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The world is becoming more and more 
aware of the high latitude areas of the -

globe-the polar regions and their latent resour
ces. Greater investments will be made in these 
areas as investors anticipate the considerable 
returns. Efforts to take advantage of these poten
tials will demand unique engineering solutions to 
accomplish the goals set by the investor. As we the 
professionals, stretch our skills, push our imagina
tion and design unique untried systems, the poten
tial for misunderstanding between the layman and 
the design team becomes greater. When the inves
tor has unrealistic expectations, the immediate 
response is to resort to the courts-to sue. The 
United States has become "SUE HAPPY." The 
tort problem plagues many disciplines-from the 
medical profession, to the day care center, to the 
engineer and other members of the design team. 
Legal suits occur even without the additional chal
lenges present in high latitude, cold regions. 

While one of the purposes of this magazine is 
to provide a forum for the solution of Arctic en
gineering problems, it is also incumbent upon us 
to urge a review of our practices, procedures and 
programs-to provide a sound assurance of 
quality work that is defensible to the lay public. 

Tort reform is vital to everyone's interest, 
except perhaps trial lawyers. Tightening of design 
practices is in the best interests of all. Currently, 
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here in Alaska, we must push for tort reform in the 
foilowing areas: 

• Establish a Statute of Repose 

• Clarify our Statute of Limitations 

• Define a punitive damages standard 

• Require disclosure of collateral income 
sources 

• Abolish Rule 82 (additional attorney fees) 

• Limit wrongful death awards (in cases 
where there are no dependents) 

• Reduce pre-judgment interest rate 

• Reduce contingent fees to present value 

• Provide for structured settlements 

• Provide for periodic payments 

For those readers not in Alaska, check on the 
current miscarriages of justice in your state. On the 
national scene, the Professional Engineers in 
Private Practice are actively engaged in federal 
reform. 

Significant accomplishments have been made 
in the restoration of defendant rights, such as the 
separation of joint and several liability, and some 
limitations passed by the Alaskan Legislature a 
number of years ago. We still have a long way to 
go. Your active participation will be needed to 
protect the public and provide the basis for a sound 
and expanding economy. 
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Temperature and Thaw Depth Monitoring of Pavement Structures 
by 

David c. Esch 

This article, along with its companion paper by Richard Briggs, was 
originally presented at the first State of the Art Pavement Response 
Monitoring Systems for Roads and Airfields Symposium, March 6-9, 
1989. The symposium, sponsored by the U.S. Army Cold Regions 
Research and Engineering Laboratory, was held in West Lebanon, 
NH. 

IN1RODUCTION 

In selecting equipment and measurement methods for deter

mining temperatures and depths of freezing and thawing in 

~ pavement structures, the engineer must frrst focus on the pur

pose of making the measurements and then on the frequency 

and precision of the data required. Since the mechanical proper

ties of asphalt-bound pavement layers are strongly temperature 

dependent, research analyses of the field performance of pave

ment structures may require knowledge of the hourly, daily and 

annual variations in pavement and treated base layer tempera

tures. In these shallow layers, the accuracy of the individual 

temperature observation probably needs to be no better than 

1-3°C, but data recording becomes essential in view of the 

rapid temperature changes that occur. Greater accuracy in 

recorded measurements of near-surface temperatures is re

quired only when the data will be used for thermal heat-flow 

analyses, studies of air to surface temperature relationships, or 

forecasting the formation of road surface ice. Mechanical 

properties of unbound soil layers are not generally considered to 

be temperature dependent in the temperature range above 0°C, 

but these properties change greatly between "frozen" and 

"thawed" states. Examination of the pavement distress versus 

age plots from the AASHTO Road Test reveals that most 

damage occurs during the brief period of springtime thaw

weakening. For this reason the location of the freeze-thaw inter

face becomes extremely critical in the analysis of pavement 

performance at specific times during the freezing and thawing 

seasons. Temperature measurement accuracy should approach 

or exceed 0.2°C at these times. In addition, the engineer must 

consider the fact that frozen and unfrozen soils can both exist at 

temperatures between 0 and -2°C, depending on porewater salt 

contents, clay mineralogical effects and hysteresis effects. At 
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these times, proper analysis and interpretation of temperature 

data becomes essential to inferring the locations of the freeze

thaw interfaces. The use of supplemental data from devices 

such as frost-tubes and time-domain-reflectometer (TOR) 

probes becomes very helpful in locating freeze-thaw interfaces. 

Other thaw depth detection procedures such as soil resistance 

measurements or unfrozen moisture measurements by the IDR 

method (Kane, 1987) should also be considered for use in 

conjunction with or in lieu of soil temperature measurements. 

This may be particularly critical where heavy roadway salting is 

used and salt infiltration into the pavement structure is likely. 

Information used in the preparation of this paper has come 

from the literature and from instrumentation and monitoring 

experience on more than 20 road and airfield pavement and 

subgrade temperature measurement sites in Alaska. The frrst of 

these sites was instrumented in 1953, when five Alaskan road

way sites on permafrost subgrades had thermistor cables in

stalled along with remote "Bourdon tube" chart recorders for 

measuring subsurface and surface temperatures. The history 

and theory of temperature measurements in solids has been well 

reported elsewhere (see "References") and the focus here will 

be kept on the practical problems and questions which relate to 

field monitoring of road and airfield embankments. 

METHODS OF TEMPERATURE MEASUREMENT 

Thermometers are broadly defined as temperature measuring 

instruments devised to indicate their own temperature based on 

physical changes, and designed to be inserted into areas where 

the adjacent temperature is desired. The most common of these 

is the liquid-in-glass thermometer. Miller (1985) discusses the 

use of mercury-glass thermometers by a Dr.Williams to 

measure soil temperatures in Vermont in 1789. Mercury ther

mometers are still in common use in China to measure near- and 

sub-surface soil temperatures, particularly for studies involving 

foundations on permafrost. 

Since the establishment of the International Temperature 

Scales and refinement of the liquid-in-glass thermometer, many 
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other procedures for the measurement of temperature have been 

developed. Baker et al. (1975) provides a good discussion of six 
types of thermometers and also of"radiation pyrometers" which 

are non-contact temperature indication devices. For pavement 

and soils temperature measurements, the range of concern is -50 

to +60°C. Consideration should be given to several devices 

suitable for use over this range of temperatures. Some of these 

devices are listed and described below. 

Radiation Pyrometers 

These devices, sometimes termed "infrared thermometers" 

are available from several manufacturers and provide accept

ably accurate pavement surface temperature measurements 

(±2°C) when operated within the manufacturer's recommended 

temperature range. They are primarily used in the control of 

asphalt pavement mix compaction, observation of field cooling 
rates, and approximate observations of pavement temperatures 

during field deflection testing in conjunction with Benkelman 

Beam, falling weight deflectometer (FWD), or cyclic load test 

methods (Dynaflect & Roadrater). Equipment with a sensitivity 

of about 1 °C is available in the price range of $300 to $900. 

Some units allow adjustment for the emissivity of the pavement 

surface and can be calibrated in the field if the actual surface 

temperature is measured by more precise methods. Infrared 
thermometers do not appear to be well suited for continuous 

recording of surface temperatures under field conditions. These 
units do allow almost instantaneous measurements when 

manually operated, by simply pointing the sensor at the surface 

in question and observing the readout. As such, they have a 

definite place in the field of pavement temperature measure
ments. 

Bourdon Thermometers 

Bourdon thermometers typically consist of a rather large 
(V4" to 1" diameter) bulb section filled with liquid, gas and 

liquid (vapor pressure type) or pure gas. Changes in temperature 

at the bulb cause changes in liquid volume or in gas pressure. 

These changes are sensed by a Bourdon tube, and are indicated 

by a connected rotating pointer, or are used to activate a pen

arm on a chart recorder. Properly designed, these units can be 

fabricated to read over any specified temperature range, with 

the sensitivity being a function of temperature range. They have 

an added advantage: the connecting tube between the tempera

ture sensing bulb and the Bourdon tube readout may be 100 feet 
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or more in length. They are ideally suited for seven to thirty-one 

day chart recorders which can be driven by battery power or 

key-wound clock mechanisms. Accuracy of 1-2°C is provided 

and calibration checks may be easily made by inserting the bulb 

in an ice-water bath. The previously mentioned temperature 

recorders first purchased and installed at Alaskan roadway sites 

in 1953 have been used periodically at various field sites over a 

30 year period. For simplified continuous mechanical recording 

of near-surface pavement temperatures, the Bourdon ther

mometer may still merit consideration for monitoring pavement 

layer temperatures. 
Installation of Bourdon thermometers is best done by plac

ing a rigid plastic or metal access casing at the desired depth 

beneath the pavement surface during construction. Typically, a 

casing is placed just beneath the fmal pavement layer. The 

access casing then allows the temperature sensing bulb to be 

inserted beneath the desired location and removed as necessary 

for periodic calibration checks. 

Liquid-in-Glass Thermometers 

The primary use of these simple temperature measurement 

devices in pavement studies is for the observation of pavement 

layer internal temperatures during non-destructive (FWD, etc.) 
field testing. The proper analysis of pavement responses to test 

loadings by the "back-calculation" of layer elastic properties 
requires a reasonable estimation of average pavement layer 

temperatures; or better yet, of temperatures at the top, middle 

and bottom of the asphalt-bound layers. These temperatures 

may be measured by punching or drilling a small hole to the 
desired depth, filling it with a conducting fluid, and inserting a 

partial-immersion type thermometer. The precision of such 

thermometers can be almost any level desired, depending on the 

functional range of the thermometer used. The principal disad

vantages of glass thermometers for subsurface observations are 

the waiting time required for stabilization of temperatures, often 
several minutes, and the fact that the access holes or tubing, and 

heat conduction along the thermometer, may themselves slight

ly change the indicated temperatures. For measuring pavement 

temperatures, a partial-immersion glass thermometer, or a small 

metal Bourdon thermometer of the one-piece type with a rotat

ing pointer on the dial face are preferred. 

5 



Electrical Resistance Thermometers (RTDs) 

The electrical resistance of a wrapped platinum wire coil has 
been found to increase nearly linearly with temperature over a 

wide temperature range (Fig. 1). A precisely prepared and 

calibrated platinum resistance thermometer is generally 

regarded as the most accurate and reliable laboratory measure

ment system for the temperature range of -200 to +1177<>p. 

However, the relatively large size (0.1" to 0.3" x 1") of the 

sensors, their slow rate of temperature change versus time, their 

small change in resistance with temperature (0.4 to 2 ohmsfC), 

and the high cost of RTD sensors ($75-$150) have generally 

led to a preference for other types of sensors for field use. A 

second type of thermally sensitive electrical resistor, termed the 

"thermistor," is currently favored for precise temperature meas

urements in the vicinity of 0°C, as discussed below. 

Thermistors 

Thermistors, named for THERMally sensitive resiSTORS, 

generally have an inverse and very non-linear relationship be

tween resistance and temperature. Their primary attribute is the 

large change in resistance with temperature. A commonly used 

type varies by roughly 500 ohms per °C in the vicinity of 0°C 

(Fig. 2), allowing for easy temperature measurements with a 

low-cost, portable ohm meter or appropriate recording device. 

Thermistors are manufactured by compressing and sintering 

powdered metal oxides to form small beads or discs. Lead wires 

are connected to opposing sides, and the thermistors are then 

encapsulated in moisture resistant glass or epoxy. 

The first temperature measurement cables installed at Alas

kan permafrost roadway sites in 1953 utilized thermistor discs 

which were about Ia" in diameter. The resistance versus 

temperature relationships of these early thermistors were all 

individualistic, and separate calibration equations had to be 

used for each. In addition, the stability of temperature versus 

resistance calibrations over time were in doubt, and these early 

cables were removed and re-calibrated after about 5 years. 

Significant changes in calibration were noted. Thermistors in

stalled at Alaskan sites, Fairhill (1979) and Gardiner Creek 

(1983), have also presented long-term drift problems as 

evidenced by different indicated temperature-time trends from 

adjacent deep thermistors (Figs. 3 and 4). The drift in thermistor 

calibrations over time is generally attributed to the development 
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Figun 2. Typical plot ofnsistance 11ersll8 ~mperatun for a 
common thermistor. 
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of micro-cracks in the sintered thermistor pellet This cracking 

is intensified by periodic overheating or temperature cycling. 

