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WATER RESOURCES DEVELOPMENT 

FOR 


HIGH ARCTIC COMMUNITIES 


ABSTRACT: 	 This research indicates that present methods of 
water supply and sewerage for high arctic commun
ities are inadequate from the point of view of 
health, aesthetics and economics. This thesis 
examines these present methods and their problems. 

Field work was conducted in three communities of 
the Eastern Canadian Arctic. Data were collected 
with regard to, - the biological quality of the 
drinking water and raw water sources, the quanti 
ties of river water available, the soil conditions, 
the construction equipment and generating capacities 
of the small communities, water consumption, and 
the sizes and types of storage tanks within the 
communities. 

In order to improve existing conditions, an en
tirely new method of water supply is developed
in which water is intermittently distributed 
through electrically traced pipes to storage tanks 
within all the buildings. Computer programs are 
presented which will optimize the design on the 
basis of net annual cost. The related problems
of water quality, power supply and sewerage are 
also examined and social, health and aesthetic ef
fects are considered. 

The results are novel in many respects: Distributed 
storage allows the use of very small diameter pipes
and results in very low capital, construction and 
operating costs. 
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1 INTRODUCTION 

1.1 Purpose 

In southern communities the optimal design of water 

supply and sewerage systems is dependent on many inter

related variables including water quality, flow rates, 

pipe sizes, ground elevations, energy grades, and govern

ment regulations. In communities of the far north such 

designs are further complicated by permafrost, severe cli

matic conditions, thermal requirements, the high cost and 

scarcity of skilled labour, and the lack of a continuous 

water supply. 

It is the purpose of this study to clarify these 

problems, to investigate the experience gained over the 

past fifty years towards salving them, and to present re

commendations and computer programs which will aid in pro

viding optimal or least cost solutions •. 

1.2 ·Scope of Study 

This dissertation is the third in a series of M.Sc. 

~tudies in a research project undertaken in the Arctic by 

Dr. William James. The area of study was Eastern Baffin 

Island in the Northwest Territo~ies, in and near the com

munities of Apex Hill, Frobisher Bay, Pangnirtung and 

Broughton Island (Fig 1). The earlier two studies (by 
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A.R. Vieira-Ribeiro and Lance Maidlow) presented computer 

simulation models and related computer methods for estima

ting river flows from arctic watersheds. Such models are 

useful for predicting river flows from a given set of 

physical conditions or for calculating maximum probable 

flows and water levels, and so on. 

This thesis studies the problems of water distribution 

and sewerage in the communities of the high Arctic and de

velops new approaches and computer aids for the solution 

of the problems. 

The data gathered on Baffin Island over the course 

of three years includes: 

a) .climatological data 

b) stream flows 

c) topographical data 

d) present state of water and sanitation services 

e) present conditions in housing 

f) chemical and biological quality of raw water 

sources and domestic supplies 

g) soils analysis 

Streamflow records were obtained for the Apex River 

near Frobisher Bay, the Kuruluk River on Broughton Island 

and the Duval River near Pangnirtung. This was done in 

co-operation with Water Survey Canada and the Northern 

Canada Power Commission and the data were incorporated in

to their records. The water quality of these rivers and 

their sources was also measured. 
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An investigation of existing literature on Northern 

Engineering was made to suppl.ement these data. Other work

ers, such as G.!L Heinke [47, 64], Amos J. Alter[ 2, 3], 

and Jack Grainge t 43, 45 J have carried out a number of ex
tensive investigations into the existing conditions and 

problems of municipal services in the far north. Their 

work and that of the various engineering firms that have 

suggested design solutions [9, 38] was found to be invalu

able as a basis and a guide for much of the work in this 

thesis. The problems of northern water supply and sewerage 

were also presented as design projects in fourth year Water 

Resources Engineering courses at McMaster University. The 

research, designs and cost analysis in these reports were 

of some assistance as well. 

This study is the only one that encompasses hydrology, 

water quality, socio-economic factors, soil tests, and arc

tic construction practices and to offer validated computer 

optimization procedures. 

1.3 Perspective 

In assessing the value or benefits derived from a spec

ified system of water distribution or sew~ge disposal, con

sideration should be given to health benefits [8], aesthetics, 

sociological implications [63], convenience, the environ

ment, energy requirements and to water quantity and quality. 

Many communities of the high arctic experience serious dif
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ficulty in some or all of these areas [ 47]. 

The Government of the Northwest Territories has set 

standards for the quality and quantity of the water sup

plied to each consumer and for the methods of disposing 

of sewage and garbage. Table 1 summarizes the standards 

of water supply. 

It is desirable to "clean up" the communities and 

yet to provide methods which are simple, dependable, 

operable and maintainable by local personnel. Energy 

requirements should also be carefully considered since 

energy supplies are both finite and expensive. Finally, 

care must be taken to protect the fragile northern environ

ment from a population which is becoming rapidly more 

urbanized, industrialized, affluent and numerous [611. 

A number of existing conditions thus influence the 

solutions to the problems of water supply and sewerage. 

These include the quality and quantity of the raw water 

sources, the topography, the characteristics of local 

soils, conditions in housing, existing installations, 

climate, the habits and attitudes of the people and the 

state of present technology. These are investigated as 

fully as possible before attempting to make any recom

mendations and designs, or determining procedures for 

optimal solution. 

1.4 History 

Traditionally, in the smaller communities of the far 
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TABLE 1 

Summary of Hater Supply Regulations 

-Government of the N.W.T.

Bacteriological Water Quali~ 

a) The arithmetic mean of the coliform concentrations shall not exceed 

1 21 per 100 ml for either the MPN or the MF method. 

b) 	 If, by either the MF or MPN method, the total coliform density is 9 

per 100 ml or greater then additional samples shall be taken until at 

least 2 consecutive samples show the water to be of satisfactory 

quality. 

Physical and Chemical Quality 

Parameter Upper Limit 

Turbidity 5 units 

Colour 15 units 

Odour (T.O.N.) 3 mg/1 

Chloride 250 mg/1 

Flouride3 1.7 mg/1 

Iron 0.3 mg/1 

Nitrate 45 mg/1 

Sulfate 250 mg/1 

Total dissolved solids sao mg/1 

~he most probable number method. 

2The membrane filter method. 

3Flouridation is recommended with a residual of 1.2 to 1.5 mg/1. 
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north, the people have obtained water wherever they 

could find it and by whatever means available. Simil

arly, garbage and sewage was disposed of with least 

effort and little planning. Increased government assis

tance and the development of cold climate tracked ve

hicles has led to the method of hauling water by truck 

from the nearest available safe source and storing it 

within the houses. Dump sites were selected and garbage 

and sewage hauled to these locations for incineration or 

burial, usually without separation. In most small com

munities the Department of Public Works supplies the 

vehicles and maintains them, but the contract for labour 

is awarded tn the lowest bidder. In the larger centres 

it is the responsibility of the Hamlet or Village to sup

ply water and remove sewage and garbage. Policy has dic

tated that services should increase in quality as popula

tion increases. This is largely due to the fact that ser

vices become less expensive on a per capita basis for larg

er populations, since the total distance travelled per per

son served is less. The use of townhouses or apartment 

blocks is greatly advantageous with respect to supplying 

water services and heating. In larger centres the level 

of service is raised through the use of utilidors or re

circulating water mains. Utilidors are enclosed conduits, 

usually raised, which carry most or all of the essential 

services from a central location to the buildings within 
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the community. They utilize the heat lost from the heating 

supply to protect water and/or sewer mains from freezing. 

Recirculating systems add heat to the supply mains from 

heat exchangers and the supply is then fed to electrically 

traced service connections or to constant flow connections 

which may operate with pitorifices (Fig. 2). 

. . Fig. 2 RECIRCULATING MAIN WITH PITORIFICES 

to house 
connections 

//// 

X 

t 
~ 

~ constant 
-"l 

fl 0\'1 

supply mainpitorifices 

Presently the N.W.T. Government is attempting to ex

pand and upgrade services in both the large and small pop

ulation centres, with more careful attention being given 

to providing proper treatment and waste disposal. For 1975 

the budget for water supply and for garbage and sewage 

disposal is set at one hundred million dollars, to help 
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achieve these goals [ 36]. 
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2 	 BACKGROUND REVIEW 

2.1 	 Methods of Water Supply for Communities in the 

High Arctic 

2.1.1 Introduction 

The conventional method of distributing water in 

buried pressure mains is ~ot possible in the arctic envir

onment since the ground is permanently frozen to great 

depths and thus the pipes freeze and rupture. Therefore 

a large variety of other methods have been, and continued 

to be, developed. A complete description and evaluation 

of all the methods can be obtained from various references 

[67~ 49, 64, 2, 53, 4, 65, 47,1 and hence only a limited 

summary is undertaken in this thesis. 

Many communities lack any water supply system at all 

and the individual is left to his own resources. Others 

employ systems encompassing several techniques, such. as the 

settlement at Cape Dorset where water is supplied to a 

centrally located water storage tank through an electrical

ly heated, insulated pipeline which is drained between sup

ply periods. The water is then trucked from this tank to 

individual storage within the homes [69]. 

In many high arctic communities water is usually very 

scarce [26, 2, 74) and therefore systems which bleed off 
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water are undesirable. The construction of utilidors is 

very costly in capital expenditure and maintenance costs 

[37J, and the above-grade utilidors impede free movement. 

Trucking has also proven to be expensive and does not offer 

a satisfactory level of service at present [35, 38J. The 

two most promising low-cost alternatives may be recircu

lating systems and intermittent pumping systems. The de

sign of these systems incorporates many variables such as 

insulation thickness, heat input and storage requirements. 
I 

Therefore these designs are suitable for computer optimi

zation. Such an optimization would help to determine the 

least-cost system without increasing the complexity of 

its construction or operation. 

2.1.2 Trucking 

The most common method of supplying water in small 

communities is through the use of water trucks [471. 

Where roads are available and where these roads are clear 

in winter, tire trucks may be used. The latter are less 

expensive and faster than the tracked vehicles, but snow 

conditions, the lack of snow removal equipment and the 

rough terrain often necessitate the use of tracked vehicles 

in many communities. 

The method of trucking water has sever~l adVan~ 

tages: it does not require skilled labour and it ~reates 

employment opportunities. 
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There exist a number of disadvantages as well. 

The cost per gallon of water delivered is high since 

the vehicles are expensive to purchase and deliver [38, 

35, 25]. Since the vehicles traverse very rough terrain 

in adverse weather conditions, they incur high mainten

ance costs [29, 25]. Furthermore the conditions of the 

terrain and cli~ate impose very low maximum speeds on 

these vehicles, usually about 10 to 15 miles per hour, 

which further increases the cost of the delivered water 

[ 2 9 J. 

Water costs are 2¢ to 6¢ per gallon depending on the 

haulage distance, and the speeds attainable. For Pang

nirtung the cost is 2.2¢ per gallon and for Cape Dorset 

the cost is 5.5¢ per gallon [38]. Trucked water service 

usually requires that a man enter the house to fill an 

open container which is frequently replenished but sel

domly cleaned [ 66, 29]. Water thus supplied is usually 

not treated and may become contaminated during or after 

distribution [29, see also Table 10]. In the event of 

vehicle breakdown, down-time is usually about three to 

six weeks (D.P.W. records, Frobisher Bay, 1974). Such 

vehicle breakdowns are quite frequent and since many com

munities have only one truck, there are often periods in 

which there is no water available other than that which 

the individual obtains from melting ice and snow. Final

ly, this method of service offers little fire protection, 

since the trucks are not equipped with fire hoses and are 
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just as likely to be empty as full when a fire breaks 

out. 

2.1.3 Recirculating Systems 

Recirculating systems balance heat input with heat 

losses to prevent the distribution systems from freezing. 

In the dual-main recirculating system a high pres

sure feed main supplies water to service connections which 

pass through the houses and out to a low pressure return 

main which collects the water for reheating. The occupants 

are then able to draw water from the· service connection. 

The system is costly because piping is doubled and continu

ous heat input is required. 

A later development uses a single main in which the 

velocity of the water is used to obtain a pressure differ

ential across the service connection. This is done thro~gh 

the use of pitorifices, two of which are required for each 

connect i on , a s s how n i n F i g. 2 . 

These systems are all able to use waste heat and con

ventional heat exchangers. Energy obtained directly from 

the combustion of fuel is five to twelve times less ex

pensive than electrical energy [69]. Howeve~ since a stop

page of flow or heat input can be fatal to the entire net

work, electrical tracing tape or a similar insurance measure 

is sometimes recommended [2, 62]. 

The advantages of recirculating systems are that the 
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pipe may be buried providing care is taken to prevent 

excessive movements of the foundations or pipe bedding. 

Also, adequate and controlled water treatment can be 

provided at the main pumping station and the need for 

domestic water storage tanks is avoided. If construct

ed and operated properly, mainteriance costs can be low 

and thus h~lp to justify the high capital costs. In 

addition, fire protection is easily furnished. 

The disadvantages are the high capital costs and 

substantial energy requirements. It is importantcto . 

optimize between insulation protection and heat re

quirements. 

2.1.4 Intermittent Pumping 

Intermittent pumping is another term for a pulsed 

water supply. In this method, heat is supplied to the 

distribution pipes only for relatively short intervals 

of time, during which water is pumped to storage tanks. 

Between supply periods the pipe remains unheated and 

is drained to prevent rupture. The pipe is normally 

insulated and placed near grade; and heat may be applied 

either to the water or the pipe or both C2J. For long 

lengths it is necessary to preheat the pipe and then 

keep it warm in order to prevent ice plugs. In most 

applications electrical heat has been used. Heating 

cables may be placed inside the pipe, the pipe may be 



15 

used as a heating element or as return conductor, or 

tracing tape can be placed outside the pipe within a 

layer of insulation [2]. While these methods of pump

ing water have been used mainly at arctic work camps, 

DEW line stations and airbases, they have also seen 

application at villages such as Point Barrow, Alaska 

and Cape Dorset in the N.W.T. [2, 47]. It appears that 

in all applications water has been supplied only to cen

tralized storage tanks from which some other form of 

distribution was necessary. Small service connections~ 

filling storage tanks within the houses, have not been 

attempted by this method. 

The disadvantages are that substantial movements of 

the pipeline occur, due to thermal expansion and contrac

tipn, and that insulation must be carefully protected 

from water and physical damage. Also, electrical energy 

demands are substantial and may require about one-fifth 

of the peak electrical demand of most communities. Elec

trical energy is expensive, but the waste heat from the 

generators, if conveniently available, can have valuable 

application in the heating of buildings and/or water sup

plies [64J. 

This system does offer reduced costs for a high level 

of service. Small diameter pipes may be used and little 

piping or heat is wasted for supplying return mains or 

completing loops. Decreases in overall pipe surface area 
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also results in savings in energy costs. Where sufficient

ly large storage tanks are used, the total running time of 

the pipeline becomes relatively small and thus there are 

large savings in energy over alternate systems. Since 

pipes are usually empty and at ambient temperature, they 

do not seriously disrupt the frozen state of the ground, 

nor do they seriously corrode, and there is a great deal 

of slack time in which to make repairs or adjustments. 

Small diameter pipes are more easily repaired and re

placed. Adequate and controlled treatment becomes at

tainable by this method and water wasted due to drainage 

is normally less than ten percent of the total amount 

supplied. Finally, storage tanks are already available 

in many northern homes and thus a pulsed system is more 

easily introduced. Capital costs are accordingly also 

reduced. 

2.2 Water Quality 

2.2.1 Introduction 

To-day, an adequate supply of safe, clear water is 

not considered a luxury or convenience, but a necessity. 

Water quality is probably the most important factor in 

public health. Not only should it be safe to drink, but 

there should be an adequate supply for bathing and wash

ing. In high arctic communities, disease has often been 

related to the poor quality or lack of water [30, 32, 8]. 
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Data and observations presented in section 3.3.5 of this 

thesis confirm the poor standards of present water sup

ply methods in the Arctic. 

Considerable amounts of work have been expended in 

determining practical parameters and limits for the meas

urement of water quality. The Canadian Public Health 

Association periodically reviews developments in the sci

ence of water quality and sets standards and objectives 

(19]. The goals of these standards are that domestic 

water supplies be free from pathogenic organisms and 

their indicators and from deleterious chemical substances 

and radioactive materials; that it be palatable, aestheti

cally appealing and devoid of objectionable colour, odour 

and taste; and that it be not excessively corrosive or 

hard so as to damage distribution and storage facilities 

and domestic utensils, or waste soap C19J. The Canadian 

Public Health Association recommends that the World 

Health Organization International Standards (1963), Euro

pean Drinking Water Standards (1961), and U.S. Public 

Health Service Drinking Water Standards (1962) be consid

ered. The objectives and acceptable limits proposed by 

the above agencies are set out in tables 2 and 3. 

2.2.2 Biological Quality 

Raw water supplies usually contain large numbers of 

bacteria which are introduced from the soil and vegeta



TABLE 2 


Parameter 

1
Colour {T.c.u.) 


2
Odour {T.O.N.) 


Taste4 


Turbidity ( J. T. U. } 3 


Temperature (°C) 4 


pH4 


3
Hardness {mg/1)


2
Anunonia (mg/1)
 

Flouride (mg/1) 1 


Hater Quality Standards 

{Chemical Quality) 

Obiective 

less than 5 


0 


inoffensive 


less than 1 


less than 10 


6.5-8.3 


80-100 


Acceptable Limit 

15 


4 


inoffensive 


5 


15 


6.5-8.3 


.5 


o. 8-1.7 

1 United States Public Health Service, 1967 


2 World Health Organization International 1963 


3 	 American Water Works Association recommended potable water 

quality goala, 1963 


4 	 Canadian Public Health Association, 1972 
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TABLE 3 

Water Quality Standards 

(Bacteriological Quality) 

Parameter Objective 1Acceptable Limit Max. Perm. Limit1 

Total no at least 95% of at least 90% of 
Coliform 2
(MF method) 

colifonn tests are negative 
for any 30 consecutive 

tests are negative 
for any 30 consecutive 

days and no count days and no count 
greater than 4 per greater than 6 per 
200 ml or 10 per 200 ml or 15 per 
500 ml portion 500 ml portion 

Total no at least 95% of at least 90% of 
Coliform 3(HPN method) 

coliform tests are negative 
for any 30 consecutive 

tests are negative 
for any 30 consecutive 

days and no HPN days and no HPN 
greater than 4 per greater than 10 per 
100 ml 100 ml 

Fecal no no no 
Coliform coliform coliform coliform 
(HF method) 

1 	 Where less than 10 samples are analysed in any 30 consecutive 
day period, no more than one sample should be positive for 
total coliform 

2 	 The membrane filter method 

3 	 The most probable number method 
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tion and many of which may _be beneficial tp man in 

aiding digestion and vitamin synthesis [56]. However, 

water is also a medium for harmful pathogenic bacteria 

and, when care is not taken, it may cause the spread 

of diseases such as gastroenteritis, infectious hepati

tis, amoebic dysentry and typhoid [78, p. 289]. The 

most common of these in arctic communities are gas

troenteritis and infectious hepatitis. The relation

ship between the occurrence of these diseases and the 

quality of the water supply has been explored by a num

ber of researchers [ 2, 8, 31, 32 J and was also invest

igated in the research carried out for this thesis as 

outlined in sections 3.2 and 3.3. Bad water has also 

been linked with the cause and spreading of numerous 

other diseases and maladies[78, p. 292] and therefore 

the disinfection and protection of domestic water sup

plies is good policy. 

In order to monitor the bacteriological quality 

of_water, indicator organisms are selected which will 

indicate the possibility of contamination by enteric, 

pathogenic bacteria. The accepted indicator is the 

coliform group which is defined as those bacteria which 

will produce gas and acid from one percent lactose pep

tone water within two days at 37°C. The coliform group 

includes some bacteria which are not enteric and, more

over, most are not pathogenic. However, the detection 
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of coliform bacteria in significant numbers is a prac

tical and efficient method of estimating the extent of 

water contamination. Where coliform testing gives pos

itive results, more complex confirmed testing can be used 

to determine the exact type and source of pollution more 

carefully. The incubation of fecal coliform is often 

carried out in order to assess the type and the degree 

of contamination more carefully. Fecal coliform, which 

are a total coliform bacteria subgroup, specifically 

found in the ~eces of man and other warm blooded animals 

[56J, may be separated by incubation on membrane filters 

in a selective broth at 44.soc. The determination of 

fecal coliform numbers should not be used as a substitute 

for total coliform testing but only as an added indicator 

of fecal pollution. Table 3 gives the recommended limit

ing values of coliform concentrations in domestic water 

suppliesU9J. 

The determination of total coliform is usually done 

by one of two basic methods. They are the long-used me

thod of multiple tube fermentation, also called the 

"most probable number" technique and the newer, more ef

ficient membrane filter method. A complete description 

of these techniques can be found in "Standard ~1ethods 

for the Examination of Water and Wastewater" prepared 

and published jointly by the American Water Works Ass

ociation and the American Public Health Association. 
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Since the numbers determined by each method usually differ 

somewhat [ 19], the standards are set according to the tech

nique used (table 3}. The membrane filter method usually 

gives lower results. 

Both the total coliform group and the fecal coliform 

subgroup die when exposed to a cold, bright outdoor envir

onment but not as rapidly as is often believed [31, 40]. 

Gordon [41] reports that there is approximately a ten 

percent survival after three and a half days in the Tan

ana River in Alaska during winter conditions. Figure 3 shows 

the time-survival rate of total and fecal coliform for the 

Tanana River. 

2.2.3 Chemical Quality - An Overview 

The chemical quality of water is important in assess

ing its suitability for drinking and for treatment and 

distribution. In the small arctic communities, the sur

face waters come mainly from snowmelt and are therefore 

usually of good quality. Teeter and Rosanoff [73] tested 

a large number of water sources for the DEW line stations 

in the Canadian Arctic and found only three that were un

suitable for domestic use. On~ was a tidal river which 

showed excessive salinity content and the other two were 

found to have excessive numbers of coliform bacteria. 

The only treatment required by most sources was filtration, 

to remove microscopic forms of plant and animal life, plus 
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Fig. 3 	 THE WINTER SURVIVAL OF COLIFORM 
IN THE TANANA RIVER OF CENTRAL 
ALASKA 
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chlOrination. A few sources were recommended for water 

softening. E.W. Moore [57] investigated surface and 

groundwater sources throughout the Arctic in 1949 and 

concluded that the water sources in the Eastern Arctic 

tended to be of good quality and suitable as a source for 

domestic supplies while many sources in the Western Arc

tic often had high pH or some colour and odour which might 

complicate treatment somewhat. 

In our own field work, in 1974, measurements were 

taken for alkalinity, hardness, pH, colour, turbidity 

and ammonia. The results are presented in section 3.3. The 

significance of these parameters and others in water 

quality determination is discussed in the following sec

tions. 

2~2.4 Alkalinity and pH 

The alkalinity of water is its ability to neutral

ize acids. In natural waters it is usually principal

ly due to the combined concentrations of carbonate, 

bicarbonate and hydroxyl ions, and is expressed in milli

grams per litre (mg/1) of calcium carbonate (CaC0 3) equi

valent. Alkalinity is desirable in domestic water sup

plies in order to prevent sharp changes in the pH by act

ing as a buffer. Chlorination tends to drop the pH and 

hypo-chlorination tends to raise it. Heating water may 

also cause a drop in pH. Such changes in pH can be very 
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large and very sensitive when there is little or no al

kalinity. 

The pH of water is the negative log of the hydrogen 

ion concentration. Its value has a significant effect 

on the growth and survival of bacteria. Coliform bact

eria thrive best at a pH of 6 to 7. Water of pH below 

4 or greater than 9 is inhibitory or destructive to 

bacteria. Furthermore the pH is important in determing 

the corrosiveness of the water. Water with a lower pH 

value tends to be more corrosive to metals. The effici

ency of chlorination is also a function of pH and is 

best done at lower pH values, with a pH of 8.3 being 

an approximate upper limit. 

All things considered, it may be stated that al

kalinity of 50 to 120 mg/1 as caco 3 and a pH of about 

6.5 to 8.3 after chlorination are preferred for domestic 

water supplies. (t3ble 2) 

2.2.5 Hardness 

Hardness is a measure of the concentration of div

alent metallic cations in the water, expressed as milli

grams per litre of calcium carbonate equivalent. The 

principal hardness causing ions in natural waters are 

calcium and magnesium. Excessive hardness may be damag

ing to health [19] and also to kitchen utensils and the 

distribution system and it will cause soap wastage by 
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the formation of calcium or magnesium stearate. However 

some hardness (say less than 100 mg/1) is not harmf~l and 

can be beneficial in providing water which is less corro

sive and of good health quality. 

2.2.6 Taste and Odour 

Taste and odour are factors which may make water merely 

aesthetically unpleasant or they may give warning of water 

which is unhealthy. The degree of taste and odour is re

ported by a threshold number, which is the reciprocal of 

the dilution.factor at which the taste or odour can no 

longer be detected. 

Most water sources in the Eastern Arctic are free of 

any serious taste or odour [57, 73] especially the surface 

waters during the summer runoff period. However Teeter 

and Rosanoff [73] report sofue water sources as being acrid 

or earthy and reports from Broughton and Pangnirtung (26, 

39] indicate that the water stored in the open earthen 

reservoirs there tends to become brackish and odourous dur

ing the winter storage period. Water in the reservoir at 

Pangnirtung, in the spring of 1974, was described as smell

ing 1ike "someone had thrown a dead seal into it'' [ 39]. 

Such odours might possibly be caused by the anaerobic de

cay of organic matter or by high contents of hydrogen sul

fide or other sulfurous compounds from groundwater influxes. 
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2.2.7 Ammonia 

Ammonia in water is not usually considered as an in

dicator of pollution unless large quantities exceeding 0.5 

mg/1, measured in mg/1 as nitrogen, are found [51]. Traces 

of ammonia are usually found in snow and rain and may also 

result from the biological degradation of protein and other 

nitrogenous matter in soil [51]. Large quantities may be 

detrimental to the chlorination of water and it can cause 

mild sickness, particularly in infants. The World Health 

Organization International sets an upper limit of 0.5 mg/1, 

while the American Water Works Association sets 0.05 mg/1 

as a desirable upper limit. 

2.2.8 Nitrites and Nitrates 

At least three species of aerobic bacteria, commonly 

found in soil oxidize ammonia to nitrite, [51, p. 134] and 

there are many species which oxidize nitrite to nitrate. 

The existence of the nitrite is usually of only short dur

ation in the process and thus the nitrate content is nor

mally higher than the nitrite content in natural waters. 

Nitrate is also found in rain water (about 0.3 mg/1) and 

small quantities of either nitrite or nitrate are not 

harmful. Large quantities (more than 5 mg/1) may be· cause 

to suspect pollution, but is not a positive indicator 

thereof. In very large quantities (more than 50 mg/1) 
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nitrates may become harmful, particularly if such water 

is used in infant feeding [51, p. 135]. Free chlori~e 

will react with nitrite to produce nitrate: 

N0 2 + HOCl-- N0 3- + H + Cl 

However, in normal pH ranges, chloramines will not react 

appreciably with nitrites. 

2.2.9 Colour and Turbidity 

Like taste and odour, the amount of colour and tur

bidity is mainly a measure of aesthetic quality. Yellow 

or brownish colours are often present in groundwater 

sources due to high contents of organic compounds, but this 

does not indicate that such groundwater is unsafe to drink. 

