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ABSTRACT

In the discontinuous permafrost regions of Alaska it is not always
possible to route roads over non-permafrost ground. For areas like these,
highway engineers face a tremendous design challenge in attempting to
provide a stable roadway base. Several active and passive systems have been
used in the past to protect the underlying permafrost from thermal
degradation. In Alaska, small diameter corrugated metal pipes (culverts)
have been placed in the fill material covering the underlying permafrost.
Both ends of the culverts are brought to the surface with one end having a
long vertical section attached to serve as a stack. Cold air enters the
lower end of the culvert, flows through the horizontal section under the
roadway cooling the ground (warming the air) and then exits through the
vertical stack at the other end of the culvert. Flow is established by the
stack or chimney effect, i.e. the warm air is forced up and out of the
vertical stack by the heavier surrounding ambient cold air., This report
presents the results of both an experimental and analytical research
program undertaken to develop design criteria for air duct systems. An
experimental duct was assembied and instrumented to determine the
relationship between air flow rates and temperature difference, heat
transfer rate, air duct length, stack height, etc. A finite element
computer model has also been used to investigate the placement of the air
duct under the roadway. Optimum design of an air duct system would allow
sufficient winter cooling of the ground so that degfadation of the
underlying permafrost would not occur during the summer thawing season.
Temperature contours resulting from the finite element simulations showing
the effects of air duct placement on the thermal regime are presented. From
the information presented in this report, the design engineer should find
it easier to design air duct systems for roadway stabilization in
permafrost areas.
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Introduction

The existence of permafrost in northern Canada and Alaska has
required that‘those involved in the design of roadways pay special atten-
tion to the thermal regime of the ground. In the past, many highway
projects have employed varying thicknesses of gravel fill, or in some cases
plastic foam board type insulation with gravel fill to thermally protect
the underlying frozen ground. However, even if these measures are applied
some thawing of the permafrost still occurs, especially in the
discontinuous permafrost regions. Depending upon the subsoil type and ice
content, this thawing can result in differential settlement leading to
costly annual highway maintenance.

The purpose of using gravel fill or using insulation with gravel
fill is to maintain the active layer within the non-frost-susceptible fill
material. Generally, the thickness of the fill required to thermally
protect the underlying permafrost increases as the mean annual soil surface
temperature approaches 0°C. The thickness of the fill can be reduced by the
use of foam plastic board insulation. However, in discontinuous permafrost
zones, this solution may still be cost prohibitive due to the large thick-
nesses required.

Another common roadway embankment failure in warm permafrost is
embankment rotation due to thaw settlement. Even though the embankment's
thickness may be sufficient to maintain the permafrost under the
snow-cleared roadway, the smaller thickness of gravel in the sideslopes
causes this region to experience deeper thawing and continuing thermal
degradation of the original permafrost. This degradation can be further
accentuated by the sideslopes being insulated with snow, preventing full
refreezing during the winter leaving a talik. The thaw settlement which
results due to these effects usually shows up as lateral cracking on the
wear surface of the roadway, Fig. 1. Typical average annual road surface
temperatures are about 32°F while sideslope surface temperatures range from
35° to 40°F.

A potential solution to this problem is the use of ventilated air
ducts placed in berm at the toe of the road, Fig. 2. Air duct systems have
also been used to stabilize foundations under buildings and tanks, Sanger
(1969) and Nixon (1978). These ducts are usually .25 m to .5 m diameter
corrugated metal pipe (culvert) with a short sloping or vertical inlet

1



Figure 1: Thaw settlement resulting in lateral cracking.
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Figure 2: Air duct system.



section leading to a long horizontal section placed in the problem zone
connected to a vertical outlet section or stack. Cold air flows in the
inlet, is heated by the ground surrounding the buried horizontal section
and then flows out the vertical stack. Flow in the duct system is main-
tained by the "chimney" or "stack" effect. The less dense warm air in the
vertical outlet stack is buoyed upward by the surrounding cold ambient air,
establishing flow. Flow is maintained as long as the air is heated by the
ground, i.e. the ground temperature exceeds the ambient air temperature.
During the summer when the ambient air temperature is higher than the
ground temperature, flow ceases as the cold air now inside the culvert
remains trapped because of its greater density. So, theoretically, the air
duct ventilation system is a totally passive device, extracting thermal
energy from the ground during the winter accelerating the freeze-back time
and then becoming dormant or inoperative during the summer months when
thawing from the surface occurs. Wintertime winds will increase the cooling
effect (by increased air flow) especially if the inlet and outlet sections
have been designed to take advantage of the prevailing wind direction.
However, summertime winds can have a detrimental effect if they are allowed
to cause flow through the buried ducts. '

