstream the obstacle, the velocity decreases in the flow direction 
and increases in the transverse directions. The maximum velocity occurs at 
the upstream corner. A zone of reversed flow forms along the sides and 
wakes appears. The pressure varies strongly over these wakes. The motion 
there gives rise to vortices that separate from the sides and move downstream 
in the fluid. A vortex street forms behind the obstacle and soon becomes peri
odic; it is often called the von Karman street. I f the free-stream velocity 
increases, the size of the wakes may decreases and the frequency of the vor
tex street may increases. 

The ice that has accumulated on the obstacle alters the effective shape 
of the obstacle to the flow, an it alters the flow pattern also. Figure 4.3 shows 
that the side wakes are located further upstream where the flow separates 
because of the accumulated ice. 

A particle moving with this flow also slows down as it approaches the 
obstacle, and it either collides with the obstacle or follows the stream-lines of 
the water and moves around the obstacle. The ability of a particle to adapt its 
velocity to the surrounding flow can be estimated from the value of the 
Stokes number - the ratio between the response time for the particle (x r) and 
a time that is characteristic of the flow (xß. 

(4.7) 

The characteristic time for this flow situation is defined as 

(4.8) 

42 Frazil Ice at Water Intakes 



N U M E R I C A L M O D E L L I N G OF I N I T I A L I C E GROWTH: Discussion 

where D is the bar width perpendicular to the flow and u f is the velocity vec
tor of the flow at the inlet boundary. 

In the particle response time the only force that balances the accelera
tion of the particle is the drag. For this flow, the dominant force, in the vicin
ity of the obstacle, is the force due to the pressure gradient. Drew (1974) 
studied the motion of low concentrations of particles near a stagnation point 
in a fluid flow and he obtained conditions for the particles to deposit on a 
wall. The study included the effect of the fluid pressure in causing the parti
cle to reach the wall. 

Figure 4.8 shows the proportion of the particles that collided with the 
upstream face of the obstacle i f all three forces were included (drag, added 
mass and force due to the pressure gradient), and that obtained if the force 
due to the pressure gradient was not included. Fewer particles struck the 
obstacle in the latter case, indicating that some of the particles did not have 
enough inertia to overcome the adverse pressure gradient that retards the par
ticles as they approach the wall. 

The result displayed in Figure 4.8 shows quite clearly that the Stokes 
number alone cannot be used in making quantitative estimates of the colli
sion frequency; one must also take the pressure gradient into account. The 
only way to obtain the pressure field, which changes as the ice deposits, is to 
include a hydrodynamical model in the analysis. Thus, an approach like 
present study is essential. 
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Figure 4.8 Collision frequency versus Stokes number for particles 
with a density of 917 kg/m . 
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DISCUSSION 

In Sweden, ice can deposit on trash racks at any time of the day since 
the sun at these latitudes during winter time usually does not heat the water 
enough to stop the formation of frazil ice. During December 1990, frazil ice 
formation causing increased head losses was observed on four occasions. 
Frazil ice formed when the air temperature decreased at a time when the 
water temperature was close to 0° C. A remarkable occurrence was that frazil 
ice formed at an air temperature as high as -4° C. 

It is difficult to determine when and how the first frazil ice particles 
attach to trash rack bars. The early growth does not significantly affect the 
head losses at the trash racks and therefore causes no perceptible difference 
in the water levels upstream and downstream the rack. 

Head losses 

The head losses at the trash racks are measured continuously at Untra
verket power plant. As mentioned in Chapter 2, the total head losses are not 
allowed to exceed 1.2 m because the force against the trash rack with larger 
head losses could cause the whole rack to fail. 

The measured head losses at intake 2 (presented in Table 2.2) are plot
ted versus time in Figure 5.1. The arrows in the figures mark the times of the 
video recordings. 
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Figure 5.1 Head loss versus time at intake 2, Untraverket (5 Dec. 1990). 

Shown in Figure 5.1, the head losses increased rapidly between 10:00 and 
11:00 when a substantial portion of the trash rack must have become covered 
with ice. A corresponding incident for intake 3 is shown in Figure 5.2. 
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Figure 5.2 Head loss versus time at intake 3, Untraverket (5 Dec. 1990). 

Figure 5.2 indicates how the power plant was operated once frazil ice had 
formed on the trash rack. The numbers in the figure are the discharges that 
were run at corresponding times. The head losses reached about 1.0 m at mid 
day and the discharge was 81 m3/s. The operator had to reduce the discharge 
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to 54 m /s at 15:00, and the head losses were then about 0.65 m. The head 
losses increased again, to 1.06 m, and the discharge had to be reduced still 
further, to 27 m3/s. This in turn, caused the head losses to decrease to 0.84 m, 
at 18:00. After that, the discharge was increased to 54 m3/s and because fra
zil ice was still present the head losses increased to 1.10 m. Again the dis
charge was decreased, to 35 m3/s, and the head losses dropped to 0.91 m (at 
21:00). Before midnight, the discharge was increased to 44 m3/s. As a conse
quence, the head losses increased to 1.11 m. In the morning on Dec. 6, the 
turbine was shut down and the ice was removed from the intake. A similar 
procedure was carried out for intake 2 as well. The air temperature was 
-2.5° C in the morning of Dec. 5 and went down to -4.9° C at 19:00. The 
temperature went up to 2.2° C on Dec. 6 and as the temperature raised frazil 
ice stopped forming. 

The head losses versus time for intakes 2 and 3 on Dec. 13, from Table 
2.3, are presented in Figures 5.3 and 5.4. 

Time (h) 

Figure 5.3 Head loss versus time at intake 2, Untraverket (13 Dec. 1990). 
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Figure 5.4 Head loss versus time at intake 3, Untraverket (13 Dec. 1990). 

At this case, the turbines were not shut down but the flow through them was 
reduced to 27 m3/s for intake 2 at 23:00 and to 26 m3/s for intake 3 at 20:00. 
On Dec. 13 the air temperature was about -6° C and raised to -4° C on Dec. 
14 and the increased temperature caused the frazil ice to stop forming. 

Figures 5.1-5.2 indicate that it took about 4 hours to reach the maxi
mum allowable head loss. Hence, it is also the time available before meas
ures should be taken to prevent further losses. The corresponding figures for 
Dec. 13 (Figures 5.3-5.4) indicate that the time at that occasion was about 6 
hours. 

The rate at which the head losses increased was higher on Dec. 5 than 
on Dec. 13 - about 0.2 m/h and 0.06 m/h, respectively. On Dec. 5 the dis
charge could be maintained almost until the trash rack became blocked by 
ice, while on Dec. 13 it was necessary to reduce it from 72 to 35 m3/s. More 
frazil ice deposited on the trash rack on Dec. 5 than on Dec. 13 during the 
same length of time. 

Pattern of ice accretion 

The waviness in the horizontal direction (Figure 2.8.a) appears to be 
directly related to the spacing of the bars, much as would be expected, but 
the mechanism that causes the vertical waviness (Figure 2.8.b) is not clear. 
Local variations in the vertical direction appear initially as bulges in the ice. 
These irregularities do not form on a single bar placed some distance 
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upstream of the rack; instead the ice surface there is smoother and more 
even. The locations of such bulges seem to be distributed randomly. Their 
origin may be irregularities in the local flow pattern. A possible cause is that 
the flow is affected by neighbouring bars and by changes in the shape of each 
bar as ice forms. Subsequently the flow changes direction, from horizontal to 
vertical, and transports the frazil ice particles downwards towards the areas 
of the trash rack that are still open. The bulges then extend into the flow, and 
the ice particles impinge on them more easily. As the frazil ice deposits, the 
bulges increase in size. A single bar placed some distance upstream, in con
trast, would cause flow separation but the flow direction would not change; 
also no neighbouring bars affect the flow there. These differences could 
affect the way the shape of the ice develops. 

Present laboratory facilities that can produce frazil ice continuously are 
not large enough to fully represent the way frazil ice blockage occurs in the 
field. In model studies in flumes, the water depth and the total width of the 
trash rack are limited, and the mean velocity of the water is usually low. The 
low velocity leads to a thicker boundary layer, and because the depth is 
small, both the dynamic and static forces are smaller than those in the field. 
These factors could produce patterns of the ice accumulation in the labora
tory that differ from those in the field. 

The pattern of ice accumulation on a pointed bar is shown in Figure 
5.5; the same pattern took place for other bar shapes (Andersson and Daly, 
1992). The studies were carried out in a laboratory flume and the water 
velocity was low (0.2 m/s). A feather-like outgrowth from the upstream face 
of the bar projected into the flow; once deposited, the ice particles were not 
easily eroded. Subsequently, the ice bridged over between the bars and the 
ice accumulated only on the upstream face of the already deposited ice. Daly 
(1992) proposed a similar process for the ice accumulation on trash racks 
(Figure 5.6). A different kind of bridge-over was suggested by Carstens 
(1986), as shown in Figure 5.7. He suggested that frazil ice deposited on the 
upstream face of the bars and occasionally the growth is moved by the flow 
to one side; in this way a bridge-over is formed. 

In the field, the flow conditions are quite different. Both the velocities 
and the depths are large, and the higher velocities erode some of the out
growths of the ice so that the feather-like shapes do not form. Hence, the pat
tern of ice growth shown in Figure 2.9 are more likely to occur in the field. 

One can conclude that the flow direction and flow pattern and magni
tude of the velocity, near the trash rack bars, can all affect the pattern of the 
ice accretion. 
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Figure 5.5 Patterns of ice accumulation at the water surface. The view is 
almost from above. 
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Figure 5.6 Pattern of frazil ice accumulation on trash rack bars 
at intakes (after Daly, 1992). Horizontal view. 
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Figure 5.7 Frazil ice accumulation on trash rack bars and 
the bridge over between them (after Carstens, 1986). 
Horizontal view. 

The ice accumulation on the single bar showed a consistent pattern in 
all experiments during the laboratory study described in Chapter 3. It was 
comparatively uniformly distributed. Before any ice had deposited on the 
bar, most of the ice particles appeared to pass the bar without colliding with 
it. As the ice accumulated, the shape of the "bar" changed, and so did the 
location of the separation zones; this development helped the ice accumula
tion to progressed downstream. Once a thin layer of ice had formed, the ice 
accumulated quite rapidly as more particles impinged on the ice-coated bar 
and adhered to it. Porous ice may allow a small amount of water to flow 
through it and thus bring more ice particles in contact with the deposited ice. 
Frazil ice deposited on all bar surfaces. 

The adhesion force between the ice and the bar was low; if the flume 
was drained quickly, the ice fell off the bar. In order to keep the ice attached 
to the bar, the water was drained slowly so that the ice would continuously 
freeze to the bar in the cold air. In contrast, i f a trash rack located in the field 
were drained, the ice would remain attached to it, which indicates a higher 
adhesion force between the ice and the bars in the field. 

Simulated initial ice growth 

The numerical simulations showed how the ice growth depends on the 
size of the particles. The size distribution of frazil ice particles in a river has 
to be known in order to simulate the ice growth accurately. The particle size 

Frazil Ice at Water Intakes 51 



DISCUSSION 

distribution has been simulated numerically, Svensson and Omstedt (1994), 
Hammar (1994). However, verifications of this pattern in either field or labo
ratory studies are still lacking. In the numerical study presented herein, the 
size distribution was taken to be uniform (Figure 4.5.d) - an equal number of 
each size within the range chosen but it can be changed to a distribution that 
is more likely to occur. 

The effect of the discretization was further investigated by setting the 
required number of particles to cause one grid-cell to be blocked at three, 
instead of at one. Figure 5.8 is to be compared with Figure 4.5 (c) and it 
shows that the overall pattern was almost the same whether three particles or 
only one were required to block a cell. Thus the discretization, involving 
some fixed number of particles to cause blocking does not appear to affect 
the primary results. 

