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This paper reports the results of field experiments on underwater ice blockage of a
small box simulating a portion of wedge-wire screen intake. The experimental
intake consisted of a 30cm by 30cm wedge-wire screen (6.4mm triangular screen
elements separated by 9.5mm intake slots) mounted on a 23cm deep clear acrylic
“intake box.” The experiments entailed placing the intake box in a shallow river
during nights when water supercooling and frazil formation were likely. A
camera placed inside the intake box recorded time series images of ice
accumulation on wedge-wire screen elements. Ice growth involved frazil
adhesion and in-situ ice growth, resulting in formation of masses of porous, large
ice crystals attached to the intake screen. Growing ice crystals completely
encapsulated wedge-wire screen elements, resulting in tenacious bonds between
the stainless steel screen elements and attached ice crystals. The resulting ice
masses were up to 30cm thick on the outer face of the wedge-wire screen. We
conclude that ice blockage of wedge-wire screen equipped intakes should be
viewed as predominantly an anchor ice growth event rather than a frazil
accumulation event.

1. Introduction
Records of purported frazil ice blockage of industrial and municipal water supply intakes in
northern countries go back almost as long as intakes have been placed in rivers and lakes.
Altberg (1936), for example, lists a case when the entire water supply for the city of Leningrad,
Russia was choked off for three days by ice blockage. Altberg noted that this blockage
coincided with a 1m-thick accumulation of anchor ice on the bed of the Neva River. Frazil
blockage of water intakes is still a serious problem in cold climates. Foulds and Wigle (1977)
report on frazil blockage of a crib-type water intake in Lake Erie. Divers investigating this
blockage reported the 23cm high by 120cm wide crib openings were completely blocked by
pieces of ice resembling broken window glass. Individual ice pieces measured up to 3.8cm by
2.5cm by 0.3 cm in size. In a later study, Daly and Ettema (2006) list nine frazil blockages of
Lake Michigan water intakes during the winter of 2002-2003. These intakes ranged from 5 to
15m water depth. Divers observed anchor ice on the lake bed during some of these events.
Interestingly, both Foulds and Wigle (1977) and Daly and Ettema (2006) explicitly state (see the
paper titles) that the intake blockages resulted from frazil accumulation, although all three of
these papers note the link between blockage events and anchor ice formation. We argue that
intake blockages by ice are predominantly attributable to anchor ice growth, with frazil playing
an important role initiating blockage.
Daly (1991) outlines the steps leading to frazil blockage of intake screens: (1) Blockage of intake
screens begins when the intake ingests supercooled water. Any frazil crystals suspended in the
supercooled intake flow are available to adhere to the intake screen. Once an individual frazil
crystal adheres to the screen, it continues to grow as latent heat is convected away by the
supercooled water. The blockage also continues to grow by continued frazil accretion. (2) The
frazil accumulation grows upstream into flow, increasing in width until the space between
adjacent screen elements is “bridged.” At this point the intake is effectively blocked, with all of
the frazil attached to the upstream side (outside) of the intake screen. (3) Frazil continues to
accumulate outside the intake screen. As the accumulation grows on the intake screens, a greater
and greater head differential is necessary to maintain flow rate through the growing, porous ice
mass. (4) As frazil continues to accumulate, the head differential across the intake screen pushes
the attached ice mass through the intake screen wires. This creates a greater surface area
between the ice and the intake screen; at this point the ice mass can withstand pressure
differentials equal to many feet of water, making it very difficult to remove the frazil from the
intake screens. This outline is comprehensive, but we believe, not quite complete; further
attention is needed to describe the extent to which attached ice crystals grow when accumulating
on screens.
Given the disruption caused by interrupted water supplies, different methods have been proposed
to reduce ice blockage of intake structures (reviewed in Daly and Ettema, 2006). In a discussion
of intake design, Daly and Ettema found that little design guidance exists for minimizing intake
blockage by frazil. They state that, to reduce the effects of frazil blockage at water intakes, trash
rack bar spacing should be maximized, bar thickness should be minimized, and the number of
supports should be minimized. They note that these design considerations may not prevent a
blockage, but may delay full blockage of the affected intake. An important consideration in this
regard is devising ways to retard ice growth, not only frazil accumulation.