In recent years, new manufacturing procedures for thermis

tors have improved their consistency, durability and interchan

geability. Sorted and matched thermistors may be purchased to 

provide interchangeability from 0.2°C to better than 0.05°C, so 

a single temperature-resistance equation may be used for all 

sensors in a given cable. 

The concern over stability in soil burial, even with careful 

preparation and sealing efforts aimed to exclude moisture, 

remains the major objection to the use of thermistors for long

term soil burial. In some pavement installations, one would like 

the sensors to remain stable and useable for periods of 20 years 
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or more. One alternative approach is to install access casings 

through the pavement surface, and to progressively lower a 

single thermistor probe for logging temperatures at selected 

depths. Though time-consuming and disruptive to traffic, this 

procedure provides very high accuracy when the access tube is 

kept small and filled with a fluid such as glycol or oil. It also 

minimizes installation costs, allows periodic re-calibration of 

the thermistor probe, and may be ideal when infrequent thaw 

depth data is needed at the lowest possible cost. 

Thermocouples 

Figun 3. TempeiYilun 111. depth plots in September for same 
thermistorstring in .first (1979),fourth and fifth y~~~Jrs. 
I ndU:ates drift of calibtYUions on thermistors at 11.5 and 
14.5 ft depths. 

Thermocouples are simply electrical junctions of two wires 

made of dissimilar metals, and function based on "Seebeck

effect" voltages generated by the heating or cooling of a two

metal junction. The basic thermocouple measurement circuit 

must consist of a pair of thermocouple junctions (Fig. 5) with 

the voltage measured being characteristic of the wire materials 

used and indicating the difference in temperature between the 
two junctions (Fig. 6). When the reference junction tempera

ture is known, as 0°C in an ice bath, the measurement junction 

temperature can be calculated from standard tables. Many 

different wire materials may be used. In practice, for tempera

ture measurements in soils, the thermocouple materials of 

choice are copper and constantan (an alloy of copper and 
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Falrhill Frontage Road 
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~ ...... ~ 

..... .... •' 
', I l \ 

,,_ t I \ 
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Year 

'' I t II ' ' ., . 
'-'..., I I II I 

.... __ '-''-·' 

1984 

nickel), and are desig

nated as "Type T" ther

mocouples. The accuracy 

standards for Type T 

thermocouples are much 

higher, at 0°C and below, 

than the limits for other 

thermocouple types. 

"Special Type T" ther

mocouple wire, produced 

to vary by no more than 

+0.4°C from the standard 

Type T thermocouple 

tables, is generally used. 

This wire offers twice the 

accuracy of standard 

wire. In practice, a string 

of thermocouples as

'-----------------------------------.....J sembled from the same 
Figun 4. TempeiYilun 111. time plots of stable (14.5 ft) and adjacent drifting (12.5 & 13.5 ft) thermistors. 

wire lot will generally 
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······--·-·--·--·-··-·--·-. 
I I 

;""' Constanum 
Wire 0 

Figure 5. Typical Type-T thennocoup/e measurement circuit. 

agree within ±0.1°C in the vicinity of0°C, the critical tempera

ture for freeze-thaw determinations. Ideally the reference junc

tion thermocouple should also be made of the same wire lot, 

otherwise the calibration of the reference junction must be 

checked by placing both the temperature measurement and ref

erence junction thermocouples in properly prepared ice-baths. 

FIELD INSTRUMENTATION 

Thermocouple circuitry and readout equipment in use by the 

Alaska Department of Transportation and Public Facilities 

(AKDOT &PF) is discussed in detail in a companion paper by 

Richard Briggs. In brief summary, separate thermocouple wire 

pairs are wrapped together in cables and brought out to jack 

panels or 2-pole copper-constantan rotary switches. Ther

mocouple junctions are twisted and soldered or made with 

crimp-on Quik-TipsTM, and are then coated for waterproofmg. 

Field readout devices are typically high-resolution (I micro

volt) portable Volt-Ohm meters. The reference junction 

temperature is maintained at 0°C by a carefully prepared ice

bath (Fig. 7). In practice, most errors in field readings have been 

traced to improperly prepared or maintained ice baths or to 

temperature gradient effects on measurement equipment ex

posed to low air temperatures. The ice-bath related problems 

can be avoided by careful ice bath preparation, making certain 
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2 

1 .000039 vrc@ oo 

• = 0 

~ 
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-2 

-3 
-60 -40 -20 0 -2 

Temperature °C 

Figure 6. MiUivolt (V x 10"3
) output of Copper-Constantan or Type T 

thennocoup/es relative to reference junction in ice bath at d'C. 

that the "thermos" flask contains no more water than necessary 

to fill the voids between the ice particles, and that the reference 

junction is kept near the mid-point of the ice bath. If any drift in 

voltage readings occurs when the ice bath is agitated, the 

stability of the ice bath is at fault and more ice must be added. 

Temperature effects on meters may be avoided by keeping them 

well insulated, and allowing sufficient warmup time. Readings 

from a warm vehicle or other shelter is preferable in winter. 

FIELDINSTALLATIONPROCEDURES 

Direct soil burial or placement in 3/4" or 1" plastic tubing are 

methods both in common use. When placed near the surface or 

in areas with high thermal gradients such as around buried 

insulation layers, direct soil burial is preferred. Where sig

nificant frost-heaving is expected, careful design and installa

tion is required to assure that sensors are not progressively 

pulled out of position by frost action forces. Access caps or 

ports placed in the pavement commonly cause water and dirt 

intrusion problems, and complete burial of cables beneath the 

pavement, extending laterally to a remote readout box, is al

ways preferred. In practice, deep borings are backfilled around 

the cables using rock chips or dried mortar sand up to a depth of 

4 to 5 feet (ft) from the surface, above which native soils are 

placed and properly compacted. 

FIELD ACCURACY EXPECTATIONS 

The anticipated field "consistency" of deep (20 to 30 ft) 

subsurface temperatures as indicated by monthly readings of 
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a. TMrmocouple wire with insulating coating extending weU 
below the surface 

b. Dewar (''Thermos'') Flask 
c. Crushed, pea-size ice extending to bottom 
d. l/4" diameter glass tube 
e. Distilled or de-ionized water filling spaces between ice 

grtlllules 
f. Cotton plug 
g. Silicone oil or acid-free kerosene 
h. Rubber stopper 
i. Water lel'el 

Figure 7. Detail of recommended ice bath reference for thermocouple 
measurements. 

thermistors is about 0.02°C or better, which requires field meas

urement repeatability to 10 ohms or better. The short-term (1-3 

years) accuracy of thermistors is considered to be very good. 

Most deeply buried thermistors placed in permanently frozen or 

"permafrost" soils have been stable or have not drifted more 

than 0.5°C over periods of up to 15 years. However, some 

thermistors have drifted by as much as 4°C after 10 years in 
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service, in spite of efforts to seal them against moisture. For 

long-term service, thermocouples have proven superior, al

though the month to month repeatability of deep thermocouples 

is only expected to be 0.3°C or better (Fig. 8). 

No significant long-term drift has been noted on ther

mocouples which have been in service as long as 20 years, as 

judged by observed temperature versus depth plots of many 

vertical strings of 12 thermocouples each. 

THAW DEPTH DETERMINATIONS 

Accurately locating the top and bottom of seasonal frost 

layers from subsurface temperature data requires some judge

ment, coupled with a consideration of heat flow theory. Chan

ges in the position of frozen/thawed interfaces require that the 

fusion heat of the soil moisture must be removed or added at the 

interface, resulting in an appropriate change in the frost depth. 

The rate of change of the frost depth can be calculated from 

surface and subsurface temperature data. From a knowledge of 

soil densities and moisture contents and a plot of temperatures 

versus depth, the positions of the top and bottom of the frozen 

layer and the rates of change of these positions may both be 

determined. Accurate interpretations require, however, that 

temperature data be obtained after several days of freezing or 

thawing weather, when the surface layers are at temperatures 

well below or above the freezing point. At times, all subsurface 

temperatures may be found to be very close to the phase change 

temperature, and accurate thaw-depth interpretations then be

come much more difficult or impossible to make. 

The procedure for thaw depth determinations should be ap
plicable without knowing the actual freezing point of the 

porewater. Thaw-depth determinations are generally made as 

shown by Figure 9, based on an adequate number of tempera

ture versus depth data points obtained from vertical strings of 12 

to 16 thermocouples or thermistors. In this procedure, straight 

lines are drawn through the two or three data points just above 

or below the suspected location of the freeze-thaw interfaces, 

and the interfaces are determined by the intersection of these 

lines. If temperatures are accurate, the freezing point depression 

may also be determined, as well as the hourly rates of freezing 

and/or thawing. 
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ECONOMIC 
CONSIDERATIONS 

The current costs of sen

sors, wire and readout devices 
for thennocouples, thennis
tors, and RIDs are shown in 

Table 1. Costs that are not 

shown, because they could not 
be quantified but which must 
be considered, are those for 
fabrication and calibration 

checks. 

Thennocouples require lit

tle preparation time and are so 

similar in output when made 

from the same wire lot that no 

calibration checks are needed. 
However, quality 2-pole ther
mocouple switches or plug 
panels are moderately expen-

sive, ranging from $8.00 to $18.00 per ther-

mocouple connection. 

Thennistors require extreme care in attachment 
of the leads and in sealing against moisture. Over

heating during soldering, rough handling or exces

sive resistive heating will destroy thennistor beads. 

Calibrations of completed thermistors must be 
checked at 0°C to assure consistency prior to instal

lation. Switches for thennistors have a relatively 
low cost, about $1.00 to $2.00 per thennistor. 

Platinum RIDs are more durable than thennis

tors, but calibrations should again be checked after 
fabrication, and care must be taken in preparing and 

insulating the lead wires. Readout equipment for 
RIDs must be capable of greater precision than for 

thennistors, as readings are required to 0.01 ohm. 

I SUMMARY OF TEMPERATURE SENSOR USE I 
IN ALASKA-PAST AND FUTURE 

The history of sensor choice and use in Alaskan 

highway study site monitoring is shown in Table 2.It 
can be seen that the favored sensor type has vacil

lated between thennistors and thennocouples. RTDs 
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Table 1. Temperature Ectuil!!,!ent and Sensor Costs. 

Unit Costs 
Sensor Type Sensor Wire/50ft Meter 

Thermocouple $0.05 $20.00 $900.00 

Thermistor 25.00 12.00 370.00 

Platinum RTD 75.00 15.00 900.00 

TDRProbe 20.00 10.00 4,600.00 

Table 2. Temperature Measurement System Considerations 
and TYJ)eS Installed by AKDOT &PF. 

Ideal System for Temperature Measurements 

Low Cost 

Zero Drift 

• Extreme Accuracy 

• No Operator Sensitivity 

• Data Logging Simplicity 

Extreme Durability 

Use in Alaska <DOT&PFl Practice 

Thermistors 1953-59 

Thermocouples 1960-73 

CombinedSystems 1974-78 

RTDs 1979-80 
Thermistors 

Combined Systems 
1979-85 
Today (1990) 
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were also successfully used at one 2-year study site, but no 

long-term experience is available. 

Where low-cost information is required only on annual max

imum depths of freezing and thawing beneath roadways, recent 

installations by AKDOT &PF have involved the installation of 

plastic pipe casings, which allow logging of temperatures ver

sus depth using a single thermistor probe. For future installa

tions requiring temperature measurement cables we will 

strongly consider the use of several RTDs in conjunction with 

many thermocouples, to provide a stable long-term temperature 

measurement system. 
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Thermocouple and Thermistor Temperature Measurement Systems 
by 

Richard Briggs, C.E.T. 

This paper, a companion to the preceding article by David Esch, was 
also originally presented at the first State of the Art Pavement 
Response Monitoring Systems for Roads and Airfields Symposium, 
March 6-9, 1989. 

ABSTRACT 

The accurate measurement of subsurface temperatures using 

thermocouples and thermistors requires proper selection and 

linearization of sensors. It also requires the use of good practice 

in fabrication of sensors into cables and selection of suitable 

connectors, switching systems and readout devices for use 

under the particular field conditions at the sites to be monitored. 

