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Abstract

International flights from North America to Asisually take tracks across the Arctic region for
reducing fuel and operating costs. For example, tthek of United Airlines flight 895 (UAL895)
traveling from Chicago to Hong Kong via the Arctagion usually uses the following three routes: the
Atlantic, central Arctic, and Pacific routes. Usiageanalysis product, we show that flight routegeshd
on the location and strength of the upper flow ower Arctic Ocean, which has a seasonal variation.
During summer, when anticyclonic flow associatethviilocking occurs over the Pacific Arctic region,
UALB895 flights choose the Pacific and Atlantic resito avoid a strong head wind. In addition, when t
jet stream is strong over the Atlantic—Arctic regi@he northern parts of Greenland and Barents)Seas
the Atlantic route is selected to take advantagstraing tail winds resulting from the blocking ovhis
region. During winter and, especially, years wihd sea ice in the Bering Sea, the frequency afkala
blocking has increased, indicating that the prémticbf the sea-ice extent over the Bering Sea would
provide useful information for aircraft operationen the Arctic region.

Key words: Arctic flight track, sea-ice extent, blocking eten

1. Introduction Therefore, avoiding headwinds and enhancing the
Aircrafts contribute to the emissions of carbon probability of tailwinds would reduce aircraft fuel
dioxide (CQ), water vapor (KHD) and oxides of consumption. Previous studies have reported that th

nitrogen, leading to global climate change (Lee andchange in the phase of atmospheric circulation dwer
others 2009; 2010). Aircraft CQO, emissions have Atlantic sector causes changes in the position and
increased to 2.5% of the total anthropogenic erhitte strength of the jet stream, and thereby influences
CO; over the previous 50 years (Lee and others 2009)aircraft routes (Irvine and othe?913; Kim and others
The strengthened column-averaged, north—souti2016; Williams 2016). Kim and others (2016) indicated
temperature-gradient response to the increase in CCcertain links between the route and travel timeaof
has caused an increased level of upper-level aliear- flight from New York to London and the phase of the
turbulence, which is a major cause of aviationdeots ~ North Atlantic Oscillation (NAO). In the positivehpse
(e.g., injured passengers, structural damage, tfligh(NAO+), when the jet stream tends to shift norttavar
delays) (Sharman and others 2006). Previous studiesver the northern Atlantic Ocean, flight times bmeo
have reported an increase in the frequency andsitye  shorter than during the negative phase (NAO-). In
of turbulence at upper levels for a doubling of €©; addition, the number and timing of the route vavidth
concentration (Williams and Joshi 2013, Wiliamslan the season because of differences in the strength a
others 2017, Storer and others 2017). A reduction i location of the jet stream in summer and wintevilie
fuel usage would, therefore, help to reduce opggati and others 2013). In contrast, over the PacificaDce
costs and minimize climate impacts. changes in atmospheric circulation over high and lo
Two approaches to reduce aircraft emissions are théatitudes (e.g., resulting from the Arctic and Eifidl
development of technologies (e.g., efficient engjine Southern Oscillations) affect the flight time ofcaaft
clean fuels, body and wing forms) and the improveime at mid-latitudes (Karnauskas and others 2015).
of air-traffic management (e.g., shortening flightes), = Therefore, the route and season are strongly inflee
which may be optimized by monitoring the upper by atmospheric circulation patterns over the Narthe
atmospheric circulation, because aircraft routed an Hemisphere.
flight lengths mainly depend on the horizontal wind Polar routes exist to minimize the total traveldim
speed at upper levels (Palopo and others 2010)and fuel consumption of aircraft travelling fromeon
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continent to another. The commencement of crossrpol
flight began in 1998 when entry into Russian aicgpa
was permitted by the Russian Government (Jacobson
and others 2011). The number of international figh
that use the Arctic route has been increasing ¢ene
decades, with several companies currently using the
cross-polar flight track throughout the year.

The United Airlines (UAL) flight 895 travels from
Chicago (ORD) to Hong Kong (HKG) almost every day,
which, to minimize the distance and time of flight,
passes over the Arctic region (Fig. 1a). Howeughf
UALB895 does not always travel the shortest roubenfr
ORD to HKG, suggesting the dependence of the Arctic
route on the upper level flow over the Arctic Oceale
investigate here the relationship between the ffligh
track and the upper-level atmospheric circulation,
particularly during the summer and winter seasons.

2. Data and methodology
2.1 Meteorological data

We use 6-h ERA-Interim reanalysis data from
January 1979 to December 2016 on a 0.75° x 0.75°
latitude/longitude grid produced by the European
Centre for Medium-Range Weather Forecasts (Dee and
others 2011) for determination of the geopotential
height, wind speed, sea-surface temperature, and
sea-ice concentration. We mainly focus on the
atmospheric circulations during summer (from May to
August, hereafter MJJA) and winter (from Decemioer t
March, hereafter DJFM). To calculate the frequeoty
blocking events over the Northern Hemisphere, we
apply a blocking index defined by D’Andrea and othe
(1998). At each longitude, the meridional gradieft
geopotential height at 250 hPa (Z250) between the
southern and northern parts of Z25GHGS and
GHGN) are calculated as

GHGS = Z(wo) - Z(ws) | (wo-ws)
and

GHGN = Z(yn) - Z(wo) / (yn-wo)

@)
@
respectively, where

Yn= 76.5°4

wo= 60.0°4\
ws= 43.5°A

®3)

for A= 0%, 0.75° 1.5°, 2.25° 3.0° 3.75° 4.5°.

A specific longitude on a given day is locally aefi as
being blocked if both of the following conditionsea
satisfied (for at least one value &}

GHGS> 0 (4)
and
GHGN < -5 m/(degrees latitude) (5)

(a) UAL 895 flight routes
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Fig. 1 (a) All flight tracks (thin lines) and tr

representative track (thick lines) for the AtlantiR,
orange), central Arctic (CR, blue) and Pacific esut
(PR, red) for May 2016. The time and distance fer t
representative tracks are shown.

(b) Monthly average frequency of each routarfr
2011-2016. Gray bars show the number of flights
from Chicago (ORD) to Hong Kong (HKG) via the
Arctic region from 2011-2016.

(c) Ice-cover anomaly during December and Marc
from the climatology over the Bering Sea (60-70°N,
180-210°E) from ERA-Interim. The green line shows
the frequency of flights taking the Atlantic route.