Turbidity is usually the result of some suspended vegetal 

matter and clay and perhaps silt in more turbid water. 

Colour can be measured by a number of comparative 

techniques. Probably the most common technique is the meas

ure of· light absorption within a restricted spectral band 

with a small portable spectrophotometer. The units thus 

measured are simply Units of Apparent Colour. An exact 

comparison of the values obtained by this method and vis

ual methods is difficult, but the magnitudes are similar 

and a water source with less than 5 units of colour will 

be reasonably clear, regardless of the units chosen. 

The degree of turbidity is commonly determined by 

measuring the amount of light scatter caused by a given 



29 

sample of water. This measurement is also most easily 

performed with a spectrophotometer which must be cal

ibrated against standard solutions of a substance such 

as formazin. Formazin is a milky white substance and 

the units thus measured are called Formazin Turbidity 

Units. Like colour, most measures of turbidity are 

similar· and comparable. 

2.2.10 Corrosiveness 

A number of simple formulae or indices exist which 

are used to determine to what extent the water is cor

rosive or balanced. A balanced water supply is one which 

is neither exceedingly corrosive, nor will it deposit 

large amounts of calcium and magnesium scale. The desir

able amount of calcium in water is a function of pH, 

temperature and alkalinity. 

The most common index for determining the correct 

proportions of these factors is the Langelier Saturation 

Index which is: 

LSI = pH + TF + CF +· AF - 12.1 

where TF is a'temperature factor, CF is a calcium hard

ness factor and AF is an alkalinity factor. If the index 

is in the range of -0.5 to +0.5 the water is balanced. 

A lower value indicates that the water is excessively cor

rosive. A value of 0.0 to 0.5 indicates a water supply 

which will probably lay down a thin protective layer of 
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calcium but is not encrusting. Values higher than 0.5 

indicate a water supply that is exceedingly hard and en

crusting. Appendix A shows the values of the required 

factors used in calculating the Langalier Index and shows 

a sample calculation for the Duval River at Pangnirtung 

in the N.W.T. 

2.3 Water Resources 

High arctic communities experience a relatively cold 

and dry climate. Temperatures remain at or below freez

ing levels eight months or more in a year and thus most 

of the precipitation is stored in the form of snow until 

the summer melt period. Runoff usually begins in late 

May or June and ceases again during September or October. 

Since most of the runoff is derived from snowmelt, 

the flows in the smaller rivers are very dependent on the 

conditions of the snowpack and on daily weather variations. 

Early runoff periods are normally characterized by fairly 

high flows of water and ice. As the snowpack recedes with 

the passing of summer the flow within these rivers de

creases and a proportionately higher portion will result 

from the thaw of ice within the active layer of the soil, 

groundmelt, the water stored in the depressions and the 

vegetal cover of the catchments or from the permanent ice 

fields in the higher parts of catchments such as the Duval 

River basin. 



31 

In general the small catchments of the high Arctic 

are fairly barren with a dispersed covering of lichens, moss

es and sedges and perhaps some small flowering'plants which· 

grow in the thin soil of the active layer, which is only 

2 to 3 feet thick. Most of the soil is derived from talus, 

outwash sediments and morraines, and is highly porous down 

to the surfac~ of the permafrost. In general this perma

frost surface may be qui~e smooth~ Thus rainfall runs off 

rapidly with fairly small amounts of infiltration as op~ 

posed to interflow. 

Many of the small communities of the high Arctic are 

located near small rivers which are used for summer water 

s u p p fy [ 4 7J • T h u s t he.. h y d r o 1 o g y o f s m a11 r i v e r s i n the 

high Arc~ic is important, especially in order to deter

mine their adequacy for providing domestic water supplies, 

their floo~ing potential and also for their potential as 

a source of hydro-electric power. 

A number of researchers have studied the hydrology 

of Arctic rivers [30, 55] and the former thesis [77] with

in this research project presented computer similation 

models for determining streamflow.· 

The Water Resources Branch of Environment Canada has 

also installed gauges on a number of rivers and the 

Atmospheric Environment Services maintains numerous met

eorological stations throughout the Arctic. Environment 

Canada, in co-operation with the Northern Canada Power 
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Commission, is also studying the hydro-electric potential 

of some arctic rivers. 

From the work conducted by other. researchers and 

agencies and from our own field work, some general obser

vations can be made about the hydrology of Arctic rivers: 

a) The total amount of water running off, even in 

small catchments, is generally adequate for dom

estic water supply. ·For example, with twelve in

ches of runoff, the yield from one square mile is 

about 170 million gallons or enough for 4,800 

people at 100 gallons per person per day (assuming 

adequate storage). 

b) Large amounts.of ice, in large pieces, are washed down 

during the early spring run-off period and this can 

provide problems of blockage, overtopping, scour and 

heavy ice pressure on engineering structures and 

river crossings. 

c) The highest peak flows for design purposes are usual

ly the result of heavy rainfall or a combination of 

heavy rainfall and snowmelt. 

d) The response of stream levels to changes in weather 

conditions is very quick, unless the catchment con

tains considerable on-channel lake areas. 

e) Depth of freezing in water is six feet or more and 

thus in all shallow rivers, lak~s or reservoirs, 

freezing causes a concentration of impurities in 

http:amounts.of
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the 	remaining liquid portion. 

f) In the Arctic, at least several hundred horsepower of 

generating capacity would most likely be required to 

justify the capital cost of hydro-electric develop

ment. The power potential of water in HP can be ex~ 

pressed as: 

Q x H X ~~ X K1 X K2 
550 

where Q = flow in cubic feet per second 

H = 	elevation in feet 

~ =density of water (62.4 lbs/cu.ft.) 

K = pipe efficiency (approx. 80)1 

= turbine-generator efficiency (approx .. 85) ·K2 

Therefore for a minimum generating capacity of. 100 

HP , we require that 

.07715 QH > 100 or QH > 1296 

If 500 feet of head is available we need a total 

average annual flow of at least 2.6 CFS. This would 

require the capability to store at least 400 million 

gallons of water over a 250 day, "no flow", winter 

period. Such storage is usually not available or 

very costly to develop. 

g) 	 Computer models can give a good design method for 

calculating daily stream flows from melt and rain 

events. 

h) 	 Infiltration and evapotranspiration losses are not 

http:lbs/cu.ft
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significant. 

In this project, 7 station years of records were 

collected. The methods and analysis are presented in 

subsequent chapters. 

2.4 Water Treatment 

2.4.1 Int~oduction 

Complete treatment of water may consist of floc

culation-coagulation, sedimentation, filtration, acti 

vated carbon treatment, disinfection, flouridation and 

adjustment for corrosiveness. These common processes 

are described below. 

In 1971, of the 53 communities in the No~thwest 

TerritQries, only the 10 largest communities had treat

ment plants and four more smaller communities employed , 

chlorination [47]. 

2.4.2 Flocculation-Coagulation-Sedimentation-Filtration 

The steps of flocculation, coagulation, sedimenta

tion and filtration are all stages in a process toward 

producing a clear water. The first three steps are 

usually required in a water that has turbidity and/or 

colour which cannot be removed efficiently by simple 

filtration and chlorination. The above steps are also 

useful for removing large percentages of viruses and 

bacteria. 
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In the Eastern Arctic some groundwater sources can 
. . 

have considerable colour while some large turbulent 

rivers may have considerable turbidity due to clay and 

vegetal matter. However most sources are without appreci

able colour or turbidity. These sources then require 

only some simple filtration. 

2.4.3 Disinfection 

Disinfection tan be achieved by a number of methods 

which include chlorination, ozonation, radiation with 

ultra-violet light, and the use of chemicals other than 

chlorine. Apart from chlorination (or hypo-chlorination) 

these methods are probably not suitable for small com

munities· in the high Arctic due to high costs and oper

ational -difficulties. 

Chlorination is the most widely used method of 

water treatment. It has a large number of applications 

of which the iingle most important one is usually dis

infection. However chlorine is also very effective for 

the removal of colour,taste and odour and for the pro

tection of water against the future occurrence of contam

ination of colour, taste and odour. Chlorination dis

infects through the production of hypochlorous acid (HOCl) 

and when ammonia is pr~sent, through the production of 

chloramines (monochloramine-NH2Cl and dichloramine-NHC1 2). 

The hypochlorous acid disinfects much more quickly than 
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the chloramines, but the chloramines have much longer 

retention times and thus provide longer lasting protec

tion. The hypochlorous acid is produced either through 

the addition of chlorine gas (Cl 2) to the water: 

Cl 2 + H20 -- HCl + HOCl 

or by the addition of hypochlorides such as calcium hypochloride: 

Ca(OC1) 2 + 2H 20 -Ca(OH) 2 + 2HOC1 

The hypochlorides are about four times more costly [78J, 

but they are safer to handle and are simpler to apply. 

Both substances can be automatically metered into the 

water supply main. The rate of feed is largely depen

dent on the water quality. En~ugh chlorine must be added 

to react with substanc~s in the water such as ammonia, 

iron and hydrogen-sulfide and then still give a residual 

of 0.5 to 2.0 mg/1 HOCl. The residual obtained is also 

dependent on pH, since at higher pH values, increasing 

amounts of HOCl dissociate to H+ and OCL- (Fig. 4). Thus 

pH is usually maintained between 6.5 and 8.3, both for 

the _maintenance of disinfecting power and tha reduction 

of corrosiveness within the water. The maintenance of 

this pH range usually requires some alkalinity and per

haps the addition of a base where gas chlorination is 

used, since acid is formed by the reaction: 

-- HOCl + H+ + Cl
+ ~ t H + OCl 

The H+ ions will deplete alkalinity to the extent of about 
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Fig. 4 THE DISSOCIATION OF i!YPOCIILOROUS 
ACID VS. pH 
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1.1 mg/1 alkalinity for every mg/1 of chlorine added as 

c1 • Hypochlorites tend to increase the alkalinity but2
by insignificant amounts [19]. 

2.4.4. Other Treatments 

Where chlorination i.s unable to improve taste, 

odour and colour, activated carbon in powder or granular 

form may be used. The powder is more efficient and less 

costly but requires good subsequent filtration. Super

chlorination may also be effective, but this method 
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would probably experience serious difficulties in ap

plication and monitoring in· the small communities of 

the Arctic. 

Flouridation is now widely carried out in water 

treatment facilities for its proven value in preventing 

dental decay. The application of a one mg/1 flourine 

content is a simple and inexpensive procedure which 

is well recommended for arctic communities where dental 

hygiene is very poor and dentists very scarce. 

2.5 Water Storage 

Many communities of the high Arctic have sufficient 

water in summer when runoff from snowmelt and shallow 

lakes can provide abundant quantities; but for at least 

eight months of the year temperatures fall below freez

i~g and the small rivers may stop flowing and shallow 

lakes freeze solid. Therefore an inherent problem of 

most water distribution schemes in the high Arctic is 

that of water storage. 

Three basic methods exist for storing water. The 

first and usually the most expensive is to build on

channel storage, eg. the construction of a dam. In the 

Arctic, dam sites are difficult to develop, requiring the 

use of heavy equipment not available and difficult to 

maintain, and careful design for the stability and pro

tection of the permafrost foundation. 
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The second method is construction of steel or wood

en storage tanks. This method has the advantage that 

these tanks can be built in a central location, facilita

ting easy distribution, although the appearance of such 

tanks may not be appealing. Such storage tanks however 

have high initial and operating costs. Wardrop [9] es

timated the costs for 500,000 gallon storage tanks for 

Pangnirtung to be $152,000 for wooden tanks and $192,000 

for steel tanks, plus $15,000 p.a. for operation and 

~aintenance. Transforming these 1972 costs to 1975, 

using a 6.5% annual rate of inflation and 10% for inter

est on borrowed capital over a lifespan of 20 years [37], 

we find that the cost per year of storage is 7.3¢ per 

gallon for th~ wooden tank and 8.5¢ per gallon for the 

steel tank. 

A third method is the construction of an open 

reservoir. Many reservoirs in the Arctic may require 

an impermeable liner to prevent water from seeping out 

and to prevent poor quality groundwater from seeping in. 

About eight feet of the final depth should be allowed 

for ice and the bottom five feet should be kept clear 

for sedimentation. 

The cost of an open reservoir is very difficult to 

estimate. In Pangnirtung the cost of the present 

1,400,000 gallon reservoir (potable water) approached 

one million dollars [39] due mainly to the destruction 
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of machinery on the large boulders and permafrost. On 

Broughton Island a reservoir of approximately 500~000 

gallons was constructed for about four thousand dollars 

[26]. Neither reservoir has a liner and both are subject 

to losses from seepage and to contamination by ground

water influxes~ which gives a brackish taste and foul 

smell to the water [26, 39]. Therefore a cost estimate 

is attempted herei·n for a lined reservoir using a 

building construction c6st manual[42] and estimates in 

past reports by consulting firms [42, 9]. The estimates 

include excavation, blasting, hauling, liner, dewatering, 

drains to prevent uplift and sarid, gravel and rock back

fill to protect the liner (appendix B). For the con

struction of 3.0 Mill; gallon reservoir the cost was 

found to be 2.61¢ per gallon per ye~r. This cost was 

estimated assuming that 50% of the volume required blast

ing and that labour and equipment costs in the Arctic 

are twice those of the south for 1975. With these 

assumptions the cost of storing water is approximately a 

th1rd·of,that-for building stor~ge·tenks. 

Comparing the capital costs in appendix B to the 

reservoir construction costs estimated by the consult

ants [9], the former appear to be very high; perhaps 

much lower costs are possible. Evidently, then, stor

age in an open reservoir can be achieved for less than 

2.~{¢ per gallon per year. 
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2.6 Sewage Disposal and Treatment 

Present methods of sewage disposal in the high Arctic 

include: 

a) flushing kitchen 

houses and into 

wastes onto 

the streets 

the ground amid the 

b) using plastic ba

human wastes 

gs (honeybags) for the disposal of 

c) 

d) 

e) 

f) 

holding tanks 

gravity sewers 

pressure sewers 

vacuum sewers 

A complete discussion of a11 the collection meth

ods and their costs is beyond the scope of this thesis 

and can be found in the literature [3, 20, 22, 38, 43,7' 

48, 50, 60, 70, 76]. Only a few comments and observations 

are made here. 

The most common method of sewage disposal presently 

employed for small communities of the high Arctic, is to 

flush the kitchen water onto the ground amid and beneath 

the houses and dispose of human wastes in green garbage 

bags called honeybags. These bags sit in a receptacle 

\'lithin the homes and are set outside or picked up for 

disposal when full or at set intervals. The method is 

simple but suffers from a number of problems and disad

vantages. The honeybags tend to become mixed in with 
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other garbage awaiting clean-up and they are often acci

dentally broken. The emptied bags tend to blow in the 

wind and are non-biodegradable. In summary, this method 

is not satisfactory. It is obviously hazardous to the 

health standards, aesthetic quality, and the environment 

of arctic communities. 

Since piped sewage is very expensive [38] and skilled 

operators and servicemen are lacking in the small high 

arctic communities, the most feasible solution appears 

to be the use of individual holding tanks. These tanks 

hold all wastewater from the home and are pumped out by 

a service truck which then disposes of the sewage in a 

safe manner. There are a number of advantages: 

a) The method is simple. 

b) Conversion can take place gradually. 

c) The level of service is comparable to that of con

ventional sewer systems. 

d) Sewage treatment becomes feasible by trucking the 

wastewater to a sewage lagoon or treatment plant. 

e) Employment is created for semi-skilled labour. 

A large variety of methods are possible for the treat

ment of sewage in the Arctic. The more sophisticated meth

ods are usually very costly and require skilled operat6rs. 

and close supervision. The various methods presently be

ing employed include~ no treatment at all; sewage lagoons, 

including aerated lagoons; chemical treatment; extended 
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aeration sewage treatment; anaerobic treatment; dissin

fection and dumping; and incineration. Of the above 

methods, the use of a sewage lagoon appears to be the 

most efficient and practical for small arctic commun

ities [45]. They are capable of very effective treat

~ant and are simple and almost foolproof to operate. 

Descriptions and discussions of the various methods of 

treatment and the advantages of sewage lagoons are not 

within the scope of this paper and may be found in the 

literature [1, 7, 20, 22, 29, 37, 38, 43, 45, 47, 49, 

50, 53, 59, 60, 66; 70]. 
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3 FIELD WORK 

3.1 Introduction 

The potential success of a water supply system, or sewage 

disposal system, for small high arctic communities is de

pendent on a number of factors which include: 

a) the geophysical environment 

b) the climate 

c) the availability of a water supply 

d) the quality of the raw water 

e) the availability of storage 

f) soil properties (foundation strength and suitability 

as construction material) 

g) the accessibility of the community 

h) energy resources and capacities 

i) available construction equipment 

j) the habits attitudes and capabilities of the people 

k) costs 

In the summer of 1974 field work was carried out in 

and near the communities of Frobisher Bay, Broughton Is

land, and Pangnirtung, in order to assess the above con

ditions and constraints. The results of the field work 

are set out in the following sections. 



3.2 Methods 

Chemical tests of the raw water sources were per

formed to help assess their suitability for drinking and 

to determine types of treatment that might be required. 

Tests were performed with the aid of a Hach Chemical 

Company DR-EL/2 Spectrophotometer. Samples were usually 

zeroed against distilled water and the instrument was 

standardized at the end of the field trip and some small 

corrections made to the data. 


In order to assess biological quality, tests were 


performed for total coliform and fecal coliform. A 

portable Millipore incubator (No. XX63 001 00) was used 

along with the appropriate membrane filters and incubating 

broths. 

In Frobisher Bay tests were performed in the lab

oratory at the water treatment plant with the permission 

and co-operation of the Northern Canada Power Commission. 

In Pangnirtung a small laboratory was set up in the Fire 

Hall, and in Broughton a room was shared in the Settlement 

Office. Sterile water was supplied by boiling for ten 

minutes or more and sterile bottles for the collection 

of samples were provided by the nursing stations. The 

nursing Stations also provided alcohol for sterilizing 

instruments. For the coliform analysis, at least two 

samples of various sizes were incubated. The sample 

sizes depended on the coliform concentrations anticipated 
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but were limited by the size of the sample bottles and 

filtering unit. Control tests with sterile water were 

frequently done in order to keep a check on procedure. 

Colonies were counted after about 22 hours incubation, 

but incubation was usually continued for several days 

since most bacteria were very dormant in the cold out

door environment and growth was often delayed. Positive 

results for fecal coliform analyses of the natural waters 

were rare and therefore these tests were not done as 

frequently as those for total coliform. 

Water was field tested from the Apex River near 

Frobisher Bay, the Duval River near Pangnirtung and the 

Kuruluk River near Broughton, in order to estimate the 

quality of raw water sources for typical communities in 

the Baffin region. Water was also tested from the var

ious points in these catchments, such as glacial melt, 

groundwater seepage, and lakes, to help determine the 

source of any contaminants. Tests were performed through

out the summer to observe fluctuations in quality due 

to changes in climate and weather. Finally water from 

individual storage tanks in residences and other build

ings, and from the water trucks, was tested to assess 

the effects of handling. In most cases, the coliform 

counts obtained were not large enough to be statistically 

reliable {less than 20). However, fine accuracy was not 

required, and such tests remain valid as indicators of 
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raw water quality and its suitability for treatment and 

domestic use. Available water quality data were also 

gathered, particularly from the laboratory in the Water 

Treatment Plant in Frobisher Bay, and some cross corre

lations and checks were performed to determine the relia

bility of these data. 

All water quality data are shown in the tables and 

figures of section 3.3 of this thesis. 

Stream gaugings were performed with hand-held Ott

current meters (No. 10.150). Gaugings were performed for 

the Kuruluk River and the Duval River in order to determine 

the amount of shift that occurred in the stage-discharge 

curves from previous years. This change is caused by the 

fact that the installation of the water level recorders 

was not identical to that of previous years, boulders may move 

into the control section and because ice scour may have 

changed the bottom profiles of the rivers locally. 

Soil samples were taken on Broughton Island and near 

Pangnirtung by digging pits about two feet square to 

permafrost depth and sampling the soil at various strata. 

At random intervals, the pits were continued to thaw 

depth and water seepage was observed. Where flowing sand 

or mud made excavation by shovel too difficult, samples 

were taken by driving a hollow section of steel pipe down 

to permafrost. The soil samples were flown back to Mc

Master University and analysed in the soils laboratory 
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for particle size distribution and Atterberg Limits. 

These data are discussed in section 3.5 

Data were also gathered on the cost and condition 

of available equipment and on the power generating cap

acities of the communities. Interviews were conducted 

in order to help assess local problems and attitudes. 

The above data are listed and discussed in sections 3.6 

to 3.9 

3.3 Water Quality 

3.3.1 The Apex River 

The Apex River catchment is small and narrow; about 

12 miles lon; and 2 wide.. It is located about two miles 

north of Frobisher Bay. About one half of the catchment 

area comprises rocky barren surface, and one half, thick 

matted lichens, mosses and sedges. The catchment also 

contains many shallow lakes of various sizes. At the time of 

sampling, runoff derived mainly from snowmelt. 

The results of tests performed on the Apex River to 

determine its suitability for domestic use are shown in 

tables 4 and 5, and may be summarized as follows: 

a) The coliform contamination that is present is most 

likely of soil or vegetal origin, since total coliform 

counts were always low and fecal coliform results were 

always negative. 

b) Chemically, the water was of excellent quality for 

drinking. Ammonia. colour and turbidity were always low 
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TABLE 4 APEX RIVER- WATER QUALITY 


TEMPORAL DISTRIBUTION AT LOCATION NO. 1 


Sample 
No. 

*2 

Date 
and 
Time 

June 5, 
1630 

74 

Total 
Coliform 
per 100 

ml 

1 

Anunonia · 
mg/1 as 
Nitrogen 

Total 
Hardness 
mg/1 as 

Caco3 
10 

Colour 

(U.A.C.) 

0 

Total 
Alkalinity 

mg/1 as 
CaC0

3 
10 

pH 
Turbidity 

(F.T.U.) 

Flow Rate 

(C.F.S.) 

8 June 6, 
0930 

74 0 10 10 

9 June 7, 
1700 

74 5 o.oo 

13 June 8, 
2200 

74 2 10 10 

14 June 9, 
2000 

74 0 0.15 0 10 6 

18 

21 

June 10, 
1400 

June 11, 

74 

74 

0 

1 

0.39 

0.10 

0 

0 

9 

8 

4 

0 
1815 

29 June 13, 
2400 

74 0 0.12 0 10 7.0 0 

31 June 15, 
1200 

74 0 0.10 0 10 7.0 0 325 

38 June 16, 
2100 

74 0 0.23 0 9 7.2 2 208 

39 June 19, 74 
2000 

2 0.15 14 7.2 4 208 

**41 June 20, 
1400 

74 1 o.oo 10 
~~.~ 

20 7.2 
- -------- --- ------ ---  ~--

3 
----~ 

138 
-------- ----~~~-

10 tests for fecal coliform gave consistently negative results 
*calcium hardness was 10 or 100% of total hardness 
**calcium hardness was 8 or 80% of total hardness 

U1 
0 



TABLE 5 APEX RIVER -- WATER QUALITY 


SPATIAL DISTRIBUTION 

Sample 

No. 
Loc. 

No. 
Description 

of 
Location 

Date 
and 
Time 

(1974) 

Total 
Coliform 
per 100 ml 

Ammonia 
mg/1 as 
Nitrogen 

Total 
Hardness 
mg/1 as 

Caco3 

Calcium 
Hardness 
mg/1 as 

CaC0 3 

Colour 

(UAC) 

Total 
IA!kal. 
iffig/1 as 

CaC03 

pH 
Turb
idity 
(FTU) 

8 

1 
Apex 

River 

June 6, 0930 0 
13 June 8. 2200 1 o.oo 
29- 38 

June 13,2400 
June 16,2100 

0 0.12 3 10 7.0 3 
0 0.23 9 7.2 2 

28 2 Apex 
River 

June 13,2300 0 o.oo 1 10 7.0 3 
36 June 16,2030 0 0.11 7.2 2 
35 3 Apex River June 16,1900 0 0.10 7.1 3 
24 4 branch 

stream 
June 13.2100 0 o.oo 4 7 6.9 4 

32 June 16 .1430 1 0.27 7 6.7 5 
23 

5 
small 
lake 

June 13,2030 0 0.17 4 10 7.0 4 
33 June 16,1500 0 0.26 6.9 3 
5 6 large lake June 16 .1700 0 0.40 7 7.1 2 
5 7 small 

lake 
June 6. 1430 0 

10 June 8. 1930 . 0 0.08 10 
26 8 snowmelt June 13.2200 0 o.oo 0 3 6.6 0 
6 

9 snowmelt 
June 6, 1500 0 

11 June 8, 1830 0 0.55 5 18 8 
35 June 16,1900 0 0.78 2 6.6 0 

7 10 groundwater June 6, 1645 0 0.24 10 25 
12 

11 groundwater 
June a. 2130 2 o.oo 6 6 48 6 20 

27 June 13,2300 1 0.52 8 10 6.5 7 
37 June 16.2030 0 0.35 8 6.7 7 
25 ~12 ~ groundwate_r_ June_:Q_,2200 0 0.38 8 6.5 8 

Fecal coliform counts were zero in all cases 


No taste or odour was detected in any of the sources. 


..... 
01 
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and there was no detectable taste or odour. 

c) Alkalinity and hardness were also low (Approx. 

10 mg/1 as caco 3 ) and therefore the water is somewhat 

corrosive. 

A spatial water quality survey was also performed in 

order to help determine where various types of water origin

ate and to assess quality of the various water sources 

such as snowmelt and groundwater seepage. Figure 5 shows 

the locations of sampling points within the catchment 

and table 6 lists the results of the field survey. The 

results may be summarized as follows: 

a) The direct snowmelt is free of any coliform but may 

be fairly high in ammonia and have a slightly low pH. 

b) The groundwater tends to be fairly high in colour, 

turbidity and ammonia. 

c) The quality of the water within the lakes is very 

similar to that of the river water. 

3.3.2. The Duval River 

The Duval River catchment was the largest of the 

catchments investigated. It has an area of about 39 

square miles, and the longest river channel is about eleven 

miles. The river begins at an elevation of about 4,000 

feet in the permanent ice fields of the mountains located 

on the periphery of the catchment. From the ice fields, 

the water flows stee.ply down to a large plain which is very 
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rich in tundra vegetation and abounds in small tundra 

animals. The last two or three miles of the river, as 

it flows into Pangnirtung Fiord, are again steep and cas

cading. Most sampling was performed about one mile up

stream of the fiord. 

