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Guest Editor is Kenneth W. MacKenzie, 
Jr., Pollution Officer for the 
Fairbanks North Star Borough 

Northern engineers have been 
faced with problems. Technology 
has often been bent to meet our special 
northern needs when the use of warmer 
climate techniques would have resulted in 
difficulties. But while the cold tempera· 
tures have been the main cause of most 
problems, they have also presented engi· 
neers with many special challenges. The 
northern engineer has dealt with challen· 
ges of water supply and sewage systems, 
heating and ventilation, lubrication, and 
permafrost and has proved successful. 
Yet for all his success, perhaps his biggest 
challenge lies ahead - the challenge to 
maintain air quality. 

The importance of good air quality 
can be put into some perspective by 
remembering this: you may go forty days 
without food, four days without water, 
but try to exist for more than four 
minutes without air and survival is 
threatened. Air is a resource with which 
the northern engineer is just now coming 
to grips, but some air quality problems 
are not new. There is little doubLthat 
unscheduled evacuation of living quarters 
has taken place many times in the nor-
thern region due to smoking stoves, and 
no doubt asphyxiation by carbon monox-
ide has taken its toll many times. How-
ever, proper design of heating and ven-
tilation systems, whether they are utilized 
or not, is a solution to such indoor air 
quality problems. 

Still, there has been little reason in the 
past for engineers to concern themselves 
with air quality in northern regions. In 
the first place, there were few facilities 
capable of significantly deteriorating the 
quality and there was little evidence that, 
with all the air available for dilution, 
difficulties could arise. Northern com-
munities were not of a size as to generate 
a significant problem; and thus only 
minor nuisances, such as smoke from one 
cabin drifting into a neighboring one, 
were a problem. Particulate matter on 
very dusty days was accepted as a normal 
experience in areas adjacent to or built 

upon loess deposits from glacial streams, 
and smoke from forest fires degraded 
visibility only intermittently. While a 
unique cold weather phenomenon known 
as ice fog was familiar in certain areas, it 
posed little difficulty initially. But with 
increased development, the phenomenon 
of ice fog grew in certain places, usually 
in valleys or land pockets where the com-
bination of a strong temperature inversion 
and low wind speeds was found. These 
areas came to be examined more critically 
for air quality deterioration and, in some 
cases, unusual levels of pollution were 
found. 

Due to the limited population and 
correspondingly low financial resources 
in northern areas, specific solutions to 
these new problems are difficult. Let's 
briefly review ice fog engineering. The 
basic solution seems to require removing 
water vapor from stack gases and auto-
mobile exhausts to a level which can be 
handled by cold ambient air. Water 
removal theory is not new and is based 
on condensing techniques familiar to 
most engineers. The trick is finding and 
installing off-the-shelf-equipment that will 
do the jo~ or designing special equipment 
based on available components. This is 
not easy and requires some new applica-
tion techniques. Such pioneering is taking 
place today but not at a rate necessary to 
keep pace with the development of the 
North and the increasing intensity of the 
problem. 

There are other solutions which should 
also be considered and applied to reduce 
water vapor emissions. Closed circuit 
cooling systems for power plants are one. 
Selection of a higher hydrocarbon chain 
fuel is another. It is perhaps not a well 
recognized fact that a fuel like natural gas 
will produce almost 50% more water 
vapor on combustion than will oil or coal. 
Proper use of insulation in building design 
is another solution since any reduction in 
fuel consumed for heating will result in 
lower .water vapor emissions. More effi-
cient heat distribution systems are still 
another. Another possibility is to find a 
way to grow ice crystals through disper-
sion techniques. This increases the rate 
of fallout so that visibility deterioration 
will not occur. From these, it should be 

clear that, by applying the best available 
engineering, reduction of water vapor 
emissions is possible. 

But since ice fog is just visible evidence 
that a saturation of the air mass is 
possible, other pollutants may also be 
expected to build up. Many of these 
other pollutants are associated with our 
personal transportation system, the auto-
mobile. Recent engineering applications, 
such as circulating and frost plug heaters 
along with improvements in lubrication 
technology, now permit use of the auto-
mobile almost irregardless of the lowest 
temperature. These improvements can 
result in serious levels of air pollution 
in inversion-prone areas, especially since 
auto emissions are basically at breathing 
level. If vehicles were designed with the 
cold temperatures in mind, the pollution 
and performance problems would be less 
pronounced. One serious difficulty re-
lated to both these problems is in obtain-
ing a proper air-fuel mixture. 

When the automatic choke is con-
trolled by a bi-metallic thermostat with 
an insufficient heat riser tube, it fre-
quently results in an extremely rich mix-
ture for far too long during cold starts, 
and this adds to plug-fouling. Manual 
chokes provide one solution, but often 
people forget to open them and fouling 
still results. Perhaps a better solution is 
to furnish a larger heat riser. 

It is common practice in cold regions 
to idle a vehicle extensively to provide the 
warmth for a comfortable ride. A genu-
ine fear that a vehicle might not start up 
again when once shut off\ further encour-
ages this habit. Devices to capture engine 
heat for future start-ups would consider-
ably improve the air quality situation. 
Both extensive idling and electrical block 
heaters waste energy since the blocks act 
as wonderful ambient air heaters which 
attempt to heat the whole outdoors, 
with little success. One help here is to 
insulate the vehicle hood to keep the 
engine heat where it belongs. 

Further problems occur in cold intake 
manifolds where, even if the gasoline is 
vaporized, it may re-condense before 
reaching the cylinders. This results in 
plug-fouling, oil deterioration, and exces-
sive carbon monoxide and hydrocarbon 
emissions. Insulation of intake manifolds 
during the winter can sometimes help 
here, too, especially if a manifold is quite 
lengthy as in a straight six. 

Please see next page 



THE NORTHERN ENGINEER 
••. continued from page 2. 

There should be little doubt that 
further engineering of vehicles is neces-
sary. Perhaps all vehicles ordered for 
northern distribution should be required 
to meet cold weather specifications. Per-
haps a fleet of special-order vehicles 
should be maintained on a rental basis 
for use in problem areas. In any case, 
controlling proper design of the autom0· 
bile in cold climates is difficult and, with 
the addition of complex emission reduc-
tion systems, becomes even more so. 
Legislation banning emission equipment 
not proved workable in cold temperatures 
might help even if it does little else but 
focus attention on much needed emission 
system research for northern regions. 

Growth of communities and the loca-
tioh of new facilities are another major 
potential threat to air quality and require 
proper review of their environmental im· 
pact. Techniques are available to make 
such analyses but actual site monitoring 
is often necessary to prove the model 
selected. Most areas have governmental 
pollution agencies whose engineers can 
help in this evaluation. But too often 
this resource is overlooked and the latest 
information not reviewed. Communica-
tions between consulting engineers and 
agencies could often stand improvement. 

Selection of emission control equip· 
ment is another area in which more and 
more engineers will be involved. In this 
it should always be remembered that 
addition of the best available environ-
mental technology costs least when it is 
included in the initial construction. 
Environmental considerations are often 
estimated at less than 10% of the capital 
facility costs, whereas inclusion of control 
systems after construction results in much 
higher estimates. 

It should be becoming "perfectly 
clear" in the North as elsewhere, that air 
quality problems can no longer be swept 
under the carpet. Information is available 
to today's engineer so that he can come 
to grips with them in a real and effective 
fashion. Even in northern areas where 
air pollution is prone to occur, systems 
can be designed, technology can be re-
vamped, and research can be accom-
plished which will provide the best en-
vironment both inside and out and which 
will make sure that the precious air which 
we so often take for granted, is clean, 
healthy, and enjoyable. • 

"Well, Mr. Mayor, as far as E.P.A. is concerned, you've cleaned up the CO and your air quality 
problems are over." 
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FIGURE 1. Typical Installation of a Self-Contained Engine Preheater (not·to·scale). 
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ENGINE PREHEATING WITH SAVED HEAT: 

SOMETHING fOR NOTHING? 
by Ed N. Fisher 

The need for a new method of re· 
heating engines is readily apparent to 
those who have experienced the incon· 
veniences and added costs of starting and 
maintaining engines in cold climates. 
While there are a multitude of electrical 
preheating devices on the market, all 
suffer from the same major disadvantage: 
each requires a source of electrical energy 
external to the engine itself. 

Several types of non-electrical engine 
preheaters are available, however. These 
may be categorized as circulating, radiant 
or space heaters. Although these heaters 
vary in operation and complexity, all 
require a fuel for operation and, in some 
cases, this fuel is different from that used 
by the engine being preheated. When one 
of these devices is not available, the engine 
user must resort to frequent starting and 
idling of the engine during periods of low 
temperature to ensure that the engine 
can be started when needed. 

To those interested in the conservation 
of natural resources and the protection of 
the environment, the inefficient and un· 
necessary use of fuels, whether in electri· 

cal generation plants, heaters, or engines, 
is of major concern. This article describes 
a new concept of engine preheating for 
cold weather starting that requires no ex· 
ternal source of electricity and utilizes, as 
its energy source, waste heat from the wa· 
ter jacket. 

DESCRIPTION AND OPERATION 

The self-contained engine preheater 
uses a heat storage unit to capture waste 
heat from the running engine. This heat 
energy is stored with little loss during 
the times the engine is shut down, but 
may be pumped back into the engine 
when a "warm start" is needed. 

The operation may be best described 
by considering the three distinct phases 
of its operating cycle. These three phases 
relate to whether the engine is running, 
is stopped, or is being preheated prior to 
starting. For convenience, they are called 
the "capture," "storage," and "release" 
phases. 

During the capture phase, the hot 
engine coolant is circulated by the engine 
water pump through the heat storage unit 

where heat is captured and stored. This 
circulation process is continuous while the 
engine is operating and maintains the 
unit at peak capacity. 

In the storage phase, the engine has 
been turned off, and the only heat trans-
fer occuring is that which is lost by the 
heat storage unit through its insulation. 
The thickness and quality of insulation, 
along with the ambient air temperature, 
determine how long this heat can be 
stored within the unit. During this 
storage period, the engine block and its 
coolant cool normally to ambient air 
temperature. 

During the engine preheating stage, 
heat is released from the storage unit to 
the engine coolant circulated through the 
heat storage unit by the preheater circu-
lating pump. The circulating pump is 
started by setting a switch which auto· 
matically stops the pump at the end of 
fifteen minutes, the time normally re-
quired to release all of the heat stored. 

Figure 1 is a sketch of the engine 
preheater and its relationship to a typical 
engine. The heart of the preheater is its 
heat storage unit. A basic unit consists of 
the heat storage medium, a heat ex-
changer, and insulation. Separation of 
the heat storage medium and the engine 
coolant is accomplished by the heat 
exchanger. 

The flow check valve prevents short-
circuiting of coolant through the cab 
heater, if one is present, during the 
release phase when the engine is being 
preheated. 

HEAT STORAGE: HOW IT'S DONE 

This engine preheater uses the energy 
storage properties of a readily available 
chemical to store heat recovered from the 
engine. Both sensible and latent heat 
properties are utilized. Although many 
chemicals, including water, change state 
within the operating temperature range of 
an engine ( -60°F to 2359F), specific atten-
tion has been given to a hydrate of 
disodium phosphate (Na2HP04 · n H20). 