Based strictly on cost and durability considerations, ther

mocouples would be the sensor of choice. However, the 

problems of obtaining reliable field potential measurements as 

small as one microvolt, and the problems of achieving a stable 

reference voltage under varying field temperatures, often lead 

to the use of thermistors because of their greater temperature 

sensitivity and greater field measurements reliability. 

Temperature measurements may be made manually during 

site visits, recorded on tape or microchips by small battery

powered data loggers, or relayed to the office via phone lines or 

packet radio. The author's personal experience with these sys

tems and the benefits, precautions, and problems thereof, will 

be presented and discussed. 

INTRODUCTION 

With an average annual air temperature of -3.5°C and ex

tremes ranging over 90°C, the thermal regime of roadbeds and 

pavements in interior Alaska is of critical importance in deter

mining their structural response. Many years of experience in 

making field measurements using manual and automated 

methods have narrowed the selection of temperature 

transducers to thermocouples and thermistors (see companion 

paper by David Esch, in this issue). Accurate and repeatable 

measurements are necessary as only a fraction of a degree 

centigrade can make a significant difference in interpreting how 

the roadway may be responding to stresses. 
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This paper will focus on techniques found to minimize errors 

that occur in field data collection and reduction. Although a 

"how-to" treatment is beyond the scope of this paper, it is hoped 

that engineers and technicians will find the information useful 

in implementing thermal data acquisition systems. 

THERMOCOUPLES 

Fabrication 

"Type T" wire, with special error limits, is the wire of choice 

for State of Alaska Department of Transportation and Public 

Facilities (AKDOT &PF) Statewide Research. Smaller wire 

gauges such as 22-24 A WG are used in vertical and horizontal 

strings to minimize heat flow along conductors which can upset 

the thermal equilibrium of the soil being measured. Wire and 

jacket insulation must be moisture-proof, abrasion resistant and 

have a low friction coefficient-nylon would be the best choice 

and fabric the worst. 

Always use wire from the same spool or lot Cut the wire to 

length and tape it to the floor one wire at a time. At least two 

wire markers should be placed on each end to ensure that no 

mix-ups occur while the wires are bundled into strings. Junc

tions are soldered or crimped in place, coated with 

Scotchkote'IM and protected with heat-shrink tubing. Wrap the 

string with tape or spiral cut polyethylene tubing for mechanical 

protection. The string is now ready for installation in a trench or 

hole. 

Manual temperature reading requires selection of a low ther

mal double pole switch. Thermocouple switches utilize selected 

alloys to minimize thermal electromotive force (EMF). They 

are also somewhat massive in order to equalize the temperature 

across the switch body. The switch and a Type T panel jack 

must be installed on a panel and housed in a rainproof 

enclosure. Currently, AKDOT&PF is using BD-5 telephone 

housekeeping closures; however, any type of rainproof box will 

do, provided it is large enough to allow good wiring practice 

and avoid a "rat's nest." 
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Measurements 

Manual thermocouple measurements require an ice bath for 

highest accuracy. Two thermocouples are connected in a 

"series-bucking" configuration so that the constantan wires are 

joined, leaving the copper wires to be connected to the meter 

inputs (Fig. 1). The thermoelectric voltage produced is propor

tional to the difference in temperature between the two junc

tions. Since the ice bath is at 0°C, a positive voltage would 

indicate an above-freezing temperature and a negative reading, 

below freezing. 

The ice bath can be constructed from a Dewar flask or 

vacuum bottle. If a stainless steel vacuum bottle is selected, the 

reference junction must be insulated electrically from the ice 

and water mixture to avoid ground loops and resulting electrical 

noise. A test tube filled with kerosene or silicone oil works well 

and enhances the thermal stability of the reference junction 

(Fig. 2). 

The ice bath itself is preferably made with distilled, 

deionized water; although tap water in most locations will intro

duce errors less than .01 °C. Shaved or pea-sized ice is packed 

into the container until full, then water is added to fill the spaces 

between the ice. Let the bath stabilize for a quarter hour and 

then pack more ice into the flask to ensure that the mixture 

extends to the very bottom. 

Copper 

Copper 

Figure 1. Circuit design for thermocoupk readings. 
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At this point the reference junction assembly may be inserted 

15 centimeters (em) or more into the slush, being careful not to 

break the test tube. In 15 to 20 minutes the bath will be ready to 

use. 
Although thermocouple thermometers with internal refer

ences designed to eliminate the ice bath have been available for 

several years, AKDOT &PF Statewide Research has found their 

accuracy to be inadequate under field conditions. The meter in 

use at this time is a Hewlett-Packard 3468A. It is a battery 

powered, 5\.2 digit DMM with one microvolt resolution, out

standing stability and accuracy, and remote programming 

capability. Other instrument manufacturers produce similar 

equipment. Two design features of the HP-3468A that may not 

be readily apparent are the thermal gradient-minimized circuit 

board design and the auto-zero feature that causes the meter to 

make two measurements for every reading to compensate for 

thermal EMFs generated within the meter. 

Twenty minutes before readings are taken, the meter is 

plugged into the ice bath cable harness and a HP-41 calculator. 

The meter is slipped into an insulated bag and turned on. The 

HP-41 acts as a remote display for the meter and may even be 

used to convert the thermocouple voltage into °C, reducing the 

chances of an unskilled operator selecting the wrong function 

on the meter or misinterpreting the display. HP-41 Program 1, 

Constantan __ ,--
~- ---.- .... -------- ... -.. _..,. . . . 

, 

shows a sample program 

listing. 

This program places 

the meter in remote con

trol mode, brings the 

most recent voltage 

reading into the HP-41 's 

X register, and displays 

the result in microvolts . 

A more elaborate pro

gram may interact with 

the operator, store read

ings in extended 

memory, or use time 

alarms to log data peri

odically. 

After inserting the 

Type T panel plug into 

the panel jack in the 

field station, the 
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Thermocouple wire 

Silicone oil 

Vacuum bottle -~ ....... 

Crushed Ice 

Distilled or ---t--.J.....HI'I!:!:!I 
de-Ionized water 

filling spaces 
between ice granules 

Figure 2. Design of reference junction ice both. 

15cm 

voltmeter display must be watched for drift caused by a thermal 

gradient across the connectors. If the reading is stable, proceed 

to collect the data. Switched systems should be checked a 

second time to confmn that less than 2 microvolts of drift have 

occurred since the fJI'St reading was taken. 

Raw data in microvolts may be stored in a hand held com

puter or written down on a form. Archiving the data in 

microvolts is recommended as it is much easier to account for 

operator and systematic errors. An advantage of computer aided 

testing is that both the thermoelectric voltage and the tempera

ture may be displayed at the same time, giving the operator 

confidence and assisting with troubleshooting if necessary. 

Voltage to Temperature Conversion 

NBS Monograph 125 (1974) contains computer generated 

tables and equations for converting a thermoelectric voltage 

into temperature over the temperature range of a Type T ther

mocouple, -270 to +400°C. Higher accuracies may be obtained 

by using the raw voltages given in Table 8.3.2 of the monograph 

over the temperature range of interest in a third degree polyno

mial curve fit program. The power series polynomial is of the 

form 

(1) 
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where T is the temperature in degrees centigrade, E is the 

voltage in microvolts, and ao, at, 82, and a3 are the constants 

derived from the curve fit. 

Table 1 shows the coefficients calculated by an HP-85 com

puter to cover -50 to +50°C. 

Table 1. Coefficients for -50 to +50°C 

Below Zero Above Zero 

ao -3.15971796E-4 -2.80607794E-3 

at 2.58090450E-2 2.58446730E-2 

82 -7 .47693928E-7 -6.52482306E-7 

83 9.73827161E-11 1.24873605E-11 

It is important to note that this fit degrades rapidly outside 

the -50 to +50° range; however, within these limits the curve 

agrees with the NBS data to better than .01°C. 

Since equation 1 runs slowly in a computer, the nested form 

will save execution time 

T = ao + E( at + E( 82 + 83E)) (2) 

HP-41 Program 2 may be merged with Program 1 or used on 

its own to calculate temperature from a microvolt value stored 

in the X register. The display will show both microvolts and °C. 

THERMISTORS 

Fabrication 

Although thermistors are easier to measure than ther

mocouples, they are sensitive to moisture, thermal cycling and 

aging. Glass bead encapsulated thermistors in the 2252 to 

10,000 ohm range (@25°C} with O.l°C interchangeability are 
AKDOT &PF Research's current choice. They have shown bet

ter stability with time than the epoxy encapsulated bead type. 

The following fabrication method has been used for five years 

and has shown good results, but only the passage of time will 

tell how effective it is over longer periods. 

Wire for buried thermistors should be rated for this applica

tion. A high density polyethylene jacket is considered sufficient 

mechanical protection. Insulation for the inner conductors may 

be polyethylene or polypropylene. Polyvinyl chloride (PVC) 

should be avoided because of its high dielectric absorption. 
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HP-41 Pro2ram 1 

01 LBL''TC" 
02 REMOTE 
03 "F1R1Z1" 
04 OUTA 

05 IND 
06 1 E6 

07 * 
08 END 

HP-41 Pro2ram 2 

08 LBL "CONV" 29* 
09STOOO 30 -6.52482E-7 
10X=O? 31 + 
11 GT002 32RCLOO 
12X>O? 33 * 
13GT001 34 2.58447E-2 
14 9.73827E-11 35+ 
15 * 36RCLOO 
16 -7.47694E-7 37 * 
17+ 38 -2.80608E-3 
18RCLOO 39+ 
19 * 40LBL02 
20 2.5809E-2 41CLA 
21 + 42FIXO 
22RCLOO 43ARCLOO 
23 * 44 "1-=" 
24 -3.15972E-3 45 FIX2 
5+ 46ARCLX 
26GT002 47 "I- C" 
27LBL01 48AVIEW 
28 1.24874E-11 49END 

Thermal and mechanical stress during the assembly process 

can be reduced by frrst soldering the relatively heavy cable to a 

strain gage terminal or small printed circuit board (Fig. 3). 

While soldering the thermistor, use a heat sink and monitor its 

resistance to be sure that the maximum working temperature is 

not exceeded. The assembly is then coated with a non-corrosive 

silicone rubber such as Dow 3140 RTV, set aside for 24 hours, 

and then given a second coat. After curing is complete, a 10 em 

piece of heat-shrink tubing is installed (with glue), again paying 

close attention to the thermistor temperature rise with an ohm 

meter. Several coats of Scotchkote TM complete the encapsula

tion. 
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Direct Burial Wire 

Figrln 3. Thermistor fabrication (not to scale). 

Measurements 

Thermistors, as thermally sensitive resistors, can be read 

with an ohm meter. Ordinary switches and connectors are used 

for manual measurements and thermal EMFs will have a mini

mal effect on the meter. It is important to note that any current 

applied to the thermistor will cause it to dissipate some heat. 

The amount of power required for a 1 °C rise in the thermistor is 

called the dissipation constant and is dimensioned in milliwatts 

(mW) per °C. Two constants are usually provided by the 

manufacturer; one with the thermistor in air and the other 

in well-stirred oil. It can be shown through Ohm's Law that 

a 2252 ohm thermistor at 0°C (7355 ohms) will have less than 

a .0002°C rise with 10 microamps applied and a 4 mWfC 

dissipation constant. This error source, although insignificant, 

will increase a hundredfold for a tenfold increase in the applied 

current. Therefore, knowledge of the amount of current an ohm 

meter or signal conditioning device puts through the thermistor 

is necessary. 

Resistance-readings taking more than a few seconds to stabi

lize indicate instability of, and possible damage to, the thermis

tor. If the ohm meter leads are reversed and the display shows a 

change of more than 5 ohms, the thermistor circuit is polarized 

and must be considered inoperative or out of calibration. The 

author believes these symptoms are associated with improper 

encapsulation and the resulting migration of moisture into the 

thermistor body, although no questionable thermistor strings 
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have been recovered and their moisture content ascertained. 

This opinion is based on knowledge of the encapsulation 

method used and the probable water content of the soil in which 

unstable thermistors have been found. 

AKDOT &PF uses the same meter for reading thermistors 

and thermocouples. Since most of our field sites are instru

mented with both devices, the meter is switched between the 

volts and ohms functions with a user-defined key on the HP-41. 