Figure 5.8 Initial ice accumulation pattern with three particles in a 
grid-cell to cause a blockage ofthat cell. 
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Chapter 6 

CONCLUSIONS 

General 

• The studies give a deeper understanding of the way frazil ice accumulates 
at water intakes and of the initial ice accretion on individual trash rack 
bars. The knowledge thus gained will be valuable in developing methods 
of reducing ice blockage. 

• The observations of frazil ice accretion on trash racks and on individual 
bars are the first to show where ice particles begin to adhere, how ice 
growth progresses and the time required for blockage to develop. 

Field studies 

• Frazil ice initially accumulates on the upstream face of the bars, and soon 
progresses to the upstream corners of the sides. The frazil ice layer at the 
front part then grows in all directions and finally bridges over the space 
between the bars. The process starts at the upper part of the trash rack 
where frazil ice is more abundant and progresses downward. 

• Significant blockage of frazil ice takes 4 to 6 hours to reach the stage at 
which sizable head losses of a meter or so occur. 
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Laboratory studies 

• The experiments described herein are the first detailed observations of the 
collisions of plastic particles with a rectangular cylinder and the growth of 
frazil ice on the same obstacle. They are directly useful and will also serve 
in the verification of numerical models valid to represent the process. 

• Frazil ice particles deposit on all surfaces of an isolated rectangular bar. 

• The frequency of collision of plastic particles with the front face of a rec
tangular bar varies with the particle density and the fluid velocity. Smaller 
particles are more likely to enter the separation zone along the sides of the 
bar than larger ones in the range of sizes tested. 

Numerical simulations 

• The mathematical model developed can be used to predict patterns of ice 
deposition that correspond well with observed results. Such a model must 
include one hydrodynamical part and one to predict particle trajectories. 
The term for force due to pressure gradient makes a significant and essen
tial contribution to the calculations of the trajectories. This force is the 
dominant one to counter the momentum of the particles as they move in 
the region close to the obstacle. 

• The pattern of deposition is affected by the particle size distribution in 
ways that seem physically realistic. Larger particles mainly deposit on the 
front part while the smaller ones more easily follow the flow around the 
upstream corners and deposit on the rear part. 

• I f no ice particles are deposited on the front part of the bar, as would be 
the case with heating there, fewer particles deposit on the other parts of 
the bar. The presence of some ice at the upstream part of the bar appears 
to cause ice to deposit more readily on the rear part. 
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Chapter 7 

FUTURE WORK 

The numerical simulations need to be improved by including a more 
complete hydrodynamic model that represents more accurately the complex 
flow field around a rectangular cylinder. It may be that a turbulence model 
that takes both anisotropy effects and effects of the viscous shear near the 
wall into account, wil l be needed. Also flow around bars of other shapes than 
the rectangular should be simulated. 

The size distribution of frazil ice particles in rivers should be included 
in the numerical model in order to simulate patterns of ice accretion on an 
obstacle in a more realistic way. Important field data required are thus the 
frazil ice size distribution. 

Additional laboratory measurements, with both plastic particles and 
frazil ice, should be taken to determine the effect of bar shape, particle shape 
and particle size distribution. 

To ascertain whether the ice blockage always starts at the top of the 
trash rack and progresses downward or to determine whether other factors 
are involved, more video recordings of ice formation at intakes should be 
performed. Also these should be carried out in hydropower plants with vari
ous characteristics. 

A method that can detect frazil ice in the river should be developed. 
The knowledge thus gained would enable the operator to mitigate the conse
quences of the frazil ice blockage and make it possible to heat the trash rack 
only when necessary and thus save a sizable amount of energy. 

Partial heating of the trash rack bar should be tested in the field on a 
large trash rack. Instead of heating all of each bar, only the front parts could 
be heated so that less energy would be required. 
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Mechanical methods of removing the ice from the rack should be 
investigated further. I f one could detect the initial attachment of frazil ice, 
one can run a specially designed trash rack cleaner continuously and prevent 
the ice from accumulating right from the start. Possibly, the trash rack bars 
could be coated with low-adhesive material to reduce the adhesion between 
the ice and the material. I f so, less ice would accumulate and any removal 
would be easier. 
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NOMENCLATURE 

NOMENCLATURE 

Below a list of important symbols is compiled for easy reference. All 
symbols are also defined in the text as they occur. 

11 time at freezing point (min) 
t 2 time when frazil ice begins to form (min) 
t 3 time at maximum amount of supercooling (min) 
t 4 time when thermal equilibrium is reached (min) 
T i temperature at freezing point ( 0 C) 
T 2 temperature when frazil ice begins to form (° C) 
T 3 temperature at maximum amount of supercooling (° C) 
T 4 temperature when thermal equilibrium is reached ( 0 C) 
Q discharge (m3/s) 
P turbine power (W) 
r| efficiency (0.84) 
p water density (kg/m3) 
g acceleration due to gravity (m/s2) 
H total head (m) 
hf head loss (m) 
m p particle mass (kg) 
dp particle diameter (m) 
Vp particle volume (m 3) 
Up particle velocity in x-direction 
Vp particle velocity in y-direction 
Uf fluid velocity vector (m/s) 
Up particle velocity vector (m/s) 
x room coordinate (m) 
y room coordinate (m) 
p pressure (Pa) 
t time (s) 
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C D drag coefficient 
Rê , particle Reynolds number 
C A added mass coefficient 
x p particle position (m) 
At time step (s) 
T r particle relaxation time (s) 
Tf flow characteristic time (s) 
St Stokes number 
D bar width (m) 
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A B S T R A C T 

A field experiment to study f raz i l ice blockage o f water intake trash racks in a hydro 
power plant is described. The experiment, conducted during the winter seasons o f 1990/91 
and 1991/92, using a submerged video camera, was designed to investigate ice accumula
t ion on trash racks and compare this w i th laboratory tests. Differences between ice accumu
lation and adhesion on a steel bar wi th and without a rubber coating were examined. The 
submerged video camera, used to observe f raz i l ice formation at the f ie ld site, functioned 
w e l l . Frazi l ice problems occurred in air temperatures as high as -3.9 °C . Frazi l ice accumu
lation started on the upper section o f the trash racks and progressed downwards. Ice was 
mainly deposited on the upstream face o f the racks. The rubber coating material, w i th its 
l ow adhesion to ice, appeared to mitigate f raz i l ice problems in the intakes. 

I N T R O D U C T I O N 

The accumulation o f f raz i l ice on water intakes is a serious problem in many hydro 

power plants operated in cold climates (Ashton, 1986, Daly, 1991). A complete blockage 

resulting in total shutdown, proceeded by large reduction in power production is not unu

sual. Production losses due to ice problems have been costly f o r the hydro power industry. 

A t just one plant during a 10 year period the average cost o f ice problems and heating the 

trash rack was 1 m i l l i o n SEK/year, equivalent to $0.2 million/year. No cost due to high pre

paredness o f staff all day around were included. 

Frazil ice is the term for small particles formed in turbulent, supercooled water. The 

particles are pr imari ly discoid shaped. A supercooling of only a few hundredths o f a degree 

is enough to favour f raz i l ice formation. The particles grow as long as the water is super

cooled. Dur ing this 'active' stage they adhere to objects w i th which they have collided 

(Carstens, 1970). Observations in field have shown individual f raz i l ice particle sizes be

tween 1 and 15 m m (Wigle , 1970, Ashton, 1979, Osterkamp et al., 1982). 

Water velocities higher than 1 m/s cause enough turbulence to keep the f r a z i l ice wel l 

mixed a the river (Carstens, 1970, Matousek, 1984). Layered f raz i l ice and slush ice are 

fo rmed when the f l ow velocity is between 0.6 and 1 m/s. Sk im ice and an ice cover is 

fo rmed at velocities lower than 0.6 m/s. 

A fundamental study of f r az i l ice particles formation and growth was carried out by 

Da ly (1984). To able the simulation o f the motion o f f r az i l ice crystals, a numerical model 
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is under development (Svensson et al. 1988, Andersson et al. 1991). 

Laboratory tests which aimed to achieve a better understanding o f the prevention of 

f r az i l ice problems have been conducted (Daly 1987a, Daly 1987b). Small scale experi

ments using trash racks at f ie ld sites have been carried out (Mussall i 1987, Haynes et al., 

1991). 

O B J E C T I V E S 

To improve the understanding of f raz i l ice formation and growth a research project was 

begun at the University o f Lu leå , Sweden (Andersson et al., 1992). The long term goal of 

the project is to increase the knowledge o f water intake blockage due to f raz i l ice and to 

f i nd materials and methods that w i l l reduce ice adhesion to trash racks. The aims o f this i n i 

t ial test were: 

a) To observe the weather conditions and temperature changes before f raz i l ice prob

lems occurred. 

b) To record the f raz i l ice accumulation on single bars and on the entire trash rack, w i th 

respect to water depth, f low rate and time. 

c) To quantify the adhesion forces between ice and trash rack elements at f i e ld sites. 

The field tests were also used to indicate the practical values and limitations o f labora

tory tests. Controlled experiments in a flume located in a cold room can be conducted and 

repeated. I n the field, f raz i l ice format ion is highly variable. 

M A T E R I A L S A N D M E T H O D S 

Experiments were conducted during the winters of 1990/91 and 1991/92 at three hydro 

power plants in Sweden: Finnfors on the Skellefte River; Untraverket on the River Da lä l 

ven; and Olidan on the G ö t a River, listed f r o m north to south. These three power plants 

were chosen because they often experienced f raz i l ice problems. The design o f Untraverket 

and Olidan permitted the installation and maintenance of test equipment (see figure 1). 

Each intake could be drained in a few minutes. 

Finnfors. A t Finnfors one trash rack section (1.2 x 7.0 m) was replaced by an identical 

rack coated wi th a three m m thick rubber material. A qualitative evaluation, by operating 

the trash rack cleaner, o f different ial ice accumulation was achieved by a comparison o f the 

performance o f the surfaces on the control and replaced racks. 

Untraverket. Upstream of the plant, a 1 k m long canal runs between a dam and the 

f ront o f the intake. The first 700 m is orientated west southwest to north northeast direction, 

while the last 300 m is orientated in east to west. The canal has a wid th o f 80 m and a depth 

of 6 m . N o test equipment was set up on the existing trash rack. The video camera and its 

steel box was mounted on the trash rack cleaner. The ice accumulation to the bottom, at a 

depth o f 8 to 9 m , could be recorded. 

Olidan. Three steel bars w i t h a rectangular cross section o f 50 m m depth and 30 m m 

width were mounted in f ront o f the existing, heated, trash rack (figure 2). The middle bar 

was coated w i t h the same rubber material as at Finnfors. A rubber coated wire w i t h a tr ian

gular cross section was mounted next to the bars, to evaluate the influence o f self induced 

vibrations due to bar shape in combination wi th a rubber coating. The 60 m m spaced test 

specimens were electrically insulated f r o m , and mounted approximately 0.1 m in f ront , of 

the trash racks. This design assured that water flowed past the test specimen first. Heat f r o m 

the control trash rack d id not then affect the ice built-up on the test bars. The heating 

assured that the ice accretion started on the test sections. I n this test design, mechanical 
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r insing of the test section was not possible. Video recordings during the course o f the ice 

buil t-up were used to evaluate the adhesive properties o f ice to the different specimens. 

A more detailed description o f the experimental equipment was described by Anders-

son et al. (1992). 

Trash rack 

house 

Skimmer wa l l 

Frazil Ice 

F igure 1. Schematic figure o f Untraverket hydro power plant. 

n  

Steel Bar 

Coated Bar 
Wi re 

Recording 

System 

Figure 2. Test rack at Olidan. 