The phase behavior of hydrated diso-
dium phosphate is complex. However, 
under certain conditions nearly total con-

Edwin N. Fisher is a Mechanical Engineer and 
owner of E.N. Fisher & Associates, Consulting 
Engineer; he is a hopeful inventor and owner of 
the Beluga Company, manufacturer of hopeful 
inventions; and is also a Lecturer in the 
Engineering Management Program, University of 
Alaska, Anchorage campus. 



version to crystalline dodecahydrate 
(Na2HP04 · 12H20l can be obtained. 
The melting point of the dodecahydrate 
is 95.2"F and its heat of fusion is 118 
Btu/lb. The specific heat of aqueous 
disodium phosphate is 0.65 Btu/lb°F and 
that of the solid, 0.37 Btu/lb°F. With its 
specific gravity of 1.52, more energy can 
be stored in the hydrate than can be 
stored in an equal volume of water. 

Figure 2 contains a plot of the center· 
line temperature versus time of a proto-
type heat storage unit containing approx· 
imately 22 pounds of hydrated disodium 
phosphate releasing heat to a cold sink 
consisting of 54.4 pounds of 50 percent 
glycol-water solution. Using the heat of 
fusion and liquid and solid specific heats 
for the heat storage chemical, it is possible 
to calculate the energy release from the 
storage unit using the cooling curve tem-
perature data from Figure 2. Repeated 
experimental runs have consistently given 
energy recovery rates in excess of 95 per-
cent of that theoretically available. This 
indicates nearly complete dodecahydrate 
crystal I izati on. 

Figure 3 shows the plot of cumulative 
energy recovery versus time as calculated 
from the heat sink temperature data 
shown in Figure 2. For comparison, a 
plot of the rate of heat transfer from a 
typical 1000 watt electric engine pre· 
heater is provided. 

It will be noted that a heat storage 
unit containing 22 pounds of hydrated 
disodium phosphate releases approxi-
mately 3400 Btu's of energy in 15 min· 
utes. This compares to the thermal 
energy produced by a 1 000 watt electric 
heater in one hour ( 1 kwhr = 3415 Btu). 

OTHER DESIGN CONSIDERATIONS 

Since it is obvious that the cold engine 
coolant must be circulated through the 
hot heat storage unit during the "preheat 
stage" to get the heat out, a means for 
circulating that coolant is essential. 
Although manual transfer is technically 
feasible, it was felt that a mechanized 
method would have most widespread 
application. 

Fortunately there was available com-
mercially a continuous duty rated integral 
pump/motor unit designed for the ex-
tremes in the ambient temperature that 
were anticipated. Particularly important 
was the high mechanical efficiency of 
the pump at low wattage. Under full 
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FIGURE 2. 

load, the maximum current drain resulted 
in the removal of less than one ampere-
hour of electrical energy from the engine's 
starting battery during preheat. No detri-
mental influence on the battery's crank-
ing ability has been observed, though if 
necessary, a small auxiliary battery could 
be used for powering the circulator. 

The ability of the heat storage unit to 
retain captured heat is primarily a tunc· 
tion of the quantity and quality of insula· 
tion surrounding it. Consideration has 
been given to a broad spectrum of insula-
tion systems including the vacuum. At 
the present time, hermetically jacketed, 
foamed-in-place, low density polyure· 
thane insulation is being used. Data 
collected during field testing of the proto· 
type with two and one half inches of this 
insulation indicated that design-capacity 
heat storage will still be available after 24 
hours in -50" weather. 

5 

A limitation to the preheater's use in its 
basic configuration is that the engine must 
be used on a daily basis to maintain the 
heat storage. Several things could be 
done about this. 

An obvious approach would be to 
improve the insulation. Increasing the 
quantity of insulation influences the over· 
all size of the unit. Use of higher quality 
insulation involves fabrication techniques 
which could be expensive. Further insula-
tion of the unit cannot, of course, affect 
the minor but steady drain of heat from 
the unit. There will be conduction 
through the pipes penetrating the insula-
tion and also convection currents in the 
coolant. 

Since the heat loss from the heat 
storage unit is a function of ambient air 
temperatures, a second method of in-
creasing length of storage time is simply 
to move the storage unit to a location of 
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higher temperature. This may be done 
quite simply by using quick-disconnecting 
cut-off fittings in the connecting hose 
lines. The 3400 Btu capacity unit weighs 
approximately 35 pounds and could be 
moved inside fairly easily. 

A compromise solution, and one which 
is included in production models, is to 
insert low wattage electric immersion 
heaters directly into the storage unit. 
With an average power input of approxi-
mately 15 watts, the heat storage unit can 
be maintained at full capacity indefinitely. 
Although requiring external power, it is 
important to recognize that for an average 
input of only 15 watts, the engine opera-
tor has on call, continuously, the equ iva-
lent of an electric heater of several 
hundred times greater rating. Where 
station power and/or circuit capacity is 
limited and cost of electricity is high, 
this is an important consideration. 

Disodium phosphate is not hazardous 
nor is it corrosive to the materials used in 
the construction of the storage unit. 
This, coupled with the fact that no com-
bustible fuels are used in the operation of 
the preheater, makes it an extremely safe 
device. 

The only parts subject to wear during 
the operation of the preheater are the 
pump motor brushes and the pump 
mechanical seal. These parts normally 
have a very long service life and, if neces-
sary, can be easily replaced. The heat 
storage unit contains no moving parts and 
requires no service. The pump motor 
switch has a timer to shut the pump off 
at the end of the preheat cycle. In the 
event of timer failure, the pump motor 
can still be started and stopped manually. 

Installment of the preheater is simple. 
Connections to the engine are made 
through the tappings provided for the 
cab heater. A single connection is made 
to the engine's electrical system. The 
heat storage unit may be located some 
distance from the engine, e.g., in the 
trunk of an automobile. 

Initial production units have been de-
signed to contain approximately 3400 
Btu's of available energy after 24 hours 
at -50"F. Field testing has indicated that 
this amount of heat is adequate to pre-
heat engines of up to 350 cubic inch dis-
placement. A heat storage unit of this 
capacity is a cylinder 12 inches in diame-
ter and 19 inches long. It is technically 
feasible to construct storage units of any 
capacity. 
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FIGURE 3. Engine Preheater Type Heat Transfer Comparison. 

FEATURES 

The preheater is totally self-contained 
and requires no source of electricity 
external to the engine being preheated. 
It uses as its energy source waste heat 
from the engine. 

The preheater will work at extremely 
low temperatures and will permit engine 
shut-down periods in excess of 24 hours 
at -50"F with full design preheating capa-
bility. Release of available energy from 
the heat storage unit to the engine can be 
accomplished in fifteen minutes or less. 

The time required to restore the heat 
storage unit is primarily a function of the 
engine's operating speed. Under normal 
conditions, capture time is comparable to 
release time. 

The preheat pump provides forced cir-
culation of engine coolant through the 
cooling passages of the engine. This 
results in a uniform warming of the 
cylinder walls and head, as well as the 
intake manifold. 

No modification of the engine is re-
quired to install the preheater. It is as 
easy to install as a conventional electric 

engine preheater. The self-contained en-
gine preheater is safe to equipment and 
to people. 

FUTURE 

Several of the units have been manu-
factured for testing during the 1973-1974 
winter. The units will be tested through-
out Alaska on a variety of engines. It is 
expected that user information will result 
in the establishment of heat storage unit 
capacity requirements for different engine 
sizes and might even help to find some 
unexpected bugs. 

At any rate, development work con-
tinues on application of the heat storage 
concept to other systems, such as trans-
mission and hydraulic devices, which 
require preheating prior to use at ex-
tremely low temperatures. 

Unquestionably, the storage and ulti-
mate use of heat otherwise wasted to the 
environment is a desirable objective. To 
be able to do so with a device which 
competes economically with fuel-using 
systems is now technically feasible. • 



Air, Autos, & a Little Snow: 
A Northern Dilemma 

by lee leonard 

VEAP technicians ready a vehicle for inspection. 

Once upon a time when the people of 
the North had red blood in their veins 
and iron in their grip, a flashlight was 
pointed through an ice-glazed window 
into a darkened world. The beam fell on 
a thin vertical glass tube secured to a 
wooden scale, and the bearer of the light 
recorded this inspection: January 9, 
8:00a.m., -51° F. 

The recording completed, there was a 
hurried rustle of heavy clothing and the 
scuffle of boots, the chill of frigid air as a 
door opened and a stooping figure exited. 
Within seconds, the door burst open 
again and was quickly kicked shut as an 
arm-load of wood thundered to the floor. 
The stove door opened and a pair of logs 
disappeared into the red glow. The glow 
vanished with a cast-iron clank, and again 
the flurry of clothing and the kicking of 
boots. A faint rustle of bedclothes, then 
silence. 

We can be thankful that the modern 
northern resident is no longer subject to 

Lee Leonard, formerly a project engineer with 
the Institute of Arctic Environmental Engineer-
ing, is now an editor of TNE and an assistant 
engineer and researcher with the Geophysical 
Institute, University of Alaska, Fairbanks 
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such rigors. Today a similar morning 
would reveal a much different scenario, 
one orchestrated by the advance of tech-
nology and the pace of a more civilized 
way of life. 

After i'l hardy breakfast of Wheaties, a 
lone figure clad in dacron and synthetic 
fur emerges from the fluorescent glow of 
a split-level to behold the salvation of his 
time: an ice-encrusted ediface to the 
memory of Henry Ford. He unplugs the 
thin black umbilical and loops the stif-
fened cdrd over the sidemirror. The 
sculptured, sheet metal and chrome-
striped door refuses to open at first, but 
a swift kick at the latch breaks the grip 
of ice in the mechanism. Once behind 
the wheel, the driver is thrilled by the 
initial contact of permanent press with 
rock-like vinyl. The key is turned, and 
after several breathless seconds, the en-
ginegroans to life. In a mere ten minutes, 
warm air pours from the vents and 
motion begins as gears strain to turn in 
the thickened grease. In a few miles the 
rigid rectangular tires soften and the 
bumping stops. The shocks and brakes 
take a little longer to loosen up. Closer 
to town, our arctic traveler peers up 
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through billows of ice fog at the signal 
lights, while the radio plays the com-
forting strains of Sonny and Cher along 
with the daily report of carbon monoxide 
levels. At the parking lot, stiffened 
fingers re-connect the power cord and 
once inside the office, our hero offers a 
moment of silent thanks for a successful 
journey and a small prayer that the 
power won't fail before the evening trip 
home. Truly we have entered a new age 
in the North, but the question is: What 
are we going to do about it? 

Now I do not want to be misunder-
stood. I do not advocate a universal 
return to the throw-another-log-on-the-
fire-go-back-to-bed concept of our fore-
bears as an acceptable method of dealing 
with cold weather, though I do have a 
certain sympathy for it. Nor do I 
advocate the abolition of the automobile. 
Such a suggestion would be most illogical 
in the North where the vast distances and 
sparse population make individual trans-
portation much more valuable than in the 
more congested temperate zones. But 
there is still the big question ... 

Nowhere in the North is the incom-
patibility of the automobile and the 
environment more evident than in Fair-
banks, Alaska, and nowhere else in the 
North are the manifestations of this 
incompatibility more vivid. In winter 
months, carbon monoxide levels, pro-
duced largely by motor vehicles, often 
triple the national standards. Vehicle-
produced ice fog obscures vision and 
accidents mount. Running autos cause 
pollution while stalled ones invite frost-
bite. And though it is true that at 
present many of these problems are 
unique to Fairbanks because of its loca-
tion ·- in a natural "bowl" where severe 
thermal inversions trap extremely cold 
air masses and pollutants at ground 
level - this uniqueness can be expected 
to become less apparent as development 
of the vast subarctic interior of both 
continents continues. 