The tests for water quality, as summarized in table 6, 

indicate that the Duval River is good as a raw source of 

drinking water. Total coliform counts were in the range 

of zero to nineteen. Most of the coliform are likely to 

be of soil or vegetal origin, although some fecal con

tamination from the animal life of the region is also pos

sible. There were no possible sources of direct human fe-· 

cal contamination at the sampling point, apart from trap

ping or hiking parties. The chemical properties of the 

water were characteristic of melt from permanent snow

fields. The water was slightly acid to neutral and of low 

alkalinity. It was without colour and of very low tur

bidity. Sampling at other sources or possible sources 

of domestic water supply indicated that water from ground

water springs was higher in colour and turbidity than the 

river water, with higher coliform counts {tables 9, 10) 

and with some slight earthy odour and taste. A sample 

from a shallow lake which drains slowly and directly into 

the Duval River showed that this water was high in coli

form and contained a visible amount of colour and tur

bidity as well. 
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TABLE 6 

DUVAL RIVER - HATER QUALITY 

Date Total Total 
Sanple and Coliform Alkalinity Flm._r Rate 
No. Time per 100 ml. (mg/1 as CaCO':I) pH (C.F.S.) 

r--

:22 June 13, 
0900 

74 0 173 

42 June 26, 74 
0130 5 165 

43 June 26, 
1930 

74 11 6.0 7.1 176 

66 July 27, 
1140 

7'• 1 153 

72 
Aug. 6, 

2000 
74 2 6.9 148 

74 Aug. 7, 
2045 

74 4 7.0 157 

75 Aug. 8, 
0115 

74 3 7.0 159 

76 Aug. 8, 
0830 

74 4 4.0 6.9 143 

77 
Aug. 8, 

1215 
74 3 6.8 138 

78 Aug. 8, 
1615 

7lf 6 7.0 138 

79 Aur,. 8, 
2015 

74 19 7.0 167 

85 Aug. 13, 74 
1645 14 7.0 177 

87 Aug. 14, 74 
1215 14 193 

88 Aug. 15, 74 
1220 0 165 

90 Aug. 16, 74 
2030 16 186 

92 Aug. 19' 
1300 

74 2 149 

93 Aug. 19' 
2015 

74 7 175 

96 Aup,. 23, 74 
1610 

1 132 

Colour ~vas 0 in samples 43 and 85. 
Aruncnia Has .005 in sa!Tlple 43. 
Turbidity Has 3 in samples 43 and 85. 
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3.3.3 	 The Kuruluk River 

The catchment for the Kuruluk River, (called the 

Broughton River or Broughton Creek in former theses) is 

the smallest of the three catchments studied. It has 

an area of about twelve square miles and a longest river 

channel length of about six miles (Fig. 6). There are 

large areas of mud and (almost) stagnant water. The hills 

are very rocky with little vegetation while the flat areas 

and the foothills are well covered with mosses and lichens. 

The catchment is frequented by a flock of ravens. At the 

time of sampling, runoff derived from a combination of 

snowmelt, rainfall and groundwater seepage. 

The total coliform counts ranged from zero to fourteen 

and the water was of very low alkalinity and was slightly 

acid {table 7). The coliform were probably of soil or 

vegetal origin although some fecal coliform of animal or

igin was also possible. There was no source of human fecal 

contamination at the sampling point. Chemically the water 

is suitable for drinking but is quite corrosive in its 

natural state. 

3.3.4 	 Seasonal and Diurnal Variation of the Biological 

Quality of Surface Waters 

Many factors contribute to the concentration of coliform 

in surface waters. The chemical quality of the water, the 

water temperature, the air temperature, the amount of sun
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TABLE 7 

KtRULUK RIVER - HATER QUALITY 

Sample 
No. 

Date 
and 

Time 

Total 
Coliform 
per 100 ml. 

Total 
Alkalinity 

(mg/1 as CaC01) 

3 

pH 
Flmr Rate 

(C.F.S.) 

46 July 9, 74 
1300 2 6.7 7 

47 July 10, 74 
2130 1 3 6.5 7 

49 July 12, 74 
1300 2 3 6.6 7 

50 July 13, 74 
2200 4 6.5 35 

51 July 14, 74 
1800 2 3 6.7 159 

57 July 16, 74 
1550 0 3 6.6 311 

58 July 18, 74 
1700 1 202 

60 July 20, 74 
2000 4 103 

63 July 26, 74 
1615 5 6.5 28 

68 July 28, 74 
1630 11 7 

70
July 29, 74 

1650 14 6.5 7 

71 July 30, 74 
1650 4 7 

86 Au~. 10, 74 
1015 0 7 

97 Aug. 23, 74 
1430 0 7 

Turbidity was 4 in sample 57. 

Ammonia "toras 0.0 in samples 46 and 47. 
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light and the smount of rain are some of the factors 

that affect the rate of growth, the rate of ·entry and 

the period of survival of coliform bacteria. Therefore 

a smooth, continuous and exactly reproducible plot of 

variations in coliform concentration cannot be expected. 

Only trends can be measured. 

A plot of all coliform results (Fig- 7) indicates 

that levels tend to be highest in late July or early 

August. This may be due to ~he fact that this is the 

warmest part of the year and the period of peak growth and 

activity in vegetation and animals. The warmer temperatures 

produce increased over 1 an d f1 ows and thus 1 ead to peak 

bacteria levels 

A plot of diurnal variation of coliform levels per

formed August 7 to 9 for the Duval River near Pangnir

tung (Fig. 8) shows that high coliform levels tend to oc

cur with high river levels. The Duval River at the time 

of sampling was being fed mainly from the permanent ice

fields in the distant mountains since all sno·..Lcover had 

melted and it had not rained for many days. The peak flows 

were thus caused by peak daily temperatures. Therefore the 

higher coliform levels might result from faster travel 

times, warmer water temperatures and by increased numbers 

of coliform being washed down by a rising river level. 

3.3.5 	 Observations of the Quality of Domestic Water 

Supplies 
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Tests of domestic water sources and supplies within 

the dwellings are summarized in tables 8, 9; 10. Frbm the 

sampling that was performed in three communities on Baffin 

Island the following observations are made: 

a) The chemical quality of the surface water in the high 

Arctic tends to be very suitable for domestic use. 

b) Surface waters are in general very soft with low 

alkalinity and with pH in the range of 6.5 to 7.2. 

Thus they are fairly corrosive to metals. 

c) Coliform concentrations in surface waters are often 

above accepted limits for drinking water. Although 

these coliform are not likely to be pathogenic, dis

infection is nevertheless warranted. 

d) Groundwater or springwater tends to be high in col

our and turbidity with coliform concentrations that 

are higher than those of raw surface waters. 

e) Lakes are of variable quality. Small lakes with long 

retention times tend to be of poor quality. 

f) The results of coliform tests performed randomly for 

domestic storage and in houses where illness was re

ported (table 10) clearly indicate that the present 

method of trucked distribution and storage within 

open containers leads to dangerous contamination of 

the water. 

In Broughton, in July of 1974, it was reported by the 

~urse that there were water related illness~s in the 

settlement. There was at least one case of infectious 



TABLE 8 

AVERAGf:D VALUES OF l-TATER QUALITY 

(No. of sawples tested) 

I10C2_A'.l}:Of_!_ SJJifLl~p _ DUVAL APEX 
QUALITY PARA.t,IJ\TER RIVER RIVER 

fro tal 6.2 1.0Coliform 
18 12 

!Fecal 0.0 o.oColiform 
2 12 

Ammonia 0.01 0.14 
l 9 

Total 10llardness 
4 

Total 
5 11Alkalinity (2) 2 9 

Colour o.o 0 
2 7 

Turbidity 3 2 
2 8 

pH 7.0 7.1 
e , 5 

~-- - --- ~-----------

KURULUK GROUND APEX 
RIVER SNOH!vfFLT HATER LAKES 

3.6 0.0 0.6 0.0 
44 5 5 It 

0.0 0.0 0.0 0.0 
3 4 5 

0.00 0.44 0.30 0. 2/f 
2 3 5 3 

5 6 
1 1 

3 4 8 9 
5 3 5 3 

6 28 4 
3 2 l 

4 0 13 3 
1 3 5 3 

6.6 6.6 6.6 7.0 
a 3 5 3 

DUVAL PANGNIRTUNG 
LAKES RESERVOIR 

114.0 23.7 
2 4 

6 
1 

5 
2 

7 
1 

7.0 6.9 
1 1 

P.ANGNII\.TUNG 
SPRING 

10 
3 

i 

~ 65 _, 

I 
i 

6 
j 

l I 

30 I 
2 ! 

13 
I2 
I 

6.7 
2 ' 

0'1 
N 
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TABLE 9 


BIOLOGICAL TESTS OF DRINKING WATER 


Date Source 
Sample and Locale of 

No. Time Hater 
15' 16 June 9, 74 Frobisher N.C.P.C. "t·Jater 

17 2000 Bay treatment plant 

19 June 9, 74 Pangnirtung Duval River1200!----·----·-·--·-----. ---·-  --- 
98 June 23, 74 Strathcona small lakeSound---  ·--  Jun;-27~-74 --  -----·· 
45 Pangnirtung Duval River1230-----· ~----~-----·.=-:--- -
31) June 14, 74 Broughton Kuruluk 

1830 Island River 
!-·----· ·------- 

*~~48 July 10, 74 Broughton Kuruluk 
1700 Island River 

f--
July 1s-;·74 Broughton Kuruluk

511 
1400 Island River

1--- ·------ 
+55 July 15, 74 Broughton Kuruluk 

1400 'Island River-  --  .. ----~-
July 15, 7'•6s6 Broughton Kuruluk 

1400 Island River---·-  --Juiy 27, 74
67 Pangnirtung Duval River 

r--·-· -·--· -  1255 ·  ·-·
73 Aug. 6, 74 Pangnirtung Duval River2000 - 
80 Aug. 9, 74 Pangnirtung hill to the 

1415 south of Pang. 
Aug. 15, 7489 1600 Pangnirtung spring water 

69 July 29, 74 Broughton Kuruluk 
1330 Island River 

,~* This '"ater storage had been recently treated with chlorine. 
+ l:nfectious hepatitis was diagnosed within this family. 
6 nastro-enteritis was diag·tosed within this family. 

c Total 
Sample Coliform 
Source 1(per 100 ml.) 
water 

0trucks 

Hotel 11 
:-·--.:----. 

m~n~ng 50,000+ . carnp ---- 
reservoir 42 

---  ~---"-Colorado 
92House -·-Colorado 0House·-· -------- house 20 _ storage 

house 200 
t--~torag~ --·house 224storage-  ------ 

reservoil: 17 
· --

reservoir 6 
-·---Spring 

water 8 

"tvater 
pipe 12 

water 12truck 

Fecal 
Coliform 

(per 100 ml.) 

0 

0 
.._. 

5,000+ 
--- 

I 
-
0 

I 

8 

4 

50 
-· 

I 

I 

I 

I 

I 
' 0') 

w 
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TABLE 10 

SELECTED TESTS FROM THE RECORDS OF N.C.P.C., FROBISHER 
BAY, INDICATING COLIFORM CONTANINATION OF HATER SUPPLIES 

Location 
of 

Sample 
Pangnirtung 

Description Source Date 
Collected 

Date 
Total 

Coliform 
Tested (p_er 100 ml) 

60private 
duelling 

reservoir Jan. 3, 74 

Clyde private 
dwelling 

river Jan. 5, 74 500+ 

Broughton 
Island 

private 
d~velling 

ice melt Jan. 7, 74 20 

Arctic Bay private 
dwelling 

private Nay 22, 74 20 

Broughton 
Island 

school lake April 17, 74 100 

Resolute private 
dwelling 

private June 4' 74 June 5' 74 60 

Grise 
Fiord 

water 
carrier 

June 13, 74 June 19, 74 500+ 

Hall 
Beach 

water 
carrier 

lake June 5, 74 50 

Igloolik private 
dvrelling 

June 26, 74 30 

Grise 
Fiord 

private 
dwelling 

July 22, 74 July 23' 74 500+ 

Broughton 
Island 

private 
d~velling 

Kuruluk 
River 

July 1, 74 July 2, 74 500+ 

p-·.
angn~rtung swimming 

pool 
Duval 
River 

July 4, 74 July 5, 74 500+ 

Grise 
Fiord 

private 
dtvelling 

July 22, 74 July 23, 74 190 

Hall 
Beach 

private 
dwelling 

lake July 24, 74 July 25' 74 120 

Resolute private 
dwelling 

lake July 18, 74 500+ 

Igloolik private 
d~velling 

500+ 

Hall 
neach 

water 
truck 

lake June 5, 7lf 50 

Lake 
Harbour 

private 
dvelling 

Hay 23, 74 Nay 29, 74 10 

Grise 
Fiord 

nursing 
station 

Aug. 9, 74 110 

Arctic Bay private 
dvJellin7 

Aug. 14, 74 110 

*31/' of all tests performed gave positive coliform results. 



65 

hepatitis (which was also present at the DEW line station 

on Broughton Island at this time) and there were two house

holds where gastro-enteritis was suspected. Samples of the 

water supply were taken from the household suffering infec

tious hepatitis, from one of the households with gastro

enteritis, and from a third household where, because the 

water supply had shown a positive coliform result previously, 

the storage container had been cleaned. In all three 

cases there were positive results for both total coliform 

and fecal coliform (see samples 54, 55, 56-table 9). 

Tables 9 and 10 indicate that contamination of the water 

supply in arctic communities, by pathogenic organisms, is 

quite possible, or even probable, with present distribution 

practices. 

3.4 Water Quantity 

Daily streamflows were measured for the three rivers 

with the co-operation of the Water Survey Branch of Environ

ment Canada, who supplied the automatic Stevens A-7 water 

level recorders. Climatological data were obtained by 

placing automatic temperature recorders and by consulting 

the appropriate agencies which included Atmospheric En

vironmental Services in Frobisher Bay and Pangnirtung, and 

INSTAAR 1 , the Hudson Bay Company and the U.S. Department 

of Defense (the DEW line station) on Broughton Island. 

1 
Color~~o State University: Institute for Arctic and Alpine 
Research. 
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Calibration curves for converting water level data 

to streamflows were obtained through the use of three 

computer programs written by the author. The first pro~ 

gram, GAGE, converts velocity depth profiles to streamflows. 

Then CURFIT determines polynomial curves of any degree by 

the method of least mean squares and plots the results. 

Finally LIST interpolates the resultant curve and prints 

a table of streamflows for water levels at 0.01 foot in

tervals. 

The water level records were converted by the Water 

Survey of Canada with curves that they obtained in a sim

ilar manner. Results obtained by the author were trans

mitted to the Water Survey of Canada, and these rating 

curves have now been officially adopted. The three stations 

have now been permanently taken over by the Water Survey 

of Canada. 

The total amounts of runoff for 1974 were relatively 

low since an unusually small amount of snowfall occurred 

in the Franklin District of the Northwest Territories 

during the 1973-1974 winter. The records of Atmospheric 

Environmental Services show that for the 1973-74 winter per

iod there was an accumulation of 81.7'' of snow on Broughton 

Island and 61.1" at Frobisher Bay, whereas the normal ac

cumulations are 106.2 and 97.2 inches respectively. Ho~

ever, peak flows were nevertheless very similar to peak 

flows in previous years and the total amount of runoff 
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was well in excess of the total requirement for·the dom


estic needs of the communities. 


3.5 Soils Data 

On Broughton Island, soil samples were taken at var

ious locations and at various depths. Fig. 9 shows the 

locations of.the sampling sites for Broughton Is. In Pang~ 

nirtung, samples were obtained from the inside northern bank 

of the reservoir in order to estimate permeability, and 

from the sand pit located to the south of the reservoir. 

The results indicate that a large variety of soil types 

with various gradations and permeabilities are available. 

Clean uniformly graded sand is available from the beaches 

in both locations. Large deposits of gravel and silty clay 

can also be located. The clay content of one sample from 

Broughton Island was 30%. Such soil deposits are not un

expected for mountainous regions which have undergone num

erous glacial periods. There are a large variety of soil 

types present and except for beach deposits, they are usually 

well mixed. Tablell summarizes the results obtained for 

Broughton Island. 

3.6 Equipment Inventories 

The construction of new facilities for water distri 

bution and sewage disposal will require the use of heavy 

construction equipment that is not presently, generally, 
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TABLE 11 

Results of Soils Analysis 

-Broughton Island-

Location Description and Liquid Plastic 
(Fig. ) Classification Limit Limit Permeability 

A 	 clean, -.rhi te, uniformly 2.ox1o-1 
graded, beach sand ft/min 

B 	 uniform clean sand v1ith 
increasing organic con- 3.0xlo-2 

tent with depth ft/min 

c 	 uniform sand with some 3.0Xl0-z 
silt and gravel ft/min 

D 	 inorganic silty, sandy 
clay Hith some stones 
in area with some 
boulders (30% clay 20% 14% l.OXl0-5 

content) ft/min 

E 	 well graded sand with 
gravel and silt and 
contained permeable, 
uniformly graded, course 5.0Xl0-3 

sand lenses ft/min 

F 	 sandy, clay silt 35% 
silt, 22% clay with 
gravel and some large 17% 15% 2.0Xl0-5 

boulders ft/min 
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available in small high arctic communities. In some cases, 

some 	 or all of this machinery may be rented from nearby 

DEW line stations or private industries. 

Typical equipment inventories are shown in appendices 

C and D along with typical rental rates. 

3,7 	 Domestic Water Storage Tanks in Broughton 

In Broughton, a survey was conducted of the various 

types of water storage tanks available within the build

ings of the community, It was found that there was little 

standardization and that the types and capacities of the 

containers varied widely. Some 250 gallon, fiberglass tanks 

were discarded outside the houses because they were said to 

give a foul taste and odour to the water. Therefore most 

tanks in use were either plastic or galvanized steel and 

most were open at the top. Water was usually obtained sim

ply by scooping it out manually. In the settlement office, 

a large 600 gallon tank was badly corroded and hot water from 

the electric heater was rusty brown, indicating the cor

rosiveness of the water. 

Appendix D lists the various water storage capacities 

within the various buildings in the community of Broughton. 

It is assumed that Broughton is fairly typical of the small 

communities of the Arctic in this respect. 

3.8 	 Comment on Electrical Generating Capacities of Small 
Communities 
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Electrical power in the arctic is very costly. For 

Pangnirtung the 1974 cost was 12¢ per K.W.H. and for Brough

ton the cost was 18¢ per K.W.H. The cost per killowatt-hour 

decreases as total consumption increases. For Frobisher 

Bay the cost is 7,7¢ per K.W.H, [39]. Since installations 

are small, there is usually at least 100% reserve generating 

capacity plus further reserve for future increases in demand. 

In Pangnirtung there are two 165 and two 300 KW diesel gen

erators for a total capability of 930 KW, Peak demand for 

the 1973-1974 winter was expected to be about 350 KW [411. 

In the diesel generation of power, a large percentage of 

the calorific energy of ~he fuel is wasted •. This heat is 

presently being expelled to the atmosphere through the ex

haust system of the generators. Approximately 4,000 BTU/KW/Hr 

can be recovered with the use of present heat exchange equip

ment [65]. That is, the amount of heat recoverable from 

waste heat is approximately equal to the amount produced as 

electrical energy. Such recovered heat has many possible 

applications. It may be used to heat large buildings, or 

to heat the water for distribution by pipeline or it might 

be used to reduce the ice cover on the water storage re

servoir, 

3.9 Interviews Conducted 

During the field trip in the summer of 1974 a number 


of people living and working in the Arctic were consulted for 
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their opinions and advice regarding topics which relate 

to water supply and sewage disposal. Some of these dis

cussions or interviews are summarized here. 

John Argue, Regional Supervisor for the Department 

of Local Government in Frobisher Bay, felt that the Inuits 

were very capable of adopting to more sophisticated tech

nology and standards. However, he emphasized that they 

must believe something will work, or else it will not 

succeed. Therefore it is important to consult the local 

councils in arctic communities regarding any planned 

changes, 

Consultation with doctors, nurses and some residents 

indicated that they felt disease within the communities 

of the Arctic was due as much to the lack of adequate 

supplies of water for washing as to the lack of adequate 

disinfection of that water. 

Discussions and written communications with Bob 

Giroux, the settlement manager for Pangnirtung, and with 

Ian Creary, the settlement manager for Broughton, indicate 

that in both communities the excavated reservoirs are 

subject to losses from seepage and some sort of contamin

ation which turns the water brackish. In Pangnirtung the 

drop in water level in the reservoir was at times less 

than that anticipated from the rates of consumption. 

Therefore it is assumed that there must be seepage into 

the reservoir from groundwater as the water level drops; 

this may be the source of the troublesome contamination. 
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Mr. John Fuller, the local superintendent for the De

partment of Local Government expressed the conviction that 

piped distribution systems should be buried as protection 

against vandalism and accidents. 
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4 MODEL DEVELOPMENT 

4.1 Determining Flows in Rivers 

The Arctic field work included the measurement of 

river stage and discharge in order to determine rating 

curves. This was done in order to convert records for the 

rivers under study to streamflows. In most cases, flows 

were low enough that a current meter could be hand-held to 

determine a depth-discharge relation. In rare cases where 

the water was too deep, flows were measured by using dye 

dilution methods or by use of inflatable rafts. 

The current-metering of streamflow in this study was 

done by six different people, including the author and his 

supervisor. The resultant stage-discharge co-ordinates 

were used by the Water Survey Canada to determine rating 

curves which were in turn used to obtain discharge tables 

for the rivers. It was therefore necessary to develop an 

efficient method for obtaining accurate and consistent 

results from all the accumulated current meter data. To 

perform this task a program named GAGE was written, to both 

perform the calculations and list the results suitably. 

GAGE divides the stream cross-section into trape

zoids and multiplies their cross sectional areas by the 

average velocity to obtain flow. A summation of flows then 

yields the total discharge. A complete description, listing 
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and example of GAGE can be found in appendix F. 

4.2 Establishing the Rating Curve 

In order to determine a valid rating curve for a given 

set of stage discharge co-ordinates, the method of least 

mean squares was used. A FORTRAN algorithm was adapted 

from a text of applied numerical methods [181, and then ela

borated to form the basis of program CURFIT. 

It is very common, and the policy of Water Survey of 

Canada, to plot the log of stage against the log of flows 

and then fit a first order (linear) regression to these 

points. Therefore CURFIT was coded such that it could eas

ily perform a polynomial regression on the logs, as well 

as the original values, of stage and discharge. In this 

way, it was possible to check the shift in the rating curves 

from year to year, and to check our results against stage

discharge relations sent to us by the Water Survey of Canada. 

CURFIT will produce polynomial regression equations 

of any specified order(s) from the lowest order, min, to 

the highest order, max in a single run and it will list 

the standard deviation in each case, and also plot the 

regression curve against the original data points or logs 

of the data points, in order that the user may choose an 

acceptable regression. A complete description, listing and 

example is given in appendix G. 
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4.3 Discharge Tables 

For accurate and fast interpretation of the river 

stage records, and for the integration of those records, 

it is necessary to produce a standard stage-discharge 

table. For this purpose, program XLIST was written. 

XLIST uses the constants of the most suitable regression 

equation obtained from CURFIT to produce a stage-discharge 

table. A switching factor along with the appropriate 

functions, has been coded into the program so that the 

polynomial regression equation of -the logs of the flow

discharge co-ordinates as well as the original data points 

might easily be tabulated. The coding has been written 

to be compatable with CURFIT. A complete description, and 

listing of XLIST may be found in appendix H. 

4.4 Development of an Intermittent Supply Network 

The need for improvements in water supply practice 

in the high Arctic has been demonstrated in previous chap

ters. It was also shown that sufficient quantities of 

good quality water are available in the summer months but 

that suitable methods for storage and delivery of this 

water must be found with appropriate consideration for 

costs, sociological effects and energy requirements. 

Much time, money and effort have been spent on the 

design~ construction and improvement of utilidors and re

circulating systems, but intermittent pumping has largely 
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been neglected and its advantages overlooked. Although this 

method has been used in limited single main pipeline ap

plications in some arctic communities and work camps~ its 

full potential for supplying water to arctic dwellings on 

a year round basis has not yet been examined. 

The proposed intermittent system basically comprises 

a pipe network laid on the ground or in a shallow bed of 

gravel, to supply a storage unit in each individual build

ing. Such a network could be operated from a single pump

ing station and must be properly insulated and protected 

by a suitable exterior protective ~oat. Heat would be 

supplied, for example, by electrical heating elements 

placed between the pipe and the insulation. The pipe 

network would fill storage tanks, elevated within the 

houses, when the tanks were empty. Between supply pulses 

the pipes would remain drained and unheated. During the 

summer months, when temperatures are above freezing, the 

system could operate as a normal pressurized water sup

ply network. 

There are a large number of potential advantages with 

the proposed scheme over alternate methods. The water could 

be easily treated at the pumping station by a hypochlorin

ator and a simple fast filter, such as a micro-strainer, 

as other treatment is not likely to be required; many 

storage tanks already exist and could be modified to be 

compatible with the proposed pumping system and to provide 
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a gravity feed to a simple plumbing system within the dwel

lings; such a network could be constructed in stages in or

der that the water trucks might be slowly converted to other 

uses and that the requirements of electrical power and oper

ating skill might be gradually and effectively acquired; 

since the pipes are drained and unheated at least 80% of the 

time, there is little or no disturbance to the permafrost; 

since no return lines are needed and minimum velocities need 

not be maintained, much less pipe of smaller diameter may 

be used, resulting in large savings in energy and capital 

costs; the system may be integrated with heat exchangers to 

effect further savings in energy; the pipes may be care

fully held at a uniform minimum temperature for further en

ergy savings; heat loss from the pipes to the atmosphere 

occurs only 10% to 20% of the time and thus there is a 

great reduction of energy wasted; with (say) four days be

tween supply pulses there is adequate time to repair any 

malfunctions; the pipes may be slightly buried to protect 

them from surface vehicle damage and vandalism and to pre

vent them from obstructing traffic or pedestriam movement; 

the pipe layouts would be relatively versatile and not re

quire drastic reorganization of existing town plans in or

der to provide improved services; with the use of small 

diameter pipes, drainage can be aided by blowing air through 

the pipes~ air, for blowing out the pipes, might be obtained 

from air pumps at the pumping station and/or by designing the 



79 


storage tanks such that they contain a pressurized re

serve of air which expands to force .water out of the pipes 

when the network drainage valves are opened (Fig. 10). 

With 5 ATM.G~ water pressure, air reserves which 
are 10% of the tank volume could .collectively dis
place 5 times the volume of all the network pipes. 

In designing the proposed intermittent network, there 

are a number of parameters which may be varied in attempting 

to minimize costs. These design parameters include: 

a} the water demand 

Fig. 10 

dimensions 
6'x3'1 11 

net volume 
300 Gals. 

potable 

volume 

250 Gals. 


WATER STORAGE TANK 

valve (normplly open)stop for manual 

fil.l or inspection 


~--+-----------------.·~~--~~r=--w-~ 

float 

drainage 
valve 

full level 

II
pressurized air •• 
bl o ltl s o u t p i pes ,(j\ 
when network 
drainage valves 
are opened 

to 
plumbing 
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b) the size of the distributed storage tanks 

c) pumping head 

d) the rate or duration of pumping 

e) pipe layout 

f) pipe sizes 

g) insulation thickness 

h) capacity of the heating elements 

i) the circuitry of the heat tracing system 

j) the types of pipe, insulation and heat tracing tape used 

The most difficult variable to determine is water de

mand. Water demand can be greatly reduced within the dwel

lings by supplying public facilities for laundering and 

showering, as is indeed being done at pres~nt in communities 

such as Pangnirtung. This also decreases the load on the 

sewage system and avoids the cost of individual showers, 

washing machines and dryers. However, even with such fa

cilities, there is bound to be increased demand within 

the homes due to increased availability and changing house

keeping patterns [74]. If it is assumed that low quantity 

flush ~aste disposal can be achieved, and extravagant use 

be discouraged through water metering, then an initial de

sign water demand of about 10 g.p.c.d. may be reasonable. 