In the past decade or so, there has been increased use of cylindrical wedge wire screens in the
U.S. to reduce impingement and entrainment mortalities of fish and invertebrates at water
intakes. A cylindrical wedge wire screen is a passive screening system that admits water through
an intake at low, uniform velocities. Figure 1a shows a typical Tee-shaped cylindrical wedge
wire screen. Typically, cylindrical wedge wire screens are 0.6 to 2.4 m in diameter up to 6 m
long. The cylindrical outer portions of a screen are made of continuous triangular wires welded
to a thin support frame (Figure 1b). Slots between the triangular wires admit water into the
intake structure. Slot widths are generally between 0.5 and 10 mm and are determined on a siteby-site basis. After intake water flows through the wedge-wire elements, it is drawn into the
center of the “Tee” and then into the plant (Figure 1). For installations that require very large
volumes of water, multiple cylindrical wedge wire screens are used.
Although there is no central database on ice blockage events, anecdotal reports suggest that
fitting wedge wire screens to water intakes increases the potential for ice-blockage events.
Generally, the evidence for these events is circumstantial; i.e., there is no direct observation of
ice on the intake screens. A spectacular exception is the Manitowoc water intake blockage in
Lake Michigan on 25 January 2008. The ice forming the blockage of the wedge-wire screen
equipped intake was filmed by a diver. The blockage consisted of randomly-oriented ice
platelets attached to the wedge-wire screen elements (Figure 2; also see
http://www.youtube.com/watch?v=COMV3UEE47A for the diver’s video). The head loss across
this ice mass was about 2.4m, forcing a temporary shutdown of the intake. Daly and Kempema
(2010) describe weather conditions leading to the ice blockage at this site. The video of the
Manitowoc blockage is the best available record of the nature of ice blockages on intake
structures in general, and on cylindrical wedge wire screens in particular.
Somewhat in contrast, the laboratory ice-tank study by Chen et al. (2004) produced blockages
dominated by frazil accumulation, with some growth of frazil crystals. This study involved a
conical intake, with a fine-mesh screen (3mm diameter), withdrawing a flow from an otherwise
quiescent water body. This experiment showed that conditions can exist for which frazil
accumulation may result in intake blockage. However, these conditions likely are not common
for actual intakes.
To begin addressing the issue of how ice accumulates and grows on a wedge-wire screen, we
herein report preliminary observations made using a 30cm by 30cm piece of wedge wire screen
mounted on an acrylic box placed in the Laramie River, Wyoming. Kempema and Ettema
(2011) describe the ice and flow conditions for the shallow, riffle-and-pool Laramie River. Also,
in Table 1 we compare conditions for our experiments and those for the Manitowoc water intake
cylindrical wedge wire screen. Although we are interested in all conditions that lead to ice
growth on intakes and subsequent blockage, this report focuses strictly on the nature of ice
crystal growth on wedge wire screen elements.
2. Methods
Our experiments used a five-sided, clear acrylic box measuring 30cm square and 23cm deep (the
wedge-wire box, or WWB). The sixth side of the box consisted of a flat, square wedge wire
screen element. The triangular wedge-wire elements had 6.4mm faces and were spaced 1cm