In an effort to come to grips with the 
automotive-produced pollution problems 
of the Fairbanks area, the Department of 
Environmental Services of the Fair-
banks North Star Borough planned a 
study of in-use vehicles during February 
and March of 1973. This vehicle emis-
sions analysis program, which became 
known as VEAP, was intended to deter-
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mine whether or not proper adjustment 
of the idle system of the vehicles' car-
buretors could result in a significant 
reduction in carbon monoxide (CO) pro-
duced at idle. The limited resources of 
the Borough required voluntary assistance 
of other researchers to help with the 
study. As a result, Atlantic Richfield 
Company provided a non-dispersive in-
frared exhaust analyzer to measure hydro-
carbon (HC) and CO content of the 
vehicle exhaust gas. ARCO also provided 
the services of Dr. Fred Volez of the 
Harvey Technical Center to instruct the 
researchers in the analyzer's proper use. 
The Arctic Environmental Research Lab-
oratory of the U.S.E.P.A. and the Insti-
tute of Arctic Environmental Engineering 
of the University of Alaska supplied the 
services of engineers and technicians for 
the acquisition of data, analyses, and the 
preparation of the final report. In the 
course of the study, the emissions from 
631 vehicles were analyzed at ambient 
temperatures which ranged from -25° F 
to +35° F during a four week period. 
These included gasoline-, propane-, and 
some diesal-fueled vehicles. 

-d-
HC[i] 

o, "'\:"" 
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FIGURE 1. Test Setup. 

The test procedure was quite sim-
ple: a vehicle with a warm engine 
( 140-190° F) was driven into position 
and the instrumentation was connected 
as shown in Figure 1. The age, mileage, 
idle speed, and (when possible) the dis-
placement of the automobile, as well as 
the condition of existing pollution con-
trol devices with which it was equipped, 
were recorded. With the transmission in 
neutral, the engine speed was increased 
to 2500 rpm and CO and HC concentra-
tions were recorded. The engine speed 
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FIGURE 2. Exhaust Gas Emissions Curve. 

was then reduced to idle and the emission yzed, the following conclusions were 
levels were again checked. With the obtained: 
owner's permission, the air-to-fuel ratio 
at idle was increased by adjusting the 
carburetor idle mix screw if the idle CO 
level was higher than the following 
criteria: 

Acceptable CO Concentrations 

Pre 1968 model year 
1968-69 model year 
1970 & newer models 

3.5 to 5% CO 
2.0 to 3% CO 
1.0 to 1.5% CO 

Figure 2 shows a typical response of 
CO and HC to changes in air-to-fuel ratio. 
As this curve indicates, the lower limit 
of CO adjustment is the point at which 
the HC curve reaches its minimum. The 
steep increase in HC after the CO mini-
mum is the result of misfire which occurs 
at lower air-to-fuel ratios on pre-1970 
vehicles without intake air preheat be-
cause of incomplete vaporization of fuel. 
In cold regions, preheated intake air, as 
well as preheated or insulated intake 
manifolds, would greatly increase sub-
zero performance by reducing misfire. 
At the same time it would allow leaner 
carburetor idle adjustment which would 
help lower CO emissions. 

After the accumulated data was anal-

1) As received at idle, the propane-
fueled vehicles tested emitted 88% 
and diesal vehicles emitted 4% as 
much carbon monoxide as the aver-
age (300 cu. in. V-8) domestic 
gasoline-fueled engine. 

2) As received at idle, the average 
foreign manufactured vehicle emit-
ted about one half as much CO as 
the average domestic vehicle. This 
is due to the smaller engines used 
in foreign cars. 

3) Proper adjustment of the carburetor 
idle mixture screw produced a 44% 
reduction in CO emissions at idle 
for the 1968 to 1973 domestic 
vehicles tested. 

4) If all the motor vehicles in the 
Fairbanks areas were adjusted for 
leaner idle operation without re-
quiring high emitters to have major 
engine repair to lower their emis-
sions, an overall reduction of about 
34% in idle-produced CO would be 
realized. This does not consider 
vehicle-produced CO emitted by 
vehicles while under load. 

5) Pre-1968 vehicles without intake 
air preheat tend to idle leaner in 
cold climates due to the higher 
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density of air. 
6) During cold weather operation, 

many of the newer vehicles with 
leaner carburetion systems tend to 
misfire when manufacturer's recom-
mended CO emission levels are 
obtained, probably due to incom-
plete vaporization of the fuel. In-
sulating and/or heating the intake 
manifold would considerably help 
to eliminate this problem. 

7) Diesal-powered vehicles are low 
emitters of both CO and ice fog 
but may be relatively high in heavy 
HC and aldehydes which are not 
presently at problem levels in the 
Fairbanks area. 

But after this study, we are still left 
with the basic question of how we can 
improve the cold weather performance 
and at the same time reduce the environ-
mental damage caused by the automobile. 
One way is to properly adjust carburetors 
by a mandatory inspection and mainte-
nance program for all vehicles. But this 
would only reduce harmful emissions at 
idle and the amount of idling time com-
pared to the total engine running time 
has not been established for the Fairbanks 
winter comlition. Such information is 
badly needed to assess not only the value 
of an inspection and maintenance pro-
gram, but also the relative merits of new 
pollution control devices as they become 
available. 
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TURNS OF IDLE MIX SCREW 

CO EMISSIONS VS TURNS OF IDLE MIX SCREW 

FOR A GM 250 6-CYL 1968 VEHICLE 

CO VALUES ARE CORRECTED TO 0" 0 2 

FIGURE 3. 
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Of course, the logical answer would be 
for the auto industry to design and build 
vehicles which are specifically intended 
to fill the requirements of cold region 
driving. Think of the advantage to low 
temperature starting that would be possi-
ble with the modern, external combustion 
steam car which utilized a non-freezing 
working fluid. Imagine all that nice hot 
fluid available to the interior heater. 
Unfortunately, that percentage of the 
total automobile market represented by 
consumers in cold climates is much too 
small, and the ear of the builder is deaf 
to our needs. In the future, this lack of 
concern may become a more serious 
problem to northern residents. 

Most automobile manufacturers now 
seem to have concluded that the best way 
to fight vehicle-produced pollution is to 
keep building equipment that produces 
it in large quantities and clean it up 
before it leaves the tail pipe. So far, the 
most successful of these symptom-treating 
devices has been the air pump which has 
been in general use in California and 
elsewhere si nee 1966. 

The air pump. is simply that: A small 
pump driven by the fan belt which injects 
air behind the exhaust valves to supply 
02 for the continued combustion of CO 
and HC in the exhaust manifold where 
gas temperatures are high enough to 
permit the reaction. This device works 
well in cold regions and is essentially 
maintenance free. Figure 3 shows the 
effect on CO emissions. However, the air 
pump can increase the volume of a 
vehicle-produced ice fog cloud by as 
much as 30% as a result of dilution 
from injected air. This is a typical exam-
ple of an acceptable technique in tem-
perate climates which is misapplied in 
cold regions. But Detroit is not going to 
stop with air pumps. The auto industry 
has developed a device commonly known 
as the catalytic converter as its salvation 
from the 1976 auto emissions standards 
in the U.S. This little gem will be stan-
dard equipment on most 1977 vehicles 
sold in the United States and it may 
prove to be a serious problem in the 
North. 

The catalytic converter uses an air 
pump, and so the ice fog problem will be 
increased. ?ut additionally, the catalytic 
converter incorporates a catalyst in the 
exhaust system which permits oxidation 
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of CO and HC at temperatures lower than 
normal, and two big questions about the 
cold weather performance of this device 
remain unanswered: 

1) Will the catalyst reach the neces-
sary activation temperatures soon 
enough after startup in extremely 
cold temperatures to be of any 
effect in helping to greatly reduce 
harmful emissions? 

2) Due to the difference in thermal 
inertia of the catalyst and the 
intake manifold, will the excessive 
amounts of combustibles emitted 
during the choking phase of start-
up in extremely low temperatures 
cause excessive oxidation which 
could overheat and eventually de-
stroy the catalyst? 

Recent correspondence with the EPA 
researchers, converter manufacturers, 
and auto manufacturers has not 
answered these questions satisfactorily 
and the industry will begin tooling up 
for production within another year or so. 
It is beginning to become apparent that 
if automotive problems associated with 
low temperatures are going to be solved, 
they will be solved by residents of cold 
regions. 

Perhaps the economic impact of im-
pending northern development will pro-
vide an opportunity to do the necessary 
work. Perhaps the sheer numbers of 
northern immigrants will make industry 
take notice of our needs. One thing is 
clear: If the people of the North are 
going to continue to use automobiles as 
their major form of transportation, a 
great deal of work must be done to find a 
way to harmonize vehicle use with our 
environment. So the question re-
mains: What are we going to do about it? 

* 

For a complete report on the Vehicle 
Emissions Analysis Program see "Cold-
Regions Automotive Emissions," a report 
under the sponsorship of the Department 
of Environmental Services, Fairbanks 
North Star Borough; the Geophysical 
Institute of the University of Alaska; and 
the Arctic Environmental Research Lab-· 
oratory of the U.S. Environmental Pro-
tection Agency, August 1973. 
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Computation of the Size & Concentration of Ice Particles 

Produced by Auto Exhaust 1n Arctic Climates 

by William Nelson 

Auto-generated Ice Fog: January 1, 1966, 1500 hours. A car idling at Third and Cushman, Fairbanks, Alaska. A second car goes by .... The signifi· 
cance is only clear when one realizes that the downtown traffic was very light on this holiday. Consider the effect of two or three thousand vehicles 
under the same conditions. (Photo courtesy of Carl S. Benson, Geophysical Institute, U of A) 

The amount of ice fog generated by 
automobiles has long been considered a 
minor contribution to the total problem 
when compared with the mass of water 
vapor introduced to the air by heating, 
power plants, and cooling ponds.* But 
the experienced subarctic resident knows 
full well that the stream of ice fog left in 
the wake of motor vehicle traffic tends 
to concentrate the problem along the 
streets and highways. As a result, it is 
obvious that vehicle produced ice fog, 
while not being a major source, is by far 
the most hazardous to the motorist and 
pedestrian. And it is, of course, as a 
safety hazard that ice fog is feared as a 
harmful pollutant. 

In this article Dr. Nelson discusses a 
numerical model which should prove help-
ful in finding ways to minimize the 
hazardous effects of vehicle produced ice 
fog. -Ed. Note 

INTRODUCTION 

Ice particles are produced from the 
water vapor exhausted from automobiles 
operating in extremely cold temperatures. 
The hot, humid exhaust gas, which con-
sists of about 12% by volume of water 
vapor, leaves the exhaust pipe to mix 
with the cold ambient air and rapidly 

decreases in temperature. 
Thus the water vapor in the exhaust 

gas is cooled and its saturation ratio rises 
rapidly. As the saturation ratio rises 
above unity, or 100% relative humidity, 
the water vapor begins to condense into 
small droplets. These droplets are nu-
cleated by three mechanisms: nucleation 
on soluble particles, nucleation on insol-
uble particles, and self-nucleation. 

The soluble and insoluble particles, 
lead salts and carbon particles, are neces-
sary for the first and second nucleation 
mechanisms and are generally present in 
automobile exhausts. 

The droplet nucleation continues until 
the saturation ratio is reduced to about 3, 
while the droplet growth continues until 
the saturation ratio is reduced to unity. 
This reduction in the saturation ratio, of 
course, is due to the condensation of the 
water vapor and the dilution of the moist 
exhaust gas with the relatively dry am· 
bient air. 

As the exhaust plume t~mperature 

falls below the freezing point of water, 
the droplets begin to freeze. The freezing 
point of the various droplets is dictated 
primarily by two things: the size of the 
droplet and the type of nucleating agents 
within or in contact with t~e droplet. 