2.2 Flight track data

Flight information is obtained from the flightarea

website (https://flightaware.com), which providds t
location, height and total flight time of commeitcia
flights all over the world. We focus on flight UARS
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from ORD to HKG over the Arctic region (Fig. 1la), to previous studies (Matsueda 2009, Matsueda and
whose average total flight time is about 16 h ddpen  Endo 2017, Hoffman and others 2014). We show the
on the flight track. Flight information is avail&bsince  difference in the frequency of summer blocking @sen
2011, which is a relatively long time period congzhr between the central-Arctic-route and Pacific-rodiys
with other flights for this route. in Fig. 3(a), where, over the Pacific region (ambun
We use the northernmost position of aircraft aher  150°E and 130°W), two peaks of the difference ia th
Atlantic (15°W-15°E) and Pacific (165°E-165°W) frequency of blocking are clearly seen. The incesas
Arctic regions to classify UAL895 flight tracks, the blocking frequency are consistent with a peositi
resulting in three routes: the Atlantic route (herard ~ Z250 anomaly over eastern Asia and Alaska/northern
of 75°N over the Atlantic—Arctic region or northwdaof Canada (Fig. 2(a)). When the blocking dominates ove
87°N over the Pacific—Arctic region), the centrattc the Pacific-Arctic region, flight UAL895 takes the
route (from 72°N to 87°N over the Pacific—Arctic Pacific route to avoid the strong head wind assedia
region) and the Pacific route (southward of 72°Nrov with this blocking pattern. This result suggestst tthe
the Pacific—Arctic region). Examples of flight tkacfor blocking events over the Pacific—Arctic regions and
each route in May 2016 are shown in Fig. 1(a).ies t eastern Asia are the fundamental phenomena gogernin
central Arctic route is the most efficient and ¢her  flight routes during summer.
route between ORD and HKG, it is the most common
of the three routes throughout the year (Fig. 1@®dth 3.2 Winter
the Atlantic and Pacific routes have a longer dis¢a We focus on the difference in atmospheric cirboia
compared with the central Arctic route, howeveaghit between the central Arctic and Atlantic routes, kghe
UAL895 sometimes chooses them at a frequencythe latter is more frequent during winter (Fig. ))(b
depending on the season. While the Pacific routesha Using the same composite maps as in Fig. 2(a), but
higher frequency during MJJA, the Atlantic routestaa  focusing on the winter case (Fig. 2(b)), we set fia
higher frequency during DJFM, indicating that the Atlantic-route days, positive Z250 anomalies appear
aircraft routing over the Arctic region dependstha over Alaska and western Canada, causing head-wind
atmospheric circulation and season. anomalies from the central Arctic to the Canadian
Arctic Archipelago. In contrast, tail-wind anomalie
3. Relationship between the Arctic flight route exist from northern Greenland to central Siberibe T

and upper-atmospheric circulation positive Z250 anomaly dominates over the Barenés Se
3.1 Summer enhancing anticyclonic flow at the upper level. For

During summer, flight UAL895 chooses the central Pacific-route days, positive Z250 anomalies arendou
Arctic or Pacific routes almost exclusively (Figb)). ~ over Alaska and western Canada, however, a positive

To understand the difference in upper atmospheridV250 anomaly is not clearly seen over the Bareats S
circulation patterns between the central Arctic and(not shown).
Pacific routes, we constructed maps of geopotential
i ; 7250 & WS250 DJFM
height and wind speed at 250 hPa (2250 and W250) | mJa (b) AR—CR
subtracting the composites of central-Arctic-rodays (¢ "Rk TR
from those of Pacific-route days during summerukég o
2(a) shows the differences in Z250 and W250 betwee
the Pacific- and central-Arctic-route days during

summer, with positive anomalies of Z250 found ove |-

Archipelago are consistent with an anticyclone flow
associated with positive Z250 anomalies. In cohtras
the tail-wind anomalies associated with positivec@2

anomalies are seen from eastern Asia to Canac

Therefore, the Pacific route is very favorable flaght . . . . :
. - . Fig. 2 (a) Difference maps in geopotential heigt250
UAL895 when the head wind over the Pacific—Arctic [m]: shading) and air velocity (vectors [m/s]) 02

region is strengthened, and the tail-wind anomaly i ppa petween the Pacific (PR) and central Arctic)(CR
strong from Alaska to eastern Asia. routes for summer (MJJA).

The positive anomalies of Z250 suggest the irsea () pifference maps in geopotential height hg
in the frequency of summer blocking over easteri@As  [m]) and velocity (vectors [m/s]) at 250 hPa betwee
and the Beaufort Sea during Pacific-route days. The the Atlantic (AR) and central Arctic routes for weén
peak blocking events over the European-Atlantic and (DJFM). Black contours show the representative
Pacific regions are significant weather events aling tracks as shown in Fig. 1a.

I I I I I B
—90 —70 50 —30 30 50 70 90 3" [m/s]
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During winter, relatively higher blocking frequees  forms an anticyclonic circulation anomaly over east
are found over the European—Atlantic and PacificSiberia. In addition, the El Nifio-Southern Oscitat
sectors for Atlantic-route and central-Arctic dayeere  and the development of the Okhotsk High determine
is a difference in blocking frequencies over the the degree of summer blocking over the eastern Asia
European—Atlantic sector (between 2@t 50°E) and region (Park and Ahn 2014).
the Pacific region (between 150°E and 130°W) in .
winter (Fig. 3b), although the amplitude of difface is g')o ;ﬁj,{‘,iﬁﬁgf“&?" each route
smaller than that in summer. The peak European-15
Atlantic (Pacific) blocking difference results froi
positive anomaly of Z250 over the Barents Sea (from 10
Alaska to western Canada), suggesting that theewint
blocking over the Pacific and European-Atlantic 5
sectors impacts the aircraft route over the Aro@ean.

0

3.3 Atmospheric response to change in Arctic sea .
ice )

The decline in Arctic winter sea ice promotes

turbulent heat release into the atmosphere, ragutia

geopotential height anomaly over the Arctic region

(Rinke and others 2013). To understand the 1° "sow 0 B0E 120E 180 120W

atmospheric response to sea-ice decline over tbhcAr (b) DJFM {AR - CR)

we focus on years with low and high sea-ice extent 15 V :

the Bering Sea (Fig. 1(c)), and investigate the

difference in the atmospheric circulation in Z2%lds

during winter (Fig. 4(a)). The Z250 anomaly pattérn

similar that for Atlantic-route days as shown irg.Fi

2(b), particularly for the Western Hemisphere,

indicating that this anomaly pattern may be a raspo

to the decline in Bering Sea ice. In fact, the freacy

of Atlantic-route days during winter was relativéligh -5

during years of low ice extent (the winters of 2Gi&l

2016), while in years with a high ice extent (thaters

of 2012 and 2013), the frequency was relatively low

compared with other years. To investigate the 15 —ow 0 60E 120E 180 120W

relationship between the sea-ice extent over thenge Fig. 3 (a) Difference in frequency of blocking [%]

Sea and the atmospheric circulation over the Namthe between the Pacific (PR) and central Arctic (CR)

Hemisphere, we performed regression analyses routes (PR-CR) in summer (MJJA) as a function of

between Z250 and the sea-ice concentration over the  longitude.