Larger users could supply proportionately larger storage 

tanks and also pay the extra cost of the water and sewage 

disposal. Storage capacity within each dwelling could be 

balanced so that most of the distributed storage would be 



81 . 


low at the same time. 

In order to determine at the outset, the sensitivity 

of the total system cost to each of this large number of 

variables, a simple program was written for operation in 

time sharing mode. This model reduced the supply system 

into one length of pipe supplying a single node throughout 

a typical arctic winter. Repeated runs of the program in

dicated that the maximum practical pumping head gave the 

lowest costs, since it reduced the duration of pumping. It 

showed that the storage capacity within the dwellings 

should be at least 50 gallons per capita, and that about 

one inch of calcium silicate insulation or equivalent was 

required -on a typical two inch supply line. It also in

dicated that power loadings and costs were well within 

practical limits.and probably less costly than any other 

system heretofore advanced. 

With these results it was possible to continue to in

vestigate the optimal design and costs associated with ac

tual pipe networks. It is assumed that the maximum prac

tical pumping head is used and that the average size of 

water storage tank is 250 gallons, since the average occu

pancy of native arctic dwellings is approximately five [41]. 

4.5 Optimal Design of the Pipe Network 

The layout of a pipe network is dependent on the local 

topography and the town plan for each community. It will 
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also be greatly influenced by traffic patterns and the lo

cation of the main storage reservoir. Therefore, to analyse 

the flows within a pipe network, a Hardy Cross analysis was 

programmed and design charts for estimating the friction 

factors and approximate flows within small diameter pipes 

were prepared (appendix K). Optimization of the pipe net

work may then proceed by a trial and error approach. The 

Hardy Cross network analysis (program HCNA) is described 

and listed together with a worked example in appendix I. 

The program starts with assumed flows and then alters these· 

to balance head losses. It then lists each pipe giving the 

total head loss and flow and the energy gradient for that 

pipe. The design charts of appendix K will aid determination 

of initial pipe sizes and flows and will also aid determin

ation of flows in dead-ended pipes. 

The procedure, then, may be summarized as follows: 

First assume a duration of pumping, say 5.0 hours. This will 

determine the flow rate since all distributed storage must 

be filled within this period. Then determine the supply 

links so that the total length of pipe is minimal and so 

that drainage may be accomplished at a minimum number of 

convenient points. Next, pipe diameters are selected such 

that the total cost of the pipe is minimal. This may be 

done in a more exact manner by first running program SYSOPT, 

which is described in the following section, for one foot 

of each diameter of pipe and plotting the total annual cost 
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vs. diameter. Then use this function to determine the 

optimal pipe diameters. A few trials will normally in

dicate the optimal layout and diameters of the pipe net

work, because of the topographic and traffic constraints. 

In order to optimize the duration of pumping it is 

necessary to repeat the procedure, in other words to 

determine an optimal network for several different dur

ations of pumping. These results are used to find the 

global o~timum. The entire procedure is shown in flow

chart form in Fig. 11. 

The optimization of a network for the requirements 

of heat tracing tape, insulation and power is discussed 

in the following section. 

4.6 Optimal Design of Power and Insulation Requirements 

Once the pipe networks for various durations of pump

ing have been determined, a. number of parameters may be 

altered in attempting to minimize costs. Higher cap

acities of heat tracing tape allow the system to be 

brought up more quickly to operating temperature and thus 

heat is lost for a shorter period of time. However, heat 

tracing tape is costly and therefore a balance must be 

determined. Furthermore, the insulation also plays an 

important and complex role. Larger amounts of insulation 

require larger amounts of sen'sible heat to bring them up 

to operating temperature and incur increased wrapping and 

plac~ment costs. However increased insulation thickness 
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FIG.ll FLOW CHART OF DESIGN PROCEDURE 

choose a duration of 

pumping and thus determine 

the required flow rates 

design the required pipe layout to 

satisfy the given flow rates on an 

optimal cost basis using 

HCNA 

optimize the given 

pipe network, using 

SYSOPT 

choose the optimal design 

with the best duration of pumping 

make refinements 

to the design 

repeat 
3 or 4 
times 



85 

also greatly reduces heat losses during operation. There

fore insulation thickness mu~t also be carefully selected. 

If the circuitry is to be simple, and require~ that the 

entire network be activated at once, then both tl1e insul

ation and power of the heat tracing tapes must be chosen 

so that the whole network will reach operating temperature 

within the optimal warm-up time for the minimum cost. In 

addition,· the properties of the insulation material, 

the pipe material. and the exposure to th~ wind 

affect both the amount of energy required for warm-up 

as well as the rate of heat loss. Finally, the circuitry 

itself can be installed in a very wide variety of de~igns. 

Increased complexity in circuitry can help attain increased 

simplicity of operation and savings in power costs, but 

such circuitry itself is costly, in design,maintenance 

and ·construction. This latter consideration cannot pro

perly be programmed. However, we could examine possible 

cost savings in terms of heating costs. 

The program written by the author which performs the 

abov~ tasks is named SYSOPT. It determines the design 

having the minimum annual cost for power, pipe, heat trac

ing tape and insulation. All cost functions are written 

into subroutines with all data being transferred through 

an unlabelled common block. Thus the subroutines may be 

easily altered to include estimates of other costs such 

as fittings, wrapping and installation. Costs of materials 

may be computed from arrays of cost data as supplied by 
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manufacturers, or emoirical cost formulas may be added to 

the subroutines. Thermal properties are calculated from 

heat transfer equations so that the effect of using var

ious alternative materials may be easily ascertained. 

The equations used are: 

RHL = TO x AO x CONO x FACT3 
XHJS x 3.41 

where: 

RHL is the rate of heat loss in watts per foot per hour. 

TO is the temperature difference in degrees fahrenheit. 

CONO is the thermal conductivity in British Thermal units 

per square foot per degree fahrenheit per hour per inch. 

FACT3 is a wind factor which is 1.00 if the pipe is pro

tected from the wind. The default value used is 1.12 for 

pipe exposed to wind. The value of 1.12 is for a wind 

velocity of 20 miles per hour. Other values may be ob

tained from most handbooks of heating, refrigeration or 

cold weather pumping [2, 3]. 

XINS is the 	insulation thickness in inches. 

The factor 3.41 converts heat losses to units of watts 

per hour. 

AO is the log mean area of the in~ulation surface per 

foot length 	of pipe in square feet, determined from: 

AO =~/12 (02 - 01) 
LOG 10 (V/12 x 02/01) 

Hhere: 

01 is the outside pipe diameter in inches and, 

02 is the diameter to the outside of the insulation in 
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inches (e.g. the outside pipe diameter plus twice the insul

ation thickness). 

A flow diagram of the coding in SYSOPT is shown in 

Fig. 12 . A linear programming proc~dure is used in which 

all combinations of design parameters are tested and the 

location of those giving the least cost solution are stored. 

Tests are performed for physical constraints and penalty 

costs assigned where constraints are violated. 

Brief descriptions of the input variables are given 

in the comment cards at the beginning of the program list

ing. Variables are listed in the same order in which they 

are read into SYSOPT. The required format is also given. 

A large number of variables have been incorporated in order 

to make the program flexible. 

DENINS, the density of the insulation, and SPHI, the 

specific heat of the insulation have been included so that 

a cost-benefit determination for various types of insulation 

might easily be made. 

WPER is the length of the winter period and is used 

to estimate the total number of pulses. It does not have 

to coincide with the number of days in the winter months 

that are chosen. 

TOPER is the operating temperature of the network. 

A safety factor may be. included here. A temperature of 

40°F was used by the author to allow a margin of 8° above 

freezing. Temperatures lower than 40°F should not be used 
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FIG.12 PROGRAM SYSOPT FLOW CHARI 
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and it may be desirable to use design temperatures as 

high as 45°F. 

Four design factors are included in the input. FACTl 

is the average percentage of the cross sectional area of 

the pipes which retains water rather than air after drain

age. This water will freeze during the drained period. 

The program calculates the energy required to heat and melt 

this ice, and bring the temperature up to operating level. 

A reasonable estimate of the amount of water retained 

might be 10%. A considerable amount of energy is required 

to melt this ice and therefore adequate drainage of the 

pipes is very important. The use of air ejection is ad

visable. 

FACT2 is the average percentage of water consumed 

at the time of supply. Some users will deplete more of 

their storage than others during the interval between 

supply. An estimate of 80% consumption may be reasonable 

as a first guess. The accuracy of this factor can be im

proved through field operations. 

FACT3 is a wind factor used in heat loss calculations, 

ranging from 1.00- to 1.20 for insulated pipe. 

FACT4 is set to zero or one depending on the type of 

circuitry considered. If it is zero then each diameter of 

pipe is considered to be on a separate circuit. In such 

an operation, the largest pipes requiring longer warm-up 

times would be activated first, then the next largest 
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and so on. This can be timed so that all pipes reach oper

ating temperature at approximately the same time. In this 

case, an optimum warm-up time is not required and therefore 

only one large "dummy value" for allo~tiable warm-up time 

(greater than 10 hours) needs to be entered into the array 

of allowable warm-up times. If FACT4 is 1.0, then it is 

assumed that all pipes begin warm-up at approximately the 

same time. In this case, the program searches for the com

bination of warm-up time, insulation thicknesses and tracing 

tape capacities that will yield an overall optimal solution. 

The protedure is as follows: For each allowable warm-up 

time being tested, the program will search for the com~ 

bination of insulation thickness and tracing tape capacity 

which most economically yields a warm-up time that is less than 

or equal to the allowable warm-up time. This is done for 

each diameter of pipe. Where a warm-up time for a certain 

pipe is less than the allowable warm-up time (which often 

occurs) the program uses the difference and calculates the 

cost of that wasted energy. The warm-up time and parameter 

values which incur the least total annual cost are listed 

as optimal. 

TORAIN is the time required to drain the system and 

was estimated at 1.5 hours by the author. 

The last data entered are mWN, .the number of winter 

months (those months with average temperatures below freez

ing) and TARR/\Y(fJr.iON), the array of monthly ambient temp
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eratures. The average montl1ly temperatures should give a 

good estimate of the average heat losses. However, it is 

advisable to enter the minimum monthly temperature for' 

the coldest month in order that the system be capable of 

operating under severe conditions. 

All data reading operations are performed by a sub

routine called SYSIN. This subroutine should be checked 

when entering data, since it also contains statements 

for reading arrays of pipe and insulation costs. 

All various sets of operations are performed in 

separate subroutines. These subroutines and the func

tions they perform are listed in the comment cards of 

program SYSOPT in appendix J. This division of operations 

makes it simple to change or elaborate the program. 

SYSOPT was checked for both logical and arithmetic 

accuracy and found to give valid results. The validation, 

as well as a complete description, and listing may be 

found in appendix J. Applications of the methods are giv

en in the following chapter. 

4.7 Other Design Considerations 

Supplying water by the method proposed in section 

4.4 requires that adequate water be available. This 

method does not directly solve the problems of sewage 

disposal. Water storage, water supply and sewerage, as 

well as power supply are all related problems in the 
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Arctic and the overall optimal solution would generally 

be an integrated system. Section 2.5 attempts to show that 

open reservoirs are probably the best method for storing 

water and section 3.8 discusses the amount of energy wasted 

to the atmosphere by the diesel-electric generators in arc

tic communities. The proposed water supply system would re

quire additional generation of power and lead to increased 

heat waste. It seems quite obvious that this waste heat 

should be utilized. Probably the most simple application 

is to locate the generators adjacent to the pumphouse and 

the reservoir. The waste heat could then be used to in

crease the reservoir water temperature by using it as cool

ing water and/or, more importantly, by using a heat ex

changer and water pump to capture the heat from the exhaust 

fumes. Waste heat might also be used to warm the pumphouse. 

The -benefits of warming the reservoir water are: (a) that 

it would keep the water well aerated and thus improve its 

quality, and, (b) by reducing the ice cover, there would be 

much less stress on the reservoir liner and (c) a reservoir 

of given capacity would yield a greater quantity of potable 

water. 

The most simple and economic solution to the.sewage 

disposal problem appears to be the use of large holding 

tanks and low quantity flush toilets within the houses, 

to be pumped out by service trucks from outside the house. 

The trucks could then transfer and pump the sewage into a 
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lagoon which would provide adequate treatment during the 

summer months and be flushed ·in September. Total haulage 

would be less than is presently the case for water supply. 

The existing water trucks could be readily converted to 

this use. The sewage holding tanks might also eventually 

be connected to a vacuum sewer system, or incorporated in 

a similar way to an intermittent system of sewer pipes. 

Ideally, for each community there should be a carefully 

designed long-term plan for the development of simple, ef

fective and flexible integrated services. In each case the 

overall cost should be minimized. It should be determined 

whether it is more economical to pump directly from a distant 

reservoir or whether secondary storage within the community 

is preferred. For some large users, it may prove more econ

omical to provide a continuous supply, rather than a pulsed 

supply. 

The cost of an excavated reservoir could also be very 

much reduced by computer optimization. The bottom dimen

sions and excavation depth should be carefully chosen, since 

excavation in permafrost and soil with large boulders is 

difficult, and it may be more economical to simply construct 

banks from external fill material. 

The above proposals would greatly improve the health and 

aesthetic quality of arctic communities, and would provide 

high levels of service, employment and self reliance with

out introducing impractical complexity or capital requirements. 
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5.1 Determining the Flow of the Duval River 

Seven stream gaugings of the Duval River were performed 

during the 1974 field season. The flows estimated by these 

gaugings, as analysed by GAGE, ranged from 72 to 850 CFS. 

Regression analysis of the stage-discharge points by CUR

FIT indicated that a first order log-log equation best 

described the stage-discharge relationship: 

Flow'= 10 . 0 (1.481295 + 3.332762 LOG 10 STAGE ) 

Using this relationship to integrate the entire stream 

gauge record, it was determined that the net discharge 

of the Duval River for 1974 was approximately 923 million 

cubic feet, within the period of record. 

5.2 The Design of an Optimal Intermittent Pumping Network 

For Pangnirtung 

A network of pipes was designed for Pangnirtung in 

such a way that it would pass close to all the buildings 

requiring water in the hamlet and make the minimum number 

of road crossings. Furthermore it was designed to facil

itate drainage and be easily expanded. Design was per

formed for a ten year population projection, even though 

the design life of the system is considered to be fifteen 

years or more. This was done tQ avoid oversizing the pipes. 
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By designing for this intermediate population ·projection, 

the length of the pumping interval can be altered to com

pensate for future growth and thus the net cost over the 

life of the system is kept to a minimum. 

In performing the design, Pangnirtung was divided 

into two parts, Upper Pangnirtung and Lower Pangnirtung. 

Lower Pangnirtung lies northwest of the airstrip and Upper 

Pangnirtung li~s southeast of the airstrip. The two water 

distribution networks are connected by a 2.50 inch pipeline 

passing the eastern end of the runway. Each home is ass

umed to have a 250 gallon storage tank. It is also assumed 

that each family has five members and that they collect

ively consume 50 gallons per day within their home. For 

a~ 80% consumption, the duration between supply pulses is 

four days. The consumption rate in the school is assumed 

to be 10 gallons per student per day for a 10 year pro

jected enrollment of 350 students. Therefore the system 

is designed to supply 14,000 gallons per pulse to the school. 

New laundry facilities and showers are not accounted for. 

It is assumed that these will be located close enough to 

the pumphouse to be supplied independently. Extra demands 

from buildings such as present laundry facilities, the 

nursing station and the hotel are taken"into account. Fi~

ures 13a & 13b show the distribution of water demand and 

the pipes used to supply this demand. 

With 3000 feet of quarter inch pipe allowed for ser



Fig. 13a DISTRIBUTION OF PIPES AND WATER DEMAND IN UPPER PA~GNIRTUNG 
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Fig. 13b DISTRIBUTION OF PIPES AND WATER DEMAND IN LOWER PANGNIRTUNG 
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vice connections (large users would employ larger connec

tions) the total length of pipe required was 21,000 feet, 

or approximately four miles of pipe. fletv.;ork analysis 

using HCrJA were performed for pumping intervals of 5, 10, 

15 and 20 hours. The net annual costs were then deter

mined from SYSOPT and net annual cost plotted against the 

duration of pumping. It was found that the optimal bal

ance of power consumption and capital costs occurred at 

about 10 hours pumping time. The design load capacities 

for the heat tracing tape ranged from two to five watts, 

and heat-up times ranged from 40 minutes to five hours for 

the various pipes within the network. The total annual 

cost of power, insulation, pipe and heat tracing tape for 

fifteen years at ten percent interest was found to be 

about $15,641. The largest pipe required at this pump

ing ·interval was 2.5 inches in diameter with most of the 

pipe in the network being in the 0.50 to 1.00 inch range. 

Insulation thicknesses (polyurethane) were found to be op

timal at 0.50 inches for the smaller pipes and 0.875 inches 

for the 2.50 inch pipe. Therefore the maximum net diameter 

is less than 4.50 inches. 

Table 12 presents the pipe requirements for the var

ious pumping durations. Table 13 and figure 14 illustrate 

the relationship between net annual cost and pumping dur

ation. 



----- -----

TABLE 12 

ESTUfJ\TED PIPE 	REQUIREJ:.UmTS FOR PANGNIRTUNG 
(FEET)-· PIPE SIZES (INCHES) 


TIHF 

(I-n:s.) 0.25 0.50 0.75 1.00 2.001.50 2.50 3.00 3.50 

-

5.0 3,000 5,393 3,233 2,079 3,100 1,120490 1,900 685 

10.0 3,000 7,368 1,940 1,025 780 2,585~~' 302 - -

15.0 3 000 9503,934 1,605 2,550 535 -8 ''~26 -
·-r--· 

20.0 3,000 10,240 3,020 1,035 2,5851,120 - - -
----- ---· -

1.0 
1.0 



--

-----

TABLE 13 


OPTIHAL NETHORK ANALYSIS FOR PJ\NGNIRTUNG 


AnnualAnnual 
ICostCapital Cost TotalPumping MaximumTime 

of ofCost AnnualPmver Load (Hrs.) Horsepmier 
Capital Pmver(KH) Cost _..--· ......1--.  -- r-· - 

4, 7Lf411,63684.7 91,093 16,3815.0 11.7 

83,881 4,925 15,64110.0 58.75.9 10 '715 

10,206 5,927 16,13315.0 79,8962.9 53.3 

77,108 9,850 6,92720.0 50.52.1 16 '778 
- -- - --- --~ --· --------- - --

,__. 
0 
0 
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5.3 	 The Design of an Optimal Intermittent Pumping Network 

For Broughton 

The average temperatures on Broughton Island wer~ 

estimated to be about 9°F colder than in Pangnirtung and 

the cost of power used was 18¢ per kilowatt hour compared 

to a cost of 12¢ per kilowatt hour for Pangnirtung. As 

in the Pangnirtung application, the minimum monthly temp

erature rather than the average monthly temperature was 

used for the coldest month. This ensures adequate heat 

tracing capacity and insulation thickness in order to han

dle the most severe conditions likely to be encountered. 

It was assumed for Broughton that an adequate reservoir 

could be constructed about half an mile from the edge of 

the settlement. Such a reservoir could be located in the 

clay deposits northeast of the settlement, to be filled by 

a gravity feed from the reservoir in summer. This location 

is estimated to be about forty feet above the elevation of 

the point where the supply main would feed into the supply 

network. 

The distribution network was designed in a manner 

similar to Pangnirtung. The 10 year projected enrollment 

at the school is 200 students for a water demand of 8,000 

gallons. A few pipes were oversized in order to facilitate 

drainage (Fig. 14}. 

The resulting net annual cost was found to be higher 

than that for Pangnirtung due to the long reservoir con
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nection and the high cost of power. 

The optimal pumping interval (Fig. 15) is approximate

ly 14 hours, which is the shortest duration at which a 

2.5 inch connection to the reservoir is feasible. There 

are approximately 67 pulses in one winter period. The 2.5 

inch line requires 1.25 inches of polyurethane insulation 

and a five l1our warm-up period. Reduced power costs would 

greatly reduce the system costs. 

Table 14 lists the pipe requirements for various pump

ing durations and table 15 lists some of the design para

meters and costs of the optimal network. 



- ---- --- ---- ------- - - --- - -

TABLE 14 

ESTIMATED·PIPE 	 REQUIREHT:NTS FOR BROUGHTON 
(FEET) 

PIPC SIZES (INCHES) 
THill i 

(Ins.) 0.25 0.75 1.00 1.50 2.00 2.50 3.000.50 3.501 

I 

! 
I 

1,0005.0 3,270 1,620 2,5302,540 1,235 1,480 2,650 !-

10.0 1,000 1,2405,930 2,410 1,615 1,480 2,650- -

15.0 1,000 2,560 845 1,670 820 2,6506,780 -- i 

; 

20.0 1,000 2,060 2,6508,250 1,190 1,175 - - -
-

....... 

+::> 
0 



TABLE 15 


OPTIHAL NEn.JORK ANALYSIS FOR BROUGHTON 

Time 
(Hrs.) 

Pumping 
HorsepovJer 

Maximum 
Power Load 

(KW) 

Capital 
Cost 

.Annual 
Cost 

of 
Capital 

Annual 
Cost 
of 

Power 

Total 
Annual 

Cost I 

5.0 6.0 70.0 85,108 10,872 7,481 18,353 

10.0 . 3.0 52.7 78,416 10,017 8,095 18,112 

15.0 2.0 45.4 71,848 9,178 8,851 18,029 .Ii 

20.0 1.5 43.8 70,307 8,981 10,487 19,468 
I 

I 

-  --- -  - - -------  ~-----_____J - ~---- --~- ··--~- ----  --~-----~--J 

I 
I 

I 

..... 
U1 
0 
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Fig. 15 NET 	 ANNUAL COSTS AS 1\ FUt!CTION 

OF PUMPING DURATION 
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6 DISCUSSI~N 


6.1 Water Quality and Quanitiy 

Field tests performed in this study showed that the 

raw water supplies used on Broughton Island and in Pangnir

tung might at times contain total coliform concentrations 

which are higher than the maxima recommended by government 

agencies. However the f~cal coliform counts were always 

zero and the water appears to be of a quality which is 

safe for drinking. 

The biological quality of the water samples collected 

from homes was often much poorer and uns~fe for drinking. 

High counts of fecal coliform as well as total coliform 

were recorded. Apparently, water is being contaminated 

during and after delivery. Furthermore, water, with the 

particular chemical qualities which are normally exhibited 

by surface waters of the eastern high Arctic when stored 

in large containers within relatively warm houses, is an 

excellent medium for bacteriological growth. 

The problem is twofold: (a) there is very little aware

ness by the inhabitants of the North of the relationship 

between health and water quality and (b) no suitable methods 

of controlled sterilization and protection of the water 

supplies are provided in most small high arctic communities. 

Suitable treatment of raw surface waters is relatively 
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simple in most locations, as only some filtering and chlor

ination are required and perhaps some batch treatment of the 

water in the reservoir for corrosiveness. The use of pipes, 

rather than trucks, and closed storage tanks, rather than 

open containers, would greatly facilitate proper, controlled 

treatment. 

Increased quantities of water are also required, es

pecially throughout the winter months. Quantities adequate 

for cooking, washing and cleaning will require an increase 

to a minimum of 10 g.p.c.d from the present 2 g.p.c.d. in 

conjunction with improved methods of sewage disposal. The 

use of low discharge flush toilets, and public laundry and 

shower facilities, will help reduce distribution costs and 

facilitate the conservation of water supplies. 

6.2 Water Storage 

Quantities of water large enough to provide at least 

10 g.p.c.d. plus adequate supplies for schools, laundries 

and shower facilities throughout an eight or nine month 

winter period need to be provided for most of the small 

communities in the high Arctic. The method employed should 

safeguard water quality and must also be economically feas

ible. It appears, from the analysis of section 2.5 and 

by examination of present successes in the use of sewage 

lagoons that excavated and lined reservoirs will provide a 

least cost solution in most locations. This method min



imizes operating costs and provides labour for local in

habitants. The use of computer optimization techniques 

can provide large savings in construction and operation 

costs. The use of berms rather than deep excavations will 

help to avoid problems of excavation in rocky permanently 

frozen ground and to reduce the problems of hydrostatic 

uplift on reservoir liners. 

6.3 Water Supply 

The cost and the design parameters obtained in sect

ion five suggest that an intermittent water supply system 

is a workable and economical solution to water supply 

problems in the far north. A surprising result of the 

analysis of pul~ed water supply to distributed storage is 

the small size of the pipes required. In a ten hour sup

ply period, 0.25 inch pipe can supply over 600 gallons of 

water where a gradient of 2 Ft./Ft. is available. There

fore 0.25 inch pipe is adequate for domestic service con

nections. For an energy gradient of 0.1 Ft./Ft., a 0.50 

inch pipe can supply 750 gallons in 10 hours or enough 

water for 3 homes. Although flow rates may be low, the 

constant flow time of 10 hours makes it possible to sup

ply enough water for 4 or 5 days with very small pipes. 

Since pipes are heated only about 10% to 20% of the total 

time, they require relatively thin insulation and will 

not seriously disturb the permafrost. Since total dia
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meter (pipe plus insulation) are kept small, the nehtork 

becomes relatively simple to construct and maintain. 

It is proposed that the pipes could be pre-traced 

with electrical heating cables and pre-insulated, and 

have a tough waterproof protective coat applied in a 

factory so that only simple connections need to be made 

within the field. It may also be possible to simplify 

the supply networks, using s~all standard modules which 

might easily be replaced if trouble 'should occur. Thus 

a network could be easily constructed, expanded and 

maintained by local labour, and with local equipment. 

Appropriate changes could easily be incorporated· 

into SYSOPT so that optimal designs can be obtained us

ing these standardized modules. 

Firefighting should be handled by a volunteer force 

using a tracked vehicle and dry chemical extinguishers as 

is presently being done in Pangnirtung. This is not 

only adequate, but preferable, since buildings in the 

small communities are small and highly flammable, and be

cause the use of fire hydrants, on any type of piped dis

tribution, is both physically and economically impractical. 

Fire hydrants require careful protection against freezing 

and the design of distribution systems for fireflow re

quires much larger pipes. The installation of fire hy

drants on a pulsed system would not be feasible since long 

warm-up times are required. 
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An accurate cost comparison of the intermittent sys

tem with alternative methods is difficult to make due 

to the variations in levels of service and quantities of 

water and sewage transported. However an approximate 

cost comparison is nevertheless valuable at thls 

point. It is proposed here that each family in Pangnir

tung be allowed approximately 50 gallons per day for home 

consumption, and each student be allowed an additional 10 

gallons per day and that low flush toilets and public 

showers and laundry facilities be provided. If it is ass

umed that a 15 year projection is used, then we are de

signing for 250 families and using a capital recovery fac

tor of .11746 (at 10% interest). It is also assumed that 

water and sewage tanks can be installed for about $400 

each and that a water and a sewage reservoir can be con

structed for the cost determined in section 2.5. It is 

also assumed that sewage pumpout costs would be similar to 

water delivery costs as reported by the consultants [38, 

pg. 19], inflated to 1975 costs. Two trucks would be re

quired. Therefore costs are as follows: 

Capital Costs 

Pipe network 83,881 

Control Equipment 20)000 

Construction 100,000 

Treatment Plant 300,000 

Water tanks (250 x $400) 100,000 

Sewage tanks (250 x $400) 100,000 
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Hater Reservoir 456,300 

Se\·tage 1a goon 456,300 

Laundry & Showers 700,000 

School (sewage & water tanks) 15,000 

2,331,481 

Annual Costs 

Water Supply operation 13,000 

Maintenance & supplies 5,000 

S e \'I a g e Pump o u t 94,141 

Power 4,925 

117,066 

Therefore, total annual cost is approximately: 

(2,331,481 x .11746) + 117,066 = $390,922/year 

This is about $1,560 per family per year. This cost may 

be greatly reduced if reduced costs for the reservoirs and 

the laundry and shower facilities are achieved. 