Resistance readings are made with one ohm resolution at 10 

microamps. Under program control the current is toggled on 

and off in a 1:10 duty cycle to minimize self-heating. See HP-41 

Program 3 for a sample listing. 

Resistance to Temperature Conversion 

Tables provided by the thermistor manufacturer may be used 

to convert field resistance data into temperature data. As this 

requires linear interpolation to acquire fractional degrees, an 

equation describing the characteristic curve of the thermistor 

can be solved by a computer for greater precision. 

Negative coefficient thermistors used by AKDOT&PF are 

best described by the Steinhart and Hart equation 

i = a + b( Ln R ) + c( Ln R)3 (3) 

where T = temperature in degrees Kelvin, Ln R = the natural 

logarithm of the resistance in ohms, and the coefficients a, b and 

c are derived from measurement. These coefficients may be 

obtained from the thermistor supplier or found by measuring the 

resistance at three temperatures and solving three simultaneous 

equations. The temperatures chosen for calibration should be at 

least 10 degrees apart and brackets indicate the temperature of 

interest. 

A conversion subroutine for a YSI 44030 thermistor is 

presented as HP-41 Program 4. Coefficients a, band c were 

provided by the manufacturer and are contained in lines 13, 10 

and 06 respectively. 

DATA LOGGERS 

Although they are from the same family as strip chart re

corders and FM instrumentation tape decks, data loggers distin

guish themselves by their design as interrupt-driven, 

microprocessor run devices. In other words, an event such as a 

timer, voltage level or a person pushing a button will tell the 

data logger to make a measurement. Depending on its com-
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HP-41 Program 3 

01 LBL "THERM" 16 CLA 
02 FIX2 17 XEQ "CONR" 
03 AUTOIO 18 TONES 
04 "HP3468A" 19 ARCLX 
05 FINDID 20 " ~ DEG C" 
06 SELECT 21 AVIEW 
07 REMOTE 22 PSE 
08 LBLOl 23 PSE 
09 "F3R4N5Z1T2" 24 PSE 
10 OUTA 25 PSE 
11 CLA 26 PSE 
12 TRIGGER 27CLA 
13 IND 28 GT001 
14 "F1" 29 END 
15 OUTA 

HP-41 Program 4 

01 LBL "CONR" 11* 
02 ENTER t 12 + 
03 LN 13 1.405076 E-3 
043 14 + 
05 YtX 15 1/X 
06 1.019454 E-7 16 273.15 
07* 17 -
08 X<>Y 18 RTN 
09 LN 19 END 
10 2.36873 E-4 

plexity (and cost) the instrument may have non-volatile 

memory, multiple inputs, and the hardware and software to 

support a variety of sensors and telecommunications options. 

Data loggers used for thermocouple measurements require 

an isothermal block on the input terminals for accurate perfor

mance. The isothermal block is combined with a thermistor, 

RTD or solid-state temperature sensor to replace the ice bath 

reference. A possible error source in such systems will be the 

temperature gradient between the input terminal and sensor, 

which is difficult to quantify. AKDOT&PF Research has 

evaluated several isothermal block thermocouple systems and 

found them inaccurate at the extreme low temperatures en-
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countered during Alaskan winters. Even low power CMOS 

circuitry can produce enough heat to make a substantial 

gradient at -30°C. 

A precision voltage or current source is required for most 

data loggers used with thermistors. If a voltage source is used, 

then a low temperature coefficient resistor equal to the thermis

tor resistance at mid-temperature is placed in series with the 

thermistor in a half-bridge configuration. The applied voltage is 

limited so that the power dissipated in the thermistor will not 

cause an error-producing amount of self heating. The voltage 

drop across the thermistor will be proportional to its resistance. 

Constant current sources are easier to deal with. The current is 

set to a non-self heating level and the resulting voltage drop is 

measured across the thermistor. If decade currents are selected, 

i.e., 10 microamps, resistance calculation is as simple as 

moving a decimal point. 

Thermal data from soils and pavements should be scanned at 
two minute intervals to yield minimum, average and maximum 

values, which are transferred to final storage on an hourly basis. 

Temperatures move slowly in these structures and more fre

quent scanning is unnecessary; deep sensors may not require 

more than daily readings. Data should be stored in rnw form to 

ease troubleshooting and avoid tedious back calculation if sys
tematic errors become known. 

Final stornge may be a portable cassette drive, solid state 
storage module, printer, modem or rndio frequency telemetry to 

a personal computer. The value of a modem or telemetry link to 

the office cannot be overestimated. AKDOT &PF installed a 

solar powered data acquisition system in 1985 featuring a line

powered modem which enabled communication with the data 

logger. By mid-December, the system battery was at a low state 

of charge. Thanks to the modem, AKDOT &PF was able to 

assess the problem and modify the progrnm to reduce power 
consumption without making a 600 mile trip. 

WORK IN PROGRESS 

AKDOT &PF has purchased and installed five temperature 

probes manufactured by Measurement Research Corporntion of 

Gig Harbor, W A. These probes use epoxy encapsulated ther

mistors spaced at intervals along their 1.2-meter length. A four 
wire cable connects a hand-held readout to the probe, with the 

switching circuitry located in the probe itself. The display is 

configured to show the thermistor's number and tempernture, so 
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even an unskilled person is able to opernte it. Temperature data 

will be acquired this spring and compared to Falling Weight 

Deflectometer data in an attempt to correlate the depth of thaw 

with pavement deflections. 

Since two of the probes are located in remote areas away 

from phone lines, a packet rndio network will be developed to 

link the probes to the office. Packet systems allow digital data to 

be trnnsmitted from several stations on the same channel. Col

lision avoidance, message passing (digipeater), and error 

recovery are part of the packet protocol. Each station has a 

unique address and may pass messages or data on to stations 

past the rndio horizon of the originating station. This system 

will enable AKDOT &PF to place load restrictions as they are 

needed and reduce their dUiation. 
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A New Device for Cold Regions Sanitation Disposal-The AlasCan 

"Building North," a newsletter produced in Canada by N.K.Larsson 
Consulting Limited of Ottawa, Ontario was the originating source of 
this article. The following article is a modified version of that which 
appeared in "Building North." The presentation of this article should 
in no way be viewed as a product endorsement; it is being published 
in TNE in the hopes that it will be useful for the practicing cold 
regions engineer. 

An Alaskan designer, Clint Elston, has developed a toilet 

and waste water disposal system for northern and remote areas 

that is a real innovation. Its main drawback is cost; but for 

those with deep pockets and severe waste disposal problems, it 

is an attractive option. 

THE AlasCan SYSTEM 

Essentially, the system (Fig. 1) is a combination of a 

Japanese foam toilet and custom-made composting tank. The 

toilet, which uses a small amount of water, is coupled with an 

effective composting tank, providing a total system which 

appears to combine the advantages of composting action with 

a consumer acceptable flush toilet. The composting tank is 

designed to also accept kitchen wastes, after treatment by a 

mechanical garbage disposal unit. An optional element is a grey 

water treatment tank which increases the effectiveness of the 

entire system. 

THE FOAM TOILET 

Nepon Inc., a Japanese fmn, has developed the "Pearl" toilet 

that provides, so to speak, the front end of the system. The toilet 

appears to have been primarily developed for use with a holding 

tank, in locations such as construction sites, campgrounds and 

golf courses. 

A small air pump produces a biodegradable foam which 

covers the inside of the toilet bowl. The foam acts as an odor 

barrier, reduces splashing and helps the very small amount of 

water (one cup) necessary to provide flushing action. The 

power requirements of the pump equal about 8 watts per flush. 

In and of itself, the Nepon toilet is ingenious and useful. In 

areas where holding tanks are required, it offers functionality 

similar to a normal flush toilet, while greatly reducing water 

requirements. In areas where trucked water and sewage removal 

services are the norm, this could reduce capacity requirements 

for both water and sewage holding tanks. 
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Figure 1. Tlul AlasCan System. 

INTEGRATING THE COMPOSTING SYSTEM 

The Nepon toilet is even more interesting when coupled with 

a composting tank. In fact, the AlasCan system goes one step 

further and designs the composting tank to accept organic 

kitchen wastes, after processing by a standard sink garbage 

disposal unit. When combined with the optional grey water 

treatment tank, the system produces wastes that have little, if 

any, negative environmental impact. 

When the toilet is flushed, a soap-like substance, stored in 

the toilet tank, mixes with the water to create a foam which 

prevents odors from being transmitted from the composting 

tanks and minimizes splashing. Even more important, the foam 

lubricates the toilet bowl and waste pipe, allowing the unit to 

function with a minimal amount of water. 

Organic kitchen wastes are carried into the composting tank 

by a separate line, after having been ground by a commercial 

garbage disposal unit. 
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THE COMPOSTING TANK _j 
~----~~~~~~~~----· 

The composting tank is delivered in sections and assembled 

on site. The unit is insulated-R-28 or 4" polyurethane foam 

insulation-and for extreme conditions, a provision has been 

made for auxiliary heating. 

The insulated composting tank (Fig. 2) contains bafiles, air 

channels, mixers (controlled both by timer and thermostat) and 

a small fan. Warm air is drawn through the accumulating or

ganic wastes, thus ensuring an oxygen-rich environment that 
permits the aerobic decomposition process to take place. An 
automatic sprinkler periodically redistributes excess liquid 

evenly over the pile. 

The principal by-products of the process-water vapor and 

carbon dioxide-are drawn from the tank by exhaust ventila

tion systems to the outside. The vent pipe reportedly 

features an air-to-air heat exchanger that recycles 

natural warmth from the composting process and 

brings fresh air into the home. We haven't seen 

details of this part of the system, so we don't 

know how it works or how well it per

forms. 

The compost tank also contains two 

rather unusual ingredients-wood 

shavings and millions of red worms. 

These are intended to help the decom

position process and to speed it up. 

Such worms have been tried before, 

but have been found to be too sensitive 

to survive the high salt concentration in 

most human waste. Elston reports that 
his supply (from a secret source) ap

pears to do quite well-or 

perhaps Alaskans consume 

less salt. 

The composted material (called humus) is allowed to ac

cumulate for the first five years. After this period of time, 

built-in mechanical screw conveyors are used to move it to a 

clean-out tray about once a year. The material, approximately 

five gallons per year, can then be used as a very effective soil 

fertilizer. 

THE GREY WATER TANK 

The grey water tank (Fig. 3) is an optional, but desirable part 

of the system. The term grey water refers to contaminated waste 

coming from sources other than toilets. Such waste water still 

contains pathogenic bacteria, but in a greatly reduced quantity. 

Most health authorities will prevent you from directly discharg-

ing grey water to the en

vironment, but a moderate 

amount of aerobic decom

position treatment will certainly make 

it safe for disposal. A note of caution: 

the Alaska Department of Environmental 

Conservation has ruled that the AlasCan 

system meets secondary stream discharge stand-

Figlln 2. Photograplt allll•eiNIIUIIk drawing of the AlasCan eompolliltg lank. 
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Figure 3. The AlasCan grey wat.r tank. 

ards for rivers, lakes and oceans, but other local authorities may 

not take the same view. 

The AlasCan grey water tank is a separate unit containing 

baffles, stirrers and an air compressor to provide the air needed 

for decomposition. The tank is designed to accept waste from 

kitchen, bath and laundry facilities. 

URINAL 

Another optional feature is a wall-mounted urinal which 

provides the same foam flush action as the toilet Although 

some will need to be convinced of the advantage of a urinal, it 

can greatly reduce water use in any disposal system. In the case 

of the composting tank system, it also helps to eliminate the 

problem of imbalance between quantities of liquids and solids, 

which can quickly overwhelm conventional composting sys

tems. 

CONCLUSIONS 

It is easy to look at this system as a case of technological 

overkill. True, it is expensive, mechanically complicated and 

relatively untried. Nevertheless, because of its unique approach, 

it should have a significant long-term impact on northern and 

remote housing. 

One admitted deterrent is cost. The AlasCan system is ex

pensive; a complete system, including consultation, parts, 

materials, and installation, costs between $10,000 and $12,000 

(US$). This is approximately twice the cost of a conventional 
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toilet and septic tank/field system, a fact which will ensure the 

continued use of conventional systems in areas where they are 

practical. In other situations, however, the system begins to look 

attractive. Governments providing housing in rocky areas, such 

as the Labrador Coast of Canada, for example, have been look

ing a long time for a system that could replace the present 

"honey bucket" system. Where holding tanks, trucked water 

and sewage removal services are used, the Alas Can system will 

allow a reduction in needed capacities of both water and sewage 

tanks, and may reduce trucking costs. 