The remainder of this report will discuss an analytical and experi-
mental effort carried out to investigated the parameters that affect the
performance of air duct systems. The hope is that this information will
assist the design engineer in optimizing the configuration of these air
duct systems. A design méthodology is also presented as guidance so the
engineer faced with evaluating the potential air duct system as a measure
to overcome a potentially sensitive thermal area.



Analysis

A schematic diagram of an air duct system is shown in Fig. 3.
The static pressure difference, APS, created by the stack effect, ASHRAE

(1981) is:

1]

p. P ghP L
= g(p.-0_)h = o — 2 el 1

oPg = 9loympgdh = oh { g — T AT, T

0

where Ti and T0 are the 1inlet and outlet temperatures, Pa is local
atmospheric pressure, and h is the stack height.

If no heating occurs in the inlet section and no cooling occurs in the
outlet section, then h in Fig. 3 becomes the effective stack height and APS
can be calculated using equation [1]. This equation shows that a larger
temperature difference between the cold and warm air or a longer (taller)
stack will increase the stack effect pressure difference resulting in
greater air flow. The stack effect pressure difference is balanced by the
sum of the velocity pressure Pv and the frictional pressure 10ss APf.

AP, = P, + APg. - f2]
The velocity pressure is
P, = pV2/2 [3]

and the friction pressure drop APf is:

AP = pfL V2/2D [4]

The Darcy-Weisbach friction factor, f, in the equation above is determined
based on the Reynolds number of the flow within the duct and the relative
roughness of the duct. Substituting equations [1], (3], and [4] into
equation [2] and rearranging yields an expression for the average air speed
in the duct.

V= J4gh/(1+fLé‘/D) [(76-TT)/(T8+7T)] [5]
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Figure 3: Elevation view of duct.



However, to calculate the duct air speed using equation [5], the friction
factor must. be known, but the friction factor requires that the Reynolds
(ajr speed) number be specified. Therefore, an iterative method of solution
is necessary. It is recommended that a trial value of the friction factor
of .08 be used to arrive at a first approximation to the velocity. An
improved value of the friction factor can be determined from Fig. 4 once
the Reynolds number has been calculated. This iterative process is
continued until the desired accuracy is achieved.

If an annular ring of frozen ground of radius R exists around the
buried air duct, then the quasi-steady state heat transfer rate to the air
flowing through the duct is:

(Te - Ty) 63
Q = 1, In (28/D)
thrDJI, 2wk

The heat transfer rate given above is set equal to the thermal energy
liberated in the freezing process

Q, = 2nRL2dR [7]
at

Equating equations [6] and [7], rearranging and integrating, yields the
following relationship:

F.1. = L{[Rz'én/z)z] ( ﬁCD -1 )+ —R (2R/D)} 8]

where F.I. is the freezing index.

This sclution neglects the sensible energy changes in the ground and
as a result will over-predict the size of the frozen annulus for a given
F.I. An improved approximation for the freeze radius that accounts for the
non-steady temperature distribution and specific heat effects is given by
Harlan (1978} as

R' = R(1-.125te)? [9]
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where R 1is the initial approximation for freeze radius given by egquation
[8] and R' 1is the solution of increased accuracy. Ste is the Stefan number
defined as the ratio of sensible to latent heat or:

Ste = C(Tf-Ta)/L [10]

where C is the volumetric specific heat and (Tf-T ) is freezing temperature

minus the average air temperature in the duct.

a

Field Installation

In 1973 a research project was initiated under the Highway Planning
and Research Program of the Federal Highway Administration to study the
benefits of several alternate embankment designs in controlling permafrost
thaw under embankment siopes. Insulation, toe berms and air duct sections
were installed in 1974 as part of the Parks Highway construction project at
Bonanza Creek, approximately 40 kilometers west of Fairbanks.