The consultants [38] obtained costs of $3,868,000 for 

water and sewage networks. This is exclusive of the cost 

of a reservoir, sewage treatment, water treatment or any 

public facilities. It also does not include operational 

costs. Their costs may be estimated as follows: 

Network costs 3,868,000 

Reservoir costs (40 g.p.c.d.) 1,000,000 

Plumbing requirements 750,000 

Se \'J a ge t rea t rn e n t 500,000 
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Water treatment 100,000 

$6,218,000 

Annual Costs 60,000 

Total annual costs amount to $790,366. This is more than 

double our costs, which include necessary public facilities. 

6.4 The Role of the Inuit 

The design of any water distribution and sewage dis

posal system for small communities of the far north must 

take account of the fact that skilled labour is lacking. 

It should also take into account the conditions that ex

ist in housing, traffic, local Inuit and white society, and 

the problems in health and hygiene that are faced. 

On the above counts, it is found that an intermittent

ly pumped water supply system and sewage disposal into a 

treatment lagoon would be best. It could be largely con

structed and operated by local labour, construction could 

be easily done in stages in order that experience and 

skills might be acquired by the Inuit, and apart from the 

electrical components, the entire system would be simple 

to construct or repair. Permanent employment would be 

created for a number of operators and the transition from 

trucked supply to piped supply would be done gradually and 

cautiously following present habits. Specially constructed 

or adapted wa~er stora9e tanks would be required in order 

to make the intermittent system operable but other than 
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that, alterations to the plumbing within the homes could 

be left to tl1e discretion of the inhabitant~ or those who 

rent the houses. The storage tanks could operate on an 

automatic demand pump or they could be elevated to employ 

a gravity feed. 

Sewage disposal would operate independently of water 

supply for greater simplicity of operation and maintenace. 

A sewage lagoon could be constructed, after which time the 

transition from honeybags to low discharge flush toilets 

and holding tanks could be undertaken. This system would 

be simple to construct and operate with local labour, and 

it could employ the drivers and trucks that pre~ently de

liver water. Sewage holding tanks might later be con

verted to vacuum sewage disposal or a similar type of in

termittent system. 

The pipeline could be covered with gravel, at or near 

grade, in most locations and it could cross all roads 

through small diameter pipe culverts. Therefore the new 

system would not be unsightly or disrupt present traffic 

patterns. Furthermore, it would be protected against van

dalism. 

Due to the differences in habits, the water demand 

among the white population will probably remain higher than 

that among the Inuit population for a number of years. 

With the intermittent system, the sizes of the water tanks 

can be varied to match demand and people could be taxed 
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according to the size of tank that they used in order to 

avoid expensive and complicated metering. 

Finally, the people should be educated in hygiene and 

preventative medicine in order to help safeguard the qual

ity of the water supplies and ensure its proper use. 

6.5 Recommendations for Further Work 

The next logical stage in this work would be to construct 

in the field, a reservoir and pumphouse and to connect ten 

or twenty homes. With such a system it would be possible 

to investigate alternate designs for pipe placement in or

der to allow for thermal expansions and contractions. The 

pipe may simply be placed in a gravel berm, or inside a 

larger culvert pipe and then slightly buried or perhaps it 

might be placed under covered half sections of discarded 

oil drums which abound in the Arctic. In some locations 

the pipe may have to be slightly elevated to pass over low 

wet areas, and many different designs would need to be 

considered. Thermal expansion and contraction can be 

handled by a number of methods. The pipe can be bent and 

placed in a sin wave pattern or it may be placed in a zig

zag pattern, or it may contain expansion loops or expansion 

joints. Automatic water treatment methods and electrical 

operation need to be tested. All components should be 

tested under cold weather conditions and closely monitored 

for at least one winter period. Such a trial operation 
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might be attempted in Pangnirtung and/or Broughton. 

The work of this thesis could also be extended. The 

computer programs listed could be made interactive and other 

programs to optimize reservoir design and operation would 

also be very beneficial. 

It is hoped that the work in this thesis may initiate 

improved solutions and attitudes for the problems of engin

eering in the high Arctic. 
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APPETmiX A 

THE LANGELIER SATURATION INDEX 

Index Factors 

Temp. Temp. Calcium Hard. Total Alk. 
(oC) (oF) TF (rng/1 as CaC03) CF (mg/1 as CaC03) AF 

0 32 0.0 5 0.3 5 0.7 

3 37 0.1 25 1.0 25 1.4 

8 46 0.2 50 1.3 50 1.7 
12 53 0.3 75 1.5 75 1.9 

16 60 0.4 100 1.6 100 2.0 

19 66 0.5 150 1.8 150 2.2 

24 76 0.6 200 1.9 200 2.3 

29 84 0.7 300 2.1 300 2.5 

34 94 0.8 400 2.2 400 2.6 

41 105 0.9 800 2.5 800 2.9 

56 128 1.0 1000 2.6 1000 3.0 

The Langelier Saturation Index (LSI) 

LSI = pH + TF + CF + AF - 12.1 


LSI 1ess than -0.5 indicates a corrosive ~vater supply. 

LSI greater than +0.5 indicates an encrusting water supply. 

Example: The untreated t·mter of the Duval River, N.H.T. 

pH is approximately 7.0 
Hardness is approximately 5.0, therefore CF is 0.3 
Alkal. is approximately 5.0, therefore AF is 0.7 
Temp. is approximately 37°F therefore TF is 0.1 

LSI = 7.0 + 0.1 + 0.3 + 0.7 - 12.1 = -3.0 
Therefore this vmter 'is corrosive 
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APPENDIX B 

Reservoir Cost Estimation 

The cost of a 3.0 million gallon reservoir is estimated 

as follows: 

11.5 mil gallons (excavated) = 7,500 cu yds. 

+ 3,000 cu yds. backfill = 3,000 cu yds. 

10,500 cu yds. 

Percentage of Volume as Boulders 50% 

Costs 

5,250 cu yds. boulders excavated and placed for berm 
5,250 X (21+2} X 2* = 241,500 

5,250 cu yds. stiff soil excavated and placed 
5,250 X {3+2) X 2* 

3,000 CI,J yds. sand, gravel and rip-rap placed 
3,000 X (3.3+2) X 2* 19,800 

liner installed 25,000 

dewatering 10,500 

thawing of permafrost 10,000 

drains 5,000 

planning and supervision 52,000 

contingencies 40,000 

TOTAL: 	 456,300 

* 	geographical factor 

1 	potable water volume is assumed to be twice the excavated 
volume, due to construction of berms. 
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Yearly operating and maintenance costs 4,000 

Cost per gallon (10% interest over 10 year lifespan) 2.61¢ 
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APPENDIX C 

HEAVY EQUIPHI:NT ON BROUGIITQI-; ISLAND (1974) l 

1) 	 One Nod'''ell Rn 110, 1966, $26,076 to be scrapped this summer but 

presently serving as \-Tater carrier vlith 500 gal. tank. 


2) One IHC 1700 5 Ton Dump Truck 4X4, 1970, $9,700. 


3) One Hough Payloader with fork lift and bucket, 1966, $15,615. 


4) Three Norman Trailers, 3 ton, 8 ton, and 10 ton. 


5) Huskeg Bombardier 500 gal. Hater Carrier, 1971, $16,710, has diesel 

engine and is presently required to replace present worn water carrier 
- it will go into service as a fire truck t-rith the delivery of a new 
water carrier expected on 1974 sea lift. 

6) Bombardier Personnel Carrier Hodel AA8, 1968, $7,100. 

7) Huskeg Bombardier :HS69, $13,100 - presently being used as fuel carrier 
to be converted to garbage truck. 

8) Huskeg Bombardier 600 gal., 1973, Perkins Diesel Engine and is to be 
used as ne"tv fuel carrier. 

9) DS Caterpillar, 1973, $42,000. 

10) Muskeg Bombardier 600 gal., 1974, to be delivered on 74 sea lift and 
to go into service as new water carrier. 

11) Pickup truck. 

12) One Bombardier Quatrack, 1973, $57,000, a 2000 gal. water carrier 
which broke dmvn so much in the course of 3 trips that it is being 
sent hack to Montreal on this coming sea lift. 

13) One DH20 Scraper including tractor to pull it (very good condition 
huge, excellent machine). 

NOTE: The DeHline Station has bulldozers including 2 D8 's as "tvell as 2 
graders, trucks and gravel crushers. The D8's are $40 per hour to 
rent, including operator. 

1Information gained from ~Jilfred Courmier, D.P.\•!. foreman, Broughton, 
July, 1974. 
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APPENDIX D 


Heavy Equipment in Pangnirtung (1974) 


1. Terrain Hasks - ~rater Tanker 1971 

2. Terrain Hasks - Se\-Jage Tanker 1971 

3. Huskeg Hater Tanker 1970 

4. Huskeg Fire Truck 1967 

5. Huskeg Flat Bed Garbage Carrier 1967 

6. Bombardier Snm·nnobile 1967 

7. International Dump Truck 1970 

8. Haigh Pay Loader 1966 

9. Catterpillar Hotor Grader 1957 

10. Case 1500 Bulldozer 

11. Nod\-Jell Rn 75 Fuel Tanker 1964 

12. Nod¥Tell Rn 110 Hater Tanker 1963 

13. I.H. Dozer TD 20 1970 

14. John Deere 544 - Front Loader, Back Hoe 1970 

15. Champion Motor Grades 1970 

16. Cre¥7 Cab 3/4 for pick-up 

17. Farm H'agon 

18. Wobble Wheel Compactor 

19. Air Compressor - Gardner Davis 

20. Concrete 1-!ixer - Honarch 
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APPENDIX D 

Heavy Equipment in Pangnirtung N.H.T. 

-Rental Rates-

Equipment Including Operator 

Cre't-T Cab Truck 

5 yard Dump Truck 

Front End Loader 

Road Graders 

Muskeg Flat Bed 

Muskeg Water Tanker 

TD 20 Tractor 

Fork Lift Tractor 

Terrain Hasters 

(1974) 

Rental 
(Dollars/Hour) 

$ 15.00 

18.00 

20.00 

25.00 

18.00 

20.00 

35.00 

18.00 

45.00 
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D011ESTIC \·JATER STORAGE CAPACITIES FOR BROUGHTON N. W. T. (197 4) 


UNIT 
DESCRIPTION 

NO. OF 
illHTS 

STORAGE 
CAPACITY 

NO. OF PEOPLE 
BEING SERVED 

DENAND 
CRITERION 

TOTAL 
DEMAND 

Northern Rental 
Ilouses 57 14 @250 gals. 

43 @ 45 gals. total 310 800 gals./month 
per household 

3 Bedroom Houses 
(Government) 6 250 3 to 9 800 gals./month 

per household 

2 Bedroom Houses 
(Government) 2 1 @ 250 

1 @500 2 to 4 800 gals./month 
per household 

Private Residence 4 
2 @ 45 
2 @ 250 

2 to 8 
2 to 8 

800 gals./month 
per household 

Settlement Office 1 ::! 600 4 employees 

School 1 =.. 800 90 - 100 students I 
I 

Nursing Station 1 600 1 or 2 

Hudson Bay Company 1 = 250 lf 
i 
I 

I 
I 

' 

I 

I 
D.P.W. & N.C.P.C. 1 ::!1000 6 employees 

·to tel 1 
- ~-----------------

::! 600 
---------~--~-----~ 

sporadic - < 6 
------------------~------------------ --  ~-- ~------- ---------------------  ---  ----  - ---~J 

I 

I 
 f"!"1 

I-' 
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APPENDIX F 

Program GAGE 

Stream Flows From Current Meter Data 

Purpose: This program calculates the flow within a stream 

from a set of current meter observations and calibration 

data. It provides a consistent and accurate method of 

performing these calculations and yields a printout which 

is easily read and stored for future reference. 

Method: The stream cross section is divided into trape

zoids with each station forming the boundaries of these 

trapezoids. The velocities in each trapezoid are calculated 

from the appropriate calibration relationship and averaged 

in order to calculate flow through each trapezoid. The 

component flows are then summed and the results printed. 

Program Deck Name: GAGE 

Input: The first five cards of the data file are for a 

description of the gauging, then the number of calibration 

ranges for the current meter is entered in format 12. For 

example: if a meter is calibrated such that; 

velocity = 1.0 + 2.0n for 0> n~ 3 and 

velocity = 1.5 + 2.5n for 3> n > 5 and 

velocity = 2.0 + 3.0n for 5> n 

there are three ranges of n. Next the boundary values are 

entered as 0.0, 3.0, 5.0 in format F20.6. Then constants 

A and B are entered in format 2F20.6 as 
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1.0 2.0 

1.5 2.5 

2.0 3.0 

Finally, the gauging data are entered. For each station 

enter the distance to the station, the depth at that 

station, the number of revolutions and the time in seconds 

for those revolutions in format 4F15.4. The last card 

should be negative numbers to signal the end of the data 

fi 1 e. 

Output: The program prints all input data so that it 

might be checked. It also prints the velocity profile and 

then gives total cross sectional area, the average velocity 

and the total flow. 

Other Decks: No other decks are required. There are two 

sub-routines within the program to read and pring all data. 
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Program GAGE 

- Listing 

Comment Cards 

PROGRAM GAGE<INPUT,OUTPUT,TAPE5=INPUT,TAPEo=OJTPUT> 

·~···········~·········T·······~···································· 
···········~···········~············································ 

STREAM FLOWS FROM CURRENT METER DATA 

WKITTEN BY R. SUK, ~~MASTEK UNIV~RSITY ENGINEERING, 1974 •.... 
························~········~·····••••++++++++++++++++++++++++• 
THIS PROGRAM CALCULATES THE FLOW IN A STREAM GIVEN METER ROTATION,

LOGATIOh OF METER, UEPTH AT LOCATION, AN0 THE METE~ RATING 

INPUT DATA -· 
FIR.ST ENTER ON FIVE DATA CARDS, ANY OF WHICH HAY :3E LEFT BLANK,
THE PLACE, DATE~ AND THE TIM£ OF THE GAUGING, RIVER STAGE, AND 
YOUR NAME AND AtFlLIATION. 

METER RATING IS SPECIFIED IN THE FORH V=A+BN FOR <N1 LT N LT N2> 
N IN THIS EXAMPLE IS THE METER SPEED IN REV. PER SEC. AND 

.- Nl, N2, •••• ARE LIMITING BOUNDARY VA~UES 

N IN THIS EXAMPLE IS THE 'HEIER SPEED IN R~VS. PER SEC. AND
V IS THE STREAM VELOCITY . 
TrlERE A~E USUALLY SEVERAL RANGES OF N, EACH RANGE HA~ING A
DIFFERENT SET OF CONSTANTS A,B. 

THE FlKST DATA VALUE ENTERED IS THE NUHaER OF RANGES FOR N 
IN FORMAT IL 

TrlE LOWER LIMITS N1, N2, •••• ARE NEXT ENTE~EO IN FOR~AT F20.6 
BEGINNihG WITH 0.00 FOR N1. 

CONSTANTS A AND B ARE NEXT ENTERED FOR EACH RANGE Ih
FORM.AT 2F20 .&. 

X<Il IS THE DISTANCE TO THE i-TH STATION.
0(1) IS THE DEPTH AT THE l-TH STATION. 
REVS(!) IS THE NU~BER Of ~EVOLUTIONS COUNTED AT THE I-TH STA. 
TIH(l) IS TrlE TIME FOR REVS(!) RE~OLUTIONS. 
THESE FOUR VALUES ARE ENTERED LAST IN FORMAT 4F15.~ WITH THE LAST 
S~T OF vALUES BEING NEGATIVE NUMaERS TO SIGNAL ENG OF OATA. 


5 Ut3RO UTI NES 


GAGlNP READS ALL THE GAUGING DATA· 

GAGOUT WKilES ALL INPUT AND CALCULATED DATA. 

·-~········~·········••+++++++•~·················~·~····~··~~······· 
································~··········~·········••++++++++++++ 



Program GAGE 

-	 Listing Cont~d 

Coding 

COMMON A<9J, AREA(99), 8(9)1. Dl99>.r 02(99r

COMMON ID0(100), K, L, N, NYKNT, NkEhJ, Q(99), QTOT
UOMMON REV$(99), RPS(99)t ROTC99)l TIHC99), TA 
COMMON VELC99) 1 VELAV, H~THC~9) 1 X(99) 

c 
t.tTOT=O.O 
TA=O.O 
TV= 0. 0 

c 
NREAD=~ 
NPRNT=b 

c 
C--~--KEAU ALL GAUGING DATA 

CALL GAGINP
K=L-1 .... 


C-----DEiE~MINE POINT VELOCITIES 

DO 10 I=1 1 L 
00 11 J=1,N
IF<RPSCU .EQ.O.O> VEl..(I>::zO.O
lF<RPSCI>.GT.ROT(J)) VEL(!J=A(J)+8(J)+RPS(I)

11 CONTINUE 
10 CONT.iNUE 

DO 12 !=1,K 	 . 
C-----Ch~CULATE Tk~PEZOIOA~ AREAS 


~2(!)=(0(I)+0(1+1).)/2.0 

. ~DTH<I>=X<l+1J-X<I> : 


AREA<I>=02<I>•WDTH(l)
TA=TA+AR£A(l)

C-----CALCULATE AVERAGE VE~OCITIES 
VEL(I)=(V£L(1)+VEL(l+1l)/2.
TV=TV+VEL (!)

C-----INTEGRATE THE FLOWS
QCIJ=VEL<I>•AREA<I>
;lTOT=QUJ +QTOT

12 GONTHWE 
IIELAV= QTOT /T A 
GALL GAGOUT 
STOP 
ENiJ 

c 
SUBROUTINE GAGINP 

c 
( EhlERS AND CHECKS ALL DATA 

c COMMON A<9>, AREA<99J, 8(9)1. 0(99>t 02(99)


COMMON I00(10C), KI L, N, NYkNTt NkEAD1 t.t<99J, QTOT
GO~HON REVS(99J, RPS(99>t ROTC9~), Tl~(9~J, TA 
COMMON VEL<99), VELAV, HUTH<99J, X(99) 

c 
c 

L=OREAD <NREAO, 20 04) (100( I>, 1=1, 10 OJ 
REAO<NR.EA0 1 2005) N 
DO 1 J=1, N
READ (NREAD 1 200o) ROT (J)


1 CONTINUE 

~~AB<~Rk!~,2007) A(KJ,8(1() 

2 	 CONTINUE 

~~A~<~~~A6~2008) X<I>,D<I>tkEVS<I>,TIM<I>

IF<TlM(l) .t::.Q.O.O> TIM<U=1uOO.O 
IF<DC!).LT.O.O) GO TO 4 



Program GAGE 

- Listing Cont'd 

L=L+l 

3 COIHINUE 

'-t CONT IN\JE 

~~s~rf~~£bs<I>ITIM<I> 
5 f. ONTINUE 

21lDlt 	 fOP.t1AT(20A4)
2005 	 F0~1!1AT<IU 
2006 	FOKHATCF20.6> 
2007 	 FORMATC2F20.6)
200b 	 FORHAT(4F15.4)


RETURN 

END 

c SUBROUTINE GAGOUT 
c DELIVERS AND FORMATS ALL OUTPUT·c 
c COMMON AC9), AREA'(39), 8(9), 0(99) 11 02(99) QTOTGOMMON 100(100), Kt L, N, ~PkNlt NKEAO, Q(99)1

COHHON REVSC39), RPS(99)! kOT<9~), TIM<93l, T 

COMMON VELC99)t VELAV, WUTH<~·:D.' XC99)

WRITE<NPRNT, 10uU

HRITE<NPRNT,100~) CIOO<I>,I=1,100) 

nRITECNPRNT,1011)

WR~TECNP~NT,100o) N 

WR1TE<NPRNT 1 10]7)

DO 9 J=1 N
Hf<.ITECNP~NT,1008) ROT(J) ,A<J>,B<Jl 


9 CONTINUE 

~RITE<NPRNT 1 1009)
DO 6 	 I=1,LHRITE·(NP... NT,1010) X(U,D<l),K.EVS<l),TIH(l) 


b CONTlNJE 

rl k.l T E <NP~ NT, 1 0 1'+)
WRITE<N?RNT 1 1002)
UO 21 I=1 1 K I 1 D2<1> 1 AKEA<l> 1 VEL<~>,QCIJHRlTE<NPKNT,1003)


21 COI~TlNUE 

HRlTECNPkNT 1 1012) TA 

rlR1TE<NP~NT,1013) VELA \I 

WRITE<NPRNT 1 10C~) QTOT 


c1001 	FORHATC1H1,2X,34H -PROGRAM GAGE-,/
12X 53H PKOGRAH CALCULATES STREAM FLOW FOR GIVEN CURRENT,/
22X,52H METER RATINGS AND ANY SET OF METER OBSE~VATIONS,I1 

-----------------------------------------------,132X 1 52H
~~~:§~~ H~MAST~~I~~J~E~~IrY ~~~f= ~~°C~~ICU~NiiNEERING!~I//)


1002 FORMATC1oX,50H SECT. DEPTH AREA VELOCITY, 
112H FLOW!/) 

itO~ 	FO~MATC1~X,I3~~~13.3)FORMAT(10X,12H1003 TOTAL FLOW= 1 F10.2 1 2X,22H CUBIC ~EET PER SECOND,//) 
100~ FORMAT(1H 20A4>100b 	FORMAT(2X,~6H T~E NO. OF RANGES fOR PROP. RATING:,I3,1l
1007 	FORHAT(2X 50H LOWER LIMIT CONST~NT CONSTANT,I,

111 0X, 41H R • P. S. 	 A 8, /)
100b 	FORHAT<dX,F8.5t14X,F8.5f9X,F8.5t//)
1G09 	FO:<..HATC// 1.14X .l8~ SA. uEPTH REVS. TIME ,1>1
1010 	FO~HAT<14X 1 4F10.3) .1G11 	 FORMAT(///

1 
9X,29H THE FO~LOWING DATA HERE READ,///) . 

1012 	FORMAT(//~10X,_12H TOTAL AREA= 1 F10.2,2X,_12H SQUARE FEET~//)
1013 	FORMAH10x,12H A\/G. VEL.= ,Flu.21 2X,_16H FEET ~ER SECONu,//)
101~ 	FORMAT (// 9X,36H THE FOLLOWING kESuLTS wERE JBTAINEO,//)

1 
RETURN 
END 

http:1.14X.l8
http:FORHAT<dX,F8.5t14X,F8.5f9X,F8.5t
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Program GAGE 


- Sample Input Output Data 

~AUGING PERFORMED AT BRIDGE 
DUVAL RIVER PANGNIK.TUI~G 1~. W. T. 
JULY 12, 1974 1805 
k. SUK. MCMASTEk UNiVEk51TY 

THE FOLLOWING DATA WERE READ STAGE 1. 30 

THE NO. OF RANGES FOR PROP. hk~lNG= 3 

LOWEK LIMIT CONSTANT -· CONSTANT 
F<.P.S. A l:i 


o.ooooo .20090 1.43270 


. €000(; .07820 1.64b30 

5.if7000 -. SS44 0 1.76300 

STA. OEP1H REV:;,. TlME 

o.ooo o.ooo 1000.000
~:888 -~ 0 0 .400 1. 0 00
:...ooo .~t3 1.~;,o 1.000 


b.OOO .1bb .100 1.000 
s.ooo .i05 • 25o 1.000 
10.000 1.3i~ .36::) 1.000 
12.000 e91b 1.7o:) 1.000 

1t.r.OOO 1.000 2.1~7 1.000 

16.000 2.~b6 2.500 1.000 

1o. 0 00 1.633 2.609 1.000 

20.000 2.000 1.4~3 1.000 
22.000 1./0b .602 1.000 
2-+.000 1.~~2 .3 ... 1 1.000 
26.0UO o.ooo o.ooo 1000.000 

THE fOLLOWING RESULTS WERE OBTAINED 

SECT. DEPTH AREA VE~...OC 1 TY FLOW 
1 • 250 .500 .3b7 ~193 
2 .SttZ 1.0b3 1.702 1.6't3
3 • 37 5 • 7.;. 9 1 • .:.ol 1.114 
't .43o • d71 ... ~0 .397s 1.040 2. Od 0 .660 1.373
6 1.146 2.291 1.3oc '+ • 2 CS.O .
7 • 958 1·916 3.29~ &.320
8 1.794 3.~68 3.903 1"t.005
9 2.211 ...... 421 4e 284 1o.~38

10 1.-j17 3.833 ·3.45;. 13.2-.2
11 1.b~4 3.7oo 1.oo~ o.&a...
12 1.b25 3.2~0 .o7~ 2.856
13 .771 1.5:.t2 • 3't5 .532 

TOTAL AREA= 2 9. o3 StlUARE FEET 

A IIG• VEL.= 2.~1 FEET PE:'( SECOND 

TOTAL fLOW= 71.78 CUBIC FEET P£~ SECOND 
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APPENDIX G 

Program CURFIT 

Rating Curves for Streamflows 

Purpose: This program determines the best fit rating curve for 

a set of stage-discharge co-ordinates. The resultant curve 

is plotted against the original data points and the stan

dard deviation and the constants of the polynomial equation 

describing the curve are listed. 

Method: The polynomial equation is determined by a re

gression analysis employing the method of least mean squares. 

The program performs the operation for polynomials of or

der MIN to order MAX for either the original data points 

or the logs of those points, and plots each equation ag

ainst the input co-ordinates or their logs and lists the 

standard deviation. It is then up to the user to deter

mine which order of polynomial is most suitable. 

Program Deck Name: CURFIT 

Input: The first data entered is the number of co-ordinate· 

sets in format 120. Then five cards must be used to define 

the given data set, discribing the data and location of 

the rating curve. Any of these five cards may be left 

blank. Then the number of stage-discharge co-ordinates, 

the lowest and the highest polynomial desired and NLOG 

are entered respectively in format 415. If NLOG is less 

than 2, CURFIT will find the polynomial regressions of the 

logs of stage and discharge co-ordinates. If NLOG is 
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greater than 2, the original data points are used. Next all 

the values of stage and finally all the values of discharge 

are entered in format 6Fl0.5. 

Output: The program will list all the input so that it may 

be checked. It also gives the values of the determinant, 

the standard deviation and the constants for each order of 

polynomial. Sis the standard deviation and the-equation for 

discharge is given by 

Discharge =A+ B(l) x STAGE + B(2) x STAGE 2 + B(3) x STAGE 3 ... 

or where the logs of stage and discharge are used 

Discharge= lO.O(A + B(l) x LO~dSTAGE) + B(2) x (LOG 10 (STAGE)) 
2 

+... 

The resultant curves are also plotted against the original 

data points so that the degree of scatter may be examined. 

Other Decks: No other decks are required. There are two 

functions included in CURFIT. Function REGR performs the 

regression analysis and it calls function SIMUL to solve sets 

of simultaneous equations. 
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Program CURFIT 
- Listing 

Comment Cards 

PROGKAM CURFIT(INPUT,OUTPUT,TAPE5=INPUT,TAPE6=0UTPUT) 


~ATING GUkVES FOR STREAM FLOWS 

WRITTEN BY R. SUK 1 MCMASTER-UNiiERSITY ENGINEERING~ OCTOBER 197~ 
AuAPTED f~OM BRIG~ CARNAHAN LUTHE~~ APPLIEJ NUMERI~AL METHODS,
EXAMPLE 8.5, JOHN WILEY A~D SONS INC., TORO~TO, 1963. 

THIS MAIN PROGRAM READS THE HORIZONTAL AND VERTICAL COORDINATES 
OF M DATA POINTS INTO THE STAGE AND fLOW ARKAYS. THE LEAST AND
GKEATEST VALUES ~F SJAGE SHOULD BE STOkED IN STAGE(1) AND 
STAGE(m RESPECTIVeLY. THE FUNCTION REGR I~ USED TO PERFORM 
SUCCESSIVE NTH ORDER ~EGRESSIONS, FROM N=MIN THROUGH N=MAX. IN EACH 
CASE, THE REGRESSION GURV£ lS PLOTTED AGAI~ST THE ORIGINAL 
uATA POINTS. 


INPUT DATA 

IDO(I) ENTER ONTO THE FlkST FIVE DATA G~kDSt ANY OF WHICH 


HAY BE LEFT BLANK, A DESGkiPTION OF HE RATING CURVE 
GIVING PLAGE1 YEAk~ INSTITUTION, ETC. 

IXX THE NUHdER Or DATA SETS BEINb AN~LYSEO 
H THE NUMilER OF GO-ORDINATE SETS 
MIN THE LOWEST OROEK Of THE ~EGKESSIJN EQ~ATION
MAX . THE HIGHEST OROER OF THE REGR~SSION EQUATION
NLO; IF LESS THAN 2 THE P~OGRAH HILL FIND TH£ POLYNOMIAL 

REG~ESSlONS OF THE LOGS Of THE STAGE AND DISCHARGE 
CO-ORDINATES 

FLO~( I) THE ARRAY OF M DISCHARGE GO-ORDINATES 
STAGE(!) THE A~RAY OF H STAGE GO-ORDINATES 

FUNCTIONS USED 


SlHUL SOLVES SIMULTANEOUS E~UATIONS 

~EGR PERfORMS N-TH OkDE~ REGRESSIONS 

-----------------------------~---------------------------------------

Coding 

OIIt~lEE~SSIIOOt~ STAG£(100l,_ FLOH(1UOJlJ ,, , 8(10), POINT(10J
OlMEhSION SV(100)
DIMENSION I00(100) 

NREAD=S 
NPRNT=6
ICX=O.O 


c --~~----!~PUT-----READING 

READtNREA0,105J (!00(lJ,I=1,100) 




Program 

Listing 

CURFIT 

Cont'd 

G4 

1 
READ<NREAO,Y9) IXX 
CONTit•UE
IF (lCX.EQ.IXX> GO TO 8 