-10

Bering Sea (Fig. 4(b)), giving a positive correati (b) Difference in frequency of blocking [%]
over western Canada and a negative correlation over  between the Atlantic (AR) and central Arctic (CR)
the North Pacific. This pattern of Z250 is simikar routes (AR-CR) in winter (DJFM) as a function of
patterns of the Z250 anomaly during years withwa lo longitude.

ice extent (Fig. 4(a)) and Atlantic-route days (b)), ) )
although the amplitude of z250 is smaller than for 4 Summary and discussion o
7250 anomalies in Figs. 2(b) and 4(a), indicatihagtt We have investigated the relationship between the

the increased Alaskan blocking frequency duringsea UPPer level flow over the Northern Hemisphere and
with a low ice extent influences flight operations. flight tracks over the Arctic region. The tail wind
For composite maps as in Fig. 4(a), but focusing anomaly from northern Greenland to western Sibieria

the summer case, the Z250 anomaly pattern is differ nduced by European-Atlantic blocking, which
from the winter case in terms of the atmospheric'nﬂ“ences flight opgratlons during vylnter. Alagkan
response to sea-ice decline over the Bering Seq (nd!0Cking events during summer, which result in a
shown), because anomalous snow melting in northerfp€2d-wind anomaly from eastern Siberia to the
Eurasia leads to summer atmospheric circulationc@nadian Arctic Archipelago, impede aircraft from
anomalies (Matsumura and others 2010). Matsumur&'°SSing the central Arctic route, while the tailnds

and Yamazaki (2012) found that large surface hgatin anomaly .from Alaska to eastern Asia i_s favorable fo
associated with early snow melting in northern Bizra (he Pacific route. Our composite analysis demotesira
the impact of blocking events on aircraft routes.
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However, operational and fuel costs must b () 7250 DIFM (Low lce — High lce) (o) CI (DJFM) vs 2250 (DUFM)
discussed before the beneficial operation of figtdn
be considered. Operational costs not discussed he
include the cost of entering another country’sce,
which differs for each country. Previous studieseha
reported that the increased probability of a taihdv
minimizes the total flight time, and reduces thel fand
operational costs (Wiliams 2016, Karnauskas an
others 2016, Kim and others 2016). Based on resiilts
these studies, using the tail wind anomaly fron
northern Greenland to western Siberia and over tt
Pacific Ocean, while avoiding the head wind anomaly
area from eastern Siberia to the Canadian Arctic Fig. 4 (a) Difference maps in Z250 between yeath
Archipelago, would reduce operational and fuel sost low and high sea-ice extent in the Bering Sea for
Hence, the accurate forecast of blocking events is ~ Wwinter (DIFM). . .

. ) ) 0 (b) Regression field of Z250 with Bering Sea
important for aircraft operation over 'Fhe Arctlgm. ice cover in winte

The frequency of summer Pacific blocking events
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Abstract

The global warming due to increases of warming g@sehe atmosphere has well been recognized
in the world. Reducing the emission of £ crucial now for every nation together with iegional
governments. As biomass energy resources, digtang unused woody materials from local forests
will be one of the solutions, as the trees have consumed a greatra of CQ through the lifetime and
they will emit nearly equal amount of G@hen burning, and the G@berated from their burning might
be able to be isolated from the atmosphere inttageioThe economic aspects are always key issue in
biomass energyPutting stress on the economic aspects of biomassyy, the author studied the biomass
fuels for heating units and power plants on itspré state and future prospective, in a localinityokkaido,
northern island of Japan, where cold and frequeatr snowing are typical in winter.

Key words: biomass energy, discarded wood, unused wood, lgegtiwver plant

1. Background forest has consumed a great amount of @@ugh its
Energy shortage such as oil and gas has featuredifetime and it will emit the equal amount of G@&hen
Japan, where the society and industry have longburning and the CPliberated from its burning might
covered it by import from rich countries in natural be able to be isolated from the atmosphere in g#oria
energy. Coal, abundantly reserved in Japan, is anly will have an opportunity to bring great benefitsthe
exception. However, unfortunately, most of coalfdu  environment with some measures to reduce the amount
in deep under-ground layers has been defeateds in itof the emission greatly. The energy stored in wizod
market by oversea cheap ones produced from opencastble to be converted into useful energy by transigr
mines, and even coal has been imported. heat from combustion to hot water, where boileesy pl
Mountainous nature with few long and magnificent key role. Biomass boilers have been developed én th
rivers and narrow continental shelves, has impededvorld as alternative heating source generatorsot c
development of water, tidal and wind forces asdspi  boilers (Saidur and others, 2011, for an instance).
renewable energy. Contrary to the U.S. and othigela Biomass boilers are used for heating buildings;
countries, mountainous country does not directlame industrial premises, central and municipal heating
rich in usable biomass reserves, particularly imaeyo plants, farm building, hotels, operating facilitiesc.
since the steep mountains often bring about relgtiv In Hokkaido, biomass boilers have widely been in
high market prices of those woody products, inuse (Kuboyama, and others, 2004; Official Website
particular, of discarded wood in forests. of Hokkaido Prefecture 2018a, 2018b; Niseko's
The global warming due to increases of warming Towns efforts as an Eco Model city).
gases in the atmosphere has well been recognizéé in Eventually, the forest should be properly managed t
world. Reducing the emission of @@ crucial now for  keep it well in order to sustainable use of biomass
every nation together with its regional governments woody materials, and to prevent illegal deforeetai
through overcoming any hindrance and negativeand any harmful activity, certificate systems skoloé
background. As biomass energy resources, discardetkquested for forest enterprises and performingigsar
and unused woody materials from local forests @l and persons, together with related regulations
one of the solutions, as the trees have consunege&  (Yamamoto and others, 2014).The Sustainable
amount of CQ through the lifetime and they will emit Green Ecosystem Council (SGEC) established in 2003
nearly equal amount of Gvhen burning, and the GO provides a unique certificate system for forest
liberated from their burning might be able to belaged  sustainability, which is oriented toward the peauli
from the atmosphere into storage. As an alternditige  situation in Japan, where afforestation prevaild an
from local forests will be one of the solutions, the number of small size forest owners holds a majanty
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its society. SGEC has controlled the amount ofiloggg  Although fossil fuels have higher calorific valuerp
activity per year and area, ordered forestationieraf kg. and easy to manage, their prices have been
logging, and set up forestation plans and theidroa unstable and fossil fuel resources are of limited
maps to future. amount of resources.