A video, taken whi le the hydro power plant was operating, showed the ice accumula

t ion at different depths and also the difference in ice growth on the steel bars and coated 

bars. Particle behaviour i n f ront o f the rack was also recorded. 

Tempera tu re measurements and weather condit ions 

Pt 100 temperature probes, w i th an accuracy o f 1/10 D I N , shielded by stainless steel 

tubes were used. Using a Thermolyzer S2541 between the Pt-probe and the data logger, the 

required resolution was achieved in the vicini ty of 0 °C . 

Thermocouples o f copper/constantan were individual ly shielded i n a polyethylene tube 
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that was sealed w i t h a PVC-resin at the end point of measurement. The shielded gauges 

were inserted in tubes and fastened on to the trash racks fo r protection. Care was taken to 

and assured that place the tubes at the required depth. Each thermocouple was individual ly 

calibrated to 0 ° C i n a mixture o f ice/snow and water, before and after the f ie ld tests were 

conducted. The necessary corrections were made during data analysis. I t was then possible 

to measure the temperature to wi th in an accuracy o f a few hundreds of a degree. 

Synoptic and automatic weather stations are located around Sweden. Data on air tem

peratures, amount o f precipitation, w i n d speeds and w i n d directions were obtained f r o m 

stations near to each power plant. 

W a t e r veloci ty 

Finnfors. Water velocities were measured at 10 m intervals on straight lines perpendic

ular to the intake at three locations 50 m upstream the power plant. A t the time of measure

ments, the river was partly covered wi th ice. 

Untranverket. The water velocity profile across the entire trash rack was measured 

when no f raz i l ice was present and the f low rate through the plant was normal the season. 

R E S U L T S 

Tempera tu re measurements and weather condi t ions 

Finnfors. Frazi l ice formation appeared suddenly at Finnfors on the 13th November, 

1990, (Figure 3). The temperature was measured 0.5 m downstream the trash rack and 2 m 

below the water surface. Head losses larger than 2 m exposed the temperature gauge to the 

air wh ich causing the peak shown in Figure 3. 

0.8 

-0.1 I , . , . , . . i . , . . , , I 
14.00 16.00 18.00 20.00 22.00 24.00 02.00 04.00 

Time on Day (hour) 

F igu re 3. Intake water temperature in Finnfors power plant (13-14 Nov. 1990) 

Untraverket. A i r and water temperatures, recorded each morning, at Untraverket power 

plant, f r o m the 1st November to the end o f December, are shown in Figure 4. Water tem

perature declined whi le air temperatures were below 0 °C . A i r temperatures were shown to 

fluctuate more rapidly than water temperatures. Water temperature did not vary w i t h depth. 
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Frazil ice problems occurred during December, 1990, coincident w i th snowy weather 

(Figure 4) . The w i n d direction was north northeast to north northwest during the first part 

o f December, i.e. parallel in the downstream direction, to the intake canal. Dur ing the rest 

o f the month the w i n d direction was southwest. The near w i n d speed was 3.5 m/s. 

Frazi l ice problems appeared for the first time at Untraverket, on the 16th o f December, 

1991. The w i n d speed was low (2 m/s) and the w i n d direction was northwest during most 

o f the day. The m i n i m u m air temperature decreased to a m i n i m u m of -3.9 ° C (see Figure 5) 

and no precipitation was present. 

1 

-5 I . , , , . , . , . 
9.00 11.00 13.00 15.00 17.00 19.00 21.00 23.00 

Time of Day (hour) 

F igure 5. A i r temperatures at 16th o f December, 1991 (Untraverket). 
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I t should be noted that air temperatures of only -5 °C and -3.9 ° C , 1990 and 1991 

respectively, caused f raz i l ice problems. 

Olidan. Olidan experienced f r az i l ice problems during February 1991. Average daily 

air temperatures were measured at a nearby weather station. Frazil ice problems occurred 

on the 5th February at an air temperature o f -7.0 °C . Li t t le precipitation occurred during 

that day and the average wind speed was 5 m/s f r o m the northeast. 

W a t e r veloci ty 

Finnfors. The water velocities, measured upstream of the intake, ranged between 

approximately 0.3 m/s at the centre o f the river, to 0.8 m/s about 20 m f r o m the shore. 

Untraverket. Immediately upstream of the intake the velocity profi le was constant w i t h 

depth except close to the surface and bottom. The velocity at the surface was low (0.2 m/s) 

because o f the skimmer wal l wh ich reached down to 1.5 m below water level, i.e. 2.5 m 

below the top o f the trash rack (Figure 1). A wake that affected the f low in f ron t o f the rack 

was caused. Below the skimmer wa l l the water velocity reached a constant 1.2 m/s. 

Upstream of the intake canal, water velocity varied between 0.21 and 0.62 m/s depending 

on the f l o w rate through the plant (100 and 300 m 3 /s respectively). 

F r a z i l ice accret ion 

Untraverket. Untraverket experienced f raz i l ice problems several times at the begin

ning o f the winter season 1990/91. The freezing process was recorded on two different 

occasions. A t a third occasion the gate upstream of the intake was lowered to the bot tom 

and the entire trash rack was exposed in the trash rack house. The f raz i l ice blockage and 

the thickness of the accumulated ice was estimated. Figures 6 and 7 show the results o f ice 

accretion measurements on two of the trash rack bars, on two occasions (5th and 13th o f 

December, 1990). These were considered representative of other samples. Figure 6 ind i 

cates that ice accumulation started at a depth of approximately 2 m . 1 hour and 20 minutes 

after the start o f accumulation, ice reached to a depth of almost 7 m at intake 2 and around 

5 m at intakes 3 and 5. 

Figure 7 indicates that the ice build-up has been in progress for a longer t ime than that 

shown i n the previous figure. The ice growth reached a depth o f 7 m i n the middle o f the 

day and to the bottom at approximately 17.00, resulting in a complete blockage. 

The bars could be seen despite the accumulation. The ice remained transparent, but be

came more opaque when complete blockage occurred. This can be explained by a h igh po

rosity o f the accumulating ice. Dur ing accumulation the deposited ice became more and 

more dense, so increasing opacity. The accumulated ice was 10 to 15 cm thick when the i n 

take was drained on the 21th December. 

Dur ing this winter period, water was discharged through the spillways resulting in 

energy production losses. Figure 8 shows the spillage during the period when f r az i l ice 

problems occurred. The spillage peak on the 9th December occurred because o f d r i f t i n g ice 

problems not because o f f raz i l ice. The plant turbine had to shutdown to able the intake to 

be cleaned o f surface ice transported f r o m upstream. The remaining peaks (marked w i t h 

arrows) were caused by f raz i l ice problems. 
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F i g u r e 6. Frazil ice accumulation versus depth at Untraverket (5th of December), 
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F igu re 7. Frazil ice accumulation versus depth at Untraverket (13th o f December) 
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On December 16th 1991, f raz i l ice problems occurred at Untraverket. Video record

ings started when head losses increased, i.e. at 8 p m and continued f o r 1 h 45 m i n . The tur

bine continued to operate unt i l the head losses were considered unacceptable. The 

development o f f r az i l ice accretion was similar to that in 1990, i.e. i t started at the upper 

region o f the rack, below the skimmer wal l , and progressed downwards. The ice growth 

thickness was approximately 5 to 10 cm.The major accumulation was on the upstream side 

of the trash rack. The intake was drained o f water at 10:30 p m by which t ime i t was blocked 

f r o m top to bottom. A horizontal wave f o r m was evident in the ice growth. The ice 

extended further upstream in f ront o f the trash rack bars than i t d id between them where ice 

bridging between the bars occurred. 

Olidan. Olidan experienced f raz i l ice problems on the night between 4th and 5th Feb

ruary. Ice accumulation on only the uppermost 1 m o f the rectangular steel bars o f the test 

section could only be recorded because a large amount of blockice f r o m upstream collected 

above most o f the rack. The ice blocks, together w i t h f raz i l ice deposition, caused a head 

loss o f approximately 2.5 m , rather than complete blockage. The ice blocks originated f r o m 

the break up o f the ice sheet on the river, which is kept open f o r navigation. 

A thickness o f 5 cm of f r az i l ice accumulated on the steel bars to a depth o f 1 m. Ice 

samples were taken both f r o m the bar and f r o m the block ice. Th in sections were prepared 

and evaluated by using cross-polarized light. The blockice consisted o f f r az i l ice. The size 

of the individual f raz i l ice particles in the blocks ranged between 5 and 8 m m . The trash 

rack was drained and exposed to warmed air and the ice blockage could be recorded. Frazil 

ice problems continued on several occasions during a period o f approximately 2 weeks. 

F r a z i l ice adhesion 

Finnfors. A t 00.30 on November 14th the engineer on duty was in formed by the Power 

company's Central Control Board that the power production was very low at Finnfors. 

When he arrived at the power station the head loss was 14 m. 

No difference in accumulated ice thickness on the original trash rack and the coated 

test rack before the cleaning was observed. Observed flow pattern in f ron t o f both trash 

racks were also similar. I t should be noted that the trash rack cleaner wid th measured 3 m. 

The test section was only 1.2 m wide. I t therefore covered a further 0.9 m , on each side o f 

the non-coated trash racks, during cleaning. 

A significant difference in the de-icing performance of the rinsing equipment was 

observed when the rubber coated trash rack was cleaned, compared to the original trash 

rack elements. Ice was removed f r o m the coated rack in large pieces (approximately 1 by 

1.2 m) . Ice removed f r o m the un-coated rack was fragmented. The cleaning w i t h the trash 

rack rake was repeated several times. Af t e r cleaning a substantially larger flow was ind i 

cated through the rubber coated trash rack than the control rack. This was despite a reduced 

spacing between the trash rack bars o f approximately 8% due to the thickness o f the coat-

ing.The problem continued fo r about 24 hours unt i l all ice were mechanically removed and 

a f u l l production could be achieved. 

Untraverket. Recordings taken during the drainage o f the intake on December 21th, 

showed the diff icult ies involved wi th the removal of ice f r o m the trash rack using the trash 

rack cleaner. Even though the trash rack was exposed to temperatures approximately 

around 10 ° C , the ice was d i f f i cu l t to remove. H a l f o f the trash rack was equipped wi th 
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electrical heating which caused the ice to melt and f a l l o f f after a t ime. 

Olidan. N o ice accumulated on the bar coated w i t h rubber material. The difference in 

ice thickness o f the steel bars and the coated bar was obvious. The rubber coated test wire 

d id not accumulate ice. Ice on the original trash rack was d i f f icu l t to remove shortly after i t 

had been drained and exposed to warmer air. 

D I S C U S S I O N 

Frazi l ice accumulation as a factor of depth was the main parameter recorded at Untra

verket. The video recordings indicated that the ice accumulation started at the upper part of 

the trash rack and progressed downward. Frazil ice started to accumulate at approximately 

2 m below the water surface. This can be explained by the location of the skimmer wal l 

which reached 1.5 m below the water line and caused wake currents and low velocities at 

the upper part o f the trash rack. Below 1.5 m depth the velocities were constant and the fra

z i l ice particles could be transported directly towards the trash rack, to f o r m the first ice 

growth. 

Several reasons may account f o r the origin o f ice accumulation in upper region o f the 

trash racks. Frazi l ice is more concentrated close to the water surface than at depth. When 

the upper section of the trash rack becomes blocked water, carrying the f r az i l ice particles, 

is then forced downwards. Alternatively the effect on pressure o f the freezing water may 

cause the phenomena. A change in pressure equivalent to a 10 m increase in water depth 

causes a change o f -0.0074 °C (Hobbs, 1974) in the freezing point. Depths o f this magni

tude are common in front o f an intake and the supercooling is not more than a few hun

dredths o f a degree. 