apart (Table 1). The spacing was maintained by three 6.4mm by 25.4mm rectangular braces
(Figure 1b). For each experiment, the box was placed on the bed of the Laramie River, in water
depths from 35cm to 50cm deep. During early experiments, the box was placed at three different
locations along about a 10km stretch of the Laramie River on different nights, but as time went
on one location was chosen for repeat observations. This location was located about 300m
below the confluence of a spring creek that delivered enough heat to the Laramie River to
maintain an open water channel past the study site for most of the winter. The river is about 10m
wide at this location, but the width of the open-water channel varied from 0m to 7m during the
study as border ice expanded and contracted with changing weather conditions (Figure 3). All
three sites are characterized by a riffle-and-pool morphology, with sand beds in the long pools
and sandy gravel in the short, relatively steep riffles.
For each experiment, the WWB was placed on the riverbed, usually overnight, with the wedgewire screen element facing either upwards or obliquely into the flow (Figure 4). During initial
experiments in December 2012, we simply placed the WWB on the streambed and observed ice
formation through the night. Starting in late December, we placed either a Pentax W60 or W90
camera in a small acrylic box that was placed inside the WWB. These cameras recorded highresolutions images at 5-minute intervals. However, the W60 could not focus at night, and did
not yield useable data. We retrieved the WWB every morning, and made observations of the
amount and character of any ice on the wedge-wire screen elements. In addition, we collected 12
samples to determine the porosity of ice masses that formed on the wedge-wire elements. These
samples were collected by pushing straight-sided, 200ml plastic jars into the drained ice mass
immediately after taking the ice from the river. The ice in the jars was weighed; this weight was
converted to a volume using a density of 916kg m-3, and the porosity of the sample was
calculated.
Inspection of the images collected inside the WWB showed significant growth of ice crystals
attached to the inside of the wedge-wire screen. We used pixel counts to determine “apparent”
ice crystal growth rates. On three different nights, we measured changes in pixel length between
consecutive images along the longest dimensions of 10 individual ice crystals, and converted
pixel length into measured length by measuring the width of adjacent wedge-wire elements (the
individual wires). We continued measuring length until we could no longer discern the crystal
(because it was obscured by other crystals), or when the crystal quit growing. These are
“apparent” growth rates because we could only measure pixel length on a plane surface (assumed
coincident with the bottom of the wedge wire elements). In reality, the crystals are growing in
three dimensions; many of the measured crystals grew up one sloping face of the wedge wire
element facing the camera and down the other.
3. Results
The WWB was deployed on 24 nights between 3 December 2012 and 27 February 2013; ice
adhered to the wedge-wire screen elements on 15 of these nights. The amount of ice that
adhered during any given night varied from about 10% coverage (Figure 5) to 100% coverage
(Figure 6). Extreme ice events were characterized by completed envelopment of the acrylic box
(Figure 7). In general, the amount of ice on the WWB corresponded to the amount of anchor ice
on the bed, that is, the mornings with the largest accumulations of ice on the WWB where
characterized by large areas of the bed being covered with anchor ice, while on mornings when

there was little or no anchor ice on the WWB we observed no anchor ice on the bed. On several
mornings we observed ice on the WWB but none on the surrounding river bed; we never
observed anchor ice without also seeing ice on the WWB. The anchor ice and WWB ice also
had similar morphologies, right down to entrained sediment (Figure 6). Both these types of ice
masses consisted of porous, randomly oriented, inter-fingered, relatively large ice crystals
(Figure 7). In fact, when anchor ice and WWB ice were placed side by side, it was impossible to
distinguish between them.
Time-series images of ice growth on the inside of the box were collected on 12 nights.
Generally, if ice grew on the wedge-wire box, it first appeared as frazil crystals or frazil flocs
between 9 PM and midnight. Once ice crystals became attached to wedge wire elements, the ice
mass continued to grow by a combination of continued frazil accretion and in situ growth, which
changed attached ice crystal morphology from frazil discs to relatively large, irregularly-shaped,
inter-fingered crystals that became a compact, hard ice mass (Figure 6 and 7). These ice masses
were markedly porous; the 12 samples collected in this study ranged from 42% to 68% porosity.
Inspection of the wedge-wire screens at the end of experiments showed that individual ice
crystals commonly grew to completely envelope wedge wire elements (Figure 5), or grew to
cover several wire elements. These encapsulating ice crystals had to be mechanically broken or
melted before they would be released from the wire elements.
The time-series images collected on the inside of the WWB were useful for identifying when ice
crystals first attached to the WWB, and observing how they grew. Figures 8, 9, and 10 are plots
of apparent ice growth through time on three different nights. Ice growth in the camera field of
view is similar on all nights: a few frazil crystals become attached to the wedge wires and grow
in diameter while other frazil continues to accumulate. All of measured ice crystals exhibited
initial growth after becoming attached to the screen. However, this should not be taken to imply
that all crystals attached to the mass exhibited in situ growth. Viewing the images does suggest
that a large percentage did, though. After the entire screen was ice covered, the visible crystals
ceased growing, probably because new ice crystals grew outward from the wedge wire screen
and, thereby, acted to partially isolate the first-attached crystals from the inflow of supercooled
water.
As no flow was pumped into the WWB, practically no head differential existed across the screen.
If flow were being pumped into the WWB, it is possible that the commensurate head differential
would have drawn more supercooled water to the growing anchor ice mass, leading to continued
ice growth at the water/steel interface throughout the night. Although the images give an
indication of the nature of the contact between ice crystals and the stainless steel wedge wires,
they fail to give any indication of ice thickness on either the inside or outside of the wedge wire
screen (Figure 6). Ice thickness on the inside of the WWB varied considerably from night to
night, from less than 1cm thick to a maximum thickness of about 8cm. It is not clear what
accounted for these differences in thickness; there was no head differential across the screen to
drive the ice crystal mass into the intake structure so a thick layer of ice inside the WWB is the
result of accumulation and in situ growth, not forcing of the ice through the intake elements as
described by Daly (1991).