In the wider definitions, biomass includes p previous study investigated the economic
agricultural and food processing wastes as well a%spects of biomass related ecosystems (Bateman

sewage sludge and animal manure. The paper does nghq others, 2011). However, the society and the
take considerations about them. Two clear reasxiss e market discussed in it are different from those of

One of them is t_hat th? amount of thqse fuel SAUICE e present study. The economic aspects are always
could not be available in cities of relatively shsike . S . !
key issue in biomass enerdgyn the economic point

in populations. The other is that the total amooht . . .
disgafded wood over Hokkaido is about 110mi).f of view of energy, the author studied the biomaeisf
for heating units and power plants on its presates

which 40 mil. ni is utilized as biomass energy source at X ; A .
the present. There remains considerable amount ofnd future prospective, in a local city in Hokkaido
discarded woods to be able to alter to active gnerg ~ northern island of Japan, where cold and frequent
There are a few kinds of biomass fuels that comel€avy snowing are typical in winter.
from local forests. They are wood pellets, precisioy
wood chips, green wood chips, and general discarded. Government policiesfor biomass utilization
wood chips. The main differences between themleill in Japan
moisture content, calorific value, bark percentabe, To promote the renewable energy production and
amount of processing each one goes through, and theiomass utilization for heat and power generation,
price as a consequence. The wood pellets, mosgyener Japan has established a number of policies and
dense one, usually contain a moisture between % anincentives. Basic Act for the promotion of biomass
8%, and they are the driest and easiest to manageitilization in 2009, its Amendment(2016) and Basic
However, the pellets need large forest resources anPlan for the promotion of biomass utilization in120
slightly big consumer markets. Discarded wood chipswere aimed to set basic policies on the developroent
will include the byproduct pieces and chips of technologies for biomass utilization. The mosticait
lumbering, which are slightly different from the policy was “Feed-in Tariff Scheme for Renewable
discarded ones in forests. Energy (Ministry of Economy, Trade and
In the local city the present paper discussestHer Industry:METI) which has been implemented since
moment at least, the consumer market is not largeluly 2012, soon after the tragic Tohoku Earthquara:
enough for the pellets to be appropriate for puepasf ~ Fukushima nuclear power plant accident. Since then,
heating and/or power generation. In the discardeddy wood pellet consumption in Japan has grown up.
the bigger ones are the more useful as fuels. Wnen According to FAOSAT in 2016, the domestic
marketable timbers are taken away from the fothst, production of wood pellets in the last five yearasw
bigger ones are usually left in the forest, duthtocost  only 90t, most of which were exported to the maudet
to remove them, and as a consequence, they remain &hina, and relatively high quality pellets, which
obstacles for afforestation in the forest. covered a larger consumption of pellets in Japameh
The biomass fuel resources are found abundant ifpeen imported from Canada, China, Vietnam and the
regional forests in Hokkaido. For instance, theothers.
Official Website of Hokkaido Prefecture(2018b) To prevent illegal logging for wood pellets on the
noted the amount 1,110,00G/gear of them was left sustainable forest principle, the Basic Act for the
in the Hokkaido prefecture. Such large amount of Promotion of Biomass Utilization has a number of
discarded wood left in the forests aroused thedste requirements for wood pellets and the other biomass
of the regional researchers, to generate energy fouse. Some of them are noted as follows:
heat through boilers for the regional societieseylh -Mitigation of global warming,
soon found the transport cost of the discarded wood
from the forests to boilers caused a main hindrance o i ]
in this renewable energy usage, which included -Full utilization of different types of biomass,
secure of transport measures, including preparing -Considerations of environment preservation.
devices to transpothem. The transport measures are Under the Ministry of Agriculture, Forestry and

often ~expensive. Both natl_onal and reglonal . Fisheries’ (MAFF) slogan, “illegal harvested timber
governments support the project by purchasing Mallhould not be used”, the Clean Wood Act went into

particul_ar devices andfor granting suk_)sidies to theforce in 2017, since illegal imports of wood prottuc
enterprisesUp to the present, the society of ‘]apanthrough complex trade routes had not been blocked.

has relied on imported fossil fuels to large extent As to wood chips, the standardizations are stithat

-Revitalization of rural areas,
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development stage, probably due to no notablertgadi content of the wood fuels designated Wy, is simply

market in Japan for the moment. given by

Uw = (W- W) / W x100 in % 1)
3. Methodology whereW, is the mass of the wood fuel in perfectly dried
3.1 Calorific values of wood chips conditions andW is the mass of the one in actual

Among a variety of kinds of tree, Japanese larch,conditions. Heat potential estimations were caroet
abundant in Hokkaido, was focused. Japanese larcfor actually available wood chips, applying the gien
timber is mainly processed for general timber mirke formula (1).

and for paper industry as pulp. Pictures of a foaesl 3 5 \grket prices of timber and fuel oil
discarded wood conditions of Japanese larch arersho Monthly average timber prices are available on the

in Fig. 1. They were taken in Engaru, local t©own in wsin_yyrin Shimbun, timber market newspaper in Japan
Hokkaido, at the time Whgn the National and Private aq t5 the both of fuel prices, the actually paiits by
Forests Meeting was held in this area. the City of Mombetsu were adopted in this study.

The Stylus TG-630 camera (Olympus Tokyo, Japan) These prices are key factors on this theme. Thaule h
was used. Analyses were carried out, using theéndag been a few discussion papers published on thesprice
and IrfanView. before (Yoda and others, 2010, 2011, 2012a and2012
Vesergaard, and others, 2011a and 2011b; Chahal and
others, 2011; Phan and others, 2013; Yoda and sjther
2017). The experience led to adopt the abovemeadion
price system.

A: Deforestated feature

4.Results and Discussion
The trees in Hokkaido have reportedly around 4,000
- 5,000 kcal/kg. The heat potentials oveeal kinds of
wood are available in various reports..Eighows one
of them (Official Website of Japan Woodchip
Manufacturers’Association, 2018). Those data were
‘ obtained by use of a cone calorie meter in comiglete
= e ‘ dry conditions.
AN N Y
C d e 5000
a) warped wood shaft nearby ground, b) twisted part 4500
the middle of shaft, c) bough, d) slender shaftsaie 4000
for pulp, e) thin shaft up to crown and twig
Fig. 1 Japanese larch in Hokkaidmodified
illustrations via Official Website of Hokkaido
Prefecture, 2018c¢)

3500
3000
2500
2000
1500

Calorific Value (kcal’kg)

1000
500

Calorific assessment is crucial for each available O aain  Jmanese | Jdezo  Japmnes | Osk | Japaness
. . . H fir larch spruce beech zelkova
wood chip for boilers. There remain variety of Fig. 2 Calorific valueof several kinds of tree
arguments on standardization of calorific assesswen
wood chips for even wood-burning stoves. Actual
calories of burning wood fuels are dependent on theThe calorific values of trees in the ideal moisture
moisture content of them, and on various factasshs conditions were found of a little difference amaheg
as wood materials themselves, boilers and structofre  kinds of tree.
power plants, including the storage conditions. It has been empirically well known that the heat
In this paper, the author decided to choose thepotentials of wood or wood chips are dependenthen t
calculation method available at the web site ofadlap moisture or water content in them. The traditiotaia
Woodchip Manufacture’s Association 2018. The tell the woods of 20% water content has as much as
calculation scheme, originally for cone calorimgisr  double calorific value to those of 100% contentsne
on the base of perfectly dry wood conditions, aiifto  and the woods within 10-20% water content are ideal
the moisture contains in actual wood fuels evethat for burning for heat generation, while in realitypst of
furnace to some extent. woods for heating have around 30% water content,
The fraction of the evaporable moisture /water except for extreme cases.
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Fig. 5 Monthly oil and wood chips price deviations.

Calorific values in the different moisture conditso Deviations in price of heating oil (black circles),
were obtained by collecting and analyzing thosenope those of fuel oil (white circles), and those of woo
web data, as shown in Fig.3. chips. Squares are as same as in Fig.4.