Ice on the trash racks is mainly composed o f f r az i l ice particles, carried by the water 

and deposited on the bars. The trash rack is located indoors where the temperature is wel l 

above freezing point (around 10 ° C ) , therefore ice resulting f r o m the transfer o f latent heat 

f r o m the rack to the air, w i l l not take place. Calculations o f the magnitude o f this f o r m of 

ice growth has shown that even though the air temperature is below freezing point the mass 

growth rate is negligible compared wi th the mass rate of deposition o f the f r az i l ice sus

pended i n the f l o w (Daly, 1987a). Growth resulting f r o m the transfer o f the latent heat to 

the supercooled water is 100 times larger than growth due to latent heat transferred f r o m 

the rack to the air. This is still negligible compared wi th deposited f raz i l ice. 

Video recordings showed that the accumulated ice was highly porous. A high water 

content caused transparency. Adhesive strength between the ice and the steel bar was how

ever great. This was corroborated by the inabil i ty o f the trash rack cleaner to remove the 

ice. 

Frazi l ice may not be the only ice problem in a hydro power plant such as Olidan. Nav

igation on the river produced a large amount o f block ice that originated f r o m broken ice 

cover. Ice blocks together w i th f r az i l ice caused blockages of the entire intake. Heating of 

the trash rack bars did not solve this problem, but could be useful i f only f r az i l ice occurred. 

However the use o f heating decreases the power production f r o m the plant. 

The video recordings showed f raz i l ice particles very clearly. The discoid particles 

which moved irregularly due to turbulence, could also be seen when they reflected light. 

Particle sizes up to 8 m m indicated that they have either been transported a long way in 

supercooled water, or that the rate o f supercooling was high. 

I n 1990, severe f raz i l ice problems occurred at Finnfors, i n the early morning of 
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November 14th coincident wi th supercooling down to -0.05 ° C , recorded wi th the acquisi

t ion system. A high level o f supercooling may favour adhesion, since the bars w i l l cool to a 

lower temperature relative to the freezing point (Daly, 1987a). 

A significant difference in ice adhesion between rubber coated trash racks and non-

coated trash racks was expected. The choice of rubber material i n the field test, designated 

Pl-13534, was based on materials tested in the laboratory which had earlier showed low ice 

adhesion properties (Andersson, 1989). They were however modif ied to comply w i t h the 

requirements o f tear strength, wear resistance, good adhesion to metals etc. Thermal con

ductivi ty values (^.-values) are much lower in polymers than metals (Andersson et al., 

1992). The thermal conductivity should be important since a criterion fo r ice bui l t up is that 

the latent heat can be transported away f r o m the surface to which the ice attaches. Hence, a 

large part o f the latent heat produced would be transported away through the bar material i f 

a large part is exposed to low ambient temperatures. A difference in performance between 

materials w i t h different thermal conductivity has been observed at Olidan. A submerged 

copper and a steel plate are used as f raz i l ice indicators. 

I n Ol idan no f raz i l ice accumulated on the rubber coated specimen. This was not 

expected since no difference in ice accretion has been observed in laboratory experiments 

(Jensen et al . , 1989). A t Finnfors no difference in accumulated ice thickness was observed 

after the ic ing had taken place. The probable reason fo r this discrepancy may be a combina

tion o f two factors. First, the supercooling at Finnfors was approximately -0.05 ° C . The 

channel has a large wid th to depth ratio which results in a large cooling rate. I t is regarded 

as one o f the coldest reaches in Sweden. In Olidan, f r az i l ice problems occurred at only one 

intake.These were not severe, resulting in a max imum head loss o f about 2 m. Secondly the 

depth ( in the f l ow direction) of the bars was larger at Finnfors (120 m m compared to 50 m m 

in Olidan) hence, the probabili ty that particles w i l l h i t the bars is larger at Finnfors. 

A possible explanation fo r the time lag in Figure 3 could be that the rubber coated part 

resisted ice accumulation fo r a longer time than the uncoated part. A n increased water 

velocity, due to a decreased open area during the ice accumulation, would then further pre

vent the ice particles f r o m adhering to the coated bars. Unfortunately, the ic ing process 

could not be accurately documented under the water surface. 

I t should also be emphasised that materials that show low ice adhesion values do not 

automatically show a resistance to ice accretion. Ice attached to the rubber coated trash rack 

was however removed much easier than ice f r o m the non-coated trash racks, despite the 

fact that the test section measured only 1/3 of the wid th of the mechanical rake device. I f 

the test section had been de-iced separately the difference may have been even more pro

nounced. 
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Laboratory Investigation of 
Trash Rack Freezeup by Frazil Ice 
Annika Andersson and Steven F. Daly September 1992 



Abstract 
A series of tests was conducted in a refrigerated flume facility to determine 
the ice accumulation pattern on models of water intake trash racks. Data 
gathered included the flow velocity, the water temperature and the porosity 
of the accumulated frazil ice (mean porosity is 0.67). Frazil accumulates 
first on the upstream face of the trash rack bars (being insensitive to bar 
shape), and then bridges between individual bars near the water surface, 
proceeding downward until the entire trash rack is blocked. Flow through 
the rack became highly nonuniform during the accumulation process. 

Cover: Trash rack in the power plant of Lilla Edet in Sweden completely 
blocked by frazil ice (photo courtesy of the Swedish State Power 
Board). 

For conversion of SI metric units to U.S./British customary units of meas
urement consult ASTM Standard E380, Metric Practice Guide, published by 
the American Society for Testing and Materials, 1916 Race St., Philadel
phia, Pa. 19103. 
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Laboratory Investigation of Trash Rack Freezeup by Frazil Ice 

ANNIKA ANDERSSON AND STEVEN F. DALY 

INTRODUCTION 

Trash racks, structures placed at the entrances 
of water intakes to exclude unwanted material, 
often become blocked by the accumulation of frazil 
ice. They can be blocked suddenly, w i t h little 
warning, leading to the unanticipated shutdown 
of downstream facilities. There is l i t t le quantita
tive understanding of how trash racks become 
blocked by frazil . The di f f icul ty in developing this 
quantitative understanding results directly f r o m 
the conditions under which blockage occurs: spo
radically, suddenly, often late at night, underwa
ter and under severe weather conditions. Oppor
tunities for observation and measurement are ob
viously l imited. 

In this report, a series of laboratory experiments 
is described in which the blockage of model trash 
racks was observed and measured by placing the 
model racks in a refrigerated f lume i n which frazi l 
ice was produced. The accumulation pattern of the 
frazi l ice on the trash rack was recorded by over
head and underwater video cameras. The trash 
rack bar spacing and trash rack bar shape were 
varied and their influence assessed on the head 
loss through the rack. The porosity of the accumu
lated frazi l was measured. To observe the crystal 
structure of the accumulation, thin sections were 
made of the accumulated ice. Based on these experi
ments, a quantitative understanding of the frazil 
ice accumulation on intake trash racks can be de
veloped. 

LABORATORY EXPERIMENT 

Refrigerated flume facility 
The experiments were conducted in CRREL's 

refrigerated flume facuity, consisting of a flume, a 
sump, a reserve storage sump, three centrifugal 

pumps, heat transfer equipment, manual and au
tomatic valves and in-line electromagnetic f low 
meters. The f lume is located in a refrigerated room 
where temperature can be controlled f rom ap
proximately 16 to -29°C. The flume itself is 36.6 m 
long, 1.2 m wide and 0.61 m deep, and is con
structed of aluminum and glass. I t is tiltable, w i th 
maximum slopes of approximately +0.01 to-0.005. 
The f l ow wi th in the f lume can be controlled by 
upstream and downstream sluice gates, as well as 
by vertical louver gates at the downstream end. 
Immediately upstream of the f lume headbox is a 
heat exchanger that discharges directly into i t . 
Addit ional detail concerning the f lume facility is 
available in other publications (Daly et al. 1985, 
Daly and Colbeck 1986). 

Dur ing an experiment, approximately 0.026 
m 3 / s of water was pumped by a nominal 5-hp 

(3730-W) pump f rom the f lume sump, through the 
on-line electromagnetic f l ow meter, and into the 
heat exchanger. From there the f l o w was passed 
into the headbox of the f lume and then along the 
flume, through the model trash rack near the down
stream end. The f l ow then dropped through a free 
overfall and back into the sump. 

The air temperature i n the f lume facility was 
typically between -12 and -17°C. The water was 
slightly supercooled upon leaving the heat ex
changer and entering the headbox, where it was 
seeded w i t h ice crystals that were produced by 
spraying fine drops of water into the air. The water 
drops w o u l d quickly freeze and a continual "rain" 
of ice crystals was produced. Seeding was neces
sary to generate sufficient f razi l for the experi
ments. 

Mode l trash racks 
The overall model trash rack dimensions were 

fixed by the size of the flume. They were installed 
vertically and perpendicular to the f l o w (Fig. 1), 



Table 1. Outline of the experiments conducted. 

Bar Maximum Total 

Test Bar spacing head time 

number shape (mm) (mm) (min) 

1.1.1 rectangular a .4 81.7 47 

1.1.2 rectangular 25.4 166.0 56 

1.2.1 rectangular 47.6 91.9 62 

1.2.2 rectangular 47.6 60.7 50 

1.3.1 rectangular 60.3 114.0 137 

1.3.2 rectangular 60.3 148.0 72 

2.1.1 square 25.4 69.6 72 

2.1.2 square 25.4 132.0 89 

3.1.1 round 25.4 79.8 85 

3.1.2 round 25.4 160.0 51 

3.Z1 round 47.6 90.0 75 

3.3.1 round 60.3 13.4 123 

4.1.1 pointed 25.4 71.0 72 

4.2.1 pointed 47.6 114.0 65 

4.3.1 pointed 60.3 75.5 127 

Video 
Monitor 

Downward Looking 
Video Camera 

Underwater 
Video Camera 

Figure 1. Experimental setup in the refrigerated flume 
facility. 

and were constructed using aluminum bars that 
were held i n place at the top and bottom by hori
zontal clamps. There were no other horizontal 
supports for the trash rack bars. The bar spacing 
was variable and is listed i n Table 1. Four different 
bar shapes—rectangular, square, r ound and 
pointed—were used. 

Instrumentation 
The data collected during the course of an ex

periment are outlined i n Figure 2. The instrumen
tation that was used to collect this information is 
discussed i n this section. 

Water level 
Water levels and depths were measured using 

manual point gauges. These gauges have an accu
racy of ± l /% mm. 

Temperature 
We measured the water temperature and the 

temperature in the model trash rack bars using in
dividually calibrated thermistors. The thermistors 
used to measure water temperature were custom 
mounted in a plastic protector and attached to a 
Teflon-coated cable, while those used to measure 
the trash rack bar temperatures were mounted 

MODEL 
TRASH RACK EXPERIMENTS 

Temperature 
Measurements 

Velocity 
Measurements 

Head Loss 
Measurements Ice Samples 

Water Levels 
and Depths 

Video 
Recordings 

Porosity 
Measurements 

Thin Sections 
Slides 

from Videotapes 

Slides 
Digitizing 

from Slides 

Figure 2. Data collected during experiments. 
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directly i n small holes dri l led into the bars, where 
thermal contact between the thermistors and the 
bars was assured by use of heat transfer paste. The 
temperature of all thermistors was found using 
the CRREL 10-channel d ig i ta l thermometer 
(Trachier and Morse 1988). The digital thermom
eter automatically calculates the thermistor tem
perature from the thermistor resistance using both 
the Steinhart-Hart equation w i t h three terms and 
the calibration constants for each individual therm
istor. The temperature data were stored by the 
digital thermometer and subsequently transferred 
to the Shared ResourceManagement system (SRM), 
a computer network that gave us further analysis 
and plot t ing capability on a range of computers. 
The accuracy of the temperature data is estimated 
tobe±0 .02°C . 