~~~g:~~~~8:t8~1 ~~~i~~~~:~~~~;M)
K.EAO<NREAD, 102) (fLOW(!) ,l=1,H)
!t;X=ICX+1 

C INPUT-----WRITING 
i-4Rl TE (N PRNT, 205)
r'IRI TE (NPF;.tH, 208) ( IDO( U, I =1 1 100)
WRIT E(NPRNT, 209)
Wf\J.TE<NPkNT,200) tt 1 <STAGE<I>,FLOW<I>,I=1,M)
rik.ITE<NPR.NT 1 20U HJ.N, MAX 
IF(NLOG.GT.2> GO TO 33 . 
DO 43 I=1 1 H 

· Sl,..GE(!) =AL0u10(STAG£(!)). 
FLOW<Il=~LOG10(FLOW(l))

43 CONTINUE 
33 COI·H INUE • 

DO 5 N=HIN MAX 
rlRlTE<NPr..Nf, 202)."';N 

c 
c ••••• JS~ FUNCTION REGR iO PERFO~M.NTH-ORDER ~EG~ESSION •••••

S=i\.EGR CH1.STA GE, FLOWtN' A, B)
IF CS .N~. 0.01 GO 0 3 
I~RITE<NPF\NT ,203)

GO TO 1 
3 COt-.TINUE 

rlRIT£(NPF-.NT ,204) S,A, n, B<I_> ,I=1,N) 
c 
c ••••• COMPUTE 26 POINTS LYING ON REGR~SSION CJRVE ••••• 

OELTAX=lSTAGECM>-STAGEli))/25.0
HPl = H + 1 . 
MP26 = H + 26 
00 tt 1 = MP1, HP2& · 
~T~PS = 1 - M - 1
S1AGE<I>=STAGE(1)+STEPS 4 0ELTAX 
FLOW CD =A 
DO '+ J = 11. N
FLOrl(l)=FLOH<Il+a(J)+STAGE(I)•+J

L. GUiH INUE 
c
C ••••• PLOT REGRESSION CU~VE AGAINST 

NN=lt 
DO 30 I=1, HP26 
IF<I.GT.M> NN=Z
CALL PLOTPT(STAGE(!),FLOrl(!),NN)

30 CONTINUE 
CALL OUTPLT 
IF(NLOG.GT.2) GO 
HRJ.TElNP~NT,207)
GO TO 77 .· 

TO 35 

35 CONTINUE 

77 
5 

HRiTElNPRNT,20&)
CONTINUE 
CONTINUE 
GO TO 1 - ----  -....,---

C----------FORI'!ATS -----READING 
9 9 F 0 RH AT ( 1 0 X 1 I 1 0 ) 

100 FO;.MATCLtl5.t
102 FORHAT(of10.5)
105 FORHAT<ZCA4)

C----------FORMATS-----WRITING 

OkiGihAL POINTS ••••• 

200 FOkMATC3~HO POLYNO~IAL ~EGkESSION, WITH M = , 12, 1ZH DATA POINTS, 
20-1 1 F6~h~~~ <~~~JA¥~~6~b~~gisR~~R~y~~~s{2~l~f:~)~OLYNOHIALS TO BE TRIED 

. 1ARE,II~GX, 7H HIN = 1 I3L 5Xt 7H MAX = 1 13)
202 FO~MAT(32H1 POLYNOHlAL RtGkE~SION OF ORuERt/t1H0,5Xt 7H ~ = tl3) 

c 

http:rlRIT�(NPF-.NT
http:rik.ITE<NPR.NT
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Program CURFIT 

- Listing Cont'd 

203 FOKMAT (c9HO HATKIX C IS NEAK-~INGULAR. REGRESSION COEFFICIENTS
1N OT DE TE"-Hl NED)

204 FO~HAT (!riO, 5X, 5H S = , F20.o/ oX, 5H A = , F20.b//
1 <&X, 3H tH, 12, ttHl = , F20.o))

2DS FORMAT(1H1) . . 
20b FORMAT <1H0 1 5oX~ 17H ABSCISSA (STAG£))
207 FO~MAT(1HO,~oX,2~H ABSCISSA LOG10(STA;E))
20t FORMAT<1H 2CAtt)
209 FO~MATC!HO~///)

c 
8 COtiTINUE 

END 


c FUNCTION REGR, WHICH CAkRIES OUT AN NTH-OkDE~ POLYNOMIAL 

G REGRESSION ON H DATA POINTS CONTAINED IN T~E X AND Y ARRAYS. 
c THE FUNCTION NORMALLY RETURNS THE STANDARD DEVIATION 5 OF THE 
c POINT5 ABOUT THE KEGRESSION CUR~£. THE REGRESSION COEFFICIE~TS 
c 
c ~aGA~f~~E~ot~r~GA~8u¥l~~·;i~~~)ENC3tl~~~~~Rl ~~Ak~~~~!~~k~ANEOUS 
c MATRIX, THE F!!NCTiON ~ETURNS THE VALUE D.O 

C· 


FUi1CTION REGR lH, X, Y, NJ At B) 
Oli~Et.. SION Cl11 1 11), SXt20 , :;)VX(10l, CYXUD), XUOOl, Y(100) 1

18 (10)
DATA EPS/ 1.0£-20/

c 
G ••••• COMPUTE SUMS OF POH~RS AND PRODUCTS •••••

NTHO = 2"'N 
NP1 = N + 1 s y = o. 0 
SYY = 0.0 
DO 1 I = 1 N 
NPl = N + i
SX(l) = 0.0 
SXlNPI> = O. 0 

1 SYX(l) = 0.0 

~~ ~ ~Y=+1~(~)
SYY ~ SYY + Y(!)•+z
DUM = 1.0 
DO 2 J = 11 N
DUM = DUM+X(l)
SX(J) = SX(J) + DUM 
SYX(J)=SYX(J)+Y(ll"'DU~

2 CONTINUE 
DO 3 J =NP11 NTWO 
OUH = OUH+X(ll
SX(J) = SX(J)+OUM

3 CONTINUE 
c c ••••• :;oMPUTE COEFFICIENTS C n ,J) •• • • • . 

FH= H
CYY = SYY - SY•SY/FM
00 4 I = 1 · N 
CYX(I)=SYX<f>-SY•SX(Il/FH
C U_, NPU = CYX(l)
DO 4 J = 1, N 
IPJ = I + J 

4 C(l,J) = SXCIPJ) - SX(I)•SX(J)_/FM
c 
c ••••• :;ALL ON SIHUL TO SOLVE SIMULTANEOUS EQUATIONS ••• ••

OET = SIMUL <N~ C, B, EPS, 1, 11) 


200 ~~~~~l 0 ltg~~ OtT OET = , E14.8l 

IF <DET .NE. 0.0) GO TO 6 

REGR = 0.0 
RET:JR~ 

c 
c ••••• COt'•PUTE INTE;(.CEPT A AND STANDARD DEVlATI ON S .... , 

fl DUM = SY 
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- Listing Cont'd 

TEMP = CYY 
DO 7 I = 1, N
UUM = DUM - 8 ( I> ..,. S X ( 1)

7 TEMP = TEHP - B(IJ•CYX<IJ
A = OUH/FH
DE NON .= t; - N - 1 
S=~QRT<TEMP/OENOH) 
i-~EGi\. = S 
R.ETURN 

c 
END 

FUNCTION SIHUL( N, A, X, EPS, INDIC, ~RC ) 

WHEN !NOIC IS NEGATIVE~ SIHUL COMPUTES THE INVERSE OF THE N BY 
N MATRIX A IN PLACE. wHEN INDIC IS ZERO, SIHUL COMPUTES THE 
N SOLUTIONS Xt1) ••• X(N) ·cokRESPONDING TO TH£ SET OF LINEAR 
EQUATIONS WITH AUGMENTED MATRIX OF COEFFICIENTS IN THE N BY 
N+1 ARRAY A AND lN AuDITION COMPUTES THE !~VERSE OF THE 
COEFFICIENT HAT~IX lN PLALE AS ~BOVE. IF INOIC IS POSITIVEf 
THE SET OF LINEAR E..J.UATIONS IS SOLVED BUT THE INVERSE IS NO 
GOMPUiEO IN PLACE. THE GAUSS-JORDAN COMPLETE ELIMINATION METHOD 
I~ EMPLOYED WITH THE MAXIMUM PIVOT STRATEGf •. ROW AND COLUMN 
SUBSCKIPTS OF SUCCESSIVE PIVOT ELEHENTS AK~ SAVED IN ORDER IN 
THE I~OW AND JCOL ARRAYS RESPECTIVELY. K IS THE PIVOT COUNTER, 
t~~)~U~~~kA~~E8§tt~N~Al~EAO~NbH5E~~~OtH~L~~¥~k~l~:~T JF THE 
COEFFICIENT HATKIX. T~E SOLUTIONS ARE COH?UTEO IN THE <N+1JTH 
COLUMN OF A AND THEN UNSCRAMBLED AND PUT IN PROPER ORDER IN 
X(1) ••• X(N) USING THE PIVOT SUBSCRIPT INfORMATION AVAILABLE 
IN THE lROW AND JCOL ARRAYS. THE SIGN OF THE D£TERHINANT IS
ADJUSTED, IF NECESSARY 1 BY OETERHINlNG IF rtN ODD 0~ EVEN NUMBER 
OF PAIRWISE INTERCHANG~S 15 REQUIRED TO PUT THE ELEMENTS OF THE 
JORD ARRAY IN ASCENDING SEQUENCE W~ERE JORJ<IROWCI)J = JCOL<IJ.
If THE INVERSE IS REQUIREDf IT IS UNSCRAMBLED IN PLACE USING 

. Yt1) ••• YCN) AS TEMPORA~Y S DRAGE. THE VALJ~ OF TH~ DETERMINANT 
IS RETURNED AS THE VALUE OF THE FUN~TION. SHOULD THE POTENTIAL 
?IVOT Of LARGEST MAGNITUDE BE SHALLER lN MAGNITUDE TH~N EPS,
THE MATRIX IS CONSIOE~EO TO BE SIN~ULAR ANJ A T~UE ZERO IS 
RETU~NEO AS THE VALUE OF THE FUNCTION. 

DIHENSION IROW(50l,JCOL(j0),JOR0(50l,Y<50),A(~RC,NRCl,X(N) 
c 

c 
c· 

HAX = N
lF ( INDIC.GE.O ) MAX = N + 1 

••••• IS N LARGER THAN so· ••••• 
IF ( N.LE.SO ) GO TO 5 
WRITE C6t200)
SIMUL = o.
KETURN 

E ...... BEGIN ELIMINATION P~OCEDURE ••••• 
5 DETER. = 1.

DO lit K = 1,
KM1 =K - 1 

N 

c 
c 

c 

• • • • • SEARCH FOR THE PIVOT ELEMENT 
PIVOT = o. 
00 11 I = 1, N 
DO 11 J = 16 N FOR• • • • • SCAN I R W AN 0 JG OL ARRA Y S 
IF C K.EQ.1 ) GO TO 9 
DO o !SCAN = 1, KH1 
00 8 JSCAN = 1, KM1 

11IF ( I.EQ.IR.CWUSCANl ) GO TO
lf(J.EQ.JCOL(JSCAN)) GO TO 11 

••••• 

INVALID PIVOT SUBSCRIPTS •••• 

b 
~ 
CO~TINJE 
lFCAaSCA<I 1 JJ).LE.A~SCPIVJT)) GO TO 11 
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- Listing Cont'd 

PIVOT 	 = A(1, J)
IROW(K) =I 
JCOL(Kl = J. 


11 CONTINUE 

c 
C 	 ••••• ·INSURE THAT SELECTED PIVOT IS LARGER THAN EPS ••••• 

lF 	CABS<PIVOT).GT.EPSl GO TO 13 
SIMUL 	 = O. 
if.ETURN 

c 
c 	 ••••• UPDATE THE DETERMINANT VALUE 

13 	IROWK = IROW(K)
JGOL K 	= JGOL ( 10 
DETER 	 = OETE~•PIVOT 

c 
c 	 ••••• NORMALIZE PIVOT ROW ELEMENTS • • • • •

00 	14 J = 1! MAX 
1"-	 A URCWK,J>=A<.LROWK1 J)/PI\I:>T

c 
c 	 ••••• GAi<..RY OUT ...ELIHlNATION AND DEVELOP INVERSE ••••• 

A GROWK,JCOLK) =· 1./PIVOT 
DO 	 18 I = 1~ N 
AIJCK 	= ACI,J~OLK)
IF<I.EQ.lROWK) GO TO 18 
AU, JCOLK> = - AIJCK/PIV OT 
DO 	 17 J = 1, MAX 

17 	 IF(. J.NE.JCOLK l ACI,J) = A<I,Jl- AIJCK+AUROWK,J) 
1~ 	 CONTINUE 

c 
c 	 ••••• ORDER SOLUTION \IALUE~ <IF ANY) AHD CREATE JORO ARRAY 

DO 	 Z~ I = if N 
•••• 

l KO WI 	 = I t<O W ( )
JCOLI 	= JCOL ( U 
JOKDtiROWil = JCOLI 

20 	 IF ( INDIC.GE. 0 l XlJCOLI> = A<IROHI,HAXl 
c 
c 	 ••••• ADJUST SIG~ OF DETERMINANT ••••• 

ItHCH 	= 0 
NH1 = N - 1 
00 	22 I = 1, NM1
:L P1 = 	 I + 1 
DO 	 22 J = IP1, N 
IF ( JORDCJ).GE.JORD<Ill GO TO ZZ 
JTE:MP 	 = JOI'..O(J)
JOi<.O(J) = JORO(Il

JOi\0(1) = JTEHP 

INTCH = INTCH + 1 


22 	 GONTINUE 
If ( lNTCi-112• 2. NE. INTCH l DETER = - DETE~ 

c 
c 	 ••••• IF INOIC IS POSITI\1£ RETURN WITH RESULTS •••••

24 	If ( INDlC.LE.O .l GO TO 2b 

S IHU:.. = DETER 

RETURN 

c 
c ••••• IF INDIC IS NEGATIVE OR ZERO, UNSCRAMBLE THE IN\IERSE 
c FIRST BY ROHS ••••• 

Zb DO 2& J = 1, N 
DO 	 27 I·= 11 N 
IROrll 	= !ROW (l)
JCOLI = JCOL(Il


27 Y(JCOLU = AllROWI,J> 

DO 28 I = 1, N 


28 AU,J) = Y<Il 

c 	 ••••• THEN BY COLUMNS ••••• 

00 30 I = 1, N 
JO 	 29 J = 1, N 
I ROWJ 	 = IROW (J) 

http:INDIC.GE
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- Listing Cont'd 

c
C 

c
C 

c 

2~ 

30 

200 

JCOLJ = JCOL(J)
Y(lROWJ) = Ali,JCOLJ)
DO 30 J = 1, N 
Ali,J) = Y(J) 

••••• RETURN FOR INOIC NEGATIVE 0~ ZERO 
5H1Ul = DETER 
RETURN 

••••• FORHAT FOR OUTPUT STATEMENT •••••
FOi\MAT( 10HON TOO BIG) 

ENU 

••••• 

- Sample Input Output 
.... 

Data -

LEAST MEAN LOG ~EGkESSlON OF RATING CURVE 
FOR THE DUVAL RIVER NEAk PANGNIRTUNG N.w.r. 

SUMMER 1974 -MCMASTER UNlVERSITY 

POLYNOMIAL REGRESSION, WITH H = 7·DATA POINTS 

STAGE DISCHARGE 

1.30 72.00 
1.5b 142.00 
1.61. 1lf.2.5fi 
1.77 212. 0 0 
1e9b 25 9. 0 0 
2.00 33~.00 
2.73 850.00 

THE LOnEST AND HIGHEST ORDER POLYNOMIALS TO Be TRIED Ar(E 

HIN = 1 HAX = 5 

POLYNOMIAL REGRESSION OF OROE~ 

N - 1 

OET = -.61748248E-01 

s = .026630 
A = 1.4d129S 
8( 1) . 3. 332762 

: 
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APPENDIX H 

Program XLIST 

Stage-Discharge Tables 

Purpose: XLIST produces a standard stage discharge table 

from the appropriate rating curve as chosen from CURFIT. 

Method: The program interpolates the polynomial equ.ation 

from 0.0 stage to a given miximum stage and stores and 

prints the calculated discharges. 

Program Deck Name: XLIST 

Input: The first five cards give a description of the 

listing. The constants A, 8(1), 8(2) •.. as obtained from 

CURFIT are entered in format 6F10.5. Next NLOG is entered 

in format I2. If NLOG is less than 2 flow is calculated 

as a log-log function of stage. Finally LL, the maximum 

stage, is entered in format I2. 

Output: The program lists a stage discharge table for 

.01 increments of stage. 

Other Decks: No other decks are required. 
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Program XLIST 

- Listing-

Comment Cards 


P~OGRAH XLISTCINPUT,OUTPUT,TAPES=INPUT,TAPE&=JUlPUT) 


·+++~+~~++~+~+~+~T~++++++++++++++++++++++++++++++++++++++++•++++++++ 

·++++++++++++++++++++++++++•~········•••+•••························ 

THIS PROGRAM Ll~TS A STAGE DISCHARGE TABLE 

WR~TT£~ ~y R· SUK, HCMASTE~ UNIVERSITY ENGINEERING, 137~ 

THE FOLLOWING ENTRLES... MUST BE MADE 
TITLE LA~DS THE Fl~ST FlVE DATA CARDS ARE USED TO GIVE A 

DESCRIPTION Of THE STAGE 015CHARGE TASLE 
l4 ,.tH1) 1 d(2), • •• THE co,~::>TAt-;TS WHICH DEFINE fHE RATlNG CURVE 
NLOG IF LESS THAN 2~ FLOW IS CAL~ULATEO AS A

LOG-LOG FUhCTiuN Of STAGE . 
LL THE MAXIMUM STAGE 

····~·~•++++++++++•++++++++++++++•••································ 

······~··························~·································4 

Coding 

OI11ENSIOt~ iH9)
IJlMENSION 100(100)
CONMON Q(~99) 

c 
NR:::Au=~ 
N?~NT=b 

c 
(, . 
(,---------REAu STATEMENTS 
(, 

REA0(NREAD,1005) UOOUJ,I=1,100)
REAOCNREAD,100*J NLOG 
·~E4uCNREA0,1004) LL 
KEADCNREA0,1003) A, <a<I>,~=1,5J 

c 
WRIT£( NPRNT 1 4t999)
11RlTECNPRNT, 2001) (100 (1) ,1=1, 100)
WRiTE(NPRNT 1 5000)
WR.i T E ( N P KN T 1 1 0 0 0) · 

c 
XX=.O 
X=O.O 
tHN=1 
HAX=10 
XLOn=O.O 
XLO~=XLOW-0.0001 
Llf1=100•LL 

c 
DO 1 1=1,.L..lt1
lf(X.LT.XLOW) Q(lJ=-777.7
IflX.LT.XLOH) GO TO 5 
lf CNLOG.LT.2J GO TO 7 

http:CNLOG.LT.2J
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c 

c 
(, 

1000 FORHAT(/// 1 124H FEET .00 .01 .oz • OJ 
1 .o~ .os .o& .01 .08 .us 
1 FEET 7//J · 


100l fO~HAT<~X,f3.1,10F11.2,F8.1)

1002 FORHAT(1H ) . 

1003 fORMAT<&F10.5) . 
1004 FOR.HAT(l2)
1005 FORMAJ(20A4)

UiOo fOr..HAT(l~)

2u00 FOkHAT(I/,5Xt20A~)

2001 FO~MAT(1H 12DA~l 

to99':3 FO~HAT UH1 

~OOD FO~MAT(/ 1 15X1 22H STA~E-DISCHARGE TABLE,/) 

END 

- Sample Input 

NLOG = 1 


LL = 4 


A = 1. 48129 


B(l) = 3.33276 

.· 




Program XLIST 


Sample Output 


OUVAL lliVER 
PANGMIR~~~f HoWoTo 

STAGE•OISCHARGE TABLE I 

FEET 

OoO 
·1
.2 
o·3... 
.5 
.& 
o7 
od 
.':I 

loO 
1o1 
1o2 
1o3 
lolt 

1.5 
lob 
1.7 
1o8 
1.9 

z.o 
2.1 
2o2 
2.3 z... 
2.5 
2ob 
2·7
2.& 
z,g 

3.0 
'3o1 
3o2 
3.3 
Jolt 

loS 
lob 
Jo7 

• u 0 

153.05 
Uc,!llt

8 .. o 7'+ 
!>7obo 
3s. 29 

.17. b2 
... &7 

·3.57 
-7.0~ 
-5.91 

-.01 
10. &0 
25.92 
it5o95 
7 0 0 &9 

100o15 
1Jit.J1 
17 J. 19 
21c o78 
265.08 

316.10 
37!:.b2 
.. 36.2& 
50s. 'tl 
H1oZ7 

&53. &It 
73!:1.12 
621.12 

. 111. &2 
1007o2'1 

1107.37 
1212.21 
1321.77 
1"Jt.o03 
U55o01 

1&7clo7C 
1b0'7o10 
HltOo 21 

oO 1 

1'+ ~. 19 
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APPENDIX I 


Program HCNA 


Hardy Cross Network Analysis 


Purpose: This program determines the directions and mag

nitudes of flows in a network of pipes and the corres

ponding head losses. The trial and error application of 

this analysis enables the determination of the appropriate 

pipe sizes to be used in networks such as water supply 

systems. 

Method: HCNA uses the standard Hardy Cross Analysis, in

crememuting flows until head losses are balanced. The 

program was adapted from an existing program in the per

sonal library of Dr. William James and was elabor~ted .to 

be more easily applied and interpretted. The logic and 

accuracy of the program were proved by testing it against 

worked examples of network analysis found in Schaum's 

Outline Series, ''Theory and Problems of Fluid Mechanics 

and Hydraulics", Second Edition, Ranald V. Giles, McGraw

Hill, 1962. 

Program Deck Name: HCNA 

Input: The first card is used to give a description of the 

network being analysed. Next, EPSLN, the order of accuracy 

required in the flow increments is entered in format F10.5. 

Next, M and N, the number of loops and pipes are centered 

in format 13. Then the major and minor loop numbers are 
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entered for each pipe in format 2I2. Positive flow is 

considered to be clockwise around a loop. In the input, 

the major loop is the one giving a positive flow for a 

given pipe. The area external to the network is consid

ered to have zero as a loop number. Zero cannot be a 

major loop number. Where zero becomes one of the loop 

numbers for a given pipe, it must be entered as the minor 

loop number and flow is entered as a negative flow. Next, 

the estimated flows for each pipe from 1 to N are entered 

in format F10.5. Then the gravitation constant is entered. 

Finally the fraction factor for the Darcy-Weisbach equation, 

the length and the diameter of each pipe are entered in 

format 3F8.3. Diameter is·entered in inches and length in 

feet. 

Output: The program prints all the input data so that 

it may be checked and then lists the resulted flows, 

head losses and energy gradients for each pipe. Head loss

es are given as the total number of feet of head lost in 

that pipe and the energy gradient H/ZLEN is the loss given 

as Ft./Ft. If the sign of the flow in a pipe is ppposite 

the one given in the initial estimate it means the flow 

direction is opposite to that originally assumed. 

Other Decks: No other decks are required. No subroutines 

or functions are used. 
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Program HCNA 

- listing 

Comment Cards 


PR0GRAM HCNACINPUT,OUTPUT,TAPE5=INPUT,TAPE&=OJlPUT) 


HARDY CKOSS PIPE NET~ORK ANALYSIS 


D~. H. JAMES ANu R. SUK, MCMASTER UNIIER5ITY, 1975 


INPUT JATA -EPSLN IS ORDER OF ACCU~ACY OF FLO~ ESTIMATES 

-M AND N A~E NJKBER Of LOOPS ANJ PIPES 
-MALN AND ~INLN AKE MAJAO~ AND MIN)R LOOPS ASSOCIATED 

WITH EAGii 'PIPE. PO!:iiTI\IE FLOW IS CLOCKWISE ~ROUND
THE MAJOR LOOP. THE A~EA OUTSIDE THE NETWORK IS 
DESIGNATED BY lERO. ZERO CANNOT ·a£ A MAJOR LOOP NUMaER. 
AT LEAST ONE PlPE IN ANY ONE LOOP MUST HA\IE AN INITIAL 
NON ZERO FLOW ESTIMATE. 