There has been no reliable data about the
water/moisture contents of each portion of discérde Monthly fuel oil price and wood chip price
wood which is kept in the same natural conditions.deviations are shown in Fig.5. The oil price varied
Boughs and twigs would have rapid responses to théhroughout the year and its trend was of typicadsoim
change of ambient moisture content, that is to say, the regions cold in winter and warm in summer.
rainy days or in dry and windy days. Together ftis, However, it should note that the recent oil pricntls
heat mass volume of boughs and twigs is minor inhave been affected by the global markets and
biomass heating and wood chips are usually stared iinternational political policies.
open enclosures. As far as the timber market concerns, the price of

Taking account of these, in practice, the heatbroad-eaf timber was th highest among tse three
potential of biomass wood chips would be assumed td&inds through the year. The Japanese larch was the
be the value of the market timber approximately, cheapest. The prices of both Sakhalin fir and
probably without choice, particularly in the cask o Japanese larch had similar trends.
feasibility study of wood chips for biomass heatiRy. Discarded wood for power plants has advantages in
3 suggests that the wood chips could have the heagost and emission, although another advantage,hwhic
potential of 3,000 kcal/kg, while fuel oil has 9060 Will accrue to much Dbetter circumstances for
kcal/kg in the EU industry. reforestation, has been never recognized in thoses

The price trends of biomass wood and the price of The disadvantages of the discarded wood chips lye
fuel oil, as a strong competitor in energy marketm with their thermal qualities, in particular, water
the staple of the total costlonthly timber price trends ~contents; depending on the portions of trees while
are available in the Min-yurin Shimbun in 2015. discarded, and natural conditions during the starag

The wood chip price market was found stable Especially in Hokkaido, winter season with snowing
through the year. The wood chips of broad-leafstree lasts six or seven months. The discarded wood @rigps
have the highest price, and a notable differencsisein  kept in wet conditions for a long time.

the prices between the wood chips of broad-leafthad Drying discarded wood chips will be technically gas
others. but it requires the energy for drying and closedagie
9,000 rooms, likely bunkers. Such additional, relativaigh,
5000 | 4 m = w " o ® o m om W o expenditures of energy, equipment and facility @ n
7,000 meet the market principle.
o 8000 The combustion of wood fuels in boilers requires th
Towo| B B B B E B BB B 8 B B invariance of the thermal quality of them to getera
< 400 the maximum efficiency in combustion by easy cdntro
£ 2000 Conversely, boilers need a high capability whemsfu
2,000 of various thermal qualities are stoked up at ramdo
1,000 into the furnaces, and shall meet the safety réignk
o : : - . - - at the same time. Eventually, such boilers arehslig
Month (2015) more expensive than pellet fueling boilers, where

burning dry and nearly homogeneous wood fuels and
being easily controlled, and much more expensia¢ th
oil fueling boilers.

Fig. 4 Monthly price trends of discarded woods.
Broad-leaf trees (back squares in the figure),
Yezo spruce and Sakhalin fir (grey squares),
and Japanese larch (white squares).

10



Yoda

@
S

. If wood fueling boilers are working well for a long

. * .Y . time, without serious slagging and fouling problems
the difference at initial investment could be cctiésl
through the operations over 15 years due to loeepof
fueling wood.

As beforementioned, under the new government
energy policy to reduce carbon emission, local
governments have been demanded to use the discarded
wood for heating units and power plants, where éhos
; ; Y . ; o o biomass materials could be available. Local

Month (2015) governments such as the city of Mombetsu had
Fig. 6 Price trends of wood and oil fughese are established the subsidy scheme for the discardedi wo
actual prices for both heating oil (black dots) and mainly for its processing expenditures. The city of
fuel oil (white dots). Mombetsu, for instance, has granted 300yérsimbsidy
to utilizations of unusable timber materials fore th

The prices in Fig.6 are those of actually paidtly ~ biomass power plant.
city of Mombetsu. Fig. 6 suggests, to protect bissna The Hokkaido Prefectures grant the subsidies fer th
industry, the city had controlled the price of basa  acquisition of boilers burning unusable wood mailseri
wood. and other necessary facilities (Official Website of

The price of 300kW biomass boiler is around 3®—- Hokkaido Prefecture, 2018d). The similar subsidies
million yen in Hokkaido, while in Europe the simila afforded the city of Mombetsu to support a hospital
boilers are available at the price of about 5 willyen. management where biomass boilers are working for

The other disadvantage lies with the process ofheating system.
discarded wood chips from forest to power plante Th  Enlargement efforts of the local consumer’s market
high processing cost of them consequent the woodvould contribute further reduction of the cost aslvas
chips had been discarded in forest until the tifie ototal amount of carbon emission, where the role of
reforestation. proximity dimensions in facilitating biomass power

The author obtained the data as high as 10,00@lants should be demanded.
yen/m?for the processing cost estimations from several
companies. The cost should be added to the tosélodo  5.Conclusion
biomass power plant. Biomass power plant using wood The economic aspects are always key issues in
chips as basic fuels would hardly survive undethsuc pjomass energy. Putting stress on ite tauthor

high cost structure. , studied the biomass fuels for heating units poder
To find and examine another relatively cheap WOOdeants, discussing their present state and future

material had naturally been carried out to solvg ¢bst prospective, in a local city in Hokkaido. There are
problem. They were by-products and residues fromgeyera| problems left in the effective use of biema
wood processing industry (BPS in brief). The author \aiarials. To solve them, the local governments
obtained the market price of those wood mate”alstogether with the local communities will have to
around 1'.000_3'500 yer_ﬁm . assume the executive responsibilities on the bismas
A previous study derived the conclusion by costgqes.
simulations: when the price of BPS in market hovers Since we can no longer leave the nature to
around or goes over 3,605 yer/ithe profit of biomass manage itself under our onslaught, changing the

power plant would be likely to accrue (Nakama anddiscarded or wasted materials to be useful energy
others, 2011). The study also estimated the passibl

highest price about 6,800 yerf/m resources could be_ one step forward _to realize the
The price of BPS materials were lower than thafse healthy nature again as well as sustainable human

discarded wood. In case of the unusable timberschip ~SOCIEty.

the base fuel materials for boilers, the total dost

generation of heat or energy would be considerably

reduced. However, a question arises; whetherleeti ~ ACknowledgements

industry could provide the amount of such materials The author is grateful to Mr. Shuichi Tokusho, a

enough to stable use for the boilers as its baske fiu ~ Manager in the biomass section of the city of

practice, the wood fuels for power plant would be Mombetsu for his warm support. The author would

blends and mixtures of discarded wood and BPS chipdike to extend the author’s deepest thanks to the

Another problem still remains; the cost of boilées  reviewer for his painstaking reviewing work.

them, in comparison to oil fueling boilers.
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Abstract

Syowa Station, Japan’s main Antarctic research,basecated in Litzow—Holm Bay (LHB) This bay
is often covered with very thick multiyear landfést. The Japanese Antarctic research icebrezikiease
Il conducts “ramming” icebreaking operations compgsrepeating backing and ramming, sometimes
thousands of times, in one cruise. In this study,analyzed data for turning in ice while rammindpicah
is a rare occurrence. The turning angle per ramrmpmogedure and the turning radius are correlated wi
the ramming penetration distance. Thus, the reduinee and ice area width for one turn can be egtoh
from the data of the first several ramming tridtsaddition, shortening the approach run lengthrezses
the time required per ramming procedure and thairigrtrajectory and increases the required number o
ramming procedures. To balance these effects, wammpted to reduce the total required time by
controlling the approach run length. It was conelilithat the best operation to reduce the turning is
to use an approach run length that is sufficierddioieve high impact velocity, unless the brashricine
broken channel significantly prevents the shipteasmovement.