Velocity 
The water velocity was measured using a Marsh-

McBirney Model 511 electromagnetic flow meter. 
This f l o w meter consists of a 0.6-cm transducer 
probe w i t h cable and a signal processor housed i n 
a portable case. The probe measures the f low vel
ocity in two perpendicular directions. The signal 
processor provides an analog voltage signal that is 
linearly proportional to the f low velocity. This sig
nal was sampled by an HP3421 analog-to-digital 
converter, controlled by an HP71B handheld cal
culator. The data were recorded by an HP9144A 
disk drive, and were subsequently transferred to 
the SRM for analysis and plotting. 

The water velocity measurements were made 
using the fo l lowing procedure. The probe was po
sitioned and oriented so as to make the f l o w veloc
ity zero i n one of the two directions. We manually 
entered the x and y location of the probe into the 
HP71B; the reading was then taken of the f l o w 
velocity. Each reading was the average of 10 sam
ples of the f l o w velocity, taken over a period of 
approximately 7.5 seconds. The time, location and 
reading of the f l ow velocity in each direction were 
then stored on a magnetic disk, and the process 
repeated. The accuracy of the water velocity mea
surements is estimated to be ±2 cm/s. 

Porosity 
The porosity of the frazil ice deposited on the 

model trash racks was measured using a modif ied 
CRREL snow density ki t (Ueda et al. 1975). The 
snow density tubes were driven into the deposited 
frazil, capped underwater w i t h rubber end caps, 
and then had rubber bands applied to hold the end 
caps in place. The end caps were watertight so that 

no water drained f r o m the tubes. The tubes were 
then removed from the water, dried quickly w i th 
tissue and weighed. This weight was compared to 
the tare weight of the tubes, end caps and rubber 
bands. The weights are estimated to be accurate to 

2g-

Accumulated pattern 
The frazil ice accumulation pattern was recorded 

from above using a standard color video camera 
recording o n 1 /2-in. (12-mm) VHS videotape. The 
underwater recordings were made using a black-
and-white video camera, which had a fixed focal 
length and adjustable focus, that was mounted i n 
awaterproof0.61-m-long,6.35-cm-diametertube. 
For certain tests we also used a color video camera 
that had an adjustable focal length and was mount
ed in a similar tube. The color camera was able to 
zoom in , al lowing i t to be placed further upstream 
from the trash rack. 

To provide selected scenes from the videotape 
record for detailed analysis, 35-mm f i l m slides 
were made of those scenes using a Polaroid Freeze 
Frame Video Recorder, wi th playback provided 
by a Panasonic 6300 video tape deck. The 35-mm 
slides were projected on a Talos digit izing tablet, 
custom mounted i n the vertical direction. Dimen
sions were then taken using the digit izing tablet, 
which was interfaced wi th an HP45C computer. 
The data were transferred to the SRM for further 
analysis, and long-term storage. 

Procedure 
Each test was conducted in the fo l lowing man

ner. The f lume slope and discharge were set. The 
room temperature was set at approximately 
-15°C. We found that the room temperature var
ied throughout the course of a test as much as 
2 °C, probably because of normal variations in the 
refrigeration operations, although ice accumula
tion on the air handling units and other factors 
could also be an influence. The water temperature 
was closely monitored. Generally, immediately 
before a test, the water temperature wou ld steadily 
decline. When the water temperature was below 
1°C at the location i n the flume where the model 
trash rack was to be installed, the rack was brought 
into the coldroom and placed i n the flume. The 
downward-looking and underwater video cam
eras were aligned and started, and the date and 
time and other relevant information were recorded. 
When we saw that the water temperature was low 
enough—supercooled—the seeder was turned on. 
I f ice had collected on the model trash rack before 
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the seeder was started, we removed this ice w i t h 
warm water, applied by a hose. The test was then 
begun. 

We periodically measured the water levels up
stream and downstream of the model rack through
out the test. The downstream water velocities were 
also measured periodically, either horizontally 
across the flume at a f ixed elevation or vertically at 
the f lume centerline. The test was ended when the 
upstream water level had doubled or 2 hours had 
elapsed f rom the beginning of test. A t the end of 
each test, the seeder was shut off, and warm glycol 
was circulated through the bottom of the flume. 
This warming released ice that had accumulated 
along the length of the flume, and shghtly warmed 
the water so that frazi l was no longer produced. 
The video recordings were stopped, and the tapes 
labeled. The model trash racks were then removed 
f r o m the f lume and brought into a heated area 
where the accumulated ice could be easily re
moved. 

A n outline of the experiments conducted is 
shown in Table 1; 15 separate tests were conduct
ed. The tests can be divided into four groups based 
on the shape of the bars used i n the model trash 
rack—rectangular, square, round and pointed. We 
used three different spacings between the bars 
(25.4, 47.6 and 60.3 mm). The length of time that 
each experiment was conducted varied, depend
ing largely on the rate of head loss at the model 
racks. Also, during the course of an experiment, 
anchor ice wou ld accumulate at the bottom and on 
the walls of the flume. The latent heat released by 
this ice wou ld cause the water temperature to rise. 
Eventually, the water temperature at the model 
trash rack w o u l d reach 0°C, and at this point a test 
w o u l d be concluded. 

EXPERIMENTAL RESULTS 

Head loss 
Figure 3 displays the head losses as a function of 

time through the model trash rack constructed of 
rectangular bars, w i t h different spacings between 
the bars. Dur ing these tests the discharge through 
the model trash racks remained constant. In gen
eral, increasing the spacing between the trash rack 
bars increases the time required to reach a specific 
head loss. Figure 4 shows the measured head loss 
versus time through the model trash rack con
structed of different shaped bars w i t h the same 
spacing—25.4 mm. I t is d i f f icul t to draw any spe
cific conclusions regarding the influence of the bar 
shape on the head loss. Certainly, there does not 

Time (min.) 

Figure 3. Head loss for rectangular bars vs time, 
with various spacings between the bars. 

Rectangular 

Time (min.) 

Figure 4. Head loss for different shapes vs time at 25 A-
mm spacing. 

seem to be a clear advantage of one shape over 
another. Figures 3 and 4 show that there was con
siderable variation i n the head loss w i t h time for 
identical trash rack configurations. Possible rea
sons for this are variations i n the frazi l concentra
tions and supercooling levels. I t is likely that for 
trash racks w i t h the same bar spacing, the time to 
reach a certain head loss decreases w i t h increasing 
f raz i l concentration. 

Temperature measurements 
Examples of the temperature measurements 

made during the course of an experiment are 
shown i n Figures 5 and 6. The water temperatures 
upstream and downstream of the model rack are 
shown i n Figure 5. A near constant level of super
cooling was maintained d in ing a test, although i t 
was reduced near the end. This probably reflects 
the latent heat released by growing anchor ice that 
had collected i n the f lume upstream of the model 
trash rack over the course of the test. 

Temperatures measured in the trash rack bars 
are shown i n Figure 6. A t the start of each test, 
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-0.2 h 

50 0 10 20 30 
Time (min. from start) 

Figure 5. Water temperature measurements during test 
1.2.2. Curves land 2 show the temperature upstream and 
downstream the trash rack respectively. 

10 20 30 
Time (min. from start) 

Figure 6. Bar temperature measurements during test 
1.2.2. Curves 1 and 2 show the submerged thermistors; 
curves 3 and 4 are for the thermistors below and above the 
initial water level respectively. 

thermistors 1 and 2 were submerged, thermistor 3 
was shghtly below the starting water level and 
thermistor 4 was just above the starting water 
level. The temperatures of the bars were all above 
0°C prior to the start of a test, reflecting that the 
model trash rack had been brought into the 
coldroom f r o m a warm preparation area immedi
ately before the start of a test. During the course of 
a test, as ice collected on the trash rack bars, the 
upstream water level would rise and downstream 
water level w o u l d tend to drop. The temperatures 
of the thermistors located higher on the bar would 
initially decline, reflecting heat conduction through 
the trash rack bar, and the exposure of the back 
side of the bars owing to the drop i n the down
stream water level. This can be seen in the decrease 
in temperature that occurred at each thermistor. 
The extent of the decreases is proportional to the 
elevation of the thermistor: the higher on the bar 
that the thermistor was located, the greater its ex
posure to the cold air. 

Velocity profi les 
Velocity profiles were measured downstream 

of the model trash rack w i t h the Marsh-McBirney 
electromagnetic f l o w meter. Profiles were taken 
across the f lume at a depth equal to one-half of the 
init ial downstream f low depth. Typical results are 
shown in Figure 7. The velocity profiles are in i 
tially quite un i fo rm across the w id th of the flume, 

indicative of the uniformity of the f low through 
the model trash rack. A higher velocity through 
bar spaces 20,22 and 24 can be seen in the second 
profile, which was recorded 15 minutes after the 
first. These higher velocity regions indicate the 
start of the formation of jets through the trash rack, 
as frazi l ice begins to accumulate on the rack, and 
the head losses across the rack increase. The third 
profile, taken 15 minutes later, shows the contin
ued development of the jets. The fourth profile, 
taken 30 minutes after the third, shows the ex
treme variation possible after extensive frazil ice 
accumulation has bui l t up on the trash rack. 

Figure 8 gives the development of a vertical vel
ocity profile taken in the centerline of the flume, 
immediately downstream of the trash rack. The 
vertical profiles can be roughly divided into three 
groups. The first group represents the time when 
there was no or minimal ice accumulation on the 
trash rack. The maximum velocity occurs near the 
midpoint of the depth. The influence of the bottom 
horizontal support of the model trash rack can be 
seen i n the very low velocities near the bottom of 
the profiles. As the trash rack ice accumulates, the 
maximum velocity increases, the maximum is 
closer to the flume bottom, and the velocities near 
the top decrease and begin to go negative, repre
senting f low in the upstream direction. This sec
ond phase takes place because of the accumulation 
of ice on the top of the rack. Jets begin to form, and 
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Figure 7. Velocity measurements across the trash rack during test 3.1.1. 
Numbers refer to order in which profiles were taken. 
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Figure 8. Vertical velocity measurements downstream of the centerline of the 
trash rackduring test 1.1.2. Numbers refer to order in which profiles were taken. 

a large, horizontal "roller" type of current can be 
seen. The formation of these jets has been noted in 
the field, where they have been quite erosive. The 
th i rd phase results when the trash rack is nearly 
plugged i n the vicinity of its centerline. Little f low 
is passing through the rack, and the velocity is 
quite low throughout the depth. 

Porosity of the deposited f raz i l 
We found the porosity of the deposited frazil by 

weighing 3 c m 3 of the accumulated mass of the 
frazi l taken f r o m the trash rack. The porosity e is 
then calculated as 

pw-p i 

where ms = mass of sampled frazi l 
V m = volume of the cylinder 

pi = density of ice (916 k g / m 3 ) 
p w = density of water (1000 k g / m 3 ) . 

A total of 20 samples was measured. The mean 
porosity of the samples was 0.67, w i t h a standard 
deviation of 0.13 (Fig. 9). 
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Figure 9. Porosity measurements of deposited frazil ice at the front of the trash rack. 

Accumulat ion pattern 
The accumulation patterns of the f razi l ice on 

the trash rack bars are shown in Figures 10 and 11. 
Figure 10 gives views of the ice accumulation at 
the water line of the bars as seen by the video cam
era above the water. There is a basic-pattern of 
accumulation. The ini t ial ice accumulates on the 
upstream side of the bars. The ice then extends up
stream into the f l o w and increases i n w i d t h . A t a 
certain point, the accumulated ice bridges across 
two successive bars. While not visible i n the f i g 
ures, we identif ied two types of bridging across 
the bars by closely inspecting the videotapes. The 
first type is the joining together of the f raz i l that 
accumulates on the upstream face of each bar. The 
secondiswhenthe accumulation on a bar is pushed 
to one side by the f l o w . The bridging then happens 
very rapidly, leaving a gap on the opposite side of 
the bar. This gap may remain open or be bridged 
by a process of the first type. Another feature that 
we noted by inspecting the videotapes is that a 
large portion of the ini t ial accumulation on the 
bars may be removed several times in quick suc
cession by the f l o w . However, eventually the accu
mulation remains and extends upstream. 