As the exhaust gases continue to be 

*See "Cold Air+ Cooling Ponds= Ice Fog" in this issue. 

diluted, the droplets and ice particles 
disperse into the ambient air where the 
ice particles approach an equilibrium size, 
while the droplets which did not freeze 
evaporate. 

MODEL DESCRIPTION 

To predict the size distribution and 
concentration of ice particles produced 
from the exhaust gas it is necessary to 
construct a model of the process. The 
model, to be valid, must reflect the 
physical processes occuring within the 
plume as a function of distance down 
stream from the exhaust outlet. 

In the model, a packet of exhaust gas 
was defined in terms of a unit mass of the 
noncondensing portion of the exhaust gas. 
This packet of exhaust gas was allowed to 
proceed downstream in the plume and 
mix with ambient air. This was done at a 
rate governed by the trajectory of the 
packet relative to the centerline of the 
plume and by previously stated considera-
tions. 

The packet of exhaust gas was treated 
as if its walls were permeable only to 
ambient air. That is, there was assumed 
to be no transfer of water vapor, liquid 
water droplets, ice particles, solid parti-
cles, and/or soluble particles through the 
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imaginary walls of the exhaust gas packet. 
Initial conditions for the packet of 

exhaust gas were set at the exhaust pipe 
outlet. These initial conditions included 
temperature, water vapor content, insolu-
ble and soluble particle concentration 
and size distribution, and composition of 
the exhaust gas. The packet of gas was 
then allowed to travel downstream at the 
local velocity of the exhaust plume. 

Ambient air was added to the packet 
of exhaust gas at a rate which corres-
ponded to the actual dilution rate exper-
ienced along the particular path which 
the packet was traveling. This rate was 
calculated from empirical plume center-
line and crossectional velocity data 
(Forstall and Shapiro, 1950; Shirazi and 
Davis, 1972) and from momentum con-
servation considerations. 

The exhaust packet was moved down-
stream in very small but finite time 
increments (time steps). From a know-
ledge of the velocity of the packet of gas 
and the dilution of the exhaust plume 
with ambient air as a function of distance 
from the exhaust pipe, the required addi-
tion of air into the exhaust gas packet at 
each time increment was calculated. The 
following packet information was updated 
at the end of each time step: 

1. Water vapor remaining, 
2. Concentration and size distribution 

of insoluble particles that did not 
serve as droplet nuclei, 

3. Concentration and size distribution 
of self nucleated droplets, droplets 
nucleated on insoluble particles, and 
droplets nucleated on soluble par-
ticles, 

4. The amount of liquid water present 
in the packet, 

5. Concentration and size distribution 
of droplets that froze, 

6. Relative concentrations of air and 
exhaust gas, and 

7. Packet temperature. 

The computational procedures em-
ployed at each time step are outlined 
below. (The current time step is desig-
nated i; the next is then the i + 1 time 
step.) 

1. A predetermined amount of cold 
ambient air was introduced into the 
warmer packet of exhaust gas which 
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was at conditions calculated in the 
preceeding time step, i.e., the i - 1 
time step. 

2. A new packet temperature was esti-
mated. 

3. Based on the estimated packet tem-
perature, a new water vapor satura-
tion ratio was calculated. 

4. Based on the updated saturation 
ratio, growth of existing droplets 
and nucleation and growth of new 
droplets were calculated. A distinc-
tion was made between growth on 
frozen and unfrozen droplets. 

5. From step 4, the mass of water 
vapor condensed and frozen during 
the i time step was calculated. 

6. A packet temperature for the i time 
step was calculated. This was based 
on conditions at the end of the i - 1 
time step, cold air added during the 
i time step, latent heat of conden-
sation released during the i time 
step, and latent heat of fusion 
released during the i time step and 
i - 1 step. 

7. The calculated packet temperature 
from step 6 was then compared to 
the packet temperature estimated 
in step 1. 

8. If the estimated and calculated tem-
peratures did not agree within a 
given value, a new estimated tem-
perature equal to the average value 
of the old estimated temperature 
and the calculated temperature was 
found. 

9. Using the new estimated tempera-
ture, a new iteration was begun with 
calculations repeated from step 3. 

10. The trial and error process listed 
above continued until the tempera-
ture estimated at the beginning of 
an iteration, step 2, agreed with the 
temperature calculated at the end 
of an iteration, step 6, to within 
0.01° K. 

11. When the estimated and calculated 
temperatures agreed within the given 
value, the droplet sizes were updated 
to account for the condensation or 
evaporation that took place during 
the i time step. 

12. Based on the packet temperature, 
droplet size, and type of droplet 
nucleous, the droplets were tested 
to determine, if they were not 
already frozen, whether they were 
ready to be frozen. 
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13. Latent heat of fusion due to 
freezing of existing droplets during 
the i time step was accounted for 
during the i + 1 time step. (Note: 
latent heat of fusion due to water 
vapor condensing and freezing on a 
droplet was accounted for during 
the i time step.) 

14. Based on updated conditions de-
picting the end of the i time step, 
the packet was moved another in-
crement downstream in the plume 
to the i + 1 time step. 

15. Calculations were begun again from 
step 1. 

The procedure listed above was carried 
out until the packet had traveled a 
desired time or distance downstream in 
the plume. Then packet conditions, which 
included temperature, liquid and water 
vapor content, cumulative travel time, 
saturation ratio, total mass of added air, 
mass of water frozen, droplet concentra-
tion and size distribution, and the mean 
and standard deviation of the formed 
droplets, were printed out. Data on 
droplets were catagorized according to the 
nucleation mechanism by which the drop-
let formed. 

Equations used in the procedures 
listed above are found in the literature 
dealing with cloud physics (Fletcher, 
1962; Mason, 1971). 

MODEL INPUT 

Using the model, computations were 
performed using a CDC 3300 computer. 
Initially, exhaust plume conditions were 
set which reflected a late model automo-
bile burning a commercial grade of gaso-
line. The automobile was assumed to be 
standing or moving slowly through -400C 
air while the engine was running at a fast 
idle. 

Exhaust particulate consisted of lead 
salts and unburned carbon particles. The 
particle size distributions, chemical make-
up, and concentration were consistent 
with published data. 

The exhaust gas composition, flow 
rate, and exit velocity were calculated 
based on the following conditions: 

a. Exhaust pipe diameter = 4.3 em 
(1.7 in) 

b. Engine displacement = 4900 cm3 
(300 in3) 
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c. Engine speed = 19.6 rev/sec ( 1180 
rpm) 

d. Manifold pressure = 30.4 em Hg( 12 
in Hg) 

e. Stoichiometric combustion of gaso-
line with a C-H ratio of 1 to 1.85. 

f. Engine operating temperature 
77°C 

g. Exhaust outlet temperature 
150° c 

The packet of exhaust gas was allowed 
to follow a trajectory down the plume 
such that its velocity was always 0. 75 of 
the centerline velocity at that distance 
from the exhaust pipe (i.e., a Myers num-
ber of 0. 75). Next, the packet of ex-
haust gas was diluted at a "mean rate" 
so that 50% was diluted at a slower rate 
and 50% was diluted at a faster rate. 

COMPUTED RESULTS 

Using the above "operating condi-
tions," the size distribution and concen-
tration of produced ice particles were 
computed for exhaust packet travel times 
of 0.5, 1.75, and 7.7 seconds. These 
travel times correspond to distances aft 
of the exhaust pipe of about 1.8, 3.6, and 
6.0 meters. 

The size distributions and concentra-
tions of the produced ice particles are 
listed in Table 1. 

Note that the data in Table 1 repre-
sent the overall production of ice parti-
cles from droplet nucleation on particles 
as well as from droplet self-nucleation. 

It is interesting to note that the pro-
duced ice particle size distribution and 
concentration stabilize after a travel time 
of less than 1.75 seconds (or a travel 
distance of less than 3.6 meters). It is 
also interesting to note that the above 
computed results agree quite closely to 
experimentally obtained produced ice par-
ticle size distributions in areas having a 
high auto traffic density (Ohtake, 1970). 

AN APPLICATION OF THE 
DEVELOPED MODEL 

Heartened by a good comparison be-
tween computed and experimentally ob-
tained ice particle data, the model was 
applied to determine how one might re-
duce the automobile. created . ice fog 
problem. 

A reduction in the affect of automo-
bile produced ice fog would be realized 
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TABLE I 
Produced Ice Particle Size and Concentration 

Mean Size ( m) 
Standard Deviation ( m) 
Total Number (particles/g. ex. gas) 

by reducing the concentration and in-
creasing the mean diameter of the ice 
particles. This would decrease the visual 
obstruction effect of the ice particles and 
increase the ice particle settling rates. 

To this end, model input data that 
reflected engine operating parameters were 
varied, and the computed ice particle size 
distributions and concentrations were 
compared. The varied operating parame-
ters included the water vapor content, the 
particle content, the exit velocity, and the 
exit temperature of the exhaust gas. Also 
varied were the diameter of the exhaust 
pipe outlet and the ambient air tempera-
ture. 

Table 2 is based on results computed 
after varying one or more of the above 
parameters. Note that the information 
listed in Table 2 indicates in what direc-
tion one should vary the operational 
parameters in order to reduce the con-
centration and increase the mean diame-
ter of the produced ice particles. 

SUMMARY 

In summary, a model has been 
described which can be used to predict 
the size distribution and concentration of 
ice particles and water droplets at any 
point in an automobile exhaust plume. 
The model was applied to find how one 
might vary the operation of an auto-
mobile in order to reduce the unfavorable 

Packet Travel Time (seconds) 
0.5 1.75 7.7 

2.23 
0.20 

6 X 109 

2.29 
0.21 

6 X 109 

effects of ice fog. 

2.29 
0.21 

6 X 109 

It should be noted that, due to its 
general nature, the described model could 
be used on many types of condensing 
plumes. 

The condensing vapor within the 
plumes need not be water and the drop-
lets need not solidify as was the case for 
the ice particles. * 

BIBLIOGRAPHY 

Fletcher, N.H., The Physics of Rain 
Clouds. Cambridge: Cambridge 
University Press, 1962. 

Forstall, Walton, Jr. and Ascher, H. 
Shapiro, "Momentum and Mass 
Transfer in Coaxial Jets," Journal 
of Applied Mechanics, December, 
1950, pp. 399-408. 

Mason, B.J., The Physics of Clouds. 2nd 
edition, Oxford: Clarendon Press, 
1971. 

Ohtake, Takeshi, "Studies on Ice Fog," 
University of Alaska, Fairbanks: 
Geophysical Institute, 1970. (Final 
report AP-00449) 

Shirazi, Mostafa A. and Lorin R. Davis, 
"Workbook of Thermal Plume Pre-
diction," Vol. 1, Submerged Dis-
charge. Corvallis: National Thermal 
Pollution Research Program, Na-
tional Environmental Research Cen-
ter; Corvallis, Oregon, April, 1972. 

TABLE II 

Recommended changes in the variables affecting an automobile exhaust in order to 
reduce the concentration and increase the mean size of generated ice particles. 

Variable 

Exhaust gas exit temperature 
Ambient air temperature 
Exhaust gas water vapor content 
Exhaust gas exit velocity 
Diameter of the exhaust 

pipe outlet 
Concentration of soluble 

particles in the exhaust 
Concentration of insoluble 

particles in the exhaust 
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Direction of change from base case 
INCREASE DECREASE 

X 
X 

X 

X 
X 

X 

X 



COLD AIR + COOLING PONDS 
Ice fog, a phenomenon peculiar to 

arctic and sub-arctic regions, is not con-
sidered a physiologic pollutant, but it is 
a serious annoyance to residents. To-
gether with the long, dark, winter days, 
ice fog has a depressing psychological 
effect on humans. From a physical 
viewpoint, ice fog greatly reduces visa-
bility which, in turn, results in increased 
'numbers of traffic accidents in urban 
areas and occasionally necessitates the 
shut down of airports. 