Compared to existing composting methods, the AlasCan 

system offers several advantages. The use of a flush toilet 

permits waste lines to be sloped, providing a great deal of 

flexibility in the relative placement of the tank, toilet and 

kitchen. The toilet provides an odor-free and aesthetic environ

ment; this is important in gaining consumer acceptance. At a 

community level, a shift from honey buckets or sewage lagoons 

would have a very beneficial environmental effect. 

With regard to the system's complexity, it must be admitted 

that it contains a lot of moving parts and several motors. Oint 

Elston claims, however, that from the beginning it has been 

designed for low maintenance (high quality components and 

easy access points), and his experience seems to bear this out

Elston recently completed a maintenance tour of 21 installa

tions in remote areas of Alaska; the tour was completed in 18 

days. 

The system requires electricity, but power consumption of 

the toilet and composting tank is low. The grey water tank 

draws about 230 watts continuously, making it the least effi

cient part of the system. 

If the system could be mass produced, the cost should come 

down to a reasonable level. The composting process, which 

makes such eminent ecological sense, could then fmally gain 

acceptance. 

ABOUT THE DESIGNER 

Clint Elston is a small business manager, craftsman and self

taught engineer/architect. He was awarded the 1988 Depart
ment of Energy National Award for Energy Innovations for his 

Human Endeavors Geodesic Dome Project. The AlasCan sys

tem was a part of that project. 
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The Significance of Climatic Change for the Permafrost Environment 
by 

Michael W. Smith 

This paper was originally presented at the Fifth International Con
ference on Permafrost held in Trondheim, Norway, August /988. The 
conference proceedings, edited by Kaare Senneset, were published by 
Tapir Publishers. A modified version of the paper was also presented 
at a workshop on permafrost and climatic change at the annual meet
ing of the American Society of Civil Engineers, Minneapolis, February 
1989. That version of the paper appeared in the March 1990 issue of 
the Journal of Cold Regions Engineering, 4(1):29-37. 

IN1RODUCTION 

There is growing interest in the impact of human activity on 

the levels of C02 and other radiatively active trace gases in the 

atmosphere, and their likely effect on climate. Climatologists 
have shown that air tempemtures would increase because of the 
so-called "greenhouse effect," although the amount of increase 

is not clear. Studies demonstmte, however, almost universal 
agreement on a warming concentrated in the polar regions, 

along with increased precipitation there; for a doubling of the 

atmospheric C02 content, some models predict that annual air 
tempemtures throughout the Arctic could increase by 3 to 6°C, 
and perhaps even more in some areas (Harvey, 1982; Hansen et 
al., 1984). 

While a climatic warming trend has yet to be clearly iden
tified in the meteorological record (e.g., Weller, 1984), the 

magnitude of such changes would produce serious and far

reaching environmental and engineering problems in per
mafrost regions, and for the arctic environment as a whole 

(McBeath, 1984; French, 1986). Historical evidence shows that 

while the northern hemispherical tempemture only increased by 

about 0.5°C from 1880 to 1950, tempemtures in the upper two 
meters of permafrost generally increased about 2°C or more 
during the same period throughout much of northernmost Alas
ka, according to calculations by Lachenbruch and Marshall 
(1986). 

CLIMATIC CHANGE AND 
Tiffi PERMAFROST ENVIRONMENT 

Permafrost is unique in earth material terms, because it exists 

close to its melting point Most discontinuous permafrost is 
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either relict, or in such delicate balance that climatic or other 

environmental changes could have dmstic disequilibrium ef

fects. Tens of thousands of square kilometers of permafrost are 

warmer than -3°C, and we can expect that most of it would 
eventually disappear under the climatic warming predicted, al

though complete degmdation would take many centuries at 
least because of the thermal inertia of ice-rich materials and the 

considemble thicknesses of permafrost. Thie (1974) reported a 
decrease in the areal extent of permafrost from 60-::15 percent 
over the past seveml centuries in the discontinuous per

mafrost region of Manitoba. Suslov (1961) wrote that the 
permafrost at Mexen (northeast of Archangel) has retreated 

northward at an avemge rate of 0.25 miles per year since 
1837, and according to Bird (1967), Sumgin (1934) wrote 
that in the USSR generally, the southern limit of permafrost 

was receding as a result of climatic amelioration. 
In the continuous permafrost zone, ground tempemtures, 

which are now many degrees below zero centigrade, would rise 
with climatic warming, but perhaps no major changes in 
regional permafrost distribution would occur. Meanwhile, how
ever, we could expect progressive deepening of the active layer 
with the melting of shallow ground ice and ensuing thaw sub

sidence. In some areas, this would undoubtedly create main

tenance and repair problems for roads, airports, buildings, 

pipelines, etc. Greater depths of gmvel padding would be 
needed to preserve permafrost under roads and other structures. 

In addition to permafrost degradation per se, any change in 
the temperature would cause major chan,ges in the strength and 

deformation properties of frozen ground, even without thaw. 

(The effect of temperature is important not only because of its 

influence on the deformational mechanisms in ice, but also as it 
determines the amount of unfrozen water in the frozen soil.) 
This could result in problems with the bearing capacity of piles, 

widely used in northern construction, as permafrost warms and 

adhesion forces decline. Other foundations may also be af

fected. As well, the creep mtes of (ice-rich) permafrost would 

increase and slope stability would be decreased. 
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It is important to realize that climatic changes would also 

affect various earth surface processes, such as ice wedge crack

ing, frost heave, mass movements, and creep, which are charac

teristic of the permafrost environment. This may not be easy to 

determine, however, since according to Washburn (1980) the 

climatic relationships of permafrost processes are poorly 

known. Nonetheless, it has been hypothesized that thaw lakes in 

the western Arctic have expanded during periods of warmer 

climatic conditions (Carson, 1968). However, the sensitivity of 

thaw lakes to climate (change) is not well documented, al

though careful observations of lakes over a 10 to 20 year period 

might yield valuable information on growth patterns as a func

tion of climatic variation (Burn and Smith, 1988). 

Changes in Precipitation 

Consideration of climatic change should not be confmed to 

temperature alone, nor simply to a change in mean annual 

conditions. According to Hansen et al. (1984), while the mean 

annual temperature in northwestern North America might be 

7°C higher in a 2xC02 world, increases in winter temperatures 

(up to 11°C) would be three or four times greater than for 

summer (2-3°C). In addition, there will be changes in precipita

tion (10-50 percent higher in summer, 60 percent higher in 

winter). Various earth surface processes in the permafrost en

vironment could be affected by increased rainfall, but more 

importantly, perhaps, changes in snow cover would complicate 

the effect of climatic warming on ground thermal conditions. 

While increased snow depths would partly offset any adjust

ment in ground thermal conditions to higher winter air tempera

tures, calculations made by Goodrich (1982) showed that a 

doubling of snow cover per se from 25-50 centimeters (em) 

increased the minimum ground surface temperature by 3.5°C. If 

the 50 em of snow builds up within 30 days in autumn, the 

minimum temperature would only reach -2.8°C, the mean 

temperature would be + 1.1 °C, and permafrost would degrade. 

In terms of ground temperatures, variations in snow cover are 

most critical at shallow depths, and precipitation increases of as 

much as 60 percent in fall and early winter, predicted in the 

Hansen model, could be a significant factor in permafrost 

degradation, particularly in marginal areas. 
When changes in precipitation are combined with the 

seasonal nature of predicted temperature increases, the problem 

of assessing climatic impacts on permafrost is made more com

plicated. 
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Significance of Local Conditions 

Further caution must be exercised in simply extrapolating a 

warming trend in the atmosphere to the ground. Permafrost 

conditions are affected by the nature of vegetation, soil and 

snow conditions, as well as climate. Luthin and Guymon (1974) 

visualized these boundary layer interactions in terms of a buffer 

layer model comprised of the vegetation canopy, ground cover 

and snow cover, interposed between the atmosphere and the 

ground (Fig. 1). 

Atmospheric mass and energy flows, together with the 

geothermal heat flux, constitute the boundary conditions with 

the vegetation canopy, snow cover (when present) and surface 

organic layer acting as buffers between the atmosphere and the 

ground. Consequently, wide variations in ground thermal con

ditions can occur within small areas of uniform climate due to 

local factors (e.g., Brown, 1973; Smith, 1975). 

Figure 2, for example, shows that there are significant dif

ferences in the annual ground temperature regime among neigh

boring sites in the boreal forest region near Mayo, Yukon 

Territory, Canada; the sites differ in terms of vegetation and 

ground and snow cover (the details of which may be omitted for 

present purposes). The summer maximum 50 em temperature 

varies from 0.5°C (at site 6) to 7.1°C (at site 4), and the winter 

minimum temperature from -2.9°C (at sites 2 and 5) to -8.6°C 

(at site 4). The fluctuations evident at 50 em are highly 

damped by the 3 meter (m) depth. The mean annual 

temperature at 3m varies from -0.1 °C, at site 2, to -1.9°C at 

site 6, where there is a 25 em surface organic layer. 

The presence of organic material has been credited with the 

existence of permafrost in the southern margins (e.g., Lindsay 

and Odynsky, 1965; Zoltai, 1971), even where the mean annual 

surface temperature is above 0°C (see Goodrich, 1978). This 

implies that in similar areas further north, permafrost would not 

degrade nearly as quickly as at other sites with climatic warm

ing. Riseborough (1985) concluded that the ground thermal 

regime in the boreal forest, where a surface organic layer is 

present, will be considerably buffered from the effects of 

climatic change. The interception effects of the forest canopy, 

but more importantly, the thermal resistance of the moss and 

peat, serve to isolate the ground from the atmosphere. 

The fact that present ground thermal conditions, as il

lustrated in Figure 2, are so variably linked to the present 

climate makes it inevitable that they will be differentially buf-
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fered from the effects of changes in climate. In some cases, the 

response in permafrost conditions may be very slow to develop. 

In addition, ground thermal conditions will certainly be further 

affected as vegetation itself changes in response to climatic 

change. However, in areas of little vegetation or snow cover

such as can be found in the Canadian arctic islands, for ex

ample-the linkage between climate (air temperatures) and 

ground temperatures is more direct, and so should be the effects 

of climate change. 

Importance of Lithologic Conditions 

The thermal stability of permafrost will be aided by the 

occurrence of ice-rich material near the present permafrost 

table. Figure 3 shows the results of a simple simulation of 

ground temperature changes (using Birch's model, 1948), for an 

increase in the surface temperature of 1 °C per decade over a 60 

year period Mean annual temperature profiles at the end of the 
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period are shown for three values of the ground thermal dif

fusivity (an initial equilibrium profile is included for reference). 

The latent heat effects of ground thawing must be considered 

in this problem, since they will largely determine the rate of 

permafrost degradation. By using apparent diffusivities in the 

model (Smith and Riseborough, 1985), the effects of phase 

transition can be mimicked. A diffusivity value of 1x 1 o· 7 m2 s "1 

represents the thawing of icy permafrost, while the value of 

1x10-6 applies better to rock or unsaturated frozen (sandy) soil. 

There are striking differences in the depth of permafrost 
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Figure 3. Estimated ground tempemture profiles foUowing a climatic 
warming. 

degradation, which ranges from only 6 min the ice-rich case to 

26 m for the highest diffusivity. In the latter case, the base of 

permafrost also rises with the general warming in the profile, 

but only by about 2 m. After 500 years, the permafrost table in 

the icy case still would have degraded to only about 40 m, and 

the base of permafrost would have risen by 4 or 5 m. 

Consideration of the local surface and subsurface conditions 

indicate the difficulty of assessing the sensitivity of localized 

permafrost conditions to regional climatic change (see also, 

Smith and Riseborough, 1983). 

PROCESSES AND FEATURES OF THE 
PERMAFROST ENVIRONMENT 

Slope Movements 

Typical features of slope failure and related phenomena of 

mass-wasting in the permafrost environment are described in 

the literature (French, 1976). Most of the problems arise as a 

result of thawing with consequent loss of strength. Examples of 

such problems are: 
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Mudflows which result from the thawing of ice-rich 
permafrost, and flow-dominated failures on natural 
slopes and cut slope are common in permafrost areas. 