Figure 11 gives views of the trash rack that can 
be seen by the underwater video, and is represen
tative of a l l the tests. The frazi l ice accumulation 
progresses downward on the trash rack, although 
the time fo r the ice to progress downward was 
much longer than the time for the init ial br idging 
at the water's surface. I n general, the bridging at 
the water surface occurred first, and then the down
ward progression began. 

T h i n sections 
Thin sections are often used to study the crystal 

structure of ice. There are no previous reports i n 
the literature of thin sections being taken of frazil 
ice accumulated on trash rack bars. In this work 
horizontal thin sections at different elevations were 
taken and photographed through cross polarized 
glass. 

The thin sections were made in the fol lowing 
maimer. A t the end of a test, the water level in the 
f lume was slowly lowered to allow the frazil ice 
that had accumulated on the rack to freeze and 
gain strength. I f this was not done, the ice would 
fa l l apart, owing to its l o w cohesion, high porosity 
and relative heaviness. When the water had been 
drained f rom the f lume, the trash rack bars were 
removed w i t h the samples of ice intact. The trash 
rack bars were then heated shghtly and removed 
f r o m the sample, after which th in sections were 
cut. The thin sections had to be very thin (average 
thickness of 1.2 mm) because of the small size of 
the frazi l crystals. 

Horizontal thin sections were taken at various 
levels throughout the sample and are shown i n 
Figure 12. Thin sections of ice accumulation at the 
init ial water level for different shapes are shown i n 
Figure 13. Generally, the ice i n the thin sections is 
very fine grained, except immediately next to the 
trash rack bars. Here, the ice crystals are much 
larger and may reflect the influence of thennal 
growth attributable to heat transfer f r o m the bars. 
I t is not clear i f these crystals grew before or after 
the frazi l crystals had accumulated on the bars. 

DISCUSSION 

A major goal of these tests was to investigate the 
ice accumulation patterns on intake trash racks. 
The accumulation pattern was consistent, regard-
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less of the bar shape or spacing of the bars. The 
frazi l ice w o u l d start to accumulate first at the 
water surface, and wou ld then extend upstream 
into the f low. The accumulation w o u l d bridge be
tween the bars, first at the water surface, and then 
i t wou ld progress downward. This downward 
progress of ice accumulation on intake trash racks 
has also been observed and documented by the 
first author at a field site. Ice may accumulate first 
at the water surface for three reasons. First, this is 
the location where the trash rack bar, i n contact 
w i t h the water, is the coldest, and the low tempera
tures may increase the adhesion strength between 
the frazi l crystals and the bars. Second, the f raz i l 
concentration may be highest at the surface. While 
there are no quantitative measurements to show i f 
this is true or not, the buoyancy of the larger crys
tals, and of the floes of crystals, could easily i n 
crease the concentration of crystals at the surface. 
The video observations above and below the wa
ter cannot really decide this. The last reason is sug
gested by the thin sections, which show relatively 

large congelation crystals extending f rom the trash 
rack bars at the original water line. Before there is 
any accumulation on the trash rack bars, minute 
variations i n the water surface at the bars could 
coat them w i t h a thin glaze of thermally grown ice 
immediately at the water line. This glaze would 
then promote the additional accumulation of de
posited frazi l ice. 

Just as the accumulation pattern is independent 
of the bar shape, so is the measured head loss 
through the rack. The head loss is definitely inf lu
enced by the spacing of the trash rack bars, how
ever. In general, the larger the spacing between 
trash rack bars, the longer the time unt i l a specific 
head loss was reached. This suggests that trash 
racks should be designed w i t h the maximum space 
possible between the bars, given the practical re
alities of trash rack strength and the size of objects 
that can be accepted downstream. 

The thin sections show that, except for a very 
small region immediately next to the trash rack 
bars, almost all of the f raz i l ice accumulated on the 
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a. Top of the accumulated frazil. b. Just above the initial water level. 

c. At the initial water level. d. Close to the bottom. 

Figure 12. Thin sections taken at various levels in test 4.2.1. 

trash rack bars is deposited f rom the f low. Very 
little is grown thermally, either by heat conduction 
through the bars or by the transfer of latent heat to 
the f lowing supercooled water. This supports ear
her calculations (Daly 1987) that indicated that the 
mass of deposited ice w o u l d dominate over that 
grown through heat transfer on trash racks. 

S U M M A R Y 

A number of tests were conducted i n a refriger
ated f lume facili ty i n which we watched as model 
trash racks accumulated ice and became blocked. 
The accumulation pattern of the f razi l ice on the 
racks was recorded, and measurements of the f low 
velocity and water temperature were made 
throughout the tests. I n addition, the porosity of 
accumulated f raz i l ice was measured and thin sec
tion were taken of the accumulated ice. From these 
measurements and observations the fol lowing gen
eral statements can be made. 

1. The frazi l ice accumulates first on the up
stream side of the trash rack bars. The accumula
tion pattern is similar for different bar shapes, sug
gesting that the accumulation of ice on intake trash 
racks is insensitive to the shapes of the bars. 

2. The frazi l ice accumulation bridges between 
individual bars first near the water surface. The 
bridging then proceeds downward unt i l the entire 
trash rack is blocked. 

3. The f l ow through the rack, while at first fair ly 
uni form, can become highly nonuniform as the 
frazi l ice accumulates and bridges across various 
bars. H i g h velocity f l o w regions are formed in 
areas where the bridging occurs late, and they per
sistently remain. The locations and number of 
these high velocity f l o w regions appear to be ran
domly distributed. 

4. The accumulated frazi l was fairly porous, 
w i t h a mean porosity of 0.67. 

Further work remains to be done to measure the 
actual f razi l concentration approaching the rack, 
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a. Round bar, test 13.2. b. Square bar, test 2.1.2. 

the collision efficiency of the frazi l particles w i t h 
the trash rack bars and the adhesion characteris
tics of the f razi l ice w i t h the trash rack bar material. 
Unfortunately, this work must wai t unt i l the de
velopment of new instrumentation and accepted 
techniques. 

Observation of trash rack freezeup i n the f ie ld at 
operating water intakes would also be beneficial. 
Comparing ice accumulation patterns in the f ie ld 
w i t h those i n the laboratory wou ld allow greater 
confidence to be placed i n the laboratory results. 
Numerical modeling of trash rack blockage w o u l d 
also be beneficial. 
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Abstract 
The objective o f this study is to improve the understanding of frazi l ice blockage at water 

intakes. The paper can be regarded as a basic study of this problem as the study entails exper

imental and mathematical modelling of particle trajectories around a rectangular cylinder. The 

mathematical model is also used to simulate the initial ice formation on the cylinder. A range 

of particle diameters, f luid velocities and particle densities are examined. The ratio of particle 

to fluid density is about one. 

Experimental data on particle statistics (collision with front end, entering side wake, etc.) 

are presented together with results f rom the mathematical simulation model. The simulation 

model has two main components; a hydrodynamical model that gives the flow field and a par

ticle trajectory model. 

The paper provides experimental data and discusses the formulation of a mathematical 

model of frazil ice trajectories and deposition. I t is an early step towards a better understand

ing of the problem. 
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Introduction 

Water intakes in northern regions can be completely blocked by the accumulation of frazil 

ice on their trash rack. Frazil ice is the term used for the small ice crystals, formed in turbulent 

supercooled water; for a general review of frazil ice formation see Martin (1981). Addit ion

ally, a recent state of the art review is given by Daly (1994). Frazil ice crystals may stick to 

any object they come in contact wi th , i f these objects are at a temperature below freezing. I t is 

easy to anticipate, as complete blocking can occur in hours, that f razi l ice may be a serious 

problem when operating water intakes, for example for hydro power plants, in northern coun

tries. Techniques for coping with the problem are reviewed by Daly (1991). 

The present paper aims to improve the understanding of the above described problem. A 

key question concerns the conditions (frazil size distribution, bar shape, water velocity, etc.) 

that make a f razi l ice crystal collide with a trash rack bar. Once in contact frazil w i l l probably 

stick to the bar. A literature survey indicates that no experimental data on particle trajectories, 

with particle density of the same order as of the f luid, are available. We can however f ind stud

ies of trajectories of heavy, in relation to the f luid density, particles (Crowe et al. (1977), Loz

owski and Oleskiw (1983), McLaughlin (1989)). Simulations have also been presented by 

Meng and Van der Geld (1991), who evaluated the significance of the various terms in the par

ticle momentum equation, assuming a steady inviscid flow past a cylinder. Balashazy (1994) 

solved the Navier-Stokes equation for the flow field, in combination with a Lagrangian analy

sis of particles in bifurcating tubes. The flow was assumed to be steady and laminar. Drew 

(1974), in a theoretical study, pointed out the importance of the pressure gradient term in the 

particle momentum balance, when the particle density is close to the f lu id density. Models that 

calculate ice accretion on structures have been presented in the literature (Gates and Lozowski 

(1988), Hedde and Guffond (1995)). These models can however not be applied to flows with 

recirculation zones. For the rectangular cylinder, it can be expected that particles hit the cylin

der on all sides and we thus seek a more general model formulation. Since few relevant studies 

could be found in the literature it was concluded that this study should include both an experi

mental and a theoretical part. It was further decided to study only spherical particles and a rec

tangular cylinder. The spherical shape is a simplification, as frazil ice is known to be disk-

shaped, that w i l l make both the experiments and the simulations easier to perform and ana

lyse. 

The objective of the paper is thus to analyse, both experimentally and theoretically, particle 

trajectories around a rectangular cylinder and to simulate initial ice formation on the cylinder. 

A range of particle diameters, f lu id velocities and particle densities w i l l be examined. I t is of 

particular interest to determine i f , and where, particles come into contact with the cylinder as 

the contact areas are the regions for initial ice formation. 

Experimental set-up 

The experimental set-up is schematically outlined in Figure 1. A rectangular cylinder was 

placed in a water flume, with a water depth of 0.185 m. Behind the cylinder a vortex street is 

formed and the f low is thus periodic. Spherical plastic particles were injected upstream of the 

obstacle. Care was taken to release the particles on the symmetry line and to ensure that the 

approach length was long enough for the particles to acquire the f lu id velocity. The injection 

point was 0.03 to 0.04 m below the water surface for the heavier (see below) particles and 0.05 

to 0.06 m for the lighter ones. As a result all particles were at a depth of 0.04 to 0.05 m below 

the surface when approaching the cylinder. 
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The experimental programme included particles with a density of 1140 kg/m and diame

ters 2.4, 3.2 and 4.8 m m and particles with a density of 910 k g / m 3 and diameters 3.2 and 6.4 

mm. The average water velocities used were 0.29,0.40 and 0.60 m/s. No measurements of tur

bulence were carried out. 

Data were collected by two different methods. Statistics on the collisions between the parti

cle and the front, side and back of the obstacle, respectively, were obtained visually. A high

speed video camera was used to obtain trajectories and particle velocities. The video tech

nique has some novelties that deserve to be mentioned. The high-speed video camera is able 

to shoot up to 6000 frames per second and thus capture all turbulent fluctuations of a particle 

trajectory. In the present experiment a speed of 1000 frames per second was used, which is 

enough for accurately determining the particle velocity along its trajectory. 