The roadway embankment was constructed over undisturbed muskeg,
underlain by idce-rich silt containing segregated ice. The permafrost
temperature was measured to be between -3°C and -1°C. Twenty centimeter
diameter galvanized corrugated metal pipe ducts were installed. The inlet
ends were placed above the maximum snow cover. The 15 to 30 meter long
buried sections were sloped slightly upward toward the 3 meter stack. The
conclusions of this study were reported by Esch (1978). Table 1 summarizes
the effects of the various treatments.

Table 1 - Maximum Thaw Depths (cm) at Vertical Thermocouple Strings
2.5 meters inside of Normal Embankment Toe, Esch (1978).

_ EMBANKMENT DESIGN
Section Type 1974 1975 1976 1977

Normal Embankment 6 cm -15 cm -120 cm -123 cm
Toe Insulated Embankment -6 =24 - 90 -109
3 m Wide Berm -12 -27 - 75 - 84
& m Wide Berm +12 -12 - 45 - 54
6 m Berm & Air Ducts +24 + 3 - 36 - 51
Insulated 6 m Berm +66 +57 + 39 + 21
Insulated Berm & Air Ducts +76 +63 + 51 + 39



Air ducts din combination with insulation proved to provide maximum
protection against thaw. Air ducts without insulation provided
significantly less protection. However, after studying the temperatures
along the duct, Esch concluded that the ducts were too long to provide
sufficient cooling over their entire length. This claim is substantiated by
Fig. 5. As the air flows toward the outlet end, its temperature approaches
the ground temperature. Near the outlet of the duct, the temperature
differential 1is quite small resulting in negligible cooling of the
surrounding soil. It appears that this duct should have been at least 10
meters shorter,

The heat flow per unit length to this duct can be estimated using
the Fourfer's Law for radial heat flow, or

Ve = o~ N4 SEY

* Tn (2R7D)7Z

The soil density at the site is approximately 1600 kg/m® with a 15%
moisture content by weight and a thermal conductivity of 1.5 W/m °C. Using
the pipe radius, D/2, as 0.10 m (thermal couple string No. 1) and the outer
soil radius, R, of 0.40 m {thermal couple string No. 2), the heat flow per
unit Tlength at any point along the duct can then be calculated using
equation [11]. The heat transfer rate along the pipe for January 1980 is
plotted in Fig. 6. The total energy transferred can be calculated by
integrating the heat transfer rate per unit length over the entire length
of air duct or, -
Q. =/ (Q/&) dx = 381.1 W

From the First Law of Thermodynamics, the energy transferred to the air
flowing through the duct is

Q= m cpAT [12]

where the mass flow rate, m, in the above equation can be expressed as
m = ApV (13]

Substituting equation [13] into equation [12] and rearranging yields
Vv = Qt/ApcpAT [14]

10
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Figure 6: Heat flow from duct, January 1980.



Using the thermal properties of air at 0°C and the Qt value given above,
yields an air speed in the duct at

V=10.33 m/s

Field measurements have indicated approximate air speed of 0.3 m/s at a
AT of 30°C.

Computer Modeling

The air duct system was modeled on the University of Alaska
Computer Network (UACN) Honeywell Computer using the DOW Chemical
Model, "Finite Element Heat Conduction Program", Wang (1979). The model is
designed to solve a two dimensional heat conduction problem, assuming there
is no temperature gradient in the third direction. Boundary temperatures
may be ejther fixed or time-varying. Each nodal point can be either a heat
source or a heat sink.

The program further assumes that phase change occurs between 0°C and
-1°C. Latent and sensible heats have been combined for this region to yield
an apparent specific heat. (Most fine grained soils exhibit some subcooling
in the freeze-thaw process as well as latent heat being Tiberated over a
temperature range due to unfrozen water content). The thermal conductivity
of the soil can be varied in the x and y directions and was assumed uniform
for the same soil type but varied from layer to layer.

The air duct system placed in the embankment is shown in Fig. 7. The
embankment is comprised of three layers with the duct positioned at the
surface of the original ground. The properties of each layer are indicated
on Fig. 7. A 0.6 meter snow cover was placed on the embankment slopes and
the berm between October 1 and April 15 of each year. The pavement surface
was left bare throughout the year. The surface temperature was modeled by
the cosine function:

T =T, =T, cos (wt - w¢) [15]

S v
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The following values were used;
TS = -3°C, Tv = 20°C, and ¢ = 10 days.