-F~GTN 15 THE F~IGTlON FACTOR OF TiE OARCY-WI~SBACH 
EQUATION

-Q(l) IS THE lNITlAL FLO~ ESTIMATE FO~ A PIPE 
-DIAHCI> IS THE IS THE DIAMETER IN INCHES
-ZLENCI) lS THE LENGTH IN FEET . 
-GRAVT IS.THE APPkOPRIATE GRAVITATIONAL CONSTANT 

Coding 


DIMENSION M 1N<100)fMILN(100)~GONST(100),Q(100)
1 AL~IMENSION 0 N(30) 1 OTDC30) u~C30)
DIMENSION FRCTNC10o>,ZLENC160> ,OIAM(100) 
DIMENSION HEA0(100),0H(100)
LJ H1E NS I 0 N I 0 0 ( 2 0 ) c 

c · ---INPUT DATA -- READINGc 

~EAD<S,1999) (IOO(U, I=1,20)

KEAut5,100U>EPSLN
R.EA0<5,1010) H 
READ<S,1010) N 
~EAD<5,1020)<HALN(!)!HILN(l),I=1,N)

~EAOC5f1000)(Q(I) 1 I= ,N)

i.JO 17 =1,N · · 
Q(!)=Q(!)/226800. . 
Q(I)=Q(D/2.

17 CONTINUE 
READ<5 702) GRAVT 
READ (~,700)tfRCTN<I>,ZLENli>,OIAM(I),I=1,N)c c CALCULATING PIPE CONSTANT CGONST)
uO 1 1=1,N 


. CO~STC!)=0.8105&9•FRCfN<U•ZL£N(I)/0IAH(l)""•S 0/GRAVT · 
1 CONST(~)=(12.••s.o>•CONST(I) · •c 
c 
c ---INPUT DATA -- WRITING 
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Program HCNA 
- Listing Cont'd 

c WRI T£ Co , 5 ·~ 9 ) 
WRITEC6, 2~99) CIDO CI>, 1=1, 20)
WRITEC& 1 900)EPSLN,M,N
HRITEC&,909JWR! T£( 6l9 10) (I, MALN U) ,M ILN (I) , FRCT NU J , ZLE NU), OIAH U), CONST U J, 

""i.l(J.J~I= zN>
liRITI:C6, Y11) 

c INITIALISINGG 
c 

DO 88 1::1 N 
OIAHCI>=OfAHCI)/12. 


i:. t l. OIHINUE 

NUM=J 

3 NUM =NUM +1 
UO 2 J=1, H 
TOTNCJ)=O.O 

z TOTOCJ) =0.0 
c FINDING LOOP REGISTE~ RUNNING TOTALSc 
c 

~~Ab<il~~~NSTCI)•Q(I)•ABSCQ(l))
JENOH=ABS(2.0•CONST(I)•QCI)J
J=MALN (I>
K=MI LN (I> 

c TOTN AND TOTO ARE THE LOOP SUMS Of NUMERATOR AND DENOMINATORc VALUES FROM PIPESc 
c TOTNCJ)=TOTN(J)+HEAD(IJ

TOTOCJ>=TOTO(JJ+OENOH 
f~~~~~J!f8TN(KJ-HEAOCI)
TOTDCK)=TOTDCKJ+OENOH
CONTINUE 
DO 9 J=1.1MOQtJ)=-TuTNCJl/TOTDCJ) 

9 CONTINUE 
c FINDING NEW ESTIMATES OF ~LOWSc 
(, 

DO 12 I=1 1 N 
J=HALNCIJ 
K=HILNCIJ 


10 i~lf~a~Ir26atJ)

GO TO 12 
~(l)=JCil+OQCJJ-OQ(KJ11

12 CONTINJE 
c ENOUGH.IF NOT,THEN THE ITERATIONTESTING TO SEE IF DQ IS ACCURATEc OF ITERATIONS DOES NOT EXGEEO 99IS REPEATED, PROVIDED THE NUMBERc 
c 

DO o J=1tH
IFCABSCOW(J))~EPSLNt6,8,13 

13 IFCNUM-99>14 1 15 1 15 
ll; GO TO 3 

i t. ~ONTINUE 
GO TO 16 

c 
1~ liRITEC& 1050)
1c WRiTEC6:1060)NUH 


S9 g~,~~=~Ei~~Il/ZLENCI>

WRI T E ( 6 1 1 0 7 0 l 
~RITEC&t1060J CI,QCI>,HEAOCIJ,OHCIJ,I=1 1 Nl 


700 FORMATC~F6.3)

702 FOkHATCFc.3) 

http:ENOUGH.IF


IS 

Program HCNA 

- Listing Cont'd 

8~~ 	 FO~MAT<1H1,3JX1•INPUT DATA PkiNTOUT+)
~OC FOKMAT(//1X 1 •E~SLN=•,F9.5,5X,•NUMBER JF LOOPS=•,I3,5X,•NUMBER'Of P 

iilPES=•, !3)~09 .FOkHAT(/1X/•PIPE NUHdER•,3X,•MALN•,~X, 4 MILN• 1 &X,•FRCTN•,~X,•ZLEN•, 
$~X,•DIAH•, X1 •CONST• 1 SX{•FLOH•>

~10 FO~HATC1H 1 3l8 1 4F12.j~f 2.5)
S11 FOKMAT(/1///JOX,•OUTPuT DATA+//) 

100C FOkMATCf10.5)

1C10 	 FOkMAT(l3)
1020 	 FOi<.r1ATC212)1050 FORMAT(1X,•ITERATION NOT CONVERGINGtHOWE~ER,PRESENT VALUES OF FLOW 

5GI~EN FOK ANALYSIS.MAYBE EPSLN IS TuO SMALL•) · 
10&C 	 FO~HAT(1X,•THE NUMBE~ OF ITE~ATIONS IS•,IJ)
1070 	 FORMAT(///15X,•PIPE NUH~ER•,10X,•FLOWS•,10X1 •~EAD LOSS•,10X,•HIZLE 

$N•)
1060 FOKMATC1H0,20X,I3,9X,F9.4,7X,F9.3,9X,F10.3) 

1399 FORMATC20A4)

z~g9 	FOkMATt/,SX,20A4,/) 


;; TOP 

E NU 	 ..., 

Sample Input Output Data 

INPUT DATA PRINTOUT 

H~S, 'PUMPING TIMEB;(OUGHTON ISLAND 20 

EPSLN= .00001 

LOOPS= NUMBER Of PIPES= 31NUMBER Of 7 
DIAH CQ~S~t1ALN l1li..lt E~~Iti 	 o 4.&72 ~297• 02~ ~ol;~~o 1.50&)

0 0 	 11960.575 .0209.025 580.000 1.500
0 7 	 1.000 2b308.109 .0110

0 • 030 140.0000 	 .750 2032&+7.287 o.oooo.035 220.0006 5 	 • 75 J 2032't7. 26 7 .0110.• 0 35 220.0005 0 	 5155.'+20 .0-.10• 025 250.000 1.500·
2 6 	 5155.420 -.0:.51.025 25 0. 000 1.500
b 0 	 6596.':338 -.Oit7.,

.025 320.000 1.500& 0 	 .soo 1192634.293 -. 0 0 22 
Q .03:;) 170.0002 	 .so a 224tt95o.&69 • 00 22 320.0001 2 .035 	 22iilt~58.o&S • 0011

• D35 3 20.0 DO .5002 1 	 17851.931 .0220
• 030 95.000 1.000

2 0 	 s 3&1. o37 .0297
.025 2&0.000 1.5002 5 	 • 750 1108&2.15& -.OJ&& 

0 .035 120.000s 
3 0 .035 230.000 • 500 1b135&4.043 -. 00 11 

1b135&1t.tllt3 • 0011 
3 0 • 035 230.000 . • 50 0 	 .0033.soo 	12o2789. 251

.03~ 18 0. 0003 0 	 .500 2595i33.4&1 o.oooo.o3:, 370.0003 'r 	 • 500 64165 9.501 .0033

.035 120.0003 5 	 .500 841659.501 .0011 
k .OJ:) 120.000It ., 	 .500 210it&48.752 .01111300.0005 4 .035 	 • 500 12o2789. 251 .0055180.000 

~ 0 .035 	 .750 3325ao.469 .ODb6.035 3&0.0005 0 	 • 750 157054.722 -.0088 
(j .035 170.0007 	 .so 0 203'+493.791;. -. OD 22 
D .035 290.0007 
0 .035 290.000 • 500 20 34&+93. 79~ .OiJ11 

7 	 .500 1'+ 73254.126 .0044
.035 210.0007 0 	 1.000 42280.690 .0198
• 030 225.0001 0 
• 030 225.000 1.000 !t2280.8~0 .01&~ 

1 0 	 • 0011.500 	3227128.087.035 460.0001 
1 

0 
0 .035 240.000 .SOil 1683719.002 -. (i 011 

http:1108&2.15
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Program HCNA 


- Sample Input Output Data Cont'd 

OUTPUT DATA 

THE NUMBER OF I TERATION5 IS 10 

• 
PIPE NUMBER FLOH5i HEAD LOSS H/ZL.E~ 

1 • 0 343 9.70:. .02't 

2 • 0255 7.791 .013 

3 • 0156 &.3&9 .Oit5 

4 .0063 7.993 .-o3& 
5 • 0 0 tt8 4.58~ .021 

0 ..... 0357 &.55o • 026 

7 -.0407 -8.522 -.03'-t 

8 -. 0429 -12.123 -.o3o 

9 -.6039 -18.08... -.10o 

10 .0017 &.408 .020 

11 .0016 5.873 • 018 

12 .0201., 7.398 .078 

13 .i) 298 4.76'+ .018 

1~ -.0034 -7. 72& -.06"

15 -. (j 0 29 -13.231 -.058 

1& -. 0 0 07 -.701 -.003 

17 .0015 3.017 .017 

18 .o 0 09 1.9&2 • 0 05 

19 .0033 9.0so • 075 

20 .0002 .• o 3& • 000 

21 .0 0 2D 8.40't • 028 

22 .0029 10.I.t81 .058 

23 .0071 16.689 • 04& 

24 -. D 0 89 -12.329 -.073 

25 -.0022 -10.2&b -.035 

26 .0011 2.288 .008 

27 .0044 28.101 .134 

28 .o 176 13.152 .056 

2'3 .o 1~3 8.6d2 .039 

30 -.0011 -3.921 -.009 

31 -.0033 -18.412 -.017 
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SCHEMATIC OF PIPE NETWORK 

FOR BROUGHTON ISLAND 

Scale: 
1 11 ~ 300' 

P29 

Ll 

P28 

PS 

LS 
P4 

L6 

P23 P3 P2 

24 L7 
P25 

27 
P26 

L - Loop Number 


P - Pipe Number 
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APPENDIX J 


Program SYSOPT 


Optimal Design of a Pulsed Water Supply System 


Purpose: This program determines the optimal design par

ameters for a water supply sy~tem which is insulated and 

electrically heated. The water may be pulsed into dis

tributed storage or the network may operate as a normal 

pressure system. The program will indicate the costs or 

benefits involved in using various designs of insulatiori, 

pipe and electrical heating, or ~he costs involved with 

varying storage capacities or interest rates. 

Method: The cost of each combination of design parameters 

is calculated and examined to check that it satisfiei 

physical constraints. Only the location of the current 

optimal solution is st~red rather than storing all possible 

soluttons. The program integrates power usage on a monthly 

basis and chooses the optimal design on the basis of least 

annual cost for operation and borrowed capital. 

Program Deck Name: SYSOPT 

Input: A complete description of all the input is given in 

the program listing. The input parameters are listed in 

the order in which they must be entered. 

Output: The program lists the optimal design of insulation 

thickness and heating strip capacity for each pipe size in 

the system and lists the total costs and unit costs for each 
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diameter of pipe. Total system costs and power require

ments are also listed among the output. 
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Program SYSOPT 

Validation of Logic and Arithmetic Accuracy 

Program SYSOPT was run with a simple set of extreme 

data in order to check the logic and arithmetic accuracy. 

Manual calculations were performed for a system incorpor

ating 10,000 feet of .25 inch pipe weighing one pound per 

linear foot with an outside diameter of .38 inches and 

100 feet of 3.00 inch pipe with a weight of 10.0 pounds per 

linear foot and an outside diameter of 3.5 inches. In

sulation thicknesses of 0.5 or 2.0 inches were allowed 

and tracing tape of 8 or 24 watts was permitted. The pos

sible warmup times were 3 or 6 hours. The other input 

data were as follows: 

average occupancy 5.0 persons per dwelling 
\'later demand 10.0 gallons per capita per day 
pumping head 165.0 P.S.I. 
flow rate 0.56 cubic feet per second 
density of insulation 13.65 pounds per cubic foot 
pumping time 5.0 hours 
lifetime of system 20.0 years 
interest on capital 10.0 percent
acceleration, gravity 32.2 feet per Sec. 2 
duration of winter 250.0 days 
operating temperature 35.0 degrees fahren~eit 
conductivity of Ins. .37 B.T.U./Hr./Ft. /inch/ 1 F 
water residue in pipes 10.0 percent 
water used in storage 80.0 percent 
wind factor 1.12 
energy factor 1.0 
number of months 1 
ambient temperature -22.0 degrees fahrenheit 

Hand calculations revealed that the optimal design re

quired 0.5 inch insulation on the quarter inch line and 2.0 

inch insulation on the 2.0 inch line. The best tracing tape 
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application consisted of 8 watt tape on the small line and 

24 watt tape on the larger pipe, where the cost function 

used was: cost = 0.15 x power. The warm-up time was 

3 hours. 

The results of the computer similation were in agree

ment with those of the hand calculations both for general 

results and the magnitudes of the parameters calculated. 
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Project SYSOPT 


- Listing 

Comment Cards 


PROGRAM SYSOPT<INPUT,OUTPUT,TAPE5=INPUT 1 TAPE6=0UTPUT) 


OPTltHZA TION OF A PUL.SEu HATER SYSTEM 

WRITTEN dY R. SUK, MCMASTER UNIVER~ITY ENGINEERING, 1974 

THIS P~OGRAM 	PERFORM~·AN OPTIMUM COST ANALYSIS OF A PULSED HATER 
Jl~TRldUTION 	SYSTEM THAT IS ELECTRICALLY T~ACEO. THE ENTIRE 
SYSTEM HAY BE ON ONE ClRCUIT OR IF FACT4=0.0 THEN THE VARIOUS · 
DIAMETERS Of 	 PIPES A~£ CONSI~E~ED TO BE ON SEPARATE CIRCUITS TO 
BE SWITCHED ON IN A TIMED SERIES. 

lHE FOLLO~ING INPUT IS REQUIRED 

Ii:JO A SINGLE TITLE CARD 
AVOCC 	 THE AVERAGE OCCUPANCY OF THE D~ELLINGS - F10.1 
JEMAND 	 THE WATER DEMAND PER PERSON PE~ DAY IN GlLS. - F10.1 
HEAD 	 THE PUMPING HEAD IN FEET - F10.1 
Q 	 THE FLO~ RlTE IN CUBIC FEET PE~ SEC. - F10.1 
uEtiiNS 	 THE INSULATION uENSITY IN L3S.ICU.FT. - F10.1 
TPUHP 	 THE PUMPIW~ INTERVAL IN HRS. ~ F10.1 
NINS 	 THE NO. Of THICKNESSES OF INSULATION TO BE TRIED - I2
NHATT 	 THE NO. OF DESIGN HEAT OUTPUTS OF TRACING TAPE TO BE 

nr.IED - I2 
tiT IHE 	 THE NO. Of WARM UP TIH~S TO BE TRIED- I2· 
XINS(NINS) 	 THE VARIOUS I~SULATION THICKNE5SE5 TO aE TRIED IN

INCHES - 1Df6.1t 
HATT<NHATT> 	 THE VA~IOJS DESIGN HEAT OUT?UTS TO 3E TRIED IN WATTS 

PER FOOT PE~ 	HOUR - 10F8.~ 
THALL O~TlHE) 	 THE VARIOUS ALLOWABLE WARM UP TIMES TO BE T~IED IN 

HRS. - 1DF6.4 
NDIAH 	 THE NO. OF THE VARIOUS OIAhETERS OF PIPES IN THE 

DISTRIBUTION SYSTEM - IZ 	 . 
D I AH ( N u IAM> 	 THE VARIOUS DIAMETERS IN IN~HES - 10F8.4
OikHO CNOIAM) 	 THE OUTSIDE DIAMETERS OF THE PIPES IN INCHES- 10F8.~
XLEN ( NuiAH) 	 THE CORRESPONDING LENGTHS I~ EACH DIAMETER IN FEET - 10F8.
HGHT(U 	 THE CORRESPONDING WHEIGHT PER FOOT OF T~E PIPES 

IN LBS -· 10F8.4
YRS1 	 THE DESIGN LIFETIME Of THE ?IPES AND PJHPi IN YEARS 

- F10.1 
YRSZ 	 THE DESIGN LIFETIME OF THE INSULATION IN YEARS 


- F10.1

RINT 	 THE INTEREST ON BORROWED CA~ITJL AS PE~CE~T - F10.1 
G 	 THE FORCE OF GRAVITY IN FEET SQUARO PER SE~OND - F10.1 
HPER 	 NO. FO OAYi PER YEAR OF SUB FREEZIN~ WEATHER - F10.1 
TEHP 	 THE AvERAGE AMBIENT TEHPE~ATURE DURING THE FREEZING 

PERIOD IN DEGREES FAHRENHEIT - f10.1 
TOPER 	 THE OPERATIONAL TEMPERATURE OF THE SYSTEM IN DEGREES 

FAHRENHEIT - F10.1 

COI~D THE CONDUCTIVITY OF THE INSULA Tl ON 1-N--B-:T. U. PER 


SQUARE FOOT PER INCH PER DEGREE FAHRENHEIT - F10.1
FACTi 	 THE ESTIMATED PERCENTA;E Of HATER LEFT IN THE PIPES

AFTER DRAINAGE - f1D.1 
VOL 	 THE VOLUH£ OF THE STORAGE TANKS IN GALLONS - F10.1
FACTZ 	 THE ESTIMATED PERCENTAGE Of WATER U~ED FROM THE 

~TORAuE TANKS AT_ THE TIME OF SUPPLY - F1D.1 

http:L3S.ICU.FT


Program SYSOPT J6 

- Listing Cont'd 

SPHP THE SPECIFIC' HEAT OF THE P1PE IN B. T. u. PER LB. 
- F 10 .1 

5PHI THE SPECIFI~ HEAT Of THE IN5ULAflON IN B.T.U. PER LB. 
- f10.1

KWCST THE COST Of ELECTRICAL POHER IN CENTS PER KILLOWATT-HR 
- F10.1

TORAIN TH~ TIME TO OkAIN THE SYSTEM IN HRS. - f10.1
FACT3 A WINO fACTOR USED IN HEAT LOS$ CAL~ULATIONS - f10.1 
FACT'+ If SET TO ZERO THEN EACH DIAMETER PIPE IS ~ONSIDEREO 

TO BE ON A SEPARATE ClRCUil - f1D.1 
NOT£+ If. FACT4 IS ZERO THEN ONLY ONE LARGE AL_OWABLE HEAT UP TIME 
SHOULD BE ENTERED 

THE FOLLOWING SUBROUTINES ARE USED 


dE GIN INITIALIZES SYSTEM PAKAHETER5 

CDSTAP CALCuLATES THE COST Of THE HEAT TRACING TA~E 
COSTS DETERHlNES CAPITAL AND ANNUAL COSTS
CSPIPE CALCULATES THE COST Of THE PIPE 
CSTINS CALCULATES COST OF INSULATION 
~STP CALCULATES THE COST Of SUPPLYING POWER TO PUMP 
lNSPAR CALCULATES THE INSULATION PA~AHETERS
POW£;( FINDS THE POHE~ REQUIREMENTS Of THE SYSTEH 
PPAR CALCULATES PIPE PARAMETERS
RESULT SUMS THE OPTIMAL COSTS OF EACH PIPE 
SEi STORES THE OPTIMAL COSTS FOR A GIVEN PIPE
SYSIN kEAOS ALL INPUT DATA . 
s vsor 1 PRINTS ALL INPUT .DATA 
SY SOT2 PRINTS THE RESULTANT NETWORK PA~AMETERS 
THARH OETERHINES THE TIME TO HARH UP PIPE 

•. 

----------------------------~-~-----~--------------------~-----------

Coding (Common block has been omitted from the subroutines) 

COMMON ANGST, ANCST1, ANCST2, ANCSTM<ZOl, ANU~PM(20) 

gg~~g~ ~F~~~~~A~rfi1~~!.'a~fi~~~; ~~O~~'c~~g~y, ;I<2DtZD)~ CP<2D> 
gg~~g~ 8~¥~~~ ~ ~~~! g~~~!P Cf ~E~T~~~~~~~ ;s~~f~~~O~ f ci~J!Ncsr·uiMC ZO> 
COHHON CSTUPM(20)~ CSTUTM ZOl, DEHANO, OENIN~, OENOH, OIAM(20)
COMMON OIAHI! DIAMO(ZQ)f fACT1J FACTZ, FACT3, FACT~ 

gg~~g~ ~~E~f, 0~o~~~, 1 hiNg~<~~:Nt,J~R~1o~W~~l~E~ NWATT 
COHHON NHON
COMMON PWRD, PWRORN, PWRHH(20)l PWRP, PWRK, PW~RUNt PWRUNH(20) 
COMMO~ PWRW,_ PWRWRMt Q., .RATE, K.ATEHL, RINT, RTHLH(ZOl,SPHit SPHP 
COrtMOh TACP~S, TCSTAP 
GOHMON TAPCST 1 TCAPCS; TOIF 1 TORAINf TARRAY(52> 1. TENWAT, TINCST
GOHHON THALL(Z0) 1 THP~, TOP~k, TPCS , TOPL, TPUMP, TPHR, THU 
COMMON TOTNET . .
COHHON TWUM(20) 1 ~OL, VOLZ, HATT(12)L WATTM<ZO)~ HGHT(ZO), WINS 
COMMON WPER, XAREA~ XAREAI1 XOAYS~ XINS(20), KINSH(ZO)
COMMON XLEN(ZD~, X~ULSE, YkS1, YR~2 

c 
c 

REAL KrfCST 
Ni<.EAD=5
NPRNT=& _c 



J7 
Program SYSOPT 

Listing Cont'd 

C~----REAO IN ALL DATA 
I ' CALL 5YSIN 

C-----PRINT THE GIVEN DATA /CALL· SYSOT1 
C-----INITIALIZE PROGRAM PARAMETERS 

(.;ALL BEGiN 
C-----CALCULAT£ THE COST Of POWER TO THE PUMP 

CALL CSTP 
TRACK=10E9 
GOUNT=1.0
11=1 


10 CiO~TINUE 

DO o L=Il,tHIME
TOTNET=O.O 
DO 1 K=ltNDIAH 

C-----~ALCULATt THE PIP£ PARAMETERS 
CALL PPAR 

C-----~ALCULATE THE COST Of THE PIPE
CALL CSPIPE 
TOJAL=10E8 . 

C-----~ARY THE lNSULATfON THICKNESS 


C-----82L~U~AftNf~~ INSULATION PARAMETERS 

CAi...L INSPAR 

C-----~ALCULATE THE COST Of THE INSULATION 
GALL COSTIN

C-----VARY THE DESIGN WATTAGE Of THE ELECTRICAL TRA~ING TAPE 
DO 3 I=lfNHATT 
~ALL COS AP . 


~-----vALCULATE THE POWE~ REQUIREMENTS

CALL POWER 

C-----DETERHINE SYSTEM ANNUAL COSTS 
GALL COSTS 
lf(ANCST.LT.TOTAL) GO TO 8 
GO TO 3 

8 CO~TINUE 
TOTA1-=ANCST 

C-----STQRE THE OPTIMAL VALUES FOR THE CURRENT PIP£ SIZE
CALL SET . 

3 CONTINUE
2 CO!;TINUE

TOTNET=TQTNET+TOTAL
i CONTINJE

IF(COUNT.GT.10.) GO TO 21 
IF(TOTNET.LT.TRACK) GO TO 5 
&0 TO b 

S CONTINUE 
TRkCK=TOTNET 
N BES T=L 

c CONTINUE 
COUNT=100. 
Ii=NBEST 
GO TO 10 

21 CONTINUE 
C-----SUM THE SYSTEM COSTS AND POWER REQUIREMENTS

CALL RESULT. 
C-----PRlNT THE PAKAHETERS Of THE OPTIMAL SYSTEM

CALL SYSOT2 
t 

STOP 
END 

http:IF(COUNT.GT.10


JBProgram SYSOPT 

- Listing Cont'd 

3Ut3KOUTINE BEGIN c 
c 

F ACT1=F ACTl/100 • 
FAG T2=F ACT 2/1 00. 
t<INT=RINT/100.0
IIOL2=VOL+FACT2 
RATE=AVOCC~DEMAND 
XOAYS=VOL2.1RATE 

C-----CALCULATE THE NUMBER JF SUPPLY PULSES IN A WINTER PERIOQ
XPULSE=WPER/XOAY5
IF<FACT2.GE.1.0) XPULSE=1.0 

C-----CALCULATE THE CAPITAL RECOIIERY FACTOR 
GRF=RINT•((1.0+RlNT)++YRS1)/(((1.0+RI~T)++rRS1)-1.0)
K.ET URN
END 

~UdRUUTINE COSTAP 
(, 
c -~ 


C-----GOSTS OBlAINEO FROM CHEHELEX 

CSTAPE=0.5•WATT(l)
IFtWATTt!).LT.4.0) CSTAPE=2.0 
IFtWATT<I>.GT.b.O) CSTAPE=0.35•WATT(!)
GSTAPE=XL£N(K)+CSTAPE
RETURN 
ENIJ 


SUBROUTINE COSTIN 

c 
c 

C5TINS=CICJ 1 K)+XLEN(KJ
RETURN 

·END 


SUBROUTINE COSTS 
c 
R.EAL KWCST c 

CAPCST=CSTINS+CSTPIP+CSTAPE 

AN:ST1=G~F+CAPCST 
ANCSTZ=KHCST•TPWR/100 • 

. AN~ST=ANCST1+ANCST2
RETURN 
END 

SUBROUTINE CSPIPE 


~ 

c 
CSTPIP=CP<K>•XLEN(K)
RETURN 
END 

SUBROUTINE CSTP 
c 

REAL KWCST c 
HP=CHEAO•Q•o2.4)/(550.0•0.7)
CST PP= <HP+ <O. 74& )• TPUHP• KWCST• (365. 0/ XDA YS)) I 10 0 • 
i<ET URN
£NO 



J9 

Program SYSOPT 

- Listing Cont'd -

SUdROUTINE INSPAR 
c 
c DIAMI=DIAMO(K)+2.0•XINS(J)

AREA I= 3.1it159• OIAMI/ 12 • 
XAREAI=3.1415~•UIAMI••2.D/~.0/144.0

XAKEA=XAKEAI-AREAO 
Hi~S=XAREA•OENINS
OENOH=ALOG<AREAl/AREAPl
AO= (ARE Ai-AREAP> I DENOH 
RETURN . 
END 

SU6ROUTlhE POWER 
c . 