Skin flows (active layer glides) involve the detachment 
of a thin veneer of vegetation and mineral soil with 
subsequent movement over the permafrost table. These 
flows are commonly found in ice-rich sediments and 
result from the thaw failure of the ice-rich contact zone. 
Any surface disturbance (e.g., forest fire) or climatic 
change which increases the thaw depth will promote 
such failures (e.g., MacKay and Mathews, 1973). 

Slumping, although widespread in many regions, is 
especially common in the permafrost environment, oc
curring wherever ice-rich soils are subject to thawing. 

Solifluction is also prominent in the permafrost environ
ment, because the permafrost table prevents downward 
movement of water-leading to saturation conditions, 
and also acting as a shear plane for failure. 

While there are few studies which link mass movements to 

climatic conditions (Lewkowicz, 1987), it seems reasonable to 

suppose that some increase would occur as a result of climate 

changes and permafrost degradation. Deepening of the active 

layer (with consequent melting of ice-rich soil) could lead to 

conditions of instability and failure, as could increased summer 

rainfall (cf. MacKay and Mathews, 1973). In addition to the 

displacements of thawed ground, there is a need to consider the 

possibility for increased deformation of frozen ground under 

warming conditions. 

Strength and Creep of Frozen Ground 

The mechanical behavior of frozen soils is very different 

from that of unfrozen soil, due to the presence of ice and 

unfrozen water. Frozen soils are more likely to be subjected to 

creep and relaxation effects, and their behavior is strongly af
fected by temperature change. There is extremely limited infor

mation on the creep of natural permafrost (or ice) in the range of 

stress and temperature (i.e., near 0°C) of practical interest (Mor

genstern, 1985). If we assume that the creep deformation of 

ice-rich permafrost will be dominated by the rheological 

properties of ice, then we can look to Glen's flow law for ice. 

Based on this, at a temperature of-22°C the strain rate produced 

by a given stress is only one-tenth of its value at 0°C, and the 

strain rate almost doubles from -5 to 0°C. Moreover, we should 

remember that a fine-grained soil close to 0°C will contain a 

considerable amount of unfrozen water, and thus the viscosity 
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will be less than for pure ice. This implies faster deformation 

rates, and it is by no means clear, therefore, that the flow law for 

ice will provide us with conservative estimates of strain rates. 

Ice Wedge Cracking 

Washburn (1980) states that while the relation of frost crack

ing to (mean) air or ground temperatures is of great interest, the 

relationship is only approximately known. Based upon the dis

tribution of active ice wedges in Alaska, Pewe (1966) suggested 

that ice wedges only form where the mean annual temperature 

is -6°C or colder, although MacKay and Mathews (1973) report 

active ice wedges near Fort Good Hope in the discontinuous 

zone. In any event, authors seem to agree that a rapid drop in 

ground temperature is necessary to cause cracking-this would 

certainly be impeded by the insulating properties of a deep 

snow cover. For example, MacKay (1984) has shown that a 

snow depth of 60 em was sufficient to prevent ice-wedge crack

ing in an area of active ice wedges on Garry Island. 

Other Features 

Tarnocai and Zoltai (1978) reported on the distribution of 

earth hummocks in the western Canadian arctic. They con

cluded that the hummocks developed only during the cool 

climatic period since 5000 B.P.; the most southerly hummocks 

(e.g., Fort Simpson, South Indian Lake) must have developed 

during the coldest sub-period of the last 5000 years, becoming 

inactive when climatic conditions moderated--cryoturbation 

apparently ceased a long time ago. Zoltai (1975) analyzed the 

reaction pattern wood in tree ring records, to infer the incidence 

of ground instability in earth hummocks at Inuvik. The record 

indicates a period of greater ground instability (heaving?) be

tween about 1850 and 1950, with reduced activity since 1950. 

However, if this pattern is related to the climatic warming 

between 1850-1950 and the cooling trend since, it would seem 

to contradict the conclusions ofTarnocai andZoltai (1978). 

SUMMARY 

The effects of climate change on the permafrost environment 

should be considered in a variety of ways: 

1. There would be long-term changes in the distribution of 
permafrost, as it degrades under a warmer climate. Tens of 
thousands of square kilometers of pennafrost which are 
warmer than -3°C would eventually disappear under the 
predicted climatic warming. However, in some areas, be-
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cause of the thermal inertia of ice-rich materials and con
siderable thicknesses of permafrost, complete degradation 
would take many centuries, at least. 

2. More importantly, perhaps, there would be various rapid 
onset effects, especially in the discontinuous zone, where 
most permafrost is either relict, or in such delicate balance 
that climatic or other environmental changes could have 
drastic disequilibrium effects. We should expect progres
sive deepening of the active layer with the melting of 
shallow ground ice, leading to widespread thermokarst and 
increased slope instability. In some areas, this would un
doubtedly create severe maintenance and repair problems 
for all structures. 

3. Even without thaw, change in permafrost temperatures 
would cause (major) changes in the strength and deforma
tion properties of the frozen ground This could lead to 

problems with the bearing capacity of piles, widely used in 
northern construction, as the permafrost warms and ad
hesion forces decline. Also, the creep rates of (ice-rich) 
permafrost slopes would increase and slope stability would 
be decreased. 

4. The rate of various permafrost processes, such as ice wedge 
cracking, frost heave, mass movements, and creep, for ex
ample, would change. However, the climatic relationships 
of pennafrost processes are poorly known. 

The consideration of climatic change should not be confined 

to temperature alone, nor simply to a change in mean annual 

conditions. According to Hansen et al. (1984), increases in 

winter temperatures would be three or four times greater than 

for summer. In addition, there will be precipitation increases in 

both winter and summer. Various earth surface processes in the 

permafrost environment could be affected by increased rainfall, 

but perhaps more importantly, changes in snow cover would 

complicate the effect of climatic warming on ground thermal 

conditions. 

Further, we must appreciate that more than just climatic 

conditions determine the surface temperature regime and ther

mal conditions in the ground. While the occurrence of per

mafrost depends in a broad way on climate, the effects of 

climate and climatic change may be modulated, perhaps 

strongly, by local microclimatic (ecological) and lithologic 

conditions. 

With climatic warming it is inevitable that some permafrost 

would eventually disappear and ultimately, there would be a 

new "permafrost map." However, the more immediate question 
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is how quickly the effects will be seen, and at what rate will they 

develop? And would such changes be important to northern 

geotechnical engineering? Since this concerns the transient 

aspects of the problem (rather than the eventual steady-state), 

some important questions are: 

1. What is the likely rate and magnitude of permafrost change 
due to climatic warming? What is the thermal inertia (time 
constant) of permafrost sediments? 

2. How can we assess the effects of regional climatic change 
on permafrost conditions, given that local conditions exert 
a strong influence on the ground thermal regimes (i.e., How 
are ground thermal conditions buffered from, or linked to, 
changes in climate, including feedback effects)? 
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The Rotary Scroll Collector 
by 

Alan E. Belcher 

This article appeared in our lastTNE issue (Volume 21, Number 4 ). An 
~ortunate transposition of two mlljor bodies of text occured, affect
mg sections titled "Rotary Scroll Collector" and "Flow Rates and 
Capacities." The corrected section is mllrked--a » indicates the 
beginning of the secion and a« indicates the section's end. This will be 
the final and correct version of this article. 

INTRODUCTION 

The rotary scroll collector provides a novel approach to the 

recovery of spilled oil and other surface pollutants. In addition 

to its inherent simplicity, the rotary scroll collector offers sig

nificant advantages over conventional recovery methods. 1•
2 

These advantages include a greater tolerance of waterline fluc

tuations at the point of collection, free and unobstructed passage 

of fluids and solids through the system, extremely low sen

sitivity to debris and other solids, absence of agitation or mixing 

of fluid interfaces, exceptionally high flow rates of water and 

pollutant, effectiveness with pollutants ranging from light li

quids to globulates and solids, and water column collection to a 

substantial depth. 

The rotary scroll resembles a horizontal cylindrical tank with 

a single lateral opening along its entire length and a diameter 

equal to twice the maximum expected wave height. The 

cylinder is submerged to approximately one-half its diameter in 

the water (or sea) to be cleaned; the skimming width is equal to 

the length of the cylinder. The rotary scroll collector is a direct 

derivative of the manometric pump. This might suggest that the 

collector works by aspirating seawater and pollutant, but this is 

not the case. Due to the unique way in which the fluids enter all 

types of manometric pumps, including the rotary scroll collec

tor, the fluids remain stationary and at atmospheric pressure 

until they are completely enclosed within the pump structure. 

The rotary scroll collector is a true positive displacement, low 

head, high volume pump. 

The potential for applying the manometric pump to oil spill 

cleanup was anticipated from the earliest days and, in fact, this 

particular application is cited in the original patent literature. It 

is very important to gain a clear understanding of how the 

collector works as a pump before considering the operation of 

the scroll in its normal role. It is therefore advisable to set aside 
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all thoughts of oil spill recovery and concentrate, instead, on the 

theory and practice of the basic manometric pump. The follow

ing sections refer to various types of manometric pumps as 

applied to irrigation and other water pumping operations. How

ever, the hydrodynamics involved and the various equations 

developed are directly applicable to the rotary scroll collector. 

THE MANOMETRIC PUMP 

The earliest literature referring to the simple manometric 

pump, described as a screw or spiral pump, appears in 'The 

Cyclopaedia"3 and "A Descriptive and Historical Account of 

Hydraulic and Other Machines for Raising Water."4 Both refer

ences attribute the invention of this pump circa 17 46 to Andrew 

Wirtz, a Zurich pewterer. 

Alan E. Belcher invented a similar pump in 1972 which 

applied the same principles of operation. Neither Belcher-nor, 

for that matter, the United Kingdom Patent Office--discovered 

the evidence of Wirtz's work and U.K. Patent #1427723 was 

subsequently granted in 1976. Belcher did not learn of the 

existence of the Wirtz pump until December 1985 after ex

changing correspondence with Alan Stuckey, a retired re

searcher formerly with the University of Salford and co-author 

of the paper 'The Stream-powered Manometric Pump."5 An 

unpublished paper by Belcher, circulated to selected individuals 

in early 1973, described the principles of operation of the 

hydrostatic pump, as it was known at that time. This document 

inspired the major portion of a dissertation submitted by 

Dr. Rudolf E. Ohlemutz6 towards his doctoral degree in en

gineering. The dissertation was published in May 1975. 

Belcher's paper also served as a basis for Stuckey's paper 'The 

Stream-powered Manometric Pump."7 In 1979, Dr. Peter R. 

Morgan invented a pump closely resembling the original Wirtz 

pump and published his fmdings under the title "A New Water 

Pump: Spiral Tube."8 Dr. Morgan had no knowledge of the 

prior inventions of Wirtz and Belcher and, as mentioned in his 

frrst publication, his "searches through the relevant literature 

failed to reveal a similar arrangement." 
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As far as can be ascertained, the research work and practical 

applications undertaken by others since 19729
•
10

•
11

•
12.13 

derived from these three inventions. All these efforts were 

based on the simple type of manometric pump. (The term 

"simple" is taken here to mean a manometric pump comprised 

of one or more coils operating in parallel which deliver alternate 

amounts of water and air, i.e., there is no provision for extract

ing and recovering the energy from the unwanted fluid.) 

The pumps of Wirtz, Belcher and Morgan apply the same 

principle of operation, but the latter two embody improvements 

over Wirtz's original invention. Dr. Morgan's version makes 

use of light-weight modem materials and uses a tubular water 

collector which is probably more effective than the "spoon" 

collector described in the earliest literature. Belcher's pump 

differs most from the other two. In this case the pump is sub

stantially submerged in the fluid to be pumped and buoyancy 

chambers are provided to make the unit essentially self-support

ing to relieve excessive bearing loads. The ratio of water to air 

is controlled by the depth of submergence and the need for a 

special water collector is eliminated entirely. From the publish

ed literature examined to date, it appears that Belcher, realizing 

the pump's potential for handling large quantities of fluid, has 

been the only researcher to develop the use of helical conduits 

of rectangular cross-section for the cylindrical version of pump, 

in place of the more commonly used tubes or pipes. However, 

the use of rectangular conduits is not new; it was first suggested 

in the originalliterature14 and later applied by Dr. Ohlemutz.15 

Belcher also pursued theories and assumptions supporting the 

presence of torque, which, according to the laws of physics, had 

to be produced by the head of water being pumped. 