An initial run was made without the duct to determine the thermal effect of
the embankment on the underlying permafrost., As might be expected,
degradation of the permafrost was noted beneath the shoulder and would be
evidenced on the pavement surface as a longitudinal cracking. Additional
runs were made with the air duct using a convective heat transfer
coefficient of 9.7W/m2-°C for the pipe and an air temperature equal to
outdoor ambient. As seen in Fig. 7, the use of the duct raised the 0°C
jsotherm into the embankment, thereby preserving the permafrost.

It should be noted that the computer model provides an upper
bound to the field installation thermal regime. The duct in the model was
larger and placed more effectively under the embankment in comparison to
the Bonanza Creek installation. Ideally, the duct should be placed far
enough under the embankment to prevent the degradation of permafrost -
- peneath the shoulder material. Appendix A contains the isotherms for
several duct placement variations for the months of March and September.

Experimental System

An experimental facility was constructed during 1982 in order to
augment field data obtained at Bonanza Creek. The experimental facility,
Fig. 8, consisted of the air duct, an adjustable electric heating circuit,
and data acquisition system. Helically corrugated metal culvert 30 cm in
diameter (60 c¢m plate and 7 x 1.5 cm corrugations) was used for
construction of the air duct. The horizontal section was 12.5 meters in
length with a one meter vertical inlet section and a vertical outlet stack
of variable length. Heat input was accomplished via copper clad heating
tapes wrapped in the corrugations on the outside of the duct. Three
separate heating circuits spanning the horizontal section of the duct were
employed as shown in Fig. 9. In order to reduce heat transfer directly to
the outside air and to maintain a stable duct temperature, 5 cm of
fiberglass insulation were wrapped around the outside of the horizontal

section covering both the duct and heating coils.

15



Figure 8: View of air duct system used for roadway stabilization.
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Figure 9: Schematic of experimental air duct.



Each of the coils was powered by a "Variac" variable transformer and
monitored by an individual power transducer. This allowed for flexibility
not only in overall heat input but also in the heating profile along the
duct. Thermocouples were used to measure both air temperatures within the
duct, and temperatures of the duct surface. Temperature and heat input data
were collected with a Hewlett-Packard 3054A data acquisition system. The
3054A system- consists of an HP-85 computer which is interfaced to a 3497A
data acquisition/control unit which is in turn interfaced with the power
transducers and temperature probes.

Headloss-flowrate tests were run on a 12.5 m horizontal section of
the 30 cm diameter duct. Pressure drop data at flowrates covering Reynolds
numbers from 7,000 to 30,000 were recorded. Darcy-Weisbach friction factors
were calculated from the data and the results have been plotted in Fig. 4.
Data from tests conducted with water in 30 cm diameter helical culverts by
Silberman (1970) is also shown in this figure. _

A series of thermal performance tests were conducted as outlined in

Table 2.

Table 2 - Experimental Tests--Duct Configurations

No. Stack Heights Duct Configurations
1 2. 1lm no stack insulation, no weather caps
2 3.35m no stack insulation, no weather caps
3 4. 6 m no stack insulation, no weather caps
4 3.35m no stack insulation, weather caps installed
5 3.35m stack insulated, no weather caps

Experiments 1, 2, and 3 investigated the effect of outlet stack
length on duct operation. Experiment 4 concerned the effect of placing
weather caps as seen in Fig. 8 on the inlet and outlet openings, and 5
dealt with insulation on the outlet stack. Each of the experiments was run
for six twenty-four hour periods at different power input Tlevels.
Temperatures and power inputs were scanned and recorded hourly during each
period.

Reduction of the recorded data was accomplished by inspecting it for
periods of stable operation. Usually a stable outside air temperature

18



resulted in stable duct operation although this was not always the case,
particularly during windy weather. In general, one twenty-four hour period
resulted in three or four usable scans.

Analysis proceeded with the calculation of the amount of thermal
energy transferred to the air inside the duct. This was achieved by
subtracting the heat lost through the insulation directly to the outside
air from the total heat input recorded by the data Togger.