XPJL=XPULSE/CFLOATCNMON)) 
PH~ W= G. 0 
P WKHRH= 0. 0 
PWr-..D=O.O
PWr-..ORN=O.O ...;
PWRR=O.O 
PHR.RUN=O.O 
iiUT=O.O 
:it.=O.O 
ilO 3 IM=l NHON
TOIF=TOPE~-TARRAYCIM> 
dTUPIP=~GHT(K)•SPHP•TDIF 
aTUICE=AREA~FACT1•62.4"'(1~4.5+TDIFl 
oTUINS=HINS•~PHI•TDIF 
8TUT=BTUINS+8TUPIP+8TUICE 
TENHAT=BTUT/3.41 .
KATEHL=CTDIF•AO•CONO•FACT3)/(XINSCJ)•3.41)
CALL T~ARM · 
1FCXPUL.LE.1.0) TWU=O.O 
1FCXPUL.LE.1.0) TDRAIN=D.O 

C-----~E5TRICT THE ALLOWABLE HARM-UP TIME
If(RATEHL.GT.WATTCI)) THU=2000. 
IF<TWU.Gl.THALL(L)) THU=2DOO. 
ZPrlRW=HAlTCI>•XLEN(Kl/1000.
IF<ZPHRW.GT.PWRW) PHKH=ZPWRH 
ZPWRWR=ZPWRW•THU•XPUL 

C------U5ING SELF LIMITING HEATING STRIP
ZPHRR=0.75•WATT<I>"'XLENCK)/1DOO. 
IFCZPWRR.GT.PW~R) PWRR=ZPHRR
IFCTWU.GT.THALLCL)) GO TO 11
ZPWRRU=ZPWRR•<TPUHP+fACT4•CTHALL(Ll-THU))+XPUL
GO TO 7 . 


11 CONTINUE .

ZPWRRU=ZPHRR•TPUKP"'XPUL 

7 CONTINUE
ZPwRO=D. 75• WATi( I> •XLENC K) /1000.~----
IFCZPHRO.GT.PHRO) PW~D=ZPHRD 
ZPHROR=ZPHRO•TORAIH•XPUL . 

I 

PWRHRH=PHRWRH+ZPHRWR 
PWRRUN=PHRRUN+ZPWRRU 
PW~ORN=PHRDRN+ZPHROR 
HL=HL+RATEHL 
WUT=HUT+TWU 

3 CONTINUE 
~ATEHL=HL/CFLOAT<~rlON))
THU=WUT/(fLOATlNHONll
TPH~=PWRWRM+PHRRUN+PHRDRN · 
1\.ETURN 

. END 

http:KATEHL=CTDIF�AO�CONO�FACT3)/(XINSCJ)�3.41
http:TENHAT=BTUT/3.41


Jl·Q
Program SYSOPT 

Listing Cont'd 

SUUF<OUTif-4E PPAR 
c 
c 

AREAP=3.1~159•DIAMOCK)/12.

AREA=C3.14159+0IAMCK)+•2.0)/4.0/1~4.0

AREA0=3.14159•0IAMO(K)++2.0/~.0/144e0 

i<ET URN 
END 

SUJP.OUTINE RESULT 


TINCST= o.·o 
TAPCST=O.O 
TPCST=O.O 
TCAPCS=O.D
TCSTAP=O.O 
TOPL=O. 0 . 
TMPL=O.O 

92pf~r~~tt~e~A~~l>
TOPL=TOPL+PWRUNM(K)
TINCST=TINCST+CSTINHCK)
TCSTAP=TCSTAP+CSTAPM(K)
TPCST=TPCST+CSTPIM<K> 
TCAPCS=TCAPCS+CPCSTHCK> 
TAPCST=TAPCST+ANCSTH<K> 

22 CONTINUE 
P WRP=HP• 0. 746 
THPL=TMPL+PWRP 
TOPL=TOPL+PWRP 
TAPCST=TAPCST+CSTPP 
TACPCS=CRf+TCAPCS 
TOTNET=TOTNET+CSTPP 
RETURN 
END 

SUBROUTINE SET 
c 
cc 

CSTINH(K) =CSTINS 
CSTAPMCK>=CSTAPE
CSTPIM(IO=CSTPIP 
~ATTH<K>=WATT<I>
TWUM ( K> =TWU 
XlNSrHK>=XlNS (J)
RTHLHCK> =I{ATEHL
ANCSTMCKl=ANCST2 
ANUCPMCKl=A~CST2/XLEN(K)
CSTUIMCK>=CSTINS/XLENCK) 
~STUPH CK> =CST PIP/X lE NCK> 
CSTUTHCK> =CSTAPE/XLENCK>
CPGSTMCK>=CAPCST
Pl'iR.MH(K) =PWRW 
PWRUNMCK>=PWRR 
RETURN
END 

SUBROUTINE SYSIN 
c 

REAL-KWCSf 
c 

KEAD<NREA0,100U CIDOCI> ,1=1,20) 
~EAD<NREAD,100~) AVOGC 
REAO<NREA0 1 1D04) DEMAND 
REA~CNR£A0 1 10D4) HEAD 
READCNREA0,1004) Q 
REA~CNREAD.1004) OENI~S 



J.l 1 
Program SYSOPT 

- Listing Cont'd 

~EAO(NREAD;1004) TPUMP 
KEAD(N~EAD,1002) NINS 
READ<N~EAD,1002) N~ATT 
KEkDCNREA0,1002) NTIHE 
R. EA iJ ( NREA 0 , 1 0 0 3) ( X l N S ( I ) , I= 1, N I N S) 

~~~8~~~~~8~188~~ ~~~l[t~~J!i;!~~~I~~)
~EAO<NREA0,1002) NDIAM 
~~ft8~~~~:8:i88~~ ~8I~~~ilJ!1;t~S5~~~,
~EAO <NREA0,1003) (XL£N (!), 1=1, NOIAH)
READ (NREAO, 10 03) ( W(;rl T (!), 1= 1, NO I Ali) 
00 7":; K=1~NDIAM

75 RE~U<NREAu,1003) <Cl<J 1 K>,-J=1tNINS)
KEAD<NREA0,1003) CCPC1J ,I=1,NUIAH) 
~E~O<NREAD,1004) YRS1 
~EAO<NREAD,1004) YRS2 
KEADCNREA0,1004) RINT 
~EAOCNREAD,10U4) G 
R.EAO<N~EA0,100~l WPER 
READ CNRE.C.O, 10 0'+>'"· TOPER 
~EAO<N~EA0,1004) CONO 
REAO<NREAD,1004) FACTi 
1\.EAD <N~EAD, 1004) VOL 
REAO<NREAD,1004) FA~T2 
READ<NREAD,1004) SPHP 
READtNREA0,1004) SPHI 
REAO<NREA0,1004) KWCST 
KEADCNREA0,100~) TORAIN 
i\.EAD<NREAD,1004) FACT3
READtNREAD,1004) FACT4 
REAOCNREAD,1002) NMO~ 
R.EAO(NREAD, 1004) <TAR.RAYU) ,l=1,NHON) 

c
1001 F ORH AT ( 2CA4) 
1002 FOR.MATCI2)
1003 FOi\.HAT (10Ft. 4)
1004 FOR.HA T CF10 .1) 

c 
RETU~N 
END 

SUBROUTINE SYSOT1 

REAL KHCST 
c 

~~if~t~~~~J:~3~§l (100(!) ,!=1,20)
<DlAH(I) 1=1 NOIAH)~~if~f~~~~f;~~g~: (0lAMO(I/fl=l1_NDIAH) 

A~~TE<NPK~T,2005) (XLENlD, =1,NDIAH) 
~RlTECNPRNT,2006) (HGHT(l),l=1,NOIAH) 
WklTE<NPR~T,2026) (WATTfi) 1=1 N~ATT> 
~RITE<NPRNT,2027) (TMALL(IJ 1 r=l~NTlHE) 
H~1TE<NPRNT,2026) (XINS(l),l=1,NINS> 
WRITECNPRNT 1 2034) TPUHP . 
HRITE<NPRNT1 2029) AVOCC 
W~lTE<NPRNT 7 2030) DEMAND 

w~I TE< NPRNT 1 20 31) HEAD 

WR1TE<NPRNT,2032) Q

NDIAH~~ilff~~~~t;~8~~J tUNS 

WR1TE(NPi\.NT 7 202~) NTIHE 

W~ITElNPRNT 1 2023) NWATT 

HRITE(NPRNT,2007) SPHP 

WR1TE<NPRNT,2008) YRS1 


: WRITE<NPRIH,2009) SPHI 
WR1TECNPRNT,203J) DEN INS 
.~RITECNP~NT,2010) YRSZ 

http:WR1TE(NPi\.NT


~~lT£(NPkNTi2011) 
WR1TECNP~Nl,2013)
WR1TECNPRHT,2015)
WKITE<NPRNT,201&l
nkiTECNPKNT,2017)
wRIT£<NPKNT,2018) 
WRiTE<NPRNT,201~)
wRITECNPRNT,2020) 
wRll£(NP~NT,2021)
wRITE O~Pr,NT 1 2022) 
WRITE(NPR.NT,20~0)
WRl. T E ( N PR.NT, 2 0 14)
wR..L TE<NPRNT, 2140) 

Q ----------FOk.MAT
"' c 

Program SYSOPT 

- Listing Cont'd 

corm
FAt;T1
TOPER 
DE11AND 
VOL 
FACT2 
TORAIN 
WPER
KwCST 
FACT3 
FACT4 
(TARRA'f ( l) ,I=1, NMON) 

STATEMENTS -----I!~PUT 

~gg~ ~g~~~t~l~~~;e~~f~~I~~~~E~Ab~ ~~~~T8~!~flERS 

200~ FORHAT(/,5X,20HTHE DIAMETERS =,8F10.3)
200~ FORMATC1,5X,20H~~E LENGTHS 
200c FOKHAT(/,5X,20HTHE WGnT PER 
2u07 FOkHATC1,5X,~OHTHE SPECIFIC 
200B FOKMAT(/ 7 5X,40HTHE LIFETIME
2009 FORMAT(/,5X,~OHTHE SPECIFIC 
2C1G FO~HAT<1,5X,~OHTHE LIFETIME
2C11 FO~MAT(/,5X 1 40HTHE CONDUGTiV1TY OF lHE INSULATION 
2013 FO~HATC/,5X,40HTHE AMOUNT OF WATER REMAINING 

$CENT)
2D1~ FOkMAT(//L5X, 28HMONTHLY AKBlENT TEMPERATURES,/)
2G15 FO~HATC/,~X,40HTHE OPERATING TEMPERATJRE . 
2016 FORHAT(/,5X,40HTHE WATER DEMAND 
2017 FO~HATC/ 1 5X,40HTHE SIZE OF THE TANK 
201b FORMATC/f5X,40HTHE AMOUNT OF STORAGE USED 

$7HPERCEN ) .
2019 FORHATC/,SX,~OHTHE TIME TO DRAIN 

$ '+ HHI<;. S.)2020 FORMAT(/,5X,40HTHE LENGTH OF THE WINTER PE~IOJ 
$'1' HL> AYS)

2021 FORMAT(/ 1 5X~~OHTHE COST OF POWER 
$13rlCENTS PEk KWH) 

~~~~ f8~~~li~~~~~~8~t~~ ~i~~E~~Cb~RENRGY INPUTS 
2C2~ FO~MAJ(/ 1 5X,~OHTHE NO. OF WAkM-UP TIMES CONSIJERED 
202:, FORMATt/ 1 5X,~.tOHTHE NUMBER OF INSUL• THICKNESSES 
2026 FO~MAT(/ 1 5X 1 20HTHE DESIGN WATTAGES=,bF10.3)
2027 FORMAT<1,5X 1 20riTHE HARM-UP TIHES =,8F10.3l
202b FOkMATC/,5X,20HINSUL. THICKNESSES =L8F10.3)
2029 FORHAT(/,5X,~OHTHE AVERAGE OCCUPANCY
2030 FORMAT(/,5X 1 40HTHE DEMAND PER PERSON PER D~Y 
2031 FORMATC/,5X,40HTHE PUHPIN HEAD 
2032 FORMAT(/,5X,~OHTHE FLOW RATE
2033 FO~MAT(/ 1 jX,40HTHE DENSITY Of INSULATION 
2034 FOkMAT(/,5X,40HTHE DURATiON OF PUMPIN~ 
20~0 FORMAT(/ 1 5X,40HTHE SYSTEM FACTOR
2135 FORMAT(/ 1 5X!20HOUTSlOE DIAMETER =,6F10.3)
21~0 FO~MAT(1H , 2X,F7.2) ' . 
299~ FO~MAT(/ 1 5X,20A~,/) c 

RETURN 
END 

SUBROUTINE SYSOT2 
c 

REAL KwCST 
c 

wRITE(NPRNT,2100)
Wk.l TE<NPRNT, 2999) 
WRlTE(NP~NT,2101)
~klTE<NPR.NT,2103) 

( IDO U), I=1, 20)
TPUHP 
XOAYS 

=,8F10.1)
FOOT =,tF10.3)
HEAT OF THE P1PE 
OF THE PIPE
HEAT OF THE l~SUL~TION 
OF THE INSULATION 

Jl2. 

= 1 F6.3)
=,F8.3)=, F 8. 3)
=,Fs.3, 

=1 F8.3, 
=,F8.3, 
=,Fs.3, 

=,F8.3)
=,I 2) 
='I2)
=,I 2) 

=,F8.3)
=,Fa.3>
=,F8.3) 
= 1 F&.3) 
= 1 F6.3)
=,F8.J)
=,F8.3) 



Jl3 
Program SYSOPT 

- Listing Cont'd 

HRlTE(NPKhT~2104) XPULSE 
HRlTEtNPI\.Ni 1 2105)
HRlTECNPKNT,210o)
Hf<llE(~PRNT,2107)
I~ Rl T E ( N PKNT 1 21 0 b ) 
I'IRlTECUPfWT 1 2109)
HRl T E <NPii;.NT, 2133)
HRlTECNP~NT,211G)
Hid TE<NPk.NT 12111)
i'IR.LTE<NPi-\.NT 1 2112)
~kiTECNPRNT 1 2113)riRl H. (I~PRtH 1 2111.t)
Hki T EC NPF.NT 1 2115)
Wki TE(NP~NT 1 211&)
HK.iTECNPi-I.NT 1 2117)
HR~ TE CNP~NT 1 2118)
WRITE<NPF-,NT,2119)
HR.i. TE.{NPkNT 1 2120) 

TMALL(NBEST)
<OIAH(l)I1=1,NDIAH)
lXLEN(!) ,I=1,NOIAH)
( X IN S M U ) , 1 =1, N D I AtU 
(HATTHUl, I=1 1 NOIAM)
( RTli LM( I) , 1=1,. NDIA 11)
(TWUH(Il ,.L=1,NDIAH) 
CPWRMtHII1 1=1, NDIAH)
(PWkUN11(1J ,1=1,ND1AtH
CCSTPIM<I>,I=1,NDIAM)
(G~TUPM( 1), 1=11 NDIAM)
(CST 1Nrl(!) , 1 =1 1 NOIAH)
lCSTUIMC·I), I=1,NOIAHl
(GSTAPH(1J ,I=1,NDIAH)
(GSTUHH 1) ,1=1, NDIAtU 
CCPGSTM(U ,I=1 1 NDIAHl 
lAi~CSTH(l) ,I=1,NOIAM>

HRITE<NPRNT 1 2121l. tANUGPM(l) 1 1=1 1 NOIAHJ 
W~ITECNPRNT,2134)

riR!TE<NP~NT,212~1 HP . 

WiUTE(NPr-.rH, 2129) CSTPP 
.HRITECNPRNT 2130) PWRP 
WRlTElNPKNT!2122) TINGST 
HRITE<NPRNT 1 2123) TCSTAP 
~~iT£(NPRNT,2124) TPCST 
H~ITE<NPRNT 1 2125) TCAPCS 
WR1TE<NPKNT,212o) TACPCS 
HR.LTECNPRNT 1 2127l TAPCST 

rlR~TECNP~NT,2136) TOTNET 

~KlTECNPkNi 1 2131) THPL 

H~ITE(NP~NT 1 2132) TOPL 


g ----------FO~MAT STATEMENTS -----OUTPUT 
c2100 FO~MAT(1H1 1 // 1 5X 1 44HOPTIMAL DESIGN Of PULS~O I'IATER SUPPLY SrSTcH,/ 

~t8~
$)

f8~~~f~~~~~;~~~f~~U~j~~~~ 8~ ~~~~I~~T~~~~0~ULSES =,F!:~) 3 )
210~ f0KHATC/ 1 ~X,35HNO. OF PULSES PE~ YEAR =,F8.3)
21 0 5 FOkHAT(/,5Xz35HTHE BEST ~LLOWAHLE nARM-UP TIME =1 F8.3) 
21 0 0 FO~MAT(/// 1 ~X 7 21HPIPE DIAMETER =~11F9.3)
2107 fO~HAT(/,5X 1 21HTOTAL LENGTH =,11F~.1)
210t FO~HAf(/,5X 1 21HihSUL. THICKNESS =,11F9.3)
2109 FORMAT(/ 1 ~X,21HOESIGN WATTAGE =,11F9.3)
211C FO~MAT(/ 1 SX 1 21HAVG. HARM-UP TIME =,11F9.3)
2111 fO~HAT(/ 1 5X 1 21HMAX. KH 
2112 FO~MAT(/ 1 5X 1 21HMAX. KW 
2113 FOkHAT(/ 1 SX 1 21HCOST OF 
211~ FORHAT(/ 1 5X,21HCOST PER 
2115 FOKMATC/ 1 5X 1 21HCOST OF 
211o FORHAT(/ 1 SX 1 21HCOST PER 
2117 FORhATt/ 1 5X 1 21HCOST OF 
Z11b FO~MAT(/ 1 5X 1 21HCOST PER 

LOAD-HARM =,11F9.3)
LOAD-PUMPING=,11F9.3)
PIPE =,11F3.1)

UNIT LENGTH=,11F3.2)
INSULATION =,11F9.1)

UNIT LENGTH=,11F9.2l
HEATI~G TAPE= 1 11F9.1)

UNIT LENGTH=,11F9.2)
2119 FORMAT(/ 1 5X 1 21HTOTAL CAPITAL COST =,11F9.1)
2120 FORHAT(/ 1 5X 1 21HANNUAL COST OF POHER=,11F9.1l 
~l~~ ~g~~~J~~}~~~~!~~~~br~tRr~~tLA~Y~~rgo~} 1F 9~~}1o.z>
2123 FORHAT(/ 1 5X 1 2~HTOTAL rlEATING TAPE COST 
2124 FORMAT(/ 5X 25HTOTAL PIPE COST
2126 FORHAT(/:sx:25HANNUAL COST OF CAPITAL 
2125 FORHAT(/ 1 5X,Z5~TOTAL CAPITAL COST 

~t~~ f8~~:f~~}~~~~~~~~~~:S~r~gs~o~~E~g~f~
2129 FORMAT(/ 1 5X,27HCOST Of POWER TO PUMP 
213D fORHAT(/ 1 5X~25HPOWER LOAD OF PUMP 
~t~l· ~g~~!f f:: 6~, ~~~i~f~l A~A~~xpu~~rNG LE~fo 


=1 F10.2) 
= F10.2)
=!F10.Zl 
=,f10.Z)

1=,~l~i~!zl
=,F 0.2)·
=,F10.2) 
=1;1~!~; z> I2133 FO~HAT(/ 1 5X 1 21HAVG. RATE HEAT-LOSS =,11F~.3) 

213~ FORHATl1H1,///) 

http:POHER=,11F9.1l
http:LENGTH=,11F9.2l
http:WiUTE(NPr-.rH
http:HK.iTECNPi-I.NT
http:i'IR.LTE<NPi-\.NT
http:TE<NPk.NT
http:NPii;.NT
http:HRlTEtNPI\.Ni


Jl4 
Program SYSOPT 


- Listing Cont'd 

2136 FO~M~ti7,si,25HTOTAL ANNUAL COST 
2~~9 FOkHAT(/ 1 5X,20A~ 1 /)RETURN 

END 

SUBROUTINE THARM c 
c 

THU=TE~HAT/{WATT<I)-0.5~RATEHL)
C-----ASSIGN A PENALTY IF T;E RATE OF HEAT LOSS IS ~REATER THAN THE 
C-----RATE OF ENE'RGY INPUT 

lF(KATEHL.GE.WATTCI)) THU=1000. 
t<El URN 
END 



Program SYSOPT 

Sample Input Output Data 

INPUT DATA PRiNTOUT 

- 20 HRS. PUMPING TIMEB~OUGHTON ISLAND N.W.T. 

2.0b7 	 3. 0&8
THE DIAMETERS = .36'+ .c 22 .62-'t 1.0'+9 1.610 2.'+69 

THE DIAMETERS = 3.5'+() 
1.050 1.315 1.9 0 0 2.375 2.675 J. SOD

OUTSIDE DIAMETER = a:iltO .8'+0 

OUTS IDE OIA METER = '+.000 
1175.0 20&0.0 o.o 2bSO • 0 THE LC:NGTHS = 1000.0 825 0. 0 1190.0 -o. 

THE LENGTHS = -a.o 
7.:j7.851 1.131 1.&7S~ 2.718 	 3.653 s.7g3THE WGHT PER FOOT = •'+25 

THE WGHT PER FOOT = 9.109 
o.ooo 	 s. 0 0 0 9.00~.ooo s.ooo 	 7.000THE DESIGN WATTAGES= 2.000- 3. 0 00 

THE DESIGN WATTAGES= 10.000 12.000 

THE WAKH-UP TIMES = 10.000 
1. 0 0 0 1. 250 1.500 z.oo

INSULa TrliCKNESSES = .sao .&25 .750 .675 

2.0. o a o THE DURATION OF PUMPING 
~- = 


= s·. ooo
THE A~ERAGE OCCUPANCY 
10.000THE DEMAND PER PERSON PE~ DAY 	 = 


= 120.000
THE PUMPIN HEAD 

= .077
THE FLOW RATE 

THE NUM~ER OF PIPE DIAMETERS 	 = 9 . 
THE NUM8EK OF INSULa THIC~NESSES = 8 


THE NO. OF WARM-UP TIMES CONSIDERED = 1 


THE VARIETY OF EN~GY INPUTS =10 

.120 	 c..THE SPECIFIC HEAT OF THE PIPE 	 = .... 

U1 
1~.000THE ~IFETIME OF THE PIPE 	 = 



Program SYSOPT 

- Sample Input Output Data Cont'd 
THE SPECIFIC HEAT OF THE INSULATION = • 3~0 
THE DENSITY OF INSULATION = 2.200 
THE LIFETIME OF THE INSULATION = 10.000 
THE CONDUCTIVITY OF THE INSULATION = • 130 
THE AMO~NT OF WATER REMAINING = 10.000PERCENT 
THE OPERATING TEMPERATURE = ~a.aoo 

fHE WATER DEMAND = 10.000 
THE SIZE OF THE TANK = 25 0. 0 0.0 
THE AMOUNT OF STORAGE USED = a 0 • 0 0 0 PERCE NT 
THE TIM£ TO DRAIN = 1.500HRS. 
THE LENbTh OF THE WINTER PERIOD = 270.0 00 DAYS 
THE COST OF POWER = 1J.OOOCENTS PER KWH 
THE WINu FACTOR = 1.000 
THE SYSTEM FACTOR = o.ooo 

MONTHLY AMBIENT TEMPE~ATURES 

-50.00 ~· -25.00 
-17.00 
-15.00 o.oo 

3.00 
13.00
15.00 
17.00 

CJ ..... 
0\ 



Program SYSOPT 

- Sample Input Output Data Cont'd 

OPTIMAL DESIGN OF PULSED WATER ~UPPLY SYSTEM 

aKOUGHTON ISLAND N.W.T. 20 H~S. PUMPING TIME 

OUk.A T lOti OF PUMPING PERlOO = 20.000 


THE NUMBER OF DAYS BETWEEN PULSES = Lt.OuO 


NO. OF PULSES PER YEAR = o7.500 


THE BEST ALLOWABLE WARM-UP TIME = 10.000 


PIPE DIAMETER = .3o;,. .o22 • 8 24 1e0't9 1. 610 2. 0.5 7 2.'t69 


TOTAL LENGTH - 1000.0 b 2 ::)0. 0 1190.0 1175.0 2060.0 o.o 2650.0 


INSUL. THICKNESS = . .sao .625 · .d7S 1. 0 00 .875 • sao 1.250 


OESlGt~ WATTAGE = 2.000 2.000 2.000 2.000 3.000 2. oo a s.ooo 

AVG. KATE HEAT-LOSS = .887 1.02 0 .947 1.005 1eit23 2.645 1.485 


AVG. riARM-UP TIME = .73& 1. 714 2.'+90 3. 8-33 It • bit 7 13 3 0 • 0 8lt 5.392 


MAX. ~w LOAO-HARH = z.ooa r· 1 o. so o 2. 380 2.350 0.180 o.ooo 13.250 


MAX. ~H LOAD-PUMPING= 1. 50 0 12.375 1. 785 1.763 4.635 o.ooo 9. ':j38 


COST OF PIPE = 430.0 38 77.5 ~5'+.5 o93.D 2'*9 2. 6 o.o 7155.0 


COST PER UNIT LENGTH= .lt3 .47 .55 .76 1.21 I 2.70 


COST OF ItiSUL~TION = 600.0 7'+25. 0 1b0 o. s 18oO.O 3090.0. o.o 6227.5 


COST PER UNIT LENGTH= .60 .90 1.35 1.b0 1.50 I 2.35 


COST OF HEATING TAPE= 2000.0 16500.0 238~.0 2350.0 '* 12 a. a o. 0 6625.0 


COST PE~ UNIT LENGTH= 2.oa 2.00 2.00 2.00 2.00 I 2.50 


TOTAL CAPITAL COST = =soJo.o 27802.5 '+641.0 5123.0 9702.6 o.o 20007.5 
 c... .....ANNUAL COST OF POHEP= .. o~.7 3 5 76.3 538.3 S71eb 1559.7 o.o 346't. 0 ~ 

. COST PER UNIT LENGTH= e't1 .'t3 .&.;!:) .... 9 .76 I 1.31 



,-, 

Program SYSOPT 

Sample Input Output Data Cont'd 

PUMPING HORSEPOWER - 1.50 
COST OF POWER TO PUMP = 3&7.77 
POHER LOAO OF PUMP = 1.12 

TOTAL INSULATION COST -= 20829.00 
TOTAL HEATING TAPE COST = 33975.00 
TOTAL PIPE COST = · 15502eb0 
TOTAL CAPITAL COST = 70306.b0 A 
ANNUAL COST OF CAPITAL = 6c:i81.22 
ANNUAL COST OF POHER - 10487.38-
TOTAL ANNUAL COST = 194&8.&0 

TOTAL MAX. PHR. LOAD = 43.78 
TOTAL MAX. PUMPING LOAO = 33.11 

c... 

(X) -


http:10487.38
http:6c:i81.22
http:70306.b0
http:33975.00
http:20829.00
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APPENDIX K 

Flow in Copper Pipes 
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Friction Factor in Copper Pipes 
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Flow in Steel Pipes 
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Friction Factor in Steel Pipes 
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