Key words: icebreaker, ramming, turning, maneuverability,igation support
1. Introduction investigated straightforward ramming performanceg. B

Syowa Station, Japan’'s main Antarctic researchcontrast, only some studies (e.g., Nozawa, 2008 ha
base, is located in Lutzow—Holm Bay (LHB). This bay investigated turning performance with continuous

is often covered with very thick multiyear landfast. icebreaking, and little is known about turning raimgn
While icebreakers can usually navigate with cordii  performance because this operation occurs rarely.
icebreaking, the ramming operations (i.e., backing Owing to the low frequency of turning ramming

ramming) are required in areas where the ice tléiskn operations, valuable data can be obtained fromipheilt

exceeds a certain level. In this operation, anreser  turns with ramming by the same icebreaker. In this

repeats the following procedure: study, we investigate the turning ofhirase to

1. Move astern for an approach run determine principles for conducting more efficient

2. Accelerate using a channel (made by the previoudurning and to provide information for navigation
ramming operation) and impact on ice at high planning.

speed
3. Penetrate using kinetic energy and propulsion2. Method
thrust Table 1lists the main dimensions @&hirase (for

This procedure requires significant time and flrel.  other specifications, refer to Yamauchi and Mizuno,
LHB, the Japanese Antarctic research icebreakeR009). Shirasés navigation data is recorded using a

Shirase |l (hereafter called Shiras¢ sometimes ship-monitoring system (SMS) that records basic
conducts thousands of ramming operations in onenavigation information including GPS location
cruise. (accuracy: < 10 m), ship motion, steering anglel an

During navigation under very heavy ice conditions, engine power (Yamauchi et al., 2011). Navigatiotada
icebreakers sometimes need to turn during rammingf four turns from the last nine years are extmhcte
operations. Shirase has made 180° turns during analysis (Table 2). The ice thickness valudy (
ramming operations in both the 2012/2013 andobserved during the turns are shown in the table as
2017/2018 cruises. Turning by 180° during ramming guides; they are roughly estimated by image analysis of
operations can require half a day or more, so itsphotos taken with a compact digital camera
efficient execution is important. (2012/2013) and by unaided visual observation

Many studies (e.g., Daley and Riska, 1990) have(2017/2018). Slash-delimited numbers indicate
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observed samples. Image analysis is conducted based
on the same principle as the video method conducted
since 1988 (Shimoda et al., 1997). However, it is
considered less accurate than the video method because
the compact camera was not fixed, which may have
caused large variations in observed values. Although
the ice thickness may vary during a turn, we did not
consider this in this study because of the lack of
high-precision data with high sampling density.

The inner part of LHB contains “landfast level ice”
(Turns 1-3) of high and stable thickness. Furthermore,
“Hummock ice” of variable thickness develops on the
ice edge.

Table 1. Main dimensions of Shirase
(Yamauchi and Mizuno, 2009)

Overall length 1380 m
Length of water line {1260 m
Maximum breadth 280 m
Depth 159 m

Table 2. General descriptions of analyzed turns
Ice thickness (m)

Season Ice feature

Turn 1 |January, 2013 |Landfast level ice 26/4.0
Turn 2 |February, 2013 |Landfast level ice 42/44/52
Turn 3 |January, 2018 |Landfast level ice 17/2.1

Turn 4 |February, 2018 |Hummock ice near ice edge [2.1/2.2

The navigation data is analyzed through the three
steps described below.
1) Ramming section extraction and characteristic
parameter calculation for each ramming procedure
In this study, one ramming procedure is defined from
starting astern movement to stopping the ship body
after penetrating the ice. Fig. 1 shows an example of a
ramming procedure extracted from SMS data. The shaft
speed and rudder angle are the average of two values. A
ramming procedure is decomposed into three phases:
A) Astern
This phase is defined from stopping the previous
ramming procedure to starting the next approach run,
including a few minutes for reversing the engine
rotation. The ship speed is controlled carefully to avoid
collisions with the ice, typically by changing the shaft
speed at a rate <120 rpm to maintain a velocity of <1.5
m/s. The rudder is kept neutral during astern movement
to avoid damage, and the traveling direction is
controlled by changing the balance of the left—right
thruster output. For typical ramming navigation of
Shirase, the astern distance (identical to the approach
run length discussed below) is ideally 300 m. The
actual astern distance must sometimes be shorter
mainly because brash ice fills the channel and reduces
the efficiency of astern movement. The astern distance
can also be reduced intentionally when ramming
partially weak or cracked ice. Such operations are often
used with hummock ice.
B) Approach run
After the astern movement phase, the ship accelerates
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with high engine power through the channel. In the
present analysis, Shirase’s regular operational speed of
137 rpm was used for all but two cases. The rudder
angle is controlled to follow the channel shape and then
strongly turned in the direction of turning so that the
ship collides with the side of the previous ramming
print, which has a curvilinear triangular shape.

C) Penetration

After colliding with the ice edge, the ship penetrates
the ice under high engine power. The rudder is kept
neutral or at a small angle to reduce water resistance.
This phase is defined as ended when the ship is at a
complete stop for 5 s.
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Fig. 1 Typical change of velocity, engine power,
and rudder angle during ramming

First, we define the impact velocity (V). Because
the exact time at which the ship impacts ice is difficult
to identify, in this study, we assume that the velocity is
maximized when the ship impacts ice. Thus, the impact
velocity is defined as the maximum speed during each
ramming procedure. Vance (1980) noted that the impact
velocity increases with the approach run length (L)
although it reaches a specific impact velocity with a
sufficient approach run length. Through field
experiments with the USCGC Katmai Bay icebreaker,
Vance (1980) also suggested that the impact velocity
converged to its maximum after accelerating for 2.5—
3.0 ship lengths. For Shirase, the impact velocity is
controlled at <5—6 m/s to maintain sufficiently low ice
pressure on the ship hull. The approach run length
needed to achieve this impact velocity is 300—<400 m,
that is, 2.5-3.0 ship lengths.

Second, we define the penetration distance (D) as
the distance between the impact point and the ship
stopping point. This variable is often used to indicate
ramming progress on site. The penetration distance
varies with the ice condition and impact velocity.