Three factors contribute to the forma-
tion of ice fog. These are temperatures 
below -20"C, a continuous source of water 
vapor, and particulate matter suspended 
into the air which acts as a nuclei for ice 
fog particles. The absence of any one of 
these factors would eliminate ice fog. 
Since control of the winter temperatures 
is virtually impossible, and a certain 
amount of particulate matter is always 
present in the air around urban communi-
ties, the only recourse in the prevention of 
ice fog is to prevent the introduction of 
water vapor into the atmosphere. The 

by Charles C. Behlke and James C. McDougall 
two sources of water vapor are the com-
bustion of hydrocarbon fuels and evapor-
ation from open water surfaces, such as 
cooling ponds of power plants and un-
frozen streams. Past studies indicate that 
the latter is by far the largest source of ice 
fog in the Fairbanks area. In an attempt 
to find methods to reduce this source, a 
study was conducted at the University of 
Alaska during the winter of 1973 to 
examine the feasibility of using imper-
meable polyethylene sheeting as a water 
surface cover. 

Due to its exploratory nature, the 
study was carried out on a small scale, 
utilizing equipment loaned by the various 
engineering departments and the Univer-
sity of Alaska's Institute of Water Re-
sources. The study involved an examina-
tion of evaporation rates and energy losses 
from both open and covered water sur-
faces of a small, insulated tank of water 
located on the roof of the Duckering 
Building at the University of Alaska 
(Figure 1). 

The tank was constructed from 3/8" 

ICE FOG 
plywood. Four inches of polystyrene 
insulation were placed on the inside of the 
tank to minimize any heat conduction 
through the bottom and sides. The tank 
was lined with two layers of 4 mil 
polyethylene sheeting to ma.ke it water-
tight. It had an inside surface area of 
9975 cm2 and a usable water depth of 
25 em. 

In order to prevent temperature strati-
fication, the water was continuously cir-
culated within the tank through a pipe 
network fed by a 425 watt submersible 
pump. Above-freezing water temperatures 
were maintained by a 755 watt, thermo-
statically controlled hot water heater 
element. 

The testing was conducted from Janu-
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ing at the University of Alaska, Fairbanks 
campus. 

James C. McDougall. a resident of Montreal. 
Quebec, is a student of Civil Engineering and a 
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TABLE 1. TABLE 2. 
Daily Evaporation Daily Heater Operation 

ary 23 through February 10, 1973. 
During the period of January 23 through 
February 1, the tank was uncovered. 
From February 2 through February 10, 
the water surface was covered with a 
piece of 4 mil, clear polyethylene sheeting 
attached to the sides of the tank. The 
sheeting was in direct contact with the 
entire water surface. 

Measurements of evaporation and total 
energy loss from the tank were made, 
when possible, on a daily basis. Evapora-
tion from the tank was determined by 
measuring the amount of water added to 
the tank to maintain a constant water 
surface level. A 25 em point gauge 
placed on the bottom of the tank was 
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FIGURE 2. 

used to measure the water surface eleva· 
tion. The twenty four hour values of 
evaporation for the period of testing are 
presented in Table 1. 

The daily total energy loss from the 
tank was obtained from measurements of 
the total energy added to it. The total 
energy input is essentially the sum of the 
energies added by the pump and the 
heater. These values were determined by 
recording their periods of operation and 
multiplying them by the wattage of the 
unit. For the pump, which ran continu· 
ously, the energy input was constant. 
The time of operation of the heater, on 
the other hand, was not continuous and 
was measured by placing an electric clock 
into the circuit controlled by the thermo-
stat. Daily values for the heater operation 
are presented in Table 2. 

During the daytime period, frequent 
temperature measurements within and 
above the tank were recorded using 
copper-constantine thermocouples. Two 

QR QB QH 

i 

OC-OS = OB+OH+OE+OW+OC1-0R-OC2 
( 1) 

where: 

OA is the energy added to maintain 
the tank temperature above 
freezing, 

OS is the change in stored energy, 
OB is the energy loss due to long-

wave radiation, 
OH is the energy loss due to sensible 

heat transfer, 
OE is the heat loss to evaporation, 
OW is the energy advected from the 

body of water by the mass of 
water evaporated, 

OC 1 is the energy loss by conduction 
of heat through the sides of the 
tank, 

OR is the energy gain from shortwave 
radiation, and 

OC2 is the energy gain by heat con-
duction from a warmer surface 
through the bottom of the tank 
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QA 
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FIGURE 3. 

thermocouples were located over the cen· With the water surface covered, evap· 
ter of the tank at elevations of 0, 1, 2, 4, oration can no longer take place, thus 
6, 12, 24, 36, 48, and 60 inches above elirr.inating the evaporative heat loss and 
the gauge point. Readings were taken the advected energy loss. Equation 1, 
using a Leads and Northrup poten- therefore, reduces to: 
tiometer. Daily averages of the water 
temperature and the air temperature 60" 
above the gauge point are presented in 
Figure 2. 

From the empirical data and clima· 
tological data collected by the National 
Weather Service Office at the Fairbanks 
International Airport, roughly two miles 
from the test site, it was possible to 
evaluate the energy transfer modes from 
both the open and covered water surfaces. 

For the open condition, Figure 3, the 
total energy balance for the heated tank 
is represented by the following equation: 

OA-OS=OB+OH+OC1-0R-OC2 (2) 

With both empirical and mathematical 
analysis, each of the components in the 
above equations was evaluated. For a 
detailed discussion of the analysis, the 
reader is referred to report No. 4 7 by the 
authors, entitled, "Polyethylene Sheeting 
as a Water Surface Cover in Sub-Zero 
Temperatures," published by the Institute 
of Water Resources of the University of 
Alaska, 1973. 

Values of the major energy loss com· 



QE QW QB QH QT Date 
ly/day ly/day ly/day ly/day ly/day 

130123 369.62 7.00 457.29 942.06 1775.97 
130124 364.29 5.85 460.92 1011.83 1848.62 
130125 355.46 4.85 452.96 1109.66 1922.93 
130126 221.02 2.88 446.29 874.87 1545.06 

0 
p 730127 221.02 2.89 306.38 351.12 881.41 
E 730128 221.02 2.89 185.55 472.55 8132.01 
N 

730129 220.91 2.25 278.71 652.24 1154.11 
730130 221.08 1.95 297.47 633.61 1154.11 
730131 231.19 1.55 384.37 614.78 1231.89 
730201 231.45 1.08 268.51 130.85 1231.89 

TOTAL 2657.06 32.92 3538.45 1399.57 13628.0\l 

PERCENT 19.50 0.25 25.95 34.30 100.00 

TABLE 3. Heat Losses from an Open Water Surface. 

ponents for both the open and covered 
water surfaces are presented in Tables 3 
and 4, respectively. The energy gain from 
short wave radiation and conduction 
through the bottom of the tank and the 
energy loss through the sides of the tank 
are not considered because their signifi-
cance is small when compared to the other 
energy loss components. 

In order to evaluate the total differen-
tial energy loss between the open and 
covered conditions, it was necessary to 
calculate values for the various energy 
transfer components from a hypothetical 
open water surface during the period of 
time that the surface was covered. These 
hypothetical values are presented in 
Table 5. 

From Table 3, it is seen that the 
major energy loss components from an 
open water surface are the longwave loss, 
the evaporation loss, the sensible heat 
loss and the advected loss. The average 
percentages of these individual compo-
nents to the total energy loss are as 
follows: 

Sensible Heat Loss 54% 
Longwave Loss 26% 
Evaporative Loss 20",4, 
Advective Loss .25% 

When the water surface is covered with 
4 mil polyethylene sheeting, evaporation, 
and thus the evaporative heat loss and the 

QB QH QT 
Date 

ly/day ly/day ly/day 

730202 29'1.12 6e~.65 '164.97 

c 130203 304.80 570.49 875.29 

0 730204 335.58 553.22 888.80 
v 

13020~ 333.51 538.50 872.01 
E 
R 730206 306.25 470. J 0 716.25 
E 130201 368.19 544.39 912.58 
D 

130208 35~.39 o43.65 1002.04 

730£09 353.07 560.46 913.53 

TOTAL 2658.91 4546.56 7205.47 

PE~C[NT 36.'<0 t3.10 100.0\l 

TABLE 4. Heat Losses from a Covered 
Water Surface. 

QE' QW' 
Date 

ly/day ly/day 

730202 224.44 2.01 
730203 228.06 2.09 

0 730204 233.97 2.20 
p 730205 230.90 2.07 
E 730206 
N 

236.05 2.66 
730207 309.26 4.83 
730208 252.78 2.79 
730209 221.50 1.60 

TOTAl 1936.96 20.25 

PERCENT 21.54 0.23 

advected energy loss, are no longer present. 
Under this situation, the total energy loss 
is comprised of longwave losses and sensi-
ble heat losses. The percentage break-
down of these components to the total 
energy loss is: 

Sensible Heat Loss 63% 
Longwave Loss 37% 

From examination of Tables 4 and 5, 
it is seen that the total energy loss from 
the open water surface is reduced by 
approximately 20 percent when the sur-
face is covered by polyethylene sheeting. 
This reduction is caused, for the most 
part, by the nonexistence of evaporative 
and advective heat losses when the water 
surface is covered. Covering the water 
surface produces a slight reduction in 
longwave losses and, on the- average, a 
small increase in sensible heat losses. 

From a heat transfer viewpoint, the 
above findings clearly indicate that poly-
ethylene sheeting is an effective water 
surface cover that can, with little decrease 
in energy loss, virtually eliminate evapor-
ation from cooling ponds and thus reduce 
a large portion of ice fog. Further devel-
opmental research should be centered on 
appropriate methods of applying and 
maintaining polyethylene sheeting on 
water surfaces which create ice fog 
problems. * 

QB' QH' QT' 

ly/day ly/day ly/day 

305.42 453.84 985.71 
311.21 509.83 1051.19 
342.65 562.81 1141.73 
J42.57 533.54 1109.08 
312.69 463.56 1014.96 
375.95 598.63 1288.67 
365.94 591.45 1212.66 
360.50 603.30 1186.90 

2716.93 4316.66 8990.80 

30.22 48.01 1\JO.OO 

TABLE 5. Hypothetical Heat Losses from an Open Water Surface. 
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Heating the Ideal Arctic House-Ill 
by Eb Rice 

(This is the fourth in a series by Dr. Rice 
on building in the North. The prior 
articles, "Permafrost-Its Care & Feeding," 
"Northern Construction: Siting & Foun-
dations," and "The Ideal Arctic 
House-//," appeared in The Northern 
Engineer in Winter 1972, Spring 1973, 
and Summer 1973.) 

SAVE HEAT 

It's easy, simple, and even moral to 
save heat. Conservation of heat improves 
comfort and economy, and it reduces 
waste and pollution. Yet, casual and 
careless selection of fuel and furnace, 
together with ignorance of insulation and 
ventilation, costs the world a great deal 
of heat every year. 

People Need to be Warm .... 

People seem to have evolved for I ife 
in a climate of about 70°F; they feel 
discomfort if the temperature departs 
more than about 1 0 degrees from that. 
As people extended dominion and domi-
cile over the world, into areas much 
colder than suitable for "the naked ape," 
they carried with them the need to do 
something about it. That something, they 
discovered, was to adopt insulation -
insulation of themselves by clothing, and 
insulation of their dwelling by any means 
available. 