In 1974, Belcher, with the help of Dr. Alan Mayne, dis

covered that the cross-sectional area of two independent coils of 

different diameter could be precisely matched by a simple 

geometric formula. While Belcher was working on the develop

ment of mathematical equations to accurately predict the torque 

resulting from a given head and helical coil configuration, 

evidence came to light of the ring balance manometer, a device 

used for measuring small differential pressures.16 The equations 

associated with this instrument gave Belcher the sought-after 

mathematical proof as well as the means for computing torque 

in relation to discharge head or pressure. The results of the fmal 

equations correlate closely and consistently with the standard 

pump formula 
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FlowxHead 
Brake Horsepower= -------

8.81 x Efficiency 

THE U-TUBE MANOMETER 

The U-tube manometer is a basic instrument used for 

measuring pressure. In its most common form, the U-tube 

manometer consists of a transparent tube formed into a U and 

partially filled with a sealing liquid, usually water or mercury 

(Fig. la). To measure the pressure of a fluid it is necessary to 

know the specific weight of the sealing liquid. One of the 

vertical limbs of the U-tube is connected to the fluid to be 

measured, while the other remains open to the atmosphere. Any 

pressure difference between the fluid and local atmospheric 

pressure will cause the sealing liquid to be displaced from the 

source of highest pressure until hydrostatic equilibrium is 

reached. The pressure sustaining the displacement is the 

product of the difference in the level of the sealing liquid in 

each limb of the U-tube (the hydrostatic column or head) and 

the specific weight of the sealing liquid. This is represented by 

the following equation where y symbolizes the specific weight 

of the sealing liquid, h is the vertical distance between the 

levels of sealing liquid in the two limbs of the U-tube, and p is 

the pressure 

p=yh (1) 

If both limbs of the U-tube are connected to fluids, the 

instrument will indicate the pressure difference existing be

tween the two fluids. If two or more U -tubes are connected in 

series (Fig. lb), and providing that the communicating fluid 

between each is of less specific weight than the sealing liq

uid, then pressure applied across the U-tubes will equal the 

algebraic sum of the hydrostatic columns or heads in each of 

the U-tubes multiplied by the specific weight of the sealing 

liquid. 18 Equation 1 can be expanded as follows 

p = yhl + yh2 + yh3 + ... + yhn (2) 

or substituting from equation 1 

P = Pl + .P2 + P3 + ··· + Pn (3) 

Factors affecting accuracy are atmospheric pressure, when 

the open limb type of manometer is used, and the compres

sibility factor of the sealing fluid. However, it is interesting to 

note that the compressibility factor of the communicating fluid, 

which can be relatively high when this is a gas, has no effect 
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whatsoever on the readings of the instrument. In the case of two 

or more U-tubes, this will merely cause a redistribution of the 

hydrostatic columns in each U-tube, but their algebraic sum will 

remain the same. Another important point is that the quantity of 

sealing liquid does not influence the pressure measured.I9 The 

only requirement is that there be enough liquid to maintain a 

seal at the bottom of the U under the maximum pressure an

ticipated without overflow occurring from either vertical limb. 

However, the U-tube manometer need not follow the usual 

pattern of having two vertical limbs; the tube can also be formed 

into a ring or annulus, and it will still obey the laws of hydros

tatics as described above. 

THE RING BALANCE MANOMETER 

The ring balance manometer instrument is used for measur

ing small differential pressures. Although somewhat obscure in Figure 1. U-tube manometer. 

this country, it is better known in Europe and, judg

ing from available literature, was probably developed 

~---------------------------------------. 

in Germany at the beginning of this century. 

The instrument is essentially a variant of the U

tube manometezl0 in which the U-tube is formed into 

a ring, partitioned at the top and having a flexible 

hermetic connection at each side of the seal (Fig. 2). 

As in the basic manometer, the tube is partially filled 

with a sealing liquid of known specific weight. How

ever, the annular tube is pivoted at its center so it is 

free to rotate through a vertical plane. A weight of 

known mass is attached to the tube or its supporting 

frame at a point diametrically opposed to the parti

tion. When a pressure difference is applied across the 

annular tube, the sealing liquid will be displaced 

from the source of higher pressure, just as in a con

ventional U-tube manometer; however, the mass of 

the displaced liquid will also produce a turning mo

Ring balanced on 
knife-edge at 

center 

p
1 

(high pressure) 

~ p
2 

(low pressure) 

Partition 

Scale 

ment, causing the annular tube to rotate about its Sea 1 i ng 1 i quid 
L---------------------------------------~ pivot. This, in turn, moves the weight off the vertical Figure 2. Ring balance manometer. 

line of the pivot to produce an opposing turning mo-

ment, until a point is reached where both moments balance. The 

pressure applied then becomes a function of the degree of 

rotation and can be read directly from an appropriate scale. 

In the following equations, the pressure is found from equa

tions 1, 2 and 3. In these equations, PI represents the high 

pressure, P2 the low pressure, A the cross-sectional area of the 

tube, ri the mean radius of the ring, m the mass attached to the 
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bottom of the ring, .rz the radius of the point of application of 

the mass, e the angle of rotation, and g is the acceleration 

constant of gravity. 

The rotating moment is 

rotating moment= (PI - P2)Ari (4) 

the restoring moment is 

restoring moment= mg.rz sin e (5) 
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therefore 

(Pl - P2)Arl = mgn sine (6) 

or 

mgn 
Pl- P2= -- sine (7) 

Arl 

It is evident from the foregoing that the differential pressure 

applied to the ring balance is proportional to the angle of rota

tion, i.e., the angle of rotation is a measure of the pressure 

difference across the instrument. As in the case of the basic 

U-tube manometer, the quantity of sealing liquid has no effect 

on the turning moment produced. This fact is particularly im

portant when considering the operation of the manometric 

pump. It is also important to realize that the turning moment 

depends exclusively on the pressure difference displacing the 

sealing liquid to one side of the pivot, while the product of this 

pressure difference and the surface area of the partition makes 

absolutely no contribution to the turning moment These two 

fundamental facts, though perhaps obscure and confusing, are 

key concepts which must be clearly understood and grasped 

before one can begin to comprehend the underlying principles 

of the manometric pump. 

BASIC PRINCIPLES OF OPERATION 

The manometric pump combines the basic principles of the 

multiple U-tube manometer and the principles underlying the 

ring balance manometer to create, in effect, a multiple ring 

balance manometer. In turn, this can be thought of as being 

superimposed on the principle of the Archimedean screw. The 

basic manometric pump consists of a helical conduit of rectan

gular cross-section or a cylindrically wound hose (Fig. 3). One 

end of the conduit is connected, via a header or radial pipe, to a 

discharge pipe coincident with the axis of rotation of the 

cylindrical coil. The opposite end of the coil is open to the 

atmosphere. An optional rotary joint is provided to allow the 

cylindrical coil to rotate independently of the discharge pipe. 

However, if the cylindrical coil and discharge pipe are inclined, 

the latter can rotate together with the coil and the rotary joint 

can be dispensed. 

The cylindrical coil is immersed in water to a depth of 30 to 

70 percent its diameter, in a horizontal position or inclined at up 

to 45 degrees of horizontal. In the latter case it is only the frrst 

turn of the coil-the one having the end open to the atmos-
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1. Support S.Intake 
2. Hollow Shaft 6. Coiled Conduit 
3. Bearings 7. Conduit Outlet 
4. Blanked-off End 8. Radial Pipe 

Figun 3. Simple manometric pump. 

9. Rotary Joint 
10. Discharge Pipe 
11. Means for 

Rotating Pump 

phere-which must be immersed to the required depth. 

Whether the remainder of the coil becomes completely im

mersed or rises above the surface of the water is immaterial to 

the operation of the pump. As the cylindrical coil is rotated, 

water flows by gravity into the open end of the conduit as it 

submerges. Further rotation causes the open end to emerge from 

the water, trapping water within the conduit Still further rota

tion, provided it is in the appropriate direction, repeats the 

process and a segment of water remains trapped within each 

successive turn of the helical conduit. This creates, in effect, a 

system of series-connected U-tube manometers capable of op

posing a pressure or head equal to the algebraic sum of the 

hydrostatic columns produced by the displacement of water 

within each turn of the cylindrical coil. Equations 1 through 3 

describe the hydrostatic processes involved. The maximum 

achievable head is approximately determined by the internal 

diameter of the cylindrical coil multiplied by the number of 

turns in the coil, multiplied by the cosine of the angle of inclina

tion. Continued rotation of the cylindrical coil causes alternate 

segments of water and air to be forced from the last helix turn, 

through the header or radial pipe, and into the discharge pipe. At 

this point the successive segments of air and water can no 

longer act as U-tube manometers, but each time an effective 

manometer is lost as it moves into the discharge pipe, a new 

manometer is formed in the frrst turn of the helical coil. This 
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action maintains in existence a constant number of U-tube 

manometers. 

Since the water in each turn is displaced from the source of 

pressure there is, therefore, a mass of water permanently dis

placed to one side of the axis of rotation, producing a turning 

moment under the effect of gravity. In the case of the pump this 

turning moment constitutes the mechanical load of the pump. 

During normal operation the only movement of the water con

tained within the coiled conduit is axial, or radial in the case of 

the spiral or scroll versions of pump. The water does not really 

flow through the helical conduit, but rather the conduit moves 

through the stationary water. 

ROTARY SCROLL COLLECTOR 

»The rotary scroll collector (see cross-section in Fig. 4) is 

essentially a spiral version of the manometric pump, but having 

only 1. 75 turns of conduit. For certain duties, particularly in the 

case of large scrolls intended for offshore skimmers, it will 

probably be necessary to increase this to 2.75 turns to enable the 

scroll to oppose higher back pressures. (The various causes of 

excessive back pressure are explained later.) At the midpoint 

along its length the scroll will have a blind 

bulkhead which effectively divides the 

scroll into a right- and left-hand collector 

discharging respectively into right- and left

hand oil/water gravity separators. The 

spiral conduit of each of these two 

manometric pumps is then further divided 

along its width by a number of vertical par

titions extending along the entire length of 

the spiral to the point of discharge into the 

central tunnel. These partitions serve three 

purposes: adding structural strength; limit

ing the length of debris that can be ingested; 

and acting as baffles to limit longitudinal 

surges induced by vessel roll. There is one 

more benefit, discussed more fully in the 

section "Effects of Wave Action," which is 

gained from the partitioning of the spiral 

conduit. 

The rotary joints supporting the scroll 

structure at each end must be capable of 

withstanding high radial loads. A certain 

amount of self-alignment must also be anticipated. These re

quirements would suggest the use of a peripheral train of sup

port rollers engaging an external annular track attached to the 

central tunnel where this emerges at each end of the scroll 

structure. The arrangement would be similar to that adopted for 

supporting rotary kilns. However, since the rollers would 

operate submerged in seawater, they would have to be similar to 

the Cutlass-style bearings commonly used in marine engineer

ing. Sealing of the rotary joint would be achieved by means of 

plain wiper-type seals. Although this method would lead to a 

small amount of leakage of pollutant, the use of hermetic seals 

for these large diameters would undoubtedly lead to main

tenance difficulties and premature failure. 

Now it will be easier to transfer the concepts described 

earlier under "Basic Principles of Operation" to the structure 

described above which is, in effect, a number of spiral 

manometric pumps operating in parallel. The maximum 

delivery head of a single-tum pump will equal the diameter of 

the central tunnel plus twice the plate thickness. For the two

turn version the delivery head will increase by the outer 

diameter of the single-tum version. Assuming that a second turn 

has been added to a 6 foot (ft) diameter single-tum collector, the 

Direction 4------ of travel 

Fig11re 4. Cross-section thro11gh rolllry scroU. 
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resulting head would be 9. 7 ft, a substantial increase over the 

the original single-tum unit's 3.7 ft. 