The turning angle (®) is defined as the difference in
heading between the first and the last ramming
procedure during a turn. It represents the total
displacement angle of the turn; it varies between cases
because the selected turns do not necessarily reach 180°.
N denotes the required number of ramming procedures,
and the turning angle per ramming procedure (0) is
calculated as G/N.
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2) Projection of ramming positions to X—Y plane

The GPS position of the ship stopping point for each
ramming procedure is extracted from the above
ramming datasets and projected to the X—Y plane. The
longitude and latitude are taken as the X- and Y-axis
directions, respectively, with north and east being
positive.

3) Calculation of turning circle and its radius
The turning circle is approximated by nonlinear
least-squares fitting as the trajectory of each turn. Its

radius is calculated and defined as the turning radius (7).

Although the trajectory of a continuous icebreaking turn
is rarely a geometrical circle, we assume it to be a
geometrical circle for ramming turns.

3. Results and discussion
3.1 Turning features

Table 3 shows the statistics of each turn. The
ramming positions and fitted circles are plotted
concentrically in Fig. 2. The subscript av denotes the
averaged values for the turn.
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S C205 Tum 3
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— # /./""a \
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> k \'L aﬁ§ /
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-1000 g E
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X (m)

Fig. 2 Concentric plot of ramming endpoints and
fitted circles for four turns

Table 3. Statistics of four ramming turns

N |r (m) |Vav(m/s)|Dav(m)Lav(m)|O (deg) |6 (deg)|h (m)
Turn 1 15 164.7 73 104 264 52 34/26/4.0
Turn 2 | 143| 2572 6.6 52 158 158 1.142/44/52
Turn 3 39| 6979 9.0 118 292 142 3.6[(1.7/2.1
Turn4 | 35|10123 6.6 143 201 179 5.1[2.1/22

Table 4 Maneuverability test results with continuous
icebreaking (analyzed by the University of Tokyo,

not published)
s Estimated | Ice/snow | Velocity Engine  |Rudder angle
cason radius (m) | thickness (m) | (m/s) |power (rpm) (deg)
December, 30
Exp. 1 2009 560 07~10/03 | 4~45 137 (partially 15)
Exp. 2 | February, 760 03~05/0 | 2~4 95 30

2010

The turning radii clearly vary. For two experiments
conducted in 2009/2010, the turning radii during
continuous icebreaking were 560 and 760 m,
respectively (Table 4). The present study shows that the

turning radius during ramming sometimes becomes
smaller than that during continuous icebreaking.

Fig. 3 shows the quantitative relation between D and r.
The turning radius increases with the penetration distance.
The figure shows the regression formula and its correlation
coefficient R. Despite the low number of samples, it is
expected that the turning radius for an area can be roughly
estimated by conducting several ramming procedures and
calculating their penetration distances.

1250
y = 7.992x - 300.1

(R = 0.78)

-
o
o
o

750
500
250

Turning radius (m)

50 100 150 200
Penetration distance (m)

Fig. 3 Relation between penetration distance (D) and
turning radius (r)

Because thicker ice reduces the penetration distance,
the turning radius decreases with increasing ice
thickness. However, Nozawa (2006) noted that the
turning radius with continuous icebreaking increases as
a function of ice thickness. The results of the present
study are not consistent with this previous report. Here,
we discuss the reason for this inconsistency by focusing
on the unique features of ramming.

All ramming tracks of Turns 2 and 3 are plotted in
Fig. 4 in different colors. The GPS data during
penetration only are plotted. This shows that each
ramming track is a nearly straight line throughout the
turn. In particular, 20 and 10 consecutive ramming
examples are extracted from Turns 2 and 3, respectively,
and plotted in Fig. 5. This shows that during penetration,
the tracks are like straight lines with slight changes in
heading angle, although slightly curved tracks are seen
in Turn 3.
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Fig. 4 Tracks during penetration. Red dashed-line
circles denote extracted areas shown in Fig. 5.
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Fig. 5 Tracks during penetration (20 and 10
consecutive ramming procedures from Fig. 4
extracted for magnification.)

The relationship shown in Fig. 3 can be explained as
follows. The turning angle is mainly achieved during
the approach run and less so, if at all, during
penetration. Therefore, longer penetration distances
expand the tracks outward, thereby lengthening the
turning radius compared to that in gradual (short
penetration distance) ramming.

If this holds under all conditions, it is possible that
the longer penetration distance does not contribute to
the efficiency of a ramming turn. In fact, gradual
ramming with shorter penetration distances may be
more efficient because of the shorter trajectory. It is
critical to determine whether the turning angle is
achieved to any extent during penetration.

To discuss this more quantitatively, the time series
data of the ship’s yaw rate and velocity are shown in
Fig. 6. Each line represents each turn, as obtained by
averaging each ramming procedure after aligning the
procedures such that the impact timing on the ice is 0 s.
The turning direction is considered positive for the yaw
rate plot of each turn. The yaw rate is clearly
maximized during the approach run, and it decreases
rapidly after impact. This is attributed to the ship
bouncing from the ice edge. The yaw rates of Turns 3
and 4, which have long penetration distances, remain
positive for a while. Although the yaw rate does not
necessarily coincide with the angle of the navigation
track, it implies that some of the turning angle can be
achieved during the penetration phase. However, the
amount is smaller than that during acceleration, such
that the turning radius is increased, as in the discussion
following Fig. 5.

For greater clarity, the turning angle per ramming
procedure 0 is calculated for each turn by dividing the
total change in angle by the number of ramming
procedures. The result is shown in Fig. 7, with the
penetration distance plotted on the horizontal axis.
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Fig. 6 Averaged yaw rate change and velocity
change during ramming for each turn
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Fig. 7 Relation between penetration distance (D) and
turning radius per ramming procedure (0)

The result shows a clear positive near-linear
correlation between the penetration distance and the
turning angle per ramming procedure. It can be
expected that the required number of ramming
procedures to achieve a certain change in angle can be
estimated from the penetration distances of several
ramming trials, thus yielding the total time required for
turning. Because the penetration distance can be
observed and calculated easily on site and in real time,
this is considered useful for navigation planning.

3.2 Discussions on efficient turning

Next, we attempted to improve the efficiency of the
turning operation based on the above results. The
conceptual diagram is shown in Fig. 8.

V. D:
Impact Penetration
velocity (m/s) distance (m)
L:
Approach run R
length (m) Turning angle

1 per ram (deg)
Required time

per ram (min)

T:
Total required
time (hour)

Fig. 8 Conceptual diagram of calculation
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The approach run length (L) is chosen as the
predictor variable. The navigation officer can control
this easily by changing the timing to stop the astern
movement. The total required time (7) is defined as the
total time required for turning by a certain angle, which
is the objective variable to reduce. When we consider a
turn of ®, T can be decomposed into the following
equations:

T =1(0/8)"t €y,
0 = dg D + be (2)
D = dap V + bD (3)
V = dy - L + bv (4)
t=a-L+b (5

Therefore, T can be expressed as an equation of only
one variable L:
@ " (at " L + bt)

T =
ag'(aD'(av'L+bv)+bD)+be (6)

Here, a and b with subscripts denote constants, and ¢ is
the time required per ramming procedure during the
turn. Tatinclaux (1992) noted that the penetration
distance D is a linear function of the impact velocity 7,
although the relational expression varies for different
ice conditions. The coefficients of the relational
expression are calculated for the four areas of turning,
as shown in Fig. 9. At this time, it is difficult to identify
a tendency between the ice conditions and the features
of the regression lines.