Consider the Eskimos 

" ... Since I left Plumtree, down in 
Tennessee, 
It's the first time I've been warm." 

* * * 
The source of heat for their "70-degree 
climate" is their own metabolic heat, 
trapped by their clothing, plus a little 
heat incidentally derived from seal-oil 
lamps primarily used for cooking and 
lighting. Take away these things, and 
Eskimos suffer from the cold about as 
much as everyone else. 

Onward, the Woodpile 

As Europeans moved ever further 
north, they, also, staved off the cold, 
mostly by heating their cabins and by 
taking care to avoid going outdoors in the 
severest weather. By and large, that's 
what people sti II do: keep the houses 
warm and stay indoors, braving the ele-
ments only for short dashes to the next 
house or warm conveyance. That this can 
be done so easily is a tribute to the 
ingenuity of our forebears who developed 
shrewd ways to shelter us from the 
harshness of the polar world. 

But the apparent effortlessness of 
achieving thermal comfort is often bought 
expensively, and irresponsibly. 

Old timers were highly conscious of 
the cost of heat: every stick of wood 
burned was cut, trimmed, hauled and 
stacked by hand for the winter, and heat 
(comfort) was purchased at the cost of 
much effort and time - time that had to 
be diverted from other pursuits. So 
dwellings were small, with few openings, 

Consider the Eskimos: with ingen- and they were carefully caulked and 
iously simple garments of caribou skin, banked. 
they have managed to survive for millenia 
in the polar climate. European explorers, 
encountering these remarkable people for 
the first time, assumed that Eskimos had 
evolved a physiological adaptation to 
extreme cold. That belief has persisted 
to the present, though measurements do 
not support it at all. Physiologists and 
anthropologists in recent years have 
asserted that Eskimos are adapted, all 
right, but not so much in physiology as 
in know-how. Eskimos have survived in 
the arctic environment by keeping the 
cold at bay with clothing or housing. 

A later generation, ours, has substi-
tuted money for work, petroleum for 
wood; and it is no longer so intimately 
conscious of the need to conserve so 
valuable a commodity as heat. The 
result is egregious waste: unnecessary 
production of heat with little compen-
sating improvement of the human condi-
tion. Yet we can, with a little attention 
to what we're about, minimize wasted 
heat by using some of our neglected 
common sense in the selection and use of 
insulation, fuels and heating systems. 

1 See related article by Behlke and McDougall in this issue. 
Vol. 5, No.3 16 

Conservation of Heat 

Engineers and physical scientists are 
acutely aware that, in the production of 
power by burning fuel, there are ines-
capable heat losses. The ordinary gasoline 
engine at best converts only about a 
quarter of its fuel into mechanical energy. 
The rest goes to produce heat. (Some of 
this is used to warm the passengers in 
automobiles in winter, but most has to 
be wasted.) Such waste is inevitable; 
and on well-known theoretical grounds 
we see that we can never hope to 
achieve much greater efficiency than we 
do already. The "Carnot limit" of 
around 30 to 40 percent is already 
closely approached in large thermal power 
plants. Commonly, the very considerable 
waste heat is dissipated to the air, to 
rivers or to special "cooling ponds." 
Under some conditions this results in 
thermal pollution or ice fog. 1 

Heat "Losses" are sometimes Recoverable 

One excellent way to conserve heat, 
therefore, is to make use of the "waste" 
heat of power generation. This is done 
frequently where power plants are con-
structed near cities. Here waste heat can 
be used conveniently to heat space: 
heat that is too "cool" to generate elec-
trical power is just about right for heating. 
Space-heating energy, in fact, is just 
about the lowest "level" of energy we 
can make use of. 

Unfortunately, thoughtless "reform-
ers" often seek to prevent power plants 
from being located near c1t1es, causing 
them to be so located that the low-
grade waste heat cannot be used effec-
tively. Such short-sightedness guarantees 
that around three quarters of the thermal 
value of the fuel will be uselessly dis-
persed - and sti II more fuel wi II have to 
be consumed to heat the spaces that 
otherwise could have benefitted from 

Or. Eb Rice is a Professor of Civil Engineering 
at the University of Alaska, Fairbanks campus, 
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the local power plant's waste.2 

Total Energy Systems 

In the case of certain buildings, even 
in lower latitudes, thoughtfu I engineers 
have taken advantage of suitable ratios 
of power, heating, and cooling needs and 
have provided a "total-energy package," 
self-contained systems which so efficiently 
avoid energy waste that they are some-
times competitive with the local electric 
power utility. These systems sometimes 
are so "total" that the energy in the 
building's trash, burned to augment regu-
lar fuel, provides a sizeable fraction of 
the total heat-and-power need. In addi-
tion, the export of garbage, sewage and 
trash is reduced. Such systems are not 
available "off the shelf" just yet, but 
there are many being used, and more are 
being designed by engineers wishing to 
serve (and prosper) by solving at once the 
demands of economics, conservation, 
pollution and independence. 3 

ABOUT FUELS 

So far as heating homes, villages, and 
cities is concerned, the fuel available is 
pretty much limited to wood, coal, 
natural gas, and several grades of oil. 4 

Electricity is not a fuel so much as it is a 
means of heat distribution. (Nevertheless, 
it is possible to "build an electric fire" in 
an otherwise ordinary stove or furnace.) 

Electricity 

For simplicity, ease of installation, 
and safety, electric heaters are unexcelled. 
Electric heat costs a lot, however, com-
pared to heat from other sources (about 
twice as costly as oil per Btu delivered, 
and over four times the cost of coal). See 
Figure 1. Worse, it is usually produced in 
inescapably inefficient fuel-fired power 

plants. This means that between two- efficiency, electricity displays the virtues 
thirds and three quarters of the fuel's heat 
value has been wasted already before the 
electricity passes through the wires. In 
contrast, only about one fourth of the 
heat from direct burning of fuel is lost 

of a perfect heating system, so long as the 
power source is dependable. 

In further defense of this remarkable 
(however wasteful) heating method, it 
can be fairly said that, where the only 
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FIGURE 1. Fuel cost, as applied to heating. 

"up the stack" in stoves and furnaces. practicable source of energy is fuel un-
Therefore, electric heat uses about three suited to domestic use (as with low-grade 
times as much fuel as does heating by coal or nuclear fuel), electricity may be 
furnace. Perhaps one should aim to the only reasonable way to heat. 
avoid the use of electric heat except 
where it is clearly so convenient that it 
justifies the extra environmental and mon-
etary costs- as for cooking and ironing.5 

One of the great attractions of elec-
tricity is the appearance of wastelessness. 
At the point of use, there is no smoke, no 
dirt, and no furnace-room. More, "you 
get every kilowatt-hour you pay for." To 
add to these merits, the initial installation 
cost is usually lower than for other cen-
tral-heating systems, and it is easily 
accommodated to the dictates of archi-
tecture. It's also quick to install, safe, 
and trouble-free. Except for its in-

Wood 

Wood has the considerable advantage 
of being renewable. If care is taken to 
harvest no more than is grown each year, 
and if the wood to be burned is more 
valuable as energy than for some alterna-
tive (lumber, paper, plastic .... ) , then 
wood serves well. In all the forested 
regions of the North, wood is virtually 
the only fuel considered by rural people 
for heating. Its supply is assured, its 
acquisition requires no cash money, and 
its use rarely requires sophisticated 

2we conservationists should be concerned that our recommendations (as, "Get the power plants moved out-oftown!") do not 
lead to evils worse than the ones we fight. 

3May their designs prosper. May the hardware never "fail" . ...... . 

4Liquified gas (LPG, LNG, propane, butane) is rarely competitive with heating-oil for space heating. Like electricity, though, it 
is great for cooking & lighting. 

5 Electricity has long been generated at efficiencies higher than 85% from "hydro plants," where falling water - a renewable 
form of solar energy - is available. Electric heat from such sources is environmentally acceptable, I should think. But to me, it is 
aesthetically ( & morally?) improper: it is a bit like grinding up tenderloin for hamburgers. (It is conceivable that, when an atomic 
fusion reaction becomes available for producing electricity, mankind will be so rich in power that we can again contemplate using 
electricity for house heating.) 
Vol. 5, No. 3 17 The Northern Engineer 



(electric) control systems. Individual 
cabins, heated by simple wood-burning 
stoves, have been and remain the popular 
style. 

Even industrialized areas sometimes 
make use of wood for heat. Slash, mill 
waste, bark and other wood wastes have 
been used either directly or as "hogged 
fuel" (chipped wood) for both heating 
and power production. The use of saw-
dust for house-heating has even caused 
the development of an elaborate tech-
nology of sawdust burners and their 
control systems. The sawdust furnace, 
however, is losing popularity lately even 
in the wooded areas of the Pacific North-
west. Cheap oil and rising value of 
sawdust as a raw chemical have con-
tributed to its disappearance. Sawdust 
burners are an "endangered species" and 
will require a very special environment if 
they are to avoid extinction. 

The use of wool for fuel, however, 
will linger long. Not only is wood an 
environmentally acceptable fuel (burning 
of waste wood may be its ultimate dis-
posal method) but also may be an aesthe-
tic coup. The burning of wood in open 
fireplaces has such an appeal to the human 
spirit that large wood-products companies 
find it profitable to process wastes into 
fireplace "logs."6 Such logs, intended 
solely for the luxury market, are far too 
expensive for house heating. 

Wood, for fuel, despite its many quali-
ties (pleasant aroma, renewable resource, 
clean handling ... ) has lost its place to 
the more-convenient oil and gas, and is 
unlikely to regain it except among forest 
dwellers with time and chainsaw oil on 
their hands. 

Oil - the Vanishing Choice .... 

For most camps and villages in the 
North, especially those above the tree 
line, oil is the only practicable fuel to 
deliver, store and use. 7 The lighter 
grades of oil (Number-1 and Number-2 
stove oil) are used in home-heating sys-
tems, while heavier grades ("Bunker C," 
"Heavy X"). which are cheaper and con 
tain more energy per pound, are used in 
major heating and power plants. Very 
heavy oils are usually the residual oils left 
after the lighter liquids (naphtha, gasoline, 
jet-, diesel-,and stove-oils) have been dis-
tilled out of crude petroleum. They 
usually require heating to be pumped and 
handled. 

Because of the convenience of handling 
and transporting oil, it has largely sup-
planted wood and coal as a favored fuel 
for space heating. That's one of the 
reasons the world is now so desperately 
seeking new supplies of this exhaustable 
resource. 

Natural Gas 

Natural gas, like oil, is so valuable and 
so scarce, that its price, too, must rise. 
Other than that, it has nearly all the 
virtues of oil for heat, plus a capability for 
use as cooking fuel. Recent gas discover-
ies around the Arctic Rim assure that gas 
will become a strong competitor with oil 
as a space-heating energy source. 8 

Coal, the Black Sheep: the White Hope 

Coal is beginning to win back the 
popularity it formerly enjoyed, before 
petroleum became so cheaply and so 
universally available. It is much cheaper 

than oil per delivered Btu, but its use 
must be carefully contrived to avoid 
problems with coal dust, ashes, and cin-
ders. At present prices, householders 
willingly pay twice as much for fuel oil 
to avoid dealing with the annoyances of a 
coal-fired furnace. All the same, the 
world has far more extensive reserves of 
coal than it has of oil, and even house-
holders must one day acknowledge that. 