4. Discussion
It has been difficult to get to this point in the manuscript without using the term “frazil” to
describe ice that was observed on the wedge wire screen. In fact, the published literature regular
uses “frazil” when describing underwater ice blockages (c.f. Frazil – the invisible strangler by
Foulds and Wigle (1977), Frazil blockage of intake trash racks by Daly (1991) and Frazil
blockage of water intakes in the Great Lakes by Daly and Ettema (2006)). Our observations
suggest that “anchor ice” is a better term to describe the ice that blocks intakes, because this term
implies significant in situ growth leading to the formation of an ice mass composed of relatively
large, irregularly shaped ice crystals. The large ice crystals that grow in situ are capable of
completely encapsulating wedge wire elements or of bridging the open slots between adjacent
wires, which could accelerate blockage head loss once ice starts to form. Also, the observation
that ice crystals can encapsulate individual or groups of wedge-wire elements suggests that the
bond between the ice and the steel triangular wires will not necessarily be broken when the
surrounding water is no longer supercooled. Instead, it might be necessary to mechanically
break the ice crystals up, or melt them, before they will be released from the steel substrate.
It is reasonable to ask whether the observations presented here, made in a shallow river on a
wedge wire screen with no through flow, are applicable to real-world situations. The problem in
answering this question is that there are very few observations of the ice that actually makes up
the mass in an ice blockage event. Foulds and Wigle (1977) and Daly and Ettema (2006) both
relate divers’ observations of large ice crystals in ice blockages, and associated anchor ice
observations on the surrounding bed. Altberg (2006) reported that there was 1m of anchor ice on
the bed of the Lena river when Leningrad water supply was blocked. The Manitowoc water
intake blockage was characterized by very large ice crystals (YouTube, 2010). So, we conclude
that the observations presented here are relevant to a least a substantial percentage of intake iceblockage events. Strictly speaking, these events should therefore be called “anchor ice
blockages”, not “frazil blockages.”
We offer a further, maybe ironic, observation on wedge-wire screens and anchor ice: both
Altberg (1936) and Foulds and Wigle (1977) constructed and presented photographs of anchor
ice samplers. In both cases, the anchor ice sampler consisted of wire mesh trays that were placed
on the river- or lake-bed and retrieved at a later time. It seems likely that modern, cylindrical
wedge-wire screens, extending into the water column with their small slot widths and wire
diameters, are the ultimate anchor-ice detectors. Unfortunately, they indicate the presence of
anchor ice by a large head loss across the intake.
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Table 1: Comparison of ice on an actual cylindrical screen (Lake Michigan) and ice on our
screen element (Laramie River).
Screen in Lake Michigan
Setting
Water depths
Structure height
Aspect
Dimensions

Surface area
Intake flow
Slot opening
Bar wire width
Open area
Slot intake velocity
Current velocity

Lake bed
7.7-9.7m
2.36m
Cylindrical
1.85m long by
1.52m diameter
(wedge-wire elements, 2
elements per structure)
13.53m2
3m3s-1 (design)
1.2m3s-1 (winter)
9.5mm
1.5mm
87%
10cm s-1 (design)
3cm s-1 (winter)
~0cm s-1