We assumed that the dependency of 6 on V' can be
calculated from the relations shown in Fig. 7 and Fig. 9.
Though the above discussion indicates that changes in
V affect D and thus 6, it is also possible that this effect
is small and that the relation shown in Fig. 7 is largely
due to the effects of ice condition differences on both D
and 6 separately. For an accurate calculation, the
contribution of V to 0 should be quantified without ice
condition differences. Because of the shortage of data
for such quantification, we assumed that the regression
formula shown in Fig. 7 is applicable to the change in
D accompanying the change in V. Considering this
uncertainty, we calculated seven scenarios: relational
expression of the original regression line, 20%
raised/inclined, 10% (of average of four turns) parallel
upward/downward shifted, and 20%
increased/decreased uniformly (Fig. 12).

V and ¢ change depending on L. The relation among
V, t, and L is calculated in the same manner as above.
Preceding icebreaking tests of Shirase (2010/2011,
result not published) suggested that the relation
between L and V was linear and that the relational
expression did not vary significantly for different ice
conditions. This is justified because the icebreaker
passes an open water channel during the approach run.
The results of the present analysis agree with this report,
as shown in Fig. 10. However, the correlation between

L and ¢ varies for the four turns (Fig. 11). This is
attributed to effects on the relation by brash ice
coverage in the channel generated by the icebreaker
itself. The quantity of produced brash ice is greater in
thicker ice areas (i.e., Turns 1 and 2). If the brash ice in
the channel is increased, the ice resistance is increased,
and thus, the required time per unit length astern
distance is longer. Therefore, it is reasonable that the
regression lines of Turns 1 and 2 (thicker ice areas) are
steeper than those of Turns 3 and 4 (thinner ice areas).
In the regression analyses, some irregular ramming
procedures are removed:
1) Extreme penetration distances despite low impact
velocities
Two ramming procedures with penetration distances
>200 m are removed from Turn 3. Such ramming
procedures can be caused by partially thin ice, though
the actual cause has not been identified.
2) Low engine power
Two ramming procedures are performed at low velocity
because low engine power is used.
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Fig. 9 Regression analysis between impact velocity (V)
and penetration distance (D)
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Fig. 10 Regression analysis between approach run
length (L) and impact velocity (V)
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Fig. 13 Estimated total required time (7) and its
dependency on approach run length (L). Actual
time—length point for each turn is indicated by a star.

By using the relational expressions mentioned
above, T is calculated for various L values in the
feasible range of 100—400 m. The results are shown in
Fig. 13 and Fig. 14. These estimations are compared to
the actual required times and averaged approach run
lengths.
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Fig. 14 Estimated total required time (7) and its
dependency on approach run length (L) — scenarios
of 20% inclined/10% lifted (parallel upward shift)
from the original D— equation. Actual L-T values
are indicated using stars.

In the scenario with the original D—f regression
lines (Fig. 13), T decreases monotonically with L for all
four cases. The actual data lies almost on the lines,
indicating the reliability of the calculation scheme. The
result implies that the approach run length should be
increased for a time-efficient turn.

However, Fig. 14 shows that the L-T correlations
for Turns 1 and 2 change from negative to positive in
two scenarios whereas for Turns 3 and 4, they are
negative for all three scenarios. The scenarios not
plotted in this figure are all decreasing functions. The
reason for this is explained below.

The conditional expression for 7 as a decreasing
function of L is

dT<0
E_

By calculating this using equation (6), we obtain:

(7.1)

—apayagby+acbg+ apagagby+ aragbhp <0
(7.2)
Here, we conducted a sensitivity study as follows:

1) The average and standard deviation of each
coefficient were calculated for the four turns. For
agand bg, the value itself is used for the mean
value and 50% of its value is substituted for the
standard deviation as a guide.

2) The standard value is calculated by substituting the
averaged coefficients into the left-hand side of
(7.2).

3)Each coefficient is increased by its standard
deviation while holding the others constant, and the
difference from the standard value is calculated for
each coefficient (hereafter defined as sensitivity).

The results are shown in Table 5. It shows that b,
has the greatest influence compared to the other
coefficients. This suggests that the L— relation has the
greatest contribution to the shape of the L—T curve.
Here, we must consider that b, changes depending on
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a; in the process of regression analysis. This
complication arises because the linear model
assumption is not applicable for small values of L (<
100). Theoretically, ¢t at L = 0 should be constant
regardless of ice conditions.

Based on the above discussion, the results shown in
Fig. 14 can be explained as follows. In Turns 1 and 2,
heavy ice conditions yield regression lines with larger
a; and smaller b; (see discussion on page 17), thus
making d7/dL positive.

Table 5 Sensitivity of dT/dL to each coefficient
at be av bv an bp ae be
001 |-11.36] 0.00 | -0.28 | -0.13 | 0.21 | 0.00 | -0.02

These results suggest that the approach run length
should be lengthened for time-efficient turns, especially
when brash ice coverage in the channel is low and the
approach run length can be increased relatively freely.
However, this does not always apply if brash ice fills
the channel.

For predicting the total required time, Fig. 13 and
Fig. 14 show that the total time changes by up to 50%
depending on the approach run length. Again, if the
brash ice prevents a long approach run, the turn may
require more time than that predicted using the relation
shown in Fig. 7. Further studies are required for the
practical prediction of the total required time for
turning while ramming.

4. Conclusions

The turning performance under ramming operation
is investigated by analyzing data from four turns
conducted in actual ice-covered sea. As a result, the
following features of ramming turns are obtained:

+  The turning radius increases almost linearly with
penetration distance.

+  The turning angle per ramming procedure increases
with the penetration distance despite the longer
trajectory.

+  The total required time for turning decreases with
increasing approach run length for 100400 m runs,
unless brash ice significantly prevents the ship’s
astern movement.

Based on these results, the following navigation
guidelines for ramming turns are suggested:

+  To reduce the turning time, the approach run length
should be increased unless brash ice significantly
fills the channel.

+  For an icebreaker that is forced to turn in a narrow
area, it may be effective to shorten the penetration
distance to achieve small turns.

« It is expected that the total required time for
turning can be estimated using the penetration

distances of the first several ramming procedures
during a turn, although this method has low
reliability based on the results of the present study.

To confirm the validity of the analysis, a field
experiment of two turns in one area with varying
approach run lengths is desired. In addition, turns
performed by other icebreakers must be investigated to
generalize the results. It has already been suggested that
the turning performance during continuous icebreaking
varies depending on the shape of the ship (Nozawa,
2006; Sazonov, 2011).
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