Problem description 
Before giving the mathematical formulation of the problem it is instructive to give a brief 

qualitative description of the physical processes we need to deal with . 

A particle upstream the cylinder, see Figure 1, is assumed to initially have the same veloc

ity as the f luid . During its movement towards the cylinder the turbulent fluctuations in the fluid 

w i l l make the particle deviate somewhat f rom the straight path towards the centre of the cylin

der. The deviation f rom the symmetry line w i l l depend on the distance to the injection point, 

which hence is part of the problem formulation. 

When the particle comes closer to the cylinder it w i l l experience the pressure gradients gen

erated by the fluid in front of the cylinder (maximum pressure at the stagnation point). I t w i l l 

also be influenced by the drag force f rom the f lu id as the particle trajectory starts to separate 

f r o m the streamline. Depending on the particle inertia, it may hit the cylinder or pass around 

it. 

On the side of the cylinder we w i l l f ind a separated region, here called the "side wake", and 

a low pressure region close to the upstream corner. A particle passing close to the side wake 

w i l l feel the low pressure and may enter the side wake. Turbulent fluctuations may, of course, 

also push a particle into the side wake. 

A particle can also enter the recirculation region just behind the cylinder, here called the 

"back wake", or it may proceed into the region dominated by the vortex street. 

I f a frazi l ice particle comes in contact wi th the cylinder, it may stick to it . The regions 

where the collision frequency between particles and the cylinder is high are thus the likely 

regions for init ial ice formation. After the initial ice build up has started one needs to consider 

the continuously modified shape of the solid object, as the f low and pressure fields w i l l also be 

modified. 

From this brief description it can be understood that the problem addressed is complex. 

However, as w i l l be demonstrated later, one must consider even more physical processes (Bas

set and Saffman forces for the particles, anisotropic turbulence fields, etc.) in order to formu

late an adequate mathematical model of the problem. 

Mathematical model 
A numerical simulation model was used for the theoretical analysis. The purpose of the 

simulations is to estimate the major forces acting on a particle as it passes the obstacle and to 

determine the regions for initial ice formation, i.e. where particles hit the cylinder. I t is, of 

course, also of interest to see how well a simulation model can describe the general problem 

3 



of particles f lowing around a cylinder. For the trash rack problem it is anticipated that a simu

lation model can be used as a design tool for optimization of, for example, the shape of the 

bar. A trajectory calculation requires that the velocity, pressure and turbulence fields are 

known. The mathematical model thus has two main components; the hydrodynamical model 

that gives the f low field and the particle trajectory model. 

The momentum equations for the continuous phase, or the carrier phase, are formulated 

assuming that no buoyancy forces are present, the f lu id is incompressible, the turbulent trans

port can be described by the eddy-viscosity concept and that the momentum source f r o m the 

particles can be neglected. It w i l l also be assumed that the volume occupied by the particles 

may be neglected when the continuous phase is considered. The analysis is two-dimensional, 

wi th resolution in the horizontal plane. 

The continuous phase can be described by the fol lowing set of equations based on the 

above mentioned assumptions. 

Momentum: 

where ut{u,v) is a velocity, p pressure, p density, laminar viscosity and vT kinematic eddy 

viscosity. The coordinate system is denoted by xfx,y) in the plane, see Figure 1, and t is the 

time coordinate. 

Initially the standard k-e model (Rodi, 1980) was tried for the determination of vT. As in 

other studies, see Franke and Rodi (1993), it was, however, found that no vortex street was 

formed behind the cylinder. Recently, see Yakhot et al. (1992), a modified version of the k-e 

model based on Renormalization Group (RNG) methods has been introduced. This model has 

proved successful for a number of separated flows (Orszag et al., 1993) and is employed in the 

present smdy. 

As the standard k-z model, the RNG-model is based on the transport equations for turbulent 

kinetic energy and the dissipation rate of energy. 

Turbulent kinetic energy: 

(1) 

Continuity: 

(2) 

(3) 
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Dissipation: 

9e de e „ ci e _ vTS (l-r\/r\0) df dz\ 
•si + " f=r r = r . Q i v T 5 - - C . = + 5 - a f Vs— (4) 

where k is the mean turbulent kinetic energy, e the mean dissipation rate, 0^ and a e the inverse 

turbulent Prandtl numbers, v = v L + vT the total viscosity, S = IS^Sy, 

\f du, du A 
S a = r sr—H the mean 

« 2^3*, dXfJ 
strain rate and r i = Sk/z is the dimensionless strain-rate parameter. In the high-Reynolds-

k2 

number regions of the flow, the asymptotic values of v and a are v = v r = C u — and a^=aE  

= 1.39. £ 

Values of other coefficients appearing in equations (3) and (4) are: C e ! =1.42, C e 2 =1.68, 

ß=0.012, r i 0 = 4 . 3 8 , and (7^=0.0845. 

The particle momentum equations for spherical particles can be formulated as follows; see 

for example Basset (1888), Boussinesq (1903), Oseen (1927), Tchen (1947) and Corrsin and 

Lumley (1956): 

m 

2 
dun 1 rduf du\ 1 %dn , r)D 

d 2 

6 ^ f ^ ' (5) 
4 i v? 

2 
<^vn 1 ^ V / - ^v„ \ 1 nd„ 9p 

j 2 « 
£J„ , r ä ( t - f ) , f , 

4 • Vf' 

Drag law: 

(6) 

^ 24 , , m = r. 0.687 . 42 
REP 1+4 .25 • 10 Rep

 6 

where mp is the mass of the particle, dp its diameter and the f luid density. Particle velocities 
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are denoted by up and vp, and particle acceleration by 5 . iiy-and u p are the velocity vectors of 

the f lu id and the particle respectively. The drag-coefficient is denoted CD, Rep is a particle 

Reynolds number, and V p the volume of the particle. The coefficient in the added mass term, 

CA, was put to 2 .1 , fol lowing Odar and Hamilton (1964). 

The f lu id velocity, up is related to u by: 

My = u+u (8) 

where u' is a random number f rom a Gaussian distribution with a mean square deviation of 

2/3 k. Equation (8) thus describes the influence of the turbulence of the continuous phase on 

the particle. For further details, see for example Mostafa and Mongia (1987). 

The terms in equations (5) and (6) represent, f r om left to right, particle acceleration, added 

mass, momentum exchange with continuous phase, pressure gradient and Basset history term. 

The Basset history term was not activated for the main part of the simulations, as it is unclear 

i f i t is significant for the present situation. I t is however included in the formulation as a sensi

tivity study w i l l be carried out and presented in the discussion section of the paper. 

When equations (5) and (6) have been solved it is straightforward to get a new position of 

the particle f rom the fol lowing equation: 

in the x-direction, where At is the time increment. A n analog equation applies for the y-direc

tion. 

A two-step approach was used for the simulations. First the hydrodynamical simulations 

were performed and twenty velocity-, pressure-, and fc-e-fields, covering one period of the vor

tex street, were stored. These fields were then cycled when particles were introduced and 

tracked through the domain. The particles were introduced randomly with respect to the 

cycled fields. By calculating the distance f rom the centre of the particle to the front of the 

obstacle, statistics on the contact between the particles and the obstacle were obtained. When 

collision statistics are calculated perfect reflection is assumed for a particle, while a particle is 

assumed to stick to the cylinder when initial ice formation is studied. 

Boundary conditions for the f low simulation were given as a uniform inflow velocity and a 

prescribed (zero) pressure at the outlet. Wall conditions were applied at the two other bounda

ries, see Figure 1, and for the cylinder boundaries. Relevant values for k and e at the inlet were 

obtained f rom a simulation of fu l ly developed conditions in the flume used. From this k was 
—4- o *5 4- o ^ 

put to 3 • 10 m /s and e to 4 • 10 m Is ; these values were used for all water velocities 

studied. 

The general equation solver PHOENICS, Spalding (1981), was used for the hydrodynami

cal calculations. A computational grid of 176 x 151 cells was used, with a concentration of 

grid cells around the obstacle. No tests for grid independence were carried out. To capture the 

vortex street the time step was chosen according to the recommendations by Franke and Rodi 

(1993). Particle trajectories were found to be time step independent. 

* .i old 
new old A f ( « +U 

X — X ^ — 

*p X P
 T 2 

new 
) 

(9) 
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Results 
Snapshots of the predicted velocity and pressure fields are shown in Figure 2. A vortex 

street is formed behind the obstacle. The Strouhal number was found to be around 0.1, which 

is somewhat lower than found in the literature, see Franke and Rodi (1993) and Mukhopadi-

hyay et al. (1992). The reason may be the inlet values on k and e, but this point was not further 

investigated, as the Strouhal number is not expected to be a significant parameter for the prob

lem studied. 

Examples of measured and predicted trajectories are found in Figure 3. As seen f r o m the 

physical experiment some particles hit the obstacle and some get captured in the vortex street. 

However, due to the random processes in the flow, i.e. turbulence and vortex street, i t is not 

possible to f ind relations between specific features in the measured trajectories and fo r exam

ple the particle diameter. Qualitatively, i t is however clear that in the mathematical simula

tions, particles enter the separated regions ("side wake" and "back wake") with a much lower 

frequency than in the experiment. 

Predicted trajectories can however be further analysed. Water and particle velocities along 

two trajectories are shown in Figures 4 and 5. The irregularities seen, in particular in the water 

velocities, are due to the turbulent fluctuations. The particles respond to these fluctuations but 

the resulting velocity profiles are generally smoother. The balance o f forces for the two trajec

tories is given in Figures 6 and 7. Now the fluctuations in the water velocity field are seen as 

spikes, wi th the added mass and acceleration terms being the most significant ones. A n inter

esting observation in the balances is that the pressure gradient term is significant. The pressure 

gradient term is often neglected in particle trajectory simulations which is probably permissi

ble i f the ratio of particle/fluid density is high. In the present study pp/py = 1 and the pressure 

gradient can be expected to be influential as, in a sense, the particle can be regarded as a "f luid 

element". Similar results were also obtained by Meng and Van der Geld (1991). 

The analysis of trajectories is illuminating but does not lend itself to a direct comparison 

between measured and predicted data. For this purpose statistics were collected, both in meas

urements and calculations, on the collision frequencies between the particles and the front, 

and the frequencies by which particles enter the side wake and the wake behind the cylinder. 

The result is shown in Table 1. Four hundred particles were released for different combina

tions o f f lu id velocity, particle diameter and particle density. Repetition of some experiments 

indicated that the results are accurate to within ± 5 % for the collision frequencies and the cap

turing in the side wakes. The same accuracy is valid for the results of light particles captured 

in the back wake, while the range is about ± 2 % for the heavier ones. In Table 2 additional sta

tistics are found. The table gives the statistics for the side and back wake of the cylinder with 

the condition that the particle hit/did not hit/the front of the obstacle. A striking feature of 

Table 1 is that no particles entered the recirculation Tegions in the simulations. Obviously, 

there is something missing in the numerical simulation. For the collision frequency on the 

front end the general trend, both in measurements and calculations, is that collision frequency 

decreases wi th both decreasing particle density and decreasing f lu id velocity. 

Next the simulation of initial ice formation is discussed. For these simulations the particle 

density was set to 917 kg /m 3 and the inlet f luid velocity to 0.2 m/s. The particle diameter was 

set to 1, 3, or 5 mm except for one simulation in which it was varied randomly between 1 and 

5 mm. Particles were injected far upstream the cylinder, see Figure 1, randomly within one 

cylinder width across the flow. The particle model was integrated wi th a repeatedly updated 

flow field. A velocity field was first calculated with a vortex street behind the obstacle. Parti

cles were then released and some of them hit the bar. The grid-cell that the particle had just 
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travelled through, prior to the hit, was blocked for further entrance of water, see Figure 8, and 

the velocity field was recalculated. Only one particle was assumed to be needed to cause a 

blockage of a grid-cell. The velocity field was thus in steady state during the calculation of the 

trajectory. The procedure was repeated until a layer of approximately 10 mm ice had grown on 

the bar (initial ice growth). 