Following the path of the fluids, alternate segments of water 

and air enter at the intake-the longitudinal opening extending 

the full length at the outer periphery of the structure-to form a 

U-tube manometer in the first turn of the spiral. As rotation 

continues, each segment of water and air is moved toward the 

center of the structure by the screw action of the spiral. As each 

segment of water and air discharges into the central tunnel, a 

new U -tube manometer has formed to maintain in existence a 

number of U-tubes which corresponds to the number of turns in 

the spiral. The delivery head at the point of discharge into the 

central tunnel constitutes the velocity head imparted to the 

liquid, causing it to flow toward the ends of the scroll structure, 

through the rotary joints, and into the oil/water gravitational 

separators. At this point the liquids have not been subjected to 

undue turbulence or agitation, so they are delivered to the 

separators in strata clearly defined by their fluid interfaces. This 

greatly reduces the settling time required and the separators 

would serve more as oil concentrators, even though they would 

still have the normal complement of vertical and horizontal 

damping baffles. 

FLOW RATES AND CAPACITIES 

The volumetric throughput of the rotary collector is usually 

greater than for an equivalent manometric pump of similar 

dimensions consisting of a helical conduit. In the 6 ft diameter 

example cited above, assuming the unit to have an effective 

collector length of 12ft, then, at a rotational speed of 36 rota

tions per minute (rpm) and at a pumping efficiency of 40 per

cent, the collector would deliver approximately 28,306 gallons 

per minute (gpm) to a head of 3.7 ft and require an input of 

67 horsepower (HP). Increasing the head to 9.7 ft would in

crease the power demand to 174 HP. Clearly, at this relatively 

low speed of 36 rpm, the torques involved are quite consider

able, and the final drive to the rotary scroll would have to be of 

robust construction. 

The intake opening width of 1.15 ft multiplied by 36 rpm 

gives a forward speed of 0.4085 knots (lets) before a build-up 

head can occur at the leading surface of the scroll. Under 

favorable spill conditions, the forward speed of the skimmer 

could be increased 9.8 times to attain the specified maximum 

skimming speed of 4 kts. It is possible to calculate from this the 

total surface area cleaned per minute, by multiplying the for-
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ward distance travelled by the skimming width. Assuming a 

maximum oil slick thickness of 0.3 inches (in), the flow rate of 

recovered oil would be 910 gpm while skimming at 4 kts. On 

the other hand, a spill presenting a dark brown appearance 

(representing an oil concentration of 1,332 gallons per square 

mile) would result in a maximum flow rate in the order of 

0.2324 gpm at 4 kts skimming speed. These rotational and 

forward speeds are somewhat conservative and could 

probably be increased within reasonable limits to improve 

the performance of the collector. However, such increases 

would bring the speeds close to the absolute limits of these 

parameters, and would therefore be be better determined by 

practical experiment.« 

EFFECTS OF WAVE ACTION 

The manometric pump is a gravitational machine and is 

normally considered suitable for stationary applications only. 

The sole exception is the rotary scroll collector. However, sub

jecting the machine to vessel movements of pitch and roll, such 

as would occur in the case of larger offshore skimmers, does 

pose significant design challenges. Some of these are now dis

cussed in more detail. 

The adverse effects of sea chop, swells and waves for sub

stantially long periods, will be negligible providing the maxi

mum wave height remains within approximately one-half the 

diameter of the scroll. Vessel pitch, causing wide variations of 

scroll submergence, would lead to the sporadic breakdown of 

the U-tube manometer in the scroll which, in turn, would allow 

the reflux of water and pollutant from within the scroll. How

ever, the sealing effect of the U-tube manometer will be fully 

restored upon completion of the next full revolution of the 

scroll. Since any material lost in this manner will be ejected in 

front of the scroll it will be immediately picked up again, thus 

the adverse effects are mostly self-correcting. The effects of 

vessel pitch can be reduced by locating the axis of the scroll as 

close as possible to the centroid of the vessel so that the pivotal 

point of the pitching motion of the latter will tend to coincide 

with the axis of the scroll. 

Vessel roll, on the other hand, can adversely affect the per

formance of the scroll. The central tunnel has to provide for the 

unobstructed longitudinal flow of liquids and therefore cannot 

be provided with baffles. This renders the scroll collector par

ticularly vulnerable to movements which can set up internal 

TilE NORTIIERN ENGINEER, VOL. 22, NO. 1 



surges or waves within the tunnel. 

The condition would be ag

gravated if primary waves collided 

with secondary waves reflected 

from the central blind bulkhead. 

The net effect would be the crea

tion of a local high pressure zone 

which could far exceed the maxi

mum delivery head. The vertical 

partitions referred to in the section 

"Rotary Scroll Collector" help 

mitigate the problem by restricting 

the effects of the high pressure 

zone to one or, at most, two of the 

spiral conduits. The U-tube 

manometers formed would un

doubtedly break down, but the 

breakdown and recovery would 

follow the same pattern as 

described in the preceding para-

graph. Figure 5. Artist's rendering of prototype roft.uy scroU sldmmer. 

As far as flotation charac-

teristics are concerned, the rotary scroll is essentially a positive 

feedback system. In other words, the more water it ingests, the 

more it loses buoyancy, resulting in the ingestion of even 

greater amounts of water. The only way this inherent charac

teristic can be kept within safe limits is to ensure that the 

buoyancy of the supporting vessel is appreciably greater than 

that of the rotary scroll. Stated another way, the change from a 

completely empty scroll to a fully flooded one must have a 

minimum effect on the amount of water drawn by the vessel. 

Finally, the variations in delivery head due to the sea condi

tions described will translate into wide fluctuation of torque 

applied to the fmal drive powering the rotary scroll. This high

lights yet again the need for a very rugged and over-engineered 

transmission and final drive unit. However, most of the 

problems described do not affect the smaller skimmers designed 

to operate in relatively calm waters where the rotary collector 

would behave very much as a stationary unit. 

CONCLUSIONS 

The manometric pump, in its coiled pipe form, performs 

very well. There are a number of working examples at various 

sites in Africa and one at the Windfarm Museum on Martha's 
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Vineyard which attest to this fact. The performance of 

laboratory models of the scroll has been impressive. A full-scale 

example of the rotary scroll has not yet been built. but in view 

of the foregoing discussion, there is every reason to expect the 

machine would meet its performance criteria in every respect. 

Figure 5 is an artist's rendering of the prototype skimmer. 

The anticipated performance characteristics and figures far 

exceed those of comparable skimmers of any existing type_21 

Perhaps the one exception here is that of the submerged plane 

skimmer tested at the OHMSETT facility. This skimmer comes 

close to the capabilities offered by the rotary scroll collector, 

and it is interesting, and perhaps very significant, that it uses 

oil/water gravitational separators closely resembling those 

proposed for use with the rotary scroll collector. There can be 

no doubt that a bright future awaits this simple and effective 

technology. 
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BACK OF THE BOOK 

• CONFERENCES 
June 11-15, 1990--International Con
ference on the Role of the Polar Regions 
in Global Change-Fairbanks, Alaska, 
USA. 

The goal of the conference is to define and 
smnmarize the state of knowledge on the role 
of the polar regions in global change, and to 
identify gaps in our knowledge. To this pur
pose, experts in a wide variety of relevant dis
ciplines are invited to present papers and hold 
workshop discussions. For more information 
contact Cindy Wilson, Conference Coor
dinator, Geophysical Institute, University of 
Alaska Fairbanks, Fairbanks, Alaska 99775; 
Telephone: (907)474-7954. 

June 21-22, 1990--ASTM Symposium 
on Mapping and Geographic Informa
tion Systems-San Francisco, California, 
USA. 

Maps, remote sensing and geographic infor
mation systems have become increasingly im
portant in providing essential data for solving 
problems related to all types of construction, 
waste management, ground water contamina
tion, water resources management, minerals 
exploration, land use, and transportation rout
ing. The purpose of this symposium is to bring 
together engineers and scientists to exchange 
experiences; discuss potential standardizations 
for maps, remote sensing and geographic in
fomation systems; promote the transfer of in
fomation between producers and users; and 
educate attendees who may be considering 
using maps, remote sensing or geographic in
formation systems for the frrst time. For more 
information contact A. Ivan Johnson, Sym
posium Chairman, A. Ivan Johnson, Inc., 7474 
Upham Court, Arvada, CO 80003; Telephone: 
(303 )425-5610. 

July 16-18, 1990--FITATinternational 
Symposium on Composite Materials 
with Textile Reinforcement for Use in 
Building Construction and Related Ap
plications-Lyon, France. 

For information contact Organizing 
Secretariat, Package, 45, rue Sainte
Genevieve 69006, Lyon, France; Telephone: 
78 241806. 

October 3-5, 1990-12th Canadian 
Waste Management Conference-
St. John's, Newfoundland, Canada. 

"Is 'NIMBY' A Solution? 
Let's Work Together" 

This national conference is designed to pro
vide a forum for the exchange of social, scien
tific and technical viewpoints related to the 
management of solid and hazardous waste. The 
1990 conference will afford scientists, en
gineers, technicians, plant operators, managers, 
students, municipal leaders, and the general 
public to meet and discuss one of the most 
complex waste management issues facing 
society today. For more information contact 
Susan Clara, Technology Development and 
Technical Services, Environment Canada, 351 
St. Joseph Boulevard, Ottawa, Ontario, K1A 
OH3, Canada. 

• CALLFORPAPERS 
Third International Symposium on 

Cold Regions Heat Transfer-June 12-
14, 1991-Fairbanks, Alaska, USA. 

The overall purpose of this symposium is to 
bring together researchers and engineers from 
all over the world who are active in the area of 
cold regions heat transfer and thermal en
gineering. The symposium will serve as a 
forum for the exchange of ideas and experience 
in cold regions heat transfer research, as a 
means to encourage the cooperation and 
stimulation of future research, and to allow in
ternational fellowship to occur and friendships 
to be made. The forum will provide an environ
ment for the review and dissemination of 
recent scientific and technical information re
lated to all aspects of heat transfer in cold 
climates. 

Although the symposium will cover all areas 
of heat transfer and thermal engineering in cold 
climates, five subject areas have been iden
tified as high priority: phase change in porous 
media; icing phenomena and frost formation; 
heat transfer in structures; mechanical systems 
for cold climates; and ground freezing and 
thawing. Three copies of a 400 (approximate) 
word abstract are due by October 15, 1990. For 
more information contact Dr. John P. Zarling, 
Professor of Mechanical Engineering, 539 
Duckering Building, University of Alaska Fair
banks, Fairbanks, Alaska 99775-0660; 
Telephone: (907)474-7775. 
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Asian Conference on Recent Advan
ces in Jetting Technology-May 9-10, 
1991-Singapore. 

Jetting Techniques using air and water have 
been successfully used to solve problems of 
cleaning and descaling. With the recent advan
ces that have been made in the technology and 
the introduction and use of abrasive medium, 
jetting technology has extended into cutting of 
hard materials in difficult and hazardous en
vironments. The topics covered in the con
ference will include: 

• Cold Cutting 

• Cleaning and Descaling 

• Mining and Tunnelling 
• Civil Engineering and Construction 
• Repairs and Demolition of Buildings 
• Nuclear 
• Offshore 

• Medical and Surgery 
• Manufacturing 
• Other Industrial Applications 

Authors are invited to submit titles and 
abstracts (about 200-250 words) appropriate to 
the subject and scope of the conference. 
Abstracts must be received by October 31, 
1990. Accepted papers must be submitted in 
English. Authors will be expected to attend the 
conference to present their papers, if the author 
is unable to attend a co-author may deliver the 
paper. Authors and co-authors will receive a 10 
percent reduction in registration fees. For more 
information contact Secretariat, CI-Premier 
Pte Ltd., 150 Orchard Road #07-14, Orchard 
Plaza, Singapore; Telephone: 7332922. 

• PUBLICATIONS 
A newsletter dealing with Environ

mental Law in New York has recently 
begun publication. The 16-page newslet
ter contains analytical articles about en
vironmental regulations, statutes, and 
other developments in laws applicable to 
such areas as hazardous waste, oil pollu
tion, clean air, and asbestos. For subscrip
tion information, or to receive a free 
sample copy, contactBerle, Kass & Case, 
45 Rockefeller Plaza, New York, NY 
10111, USA.+ 
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