STOVES AND FURNACES 

The Yukon Stove 

The "Yukon stove" is famed through-
out the northern forest of North America. 
There are countless designs: some are 
"store bought," collapsible models, and 
some are even equipped with some kind 
of light "grate" to encourage the flow of 
air to the fire. Probably the secret of 
success in making Yukon stoves is to 
have a long chimney, for good draft.9 

FIGURE 2a. Yukon Stove: Generalized, Fol-
ding, "Model T" 

6Jt is a commentary on our technology, wisdom, or folly that ersatz fireplace logs made in Idaho are available- and are bought-
in wooded Alaska. 

7Barrow, on the North Slope, has natural gas piped to its houses. Where available, such fuel is usually competitive. In Ba"ow's 
case, it is more than just "competitive." Government-supplied, it is also government-supported, and is vastly cheaper than any 
other fuel. 

Baur descendents, when thinking of our era, will regard us as barbarians to have used so much of the world's irreplaceable oil 
and gas for such /ow-grade purposes as heating. Oil will, in time, be far too valuable as a raw material to permit its use for heating. 
We'll use waste energy, waste material and coal for that, by then. Eventually, even coal will be used primarily for its chemicals, not 
for its heat. 

9The secret of success in using Yukon stoves is to have plenty of wood cut in advance, plus spare sheet metal for patches. 
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FIGURE 2b. Yukon Stove: from fuel drum, 
"Model A" 

FIGURE 2d. Yukon Stove: modified for space 
heating 

Such stoves are fine for locations where 
wood is the logical fuel, but they are not 
so well adapted to coal or oil. For these 
fuels, factory-built stoves are favored. 

The "Master" Heater 10 

Builders and others who need depen-
dable, temporary, portable heat sources 
commonly select a gun-type oil burner 
that needs no flue. The typical burner of 
this sort uses electricity to run the fuel 
pump and the blower. Fuel is contained 

FIGURE 2c. Yukon Stove: modified for use 
as cook stove 

in a built-in tank. Such a machine is fully 
portable within range of an electric power 
source, and can be bought in many sizes, 
some of which produce considerably more 
heat than an ordinary residential furnace. 

Having no chimney, these heaters are 
not used for permanent installation in 
dwellings. But their exhaust emissions 
are fairly clean. Virtually 100% of the 
heating energy of the fuel is turned into 
useful heat (nothing lost up the stack -
no stack). The end-products of fuel 
combustion, of course, are carbon dioxide 
and water. (About a gallon of water is 
made for each gallon of stove oil con-
sumed. Of course it is produced in vapor 

form, and is not visible except where it 
appears as frost or dew on cold windows 
and eyeglasses.) The high moisture con-
tent, plus the odor of the heated gases, 
make these useful heaters unsuited to 
living quarters; they are used for tempor-
ary heat at construction sites, warehouses, 
and wherever fast emergency heat is 
needed. 

Stoves 

Stoves are used for small spaces, and, 
if fueled by oil or gas, they can be fairly 
automatic in their operation - at least in 
the sense that they do not require con-
stant attention. Oil and gas stoves have a 
control device (carburetor) to meter the 
fuel. This can be set by the house-
holder to vary the heat according to the 
need. Such stoves can even be equipped 
with a thermostatically-controlled valve to 
turn the flame up or down without 
human help. 

The "Stack Robber" 

When the draft up the chimney is 
strong (that is, when the chimney is tall 
or when the weather is very cold), it is 
possible to increase the efficiency of a 
stove or furnace somewhat by taking heat 
from the stack gases. A heat exchanger 
("stack robber") is placed in the flue to 
extract some of the excess heat and 
restore it to the interior "where it be-

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

FIGURE 3. Stack Robbers. When draft is ample or excessive, stack robbers are used to extract 
heat which otherwise would be lost to "warm up the whole outdoors." 

1 0"Master" is a trade name. There are several other makes of similar heaters available, as well. There is no generic term other 
than "portable space heater. " 
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longs." Stack robbers range from the 
very simple to the quite sophisticated 
ones designed to maintain constant draft 
and therefore high furnace efficiency; see 
Figure 3. 

Furnaces 

When buildings become larger than 
one or two rooms, furnaces supplant 
stoves for heat. A furnace, perhaps 
housed in its own "furnace room," pro-
duces heat destined to be distributed 
throughout the structure. Two main 
methods are used for heat distribution, 
"forced-air" and "hot water." For very 
large installations, steam is also popular.11 

All furnaces (sometimes called 
"boilers" in the case of water or steam-
heat systems) have a means of burning 
the fuel in a chamber usually lined with 
fire brick. In water or steam systems, the 
flaming gases are passed around tubes 
filled with water, which becomes hot and 
pressurized, ready for export through 
distribution pipes. In the cases of air 
systems the heat is transferred directly to 
air in a "jacket" around the fire box. 
The hot air is then transported through 
air ducts. If fans are used to help move 
the warm air, the system is called "forced-
air"; otherwise, it is a "gravity-air" sys-
tem. 

Coal-burning furnaces or boilers are 
usually fed by an automatic stoker of 
some kind. Coal about the texture of 
coarse sand or fine gravel is, in a typical 
system, conducted through a pipe or 
channel by an electric powered screw, 
forcing the coal into the fire box, where 
it is consumed in a bed of burning coals 
through which air is forced. When the 
furnace is heating, the screw and the 
blower work simultaneously. Between 
intermittent periods .of operation, the 
coals remain glowing, ready to resume 
combustion at the next call for heat. 
Daily removal of cinders (clinkers) is 
required, . and so is occasional discharge 
of ash. Otherwise, the operation is 
automatic. 

Have Gun: Wiil Heat 

Almost all oil furnaces use a "gun-
type burner." These have evolved into a 

simple device designed to be totally auto-
matic, which shoots a mixture of fuel and 
air into the fire box, where it burns as a 
plasma of flaming gas. 

The "gun" consists of an electric-
motor, a fuel pump, an air blower, a 
sparking device, and a nozzle. Fuel is 
pumped under high pressure through the 
tiny nozzle. The resultant spray is a fan-
or cone-shaped mist, easily ignited by an 
electric arc blown into the oil mist by the 
same air stream that provides oxygen for 
the burning. (Upon starting, ingenious 
devices sense whether ignition has taken 
place. If not, the furnace is automatically 
shut down. The turn-on cycle is repeated 

a time or two, and if the fire still does 
not start, the unit remains shut-down. 
Human intervention is then required for 
operation to resume.) 

Natural gas furnaces use an analogous 
gun, and are somewhat simpler in opera-
tion. 1t is also possible to substitute elec-
tric heat for flame in the firebox of a 
furnace. This is sometimes done where 
an existing system is to be converted to 
electricity. 
CONTROLS 

Thermostats - Basic to Control 

One of the most remarkable aspects of 

FIGURE 4. Hot Water Heating System. Circulating water is generally kept at a fixed temperature 
in the boiler. When any zone calls for heat, the zone control valve opens and the 
circulating pump starts. Water for "domestic use" is heated in separate coils and 
does not mix with the water circulated. 

I 
I 
I 
I 

J ' 

FIGURE 4b. Forced Air Heating System. Rooms can be "balanced" manually by adjusting valves 
(dampers) in the ducts to each room. Elaborate systems may use thermostat-
controlled zone-control valves. 

11 Heat distributed from a single source provides "central heating." An English friend of mine, apologizing for the fabled discom-
fort of English houses in winter, observed, "We British could not invent central heating, so we invented tweed." 
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modern heating systems is that, when 
electric power is available, the systems 
work with almost no attention from the 
householder.12 This, of course, is be-
cause of the cleverness of control circuits 
and the dependability of the design. 

The simplest of systems uses a thermo-
stat, which senses whether room tempera-
ture is high enough. If not, the thermo-
stat closes a switch which starts the 
furnace. When the temperature rises to 
the desired level, the switch is opened and 
the furnace rests. (This is known, in 
aerospace words. as a "bang-bang" con-
troller). Where one thermostat can serve 
to "control" an entire house, there is no 
need for additional equipment. 

If "zones" are desired, however, each 
with its individual requirements for 
heating, a slightly more elaborate system 
is called for. Zone controls could consist 
of a separate furnace for each zone. Far 
cheaper, however, for ordinary dwellings, 
is a system whereby only separate pumps 
are used for each zone. The zone 
thermostat turns on a circulating pump 
(or air blower) for its zone only. Of 
course, this requires yet another loop: 
when the boiler water is cooled (a pump 
having transported heat away to a zone), 
a thermostat (called an aquastat) within 
the boiler water closes a switch to start 
the furnace. (Air systems, of course, 
work in about the same way.) The pump 
motor and the furnace motor are thus 
coupled only by the temperature of the 
liquid common to both. The one sends 
heat to the correct zone, and the other 
maintains a ready reservoir of heat. 

To save even further hardware (and 
money), zone-control valves are used. 
In such a system a lone circulating pump 
can accommodate several zones. Room 
temperature is sensed by a thermostat 
which opens its zone control valve. When 
the valve opens, it closes a switch which 
starts the circulating-pump motor. The 
pump will be running, therefore, anytime 
any one of its zone-control valves is 
open- that is, any time a thermostat calls 
for heat. The furnace itself wi II come on 
only when circulation through cool rooms 

has lowered the temperature of the boiler 
water (Figure 4) .13 

Beware the Super-Clever Design 

Greater complexity is often built-in 
where dwellings are particularly luxurious 
and the heating system designer wishes to 
display his virtuosity. Devices that sense 
the outside temperature, the amount of 
incoming or outgoing radiation, or the 
wind effects are often coupled to the 
control system to anticipate a need and 
provide for more or less heat before the 
interior of the building can have time to 
respond. And similar arrangements can 
be made to accommodate heating and 
ventilating to crowds, fireplaces and open 
windows_14 There seems to be no limit 
to the levels of ingeniously contrived 
control loops. Sophistication has its price, 
however: operation of the more complex 
systems requires frequent attention by a 
service-man. He should be at least as 
clever as the designer to be able to figure 

". . . And so vat iss your problem? 

out the intricacies of the design. For 
he must not only adjust the system accor-
ding to the original plan, he must also 
discover and compensate for troubles the 
designer did not anticipate. This can be 
particularly vexing when various stray 
interactions in the control system cause 
the mechanical equivalent of a nervous 
breakdown. Good engineering frequently 
is to be found in simplicity with provision 
for manual operation if ever the (simple) 
system is undergoing psychoanalysis. For 
it can well be that there is no one in the 
vicinity who can give the system enough 

sympathy, understanding- discipline and 
T.L.C.- to keep it working properly. 

VENTILATION 

The properly built arctic house is 
equipped with tight walls and roofs, each 
rendered impermeable by a vapor barrier. 
(See previous TNE articles by Carlson, 
"Design of Roofs for Northern Residential 
Construction," Vol. 5, No. 1, and by Rice, 
"The Ideal Arctic House- II," Vol. 5, No. 
2.) The windows are sealed, and the doors 
carefully "weatherstripped." The occu-
pants are encouraged, by inclination and 
by companions, to avoid unnecessarily 
opening these tight doors and windows. 