Screen element in Laramie
River
River
0.35-0.7m
0.31m
Rectangular
30cm by 30cm

0.09m2
0m3s-1 (functional)
9.5mm
6.4mm
60%
0cm s-1 (functional)
~30cm s-1

(a)

(b)
Figure 1. (a) Sketch of a typical cylindrical wedge wire screen structure. The stippled, horizontal
portion of the screen consists of helically wrapped, triangular-shaped wire elements that create a
series of slots that allow the ingress of water but restrict entrainment of small animals. (b) An
end view of wedge-wire screen wire elements used in these experiments, showing the triangular
wire shape and the brace that maintains the shape of the screen. The slot spacing on this screen
is 1cm; anchor ice is visible on the left side of the image

Figure 2. Ice-blocked wedge-wire screen intake at about 8m depth in Lake Michigan on 25
January 2008. This image shows only half of the wedge wire screen structure; the wedge wire
intake elements (right) are completely encased in very large, randomly oriented ice crystals. The
left side of the image shows the collection structure that connects to the intake pipe mounted on
the lakebed. The wedge wire intake elements are 1.52m in diameter and 1.85m long. Image
courtesy Manitowoc Public Utilities.

Figure 4. Image of the experimental acrylic wedge wire box (WWB) in the Laramie River, early
morning 12 January 2013. This image is an oblique view through the water surface; the yellow
box on the left side of WWB contains the camera used to collect time-series images of ice
blockage events. Box measures 30cm by 30cm by 23cm. For most deployments, the WWB was
placed with the stainless steel wedge-wire screen placed vertically, and oriented obliquely to the
current flow so water would flow across the triangular wire elements. The camera system can be
seen on the right side of the box. Ice accumulations can be seen in the lower left corner of the
box and on the acrylic top of the box.

Figure 5. The wedge wire box on the riverbank on 4 December 2012, after a night when
relatively little ice formed on the box. Ice crystals up to 3cm long formed on the stainlees steel
wedge-wire elements. The red circle highlights a single ice crystal that has grown completely
around the triangular wedge-wire element that measures 6.4 mm on a side.

(a)

(b)
Figure 6. (a) Image of anchor ice on wedge-wire elements of WWB on 1 January 2013 at 8:06.
The 24-cm-thci ice mass is composed of cm-sized; intertwined ice crystals. On this night, the
WWB screen faced upwards, and the acrylic side of the box facing the viewer was positioned
parallel to the water surface. Flow was from left to right. (b) Underwater view of the inside of
the box at 07:26. Although ice crystals are visible on the wedge wire screen elements, there is
nothing to indicate the thick accumulation on the outside of the bars. However, the bond
between the ice and bars was strong enough to keep the ice in place when the box was removed
from the water.

Figure 7. Extreme icing event on the WWB, 20 December 2012. This image was collected
through the water surface looking obliquely down onto the WWB. The roughly circular blob on
the left side of the image is the WWB completely encased in a layer of ice crystals about 30cm
thick. The thick line of ice extending to the right of the WWB surrounds a 4mm braided metal
tether cable, while the ice mass in the lower right portion of the image is anchor ice growing up
from the riverbed. Anchor ice is also visible to the lower left and upper right of the WWB. Flow
is from left to right.
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Figure 8. Apparent growth rates of ice crystals attached to the inside of the wedge wire screen
on 12 December 2012 to 1 January 2013. The starting time for each crystal is the image before
the crystal first became visible. The rates are apparent because growth towards the camera
would be foreshortened, resulting in an underestimate of the growth rates.
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Figure 9. Apparent growth rates of ice crystals attached to the inside of the wedge wire screen
on 29-30 January 2013.
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Figure 10. Apparent growth rates of ice crystals attached to the inside of the wedge wire screen
on 11 February 2013.

Figure 11. An approximately 8cm-long ice crystal occluding two slots and three wedge-wire
elements on the wedge-wire screen, 17 December 2012. Slot spacing is 1cm.