Simulated initial ice accumulations are found in Figure 9. Most of the small particles (1 

mm) were deposited on the surfaces at the rear of the cylinder; only a few were deposited on 

the upstream face. The larger particles were deposited mainly on the upstream face of the cyl

inder and very few were deposited on the side and on the back. Approximately the same 

amount of middle size particles were deposited on the front and rear parts. Particles wi th sizes 

varying between 1 and 5 mm were deposited on all surfaces. 

Discussion 

The experimental data on particle trajectories, with p p / p / - 1, around a rectangular cylin

der are the first of their kind, to the authors' knowledge. As such they are preliminary in nature 

but it is believed that data of the kind given in Tables I and 2 are necessary for the develop

ment of mathematical models. However, the present study has, through comparison of experi

mental and predicted results, identified a number of topics that need to be considered i f a 

deeper understanding and more accurate simulations are to be achieved. 

One such basic feature of the problem addressed is the collision frequency at the upstream 

face of the cylinder. Both predictions presented in Table 1 and theoretical considerations indi

cate that the collision frequency ought to increase with increasing particle diameter and den

sity. A sensitivity study was therefore carried out, using the conditions in the experimental 

setup. The result is shown in Figures 10 and 11. Results are also shown with the Basset history 

term active in the particle momentum equations. This term was numerically integrated accord

ing to the method outlined by Odar (1966). From the figures i t is clear that the particle diame

ter and density to a large extent determine the collision frequency. I t is also noted that the 

Basset history term increases the collision frequency for small and low density particles. 

Inclusion of this term thus bring predictions and measurements, as given in Table 1, in better 

agreement. 

Few particles entered the side-wall wake in the simulations, as compared to the experimen

tal data. There are several possible explanations for this disagreement. First one should note 

that the fair ly simple turbulence model used cannot be expected to predict the side-wall wake 

accurately, see Rodi and Franke (1993). We need both the size of the wake and the pressure 

drop accurately predicted to be able to calculate the particle trajectory. As this is a region of 

strong shear one may also need to evaluate i f the Saffman l i f t force, see for example Saffman 

(1965) or McLaughlin (1989), ought to be included in the particle momentum equations. This 

has not been done due to the uncertainties about the flow field. A simple numerical experiment 

with the Basset history term active was however carried out. The result was that small 

(< 3 mm) particles did enter the side-wall wake with a significantly higher frequency. How

ever, it is not clear why the Basset history term should have this effect and, in light of the dis

cussion above, one should regard this result as a numerical experiment without too much 

significance. 

In another numerical sensitivity test particles were injected at various distances o f f the sym

metry line, see Figure 1. Also in this case particles entered the side wake wi th a higher fre

quency than i f released on the symmetry line. 

The fact that we are dealing with a turbulent flow also raises a number of questions. I t has 
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already been mentioned that the RNG-version of the k-e model was required to get a vortex 

street behind the cylinder. I t may also be the case that an even more complex model, perhaps a 

low Reynolds number model, is required to predict the side-wall wake. I t is not surprising that 

also the collision frequency at the front end of the cylinder is sensitive to the level o f turbu

lence, as represented in equation (8). The sensitivity of the turbulence level was tested by 

neglecting the fluctuating component in equation (8). For a particle diameter of 3.17 mm, as 

also shown in Table 1, i t was found that all particles with a density of 1140 kg /m 3 hit the cyl

inder, while no collisions were obtained for density 910 kg /m 3 . I t seems that the turbulence 

makes some of the heavier particles deviate f rom the centre line (and thus lower collision fre

quency) and makes some of the lighter particles deviate f rom the streamlines (and thus rise 

collision frequency). Due to this sensitivity one may consider using a higher order turbulence 

model to capture, for example, anisotropy. 

The particle momentum equations, (5) and (6), require a number of semi-empirical coeffi

cients. The drag coefficient, CD, is fairly well established while the coefficient for the added 

mass term, CA, is more uncertain. In the present work we have used a constant value for CA, 

even i f it is suggested in the literature (Odar (1966)) that it is a function of a so called acceler

ation number. Once again we find that predicted collision frequencies are sensitive to changes 

within the uncertainty o f this coefficient. 

Concluding remarks 
The impression f r o m the results presented is that the understanding of frazil ice deposition 

on a rectangular cylinder is still far f r om complete. The basic hydrodynamical problem with 

the vortex street and the side-wall wakes, is a challenge in its own and seems to require state 

of the turbulence modelling (anisotropy, low Reynolds number effects, etc.) for its mathemat

ical formulation. Also the particle trajectorie model leaves unresolved questions as the sensi

tivity tests indicate that collision frequencies are sensitive to, for example, the inclusion of the 

Basset term and the turbulence level. 

The main results of the study can be summarized as follows: 

* Experimental data on particle trajectories around a rectangular cylinder have been 

presented. 

* A mathematical model, including a hydrodynamical part and a particle trajectory model, 

has been introduced, discussed and evaluated. I t has been concluded that the pressure 

gradient term needs to be included in the particle momentum equations, when the ratio 

between the particle and fluid density is of the order one. 

* A first attempt to calculate ice accumulation on a rectangular cylinder has been presented. 

The results, although preliminary, look plausible and show a sensitivity to the assumed 

particle size distribution which seems reasonable. 
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Notation 
x Cartesian coordinate along the channel, x-direction 

y Cartesian coordinate transverse the channel, y-direction 

u velocity of f luid in the x-direction 

v velocity of f luid in the y-direction 

t time coordinate 

p pressure 

k turbulent kinetic energy 

e energy dissipation 

Pf density of f lu id 

Vf kinematic eddy viscosity 

vL kinematic laminar viscosity 

S mean strain rate 

C u constant in turbulence model (0.0845) 

a K , a E coefficient in RNG-model (1.39) 

ß coefficient in RNG-model (0.012) 

T ) 0 coefficient in RNG-model (4.38) 

uj: velocity of f luid in x-direction at particle location 

Vf velocity of f lu id in x-direction at particle location 

uy velocity vector of the fluid 

u fluid velocity fluctuation, random number f rom a Gaussian distribution 

xp Cartesian coordinate at particle location 

yp Cartesian coordinate at particle location 

Up velocity of particle in x-direction 

Vp velocity of particle in y-direction 

Up velocity vector of the particle 

a acceleration of the particle 

Pp density of particle 

mp mass of a particle 

Vp volume of a particle 

dp diameter of particle 

CD drag coefficient 

Q added mass coefficient 

Rep particle Reynolds number 

]i dynamic viscosity 

At time increment 

i j tensor notation index 

l l 



0.20 m 

Uf 

I injection point 

0.05 m 
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cylinder vortex n n e 

0.135 m 

0.03 m 

0.135 m 

Fig. 1. Schematic outline of experimental set-up. Top view of the f lume. 
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Fig. 2. Snapshots of predicted velocity and pressure fields 

(a. Velocity f ield, m/s, b. Streamlines, c. Pressure f ie ld, Pa) 
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0.0 0.1 0.2 0.3 0.4 0.5 
Distance (m) 

0.0 0.1 0.2 0.3 0.4 0.5 
Distance (m) 

0.0 0.1 0.2 0.3 0.4 
Distance (m) 

0.0 0.1 0.2 0.3 0.4 0.5 
Distance (m) 

Fig. 3. Examples of measured (left) and predicted (right) trajectories. 

Particle diameter is 3.2 mm and particle density is 1140 k g / m 3 in the 

top figures and 910 k g / m 3 in the bottom figures. 
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• • u-water 
• • u-particle 
• • v-water 
A A v-particle 

0.40 0.50 0.60 

Fig. 4. The top figure shows the predicted trajectory of a particle with a density 

of 1140 k g / m 3 and a diameter of 3.2 mm. The bottom figure shows the 

f l u id and the particle velocities along the trajectory. The f l u id velocity at 

the inlet was 0.4 m/s. 
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Fig. 5. As Figure 4 but with a particle density of 910 kg /m 3 . 
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Fig. 6. 

0.11 0.12 0.13 0.14 0.15 0.16 
Distance (m) 

0.17 0.18 0.19 0.20 

The predicted balance of the forces in x-direction (top) and y-direction 
with a particle with a density of 1140 k g / m 3 and a diameter of 3.2 mm. 

The figures show the magnitude of the drag force, the force required 

to accelerate the virtual added mass, the force due to the pressure 

gradient and the balancing acceleration of the particle along the trajectory 

shown in Figure 4. The f lu id velocity at the inlet was 0.40 m/s. 
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Fig. 7. As Figure 6 but with a particle density of 910 kg /m 3 . 
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Table 1. Measured and predicted particle statistics for different combinations 

of f luid velocity (u f ) , particle diameter (dp) and particle density (p p ) . 

The raw "Passed" gives the percentage of the particles that passed 

the cylinder without collision or entering side or back wakes. M means 

measured and P means predicted values respectively. 400 particles were 

released. 

d p (mm) 2.4 3.2 4.8 6.4 

pp(kg/m3) 1140 1140 910 1140 910 

u f (m/s) 0.29 0.40 0.60 0.40 0.60 0.29 0.40 0.60 0.40 0.60 0.40 0.60 

Collision (%) M 97 88 96 92 92 50 62 80 83 89 57 70 Collision (%) 

P 62 75 91 88 98 18 19 22 97 100 84 94 

Entering side 
wakes (%) 

M 6 24 24 18 21 12 8 10 16 17 5 1 Entering side 
wakes (%) 

P 0 0 0 0 0 0 0 0 0 0 0 0 

Entering back 
wake (%) 

M 12 26 20 28 15 10 11 16 25 14 5 6 Entering back 
wake (%) 

P 0 0 0 0 0 0 0 0 0 0 0 0 

Passed (%) M 3 7 4 4 3 46 37 18 7 5 39 28 Passed (%) 

P 38 25 9 12 2 82 81 78 3 0 16 6 

Table 2. Measured particle statistics conditioned with the collision 

on the front of the cylinder. C means collision and N no collision. 

For further legend, see Table 1. 

dp (mm) 2.4 3.2 4.8 6.4 

Pp (kg/m3) 1140 1140 910 1140 910 

Uf (m/s) 0.29 0.40 0.60 0.40 0.60 0.29 0.40 0.60 0.40 0.60 0.40 0.60 

Side (%) C 5 15 20 11 16 8 7 9 10 9 2 1 Side (%) 

N 0 2 0 1 2 2 0 1 2 4 2 1 

Back (%) C 10 16 16 20 10 6 10 14 12 10 3 4 Back (%) 

N 0 0 0 2 2 2 1 1 8 0 1 1 

Side and 
back (%) 

C 1 6 4 5 2 2 1 0 4 2 0 0 Side and 
back (%) 

N 0 0 0 1 1 0 0 0 1 2 0 0 

Passed 
(%) 

C 97 88 96 92 92 50 62 80 83 89 57 70 Passed 
(%) 

N 3 7 4 4 3 46 37 18 7 5 39 28 
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Fig. 8. Schematic figure of the blockage of grid-cells 

in which particles have impacted and adhered 

to the cylinder. 

(a) (b) 

Fig. 9. Patterns of initial ice accumulation. The sizes of the particles 

were (a) 1 mm, (b) 3 mm, (c) 5 mm, and (d) randomly varied 

between 1 and 5 mm. 
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Fig. 10. Predicted collision frequency versus density ratio (p p /p f ) (d p =3.2 mm). 
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Fig. 11. Predicted collision frequency versus particle diameter (p p =910 kg/m 3 ) . 
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