The result can be disastrous. Hardly 
a year passes in Alaska without a report 
of some tragedy caused by lack of ventila-
tion. All fuel burning requires oxygen, of 
course, and in the coldest weather high 
fuel consumption demands astonishing 
quantities of air to support combustion. 
A properly "tight" house could therefore 
have too few "drafts" to provide enough 
air for even the furnace, not to mention 
the occupants. Even if the stove or fur-
nace were able to continue efficient oper-
ation when air-starved, the people would 
be in competition with the stove for 
oxygen, and may suffer symptoms of 
anoxia. (One such symptom is that the 
victim is unable to recognize his peril.) 
But the stove does nor operate properly 
under such conditions, and with diabolical 
resentment may even produce carbon 
monoxide. The result may be, and too 
often is, death. House trailer and recrea-
tional vehicles seem particularly suscep-
tible to the "air-starvation syndrome." 
Houses are slightly less vulnerable, perhaps 
because their under-ventilated furnaces 
may misfire in such a way as to ignite the 
structure and destroy the evidence. The 
cure, of course, is to provide un-closahle 
vents to ensure that the stoves - and the 
inhabitants - get enough air to behave 
normally. There can he no excuse .fiJr 
failure to provide ventilation. For the 
ordinary dwelling, even in the coldest 
weather, a vent six inches or so in diame-
ter, so arranged that it can not be clogged 

12Jr never ceases ro amaze me rlzar seemingly complex home hearing systems can work for so many years with so fir r/e serl'icing. 

13ot course, thermostats do nor ordinarill· operate line switches. Operating, as they do. on low ~·olfage and small wires. rhcv 
energize relays which operate rhe switches. The e.ffecr is the same as ((the thermostats were also the switches. Bur the cost is less, 

the reliability more. 

Pneumatic and ln·draulic controls arc also used. 
21 The Northern Engineer 
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with snow or trash, is enough to provide 
the furnace with air. 

HEAT DISTRIBUTION 

Steam 

Steam·heat systems are rarely used for 
individual houses, but remain common 
for large complexes, apartment houses 
campuses ~~d institutions. Steam's grea~ 
merit is the economy with which much 
energy can be transmitted through small 
pipes. A disadvantage is that steam boilers 
tend to be strong and heavy, and need 
frequent attendance. · Insulated pipes 
carry steam to distant areas. There it is 
introduced into heat exchangers ("radia-
tors") where it condenses into water 
releasing its considerable heat-of-vapori: 
zation. The heat exchange~ may be 
equipped with a fan controlled by a 
thermostat, or it may be a simple radiator 
whose heat is transmitted to the room by 
radiation or by gravity-induced convec-
tion. Once the system is balanced by 
adjusting valves in the pipes, little further 
control is necessary - the temperature of 
the room itself governs the rate of conden-
sation and therefore the amount of steam 
received from the boiler. Water from the 
condensed steam (the "condensate") is 
returned to the boiler to be recycled into 
steam. In some small systems, the steam 
pipes themselves serve as condensate re-
turn lines, so they must slope downward 
toward the boiler in all areas. Other-
wise, separate condensate pipes are re-
quired. Careful design is required for 
extensive steam systems, for numerous 
frailties are possible which result in 
noises, freeze-ups and trouble. 

Hot Water 

Residences and small institutions com-
monly use hot water for heat distribution. 
Water is circulated through the heated 
spaces, returning continually to the boiler 
to be reheated. As with steam-heat, the 
energy is transferred to the rooms by heat 
exchangers. "Baseboard units," heat 
exchangers consisting of finned tubes 
shrouded with light sheet metal jackets to 
encourage convection, are often placed 
along the base of exterior walls. Most 

houses provided with hot-water heat use 
these exclusively, although for larger 
installations fan-driven heat exchangers 
are also available. The advantages of a 
hot-water system are its simplicity, con-
trollability, and reliability. A disadvan-
tage is its vulnerability to freezina in the 
event of a long-continued power outage. 15 

Forced Air 

Systems depending on forced convec-
tion of air are common, effective, and 
somewhat cheaper to buy than steam and 
hot-water ones. The furnace is "dry," 
and need not be built to withstand high 
pressures. A simple sheet-metal jacket 
surrounds the (finned) firebox. Air circu-
lating within the jacket picks up heat and 
is then conducted through light air-pipes 
(ducts) to the heated spaces. Control 
is by fans and/or valves (dampers) in the 
ducts. Return-air ducts are used to cycle 
the spent air to the furnace for re-
heating. Some advantages of forced-air 
heating are that it lends itself to con-
trolled ventilation, filtering and humidi-
fying. Also, it can't freeze. Disadvan-
tages, which tend to be minor and avoid-
able, are noise, space, and drafts. 

Gravity-air Systems 

It isn't always necessary to use 
"forced" air circulation. In two-story 
houses, gravity alone is adequate to cir-
culate the warm air because the ascending 
ducts act like chimneys. As the warm air 
grows cooler and heavier in the distant 
rooms, it returns to the furnace in return-
air pipes. Control is automatic and 
without special devices. Once the system 
is balanced, circulation waxes and wanes 
in accordance with the demand on the 
system. When the spaces "call for heat" 
the thermostat starts the furnace. The 
extra heat induces a more vigorous circu-
lation, which slows as the rooms reach 
their set temperature. 

Often, forced air systems are used in 
combination with steam, water, or electric 
heat to grant flexibility of design and 
operation, as air systems lend themselves 
to ventilation, vapor control, and air 
filtering. 

15 Anti-freeze in the boiler water reduces this hazard considerably. 

16It's a bit like skiing shirtless on a sunny but cold winter day- you/earn to stay out 
of the shade. 
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Electric Heat 

Simplest of all systems to design and 
control are electric ones. There are num-
erous kinds of heaters available, from 
simple "hair-dryer"-type units which blow 
air through a heated grid, to baseboard 
units, infra-red "radiant panels," and heat-
lamps. Any of these can be arranged to 
respond either to manual or thermo-
static control. 

Besides simplicity and low installation 
costs, the "radiant" types of heaters are 
unexcelled for giving immediate heat: 
the occupant of a newly-heated room 
receives wa~mth, long before the air has 
fully warmed, whenever he is illuminated 
by the radiation. 16 

All systems electric or not make use 
of a certain amount of electric heat, of 
course. Lights and appliances give off 
appreciable heat "in addition to their 
other duties," and this, of course, helps 
keep the house warm. (If your house is 
heated electrically, you need not worry 
that your refrigerator is inefficient and 
has to run a lot: you're making use of 
all its waste heat. If it is not, the inci-
dental heat still is useful: it is merely 
more expensive.) 

CONCLUSION 

Heating systems of whatever kind are 
users of low-grade energy - energy of a 
type easily conserved by attention to in-
sulation. When such energy is needlessly 
dispersed (increasing the entropy of the 
universe), it is lost forever to man's use. 
Higher-grade energy, the kind convertible 
to mechanical work, degenerates even-
tually to heat. It would therefore seem 
wise, in designing heating systems, to seek 
ways ( 1) to trap heat by carefully and 
thoroughly insulating heated spaces, and 
(2) to divert as much as possible of the 
waste energy (from engines, generators, 
etc.) to heating uses. 

For the first of these, we should note 
that, even if insulation were perfect 
(which it cannot be - all heat barriers are 
leaky), there would still be considerable 
heat expended in warming up cold air 
which later is exhausted as waste. 1 n a 
well-insulated structure only about half 
of the heat is lost through the walls and 
ceiling. The remainder is expanded largely 
in heating air needed for ventilation. 
Thoughtful engineers are developing ways 
to save a share of this heat, and soon 



their devices should be available to the 
householder. 

As for the second, one normally thinks 
of using waste heat from power genera· 
tion for space heating in winter. In 
summer it can be diverted to heat soils, 
greenhouses, or even swimming-pools. 
There certainly should be no difficulty in 
finding a use for heat in the Arctic (yet 
we now, in true temperate-zone fashion, 
throw a lot of it away). It is also possible, 
and conceivably economic too, to store 
heat in summer for later retrieval and use 
(See Edwin N. Fisher's article in this 
issue). 

"Heat pumps" are ingenious systems 
designed to extract, from low-temperature 
heat sources, a modest quantity of energy 
at higher temperatures. A power plant 
cooling pond or hot spring, for instance, 
though perhaps too cool to supply ade· 
quate space heat directly, can serve as a 
source of energy for a heat pump (reverse· 
cycle refrigeration unit. This consumes a 
certain amount of electrical energy, but 
nowhere near as much as would electric 
heat. 

We will see, in the future, economic 
incentives to conserve heat. I expect 
that, within the next 25 to 30 years, 
our priorities will turn out to be about so: 

1. It's best to use the "most economi· 
cal thickness" of insulation, or 
thicker; 17 

2. It's better to use waste heat rather 
than fuel wherever possible; 

3. It's better to use waste fuel (wood 
scraps, sawdust, trash) than to use 
fossil fuel, if you can; 

4. It's better to use coal than to use 
oil or gas (we've bigger reserves of 
coal, and, so far, fewer uses); and 

5. Electricity should be used for heat 
only when nothing else will serve 
(cooking, ironing, etc). It is too 
valuable to use as mere space heat. 

It is apparent that liberal use of insula· 
tion is imperative to conserve our dwind-
ling resources. What's more, it also 
increases our comfort and reduces our 
problems with moisture in buildings. 
Coupled with the saving of heat now 
commonly wasted, we note with apprecia-
tion that insulation saves resources, saves 
money, saves problems, and increases 
comfort. It's nice to know that the 
moral thing to do is also the cheap way 
to go. * Next: "Vapor Control." 

17see previous article in The Northern 
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Civil Engineers Meet in Fair banks 

Civil engineers from around the State 
gathered in. Fairbanks for the annual 

Dr. Ting Y. Lin of the University of 
California and Mr. Charles W. Yoder, 

meeting of the Alaska Section of the President-Elect of National ASCE. Pro-
American Society of Engineers on Sep-
tember 28 and 29. Members from ASCE 
Branches in Anchorage and Juneau were 
hosted by Fairbanks engineers. 

The theme for the two day meeting 
was "Historic Civi I Engineering Projects 
in Alaska." Ten presentations were given 
on topics including: The Alaska Railroad; 
Early Road Construction; Fairbanks Ex-
ploration Co.; Gold Mining; Hess Creek 
Dam at Livengood; Concrete Arch Dam 
at Juneau; Fairbanks Circulating Water 
System; Early Surveying and Mapping; 
Copper River and Northwestern Rail road; 
Whittier Tunnel and other World War II 
Military Construction; and, White Pass 
and Yukon Railway. 

Keynote addresses were delivered by 

fessor Lin, a world reknowned expert in 
pre-stressed concrete design, on the topics 
of "Integrated Pipeline Transportation for 
Alaska" and the "Peace Bridge Across the 
Bering Strait." Lin is the author of 
several civil engineering design books, 
owner of three consulting firms, and the 
recipient of numerous national awards. 

President-Elect Yoder heads his own 
consulting firm in Milwaukee, Wisconsin. 
Yoder has been active in numerous civic 
and society affairs. His firm is active in 
the diverse fields of buildings, bridges and 
highways. In addition to his consulting 
work he lectures at Marquette University 
and University of Wisconsin. He addressed 
Alaska Section members on National 
ASCE Activities and Public Relations. 

SYMPOSIUM ANNOUNCEMENT 
THE ARCTIC INSTITUTE OF NORTH AMERICA 

San Francisco, California, January 7-10, 1974 
Preliminary Announcement 

SYMPOSIUM 
ON BEAUFORT SEA 
COASTAL AND SHELF RESEARCH 

*ATMOSPHERICS 
*BIOLOGY 
•GEOLOGY 
•OCEANOGRAPHY 

Chairman- Dr. E.F. Roots 
Department of Energy, Mines & Resources 

588 Booth Street 
Ottowa, Ontario 

MAIN THEMES of the Symposium will include-
*Weather Patterns 
*Sea Ice Distribution/Behavior 

*Plankton 
*Sedimentology 

*Benthos *Holocene History 
*Physical Oceanography *Sea Ice 

*Chemical Oceanography 
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