Qir = Aot = Yost [16]

A value for the thermal resistance of the insulating layer covering
the heat tapes and duct was obtained by heating the duct with airtight,
insulating covers at the inlet and outlet ends. In this situation all power
input by the heat tapes must escape through the insulation. Consequently, -a
thermal resistance value can be calculated simply by noting the heat input
and the temperature drop across the layer. Once this resistance is known it
is possible to calculate the amount of heat being transferred to the air
flowing through the duct as described above. This value can then be used in
conjunction with iniet and outlet duct air temperatures to calculate the
mass flow rate of duct air, Reynolds number, and the convection heat
transfer coefficient using the equations given below.

m = Qair/cpAT
Re = mD/Au

IA(T4-T.) [17]

hc - Qair

Finally, the experimental results are presented as plots of m versus Qair
and hc versus Reynolds number.

Experimental results presented here were obtained during the fall
and winter of 1982 on the University of Alaska-Fairbanks campus. Outside
air temperatures ranged from -5°C to -43°C. The heating circuits were
adjusted to deliver a uniform heat flux along the entire horizontal section
of the duct. Initial experimentation was hampered by difficulty in
establishing proper air flow in the duct. By introducing a 1.5% slope to
the horizontal section with the outlet at the high end, this problem was

eliminated.
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Results are shown in Figs. 10-12. As expected a taller stack results
in a larger draft head which in turn produces larger mass flow rates, Fig.
10. Figure 11 shows the effect of insulating the outlet stack with 5 c¢cm of
paper faced fiberglass. This figure shows that such insulation has a
detrimental effect on duct operation and is backed-up, at least in part, by
field observations conducted at Bonanza Creek. Figure 12 is a plot of hC
versus Re with data from all five experiments included. Theoretical hC
values calculated using the Reynolds analogy relating fluid friction and
heat transfer were in good agreement with Figure 12. Results obtained for
duct operation with weather caps on the iniet and outlet openings revealed
reductions in mass flow rates of up to 20%. The weather caps used in this
experiment were of the inverted cone type with a 15 cm gap between the cone
and duct opening. This effect will vary depending on the geometry of the
cap installation; therefore results have not been presented graphically.
Finally, stack efficiencies have been calculated by dividing the
theoretical velocity given in [5] by the observed velocities. An average
efficiency of 90% was obtained with a standard deviation of 3.5%.

Originally it was expected that insulating the outlet stack would
improve duct performance by maintaining a higher air temperature in the
stack and thereby increasing the draft head. As mentioned above however,
the opposite was found to be the case. A possible explanation is that when
no insulation is present on the outlet stack the stack itself will have a
relatively low temperature, consequently the air film on the inside surface
will be at a lower temperature and therefore lower viscosity. On the other
hand, with 1insulation on the outside of the stack, a higher surface
temperature results in a more viscous air film on the inside surface of the
stack. Therefore, insulating the stack results in higher frictional losses
in the stack which may be substantial enough to overshadow the increases in
the draft head.

Design Procedure -
A design procedure can be developed based on the information

presented in this paper. If a talik of radius R needs to be frozen back,
then equations [8] and [9] can be wused to determine the required freezing
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index. Figure 12 would be used to choose an appropriate convective heat
transfer coefficient. If this freezing index was less than the air freezing
index for the site Ehen a dual air duct system should be considered. Next,
the maximum permissible temperature leaving the stack can be calculated by
dividing the freezing index from equation [8] by the length of the freezing
season. The total energy removed from the ground can be estimated by
determining the heat transfered in freezing and sensibly cooling a talik of
effective radius R'. The average heat removal rate is found by dividing the
total energy removed by the Tength of the freezing season. Then the average
air speed in the duct can be calculated by equation [14]. The equivalent
length of air duct 1is then calculated using equation [5] with the
appropriate friction factor taken from Figure 4 and the stack height
assumed. Finally, the Tlength of the buried section 1is calculated by
sUbtracting the inlet length, outlet length, and fitting losses from the
equivalent length.

DESIGN CALCULATION METHODOLOGY

The design calculation methodology is presented in English
Engineering Units in the belief that highway engineers still favor this
system.

Step 1

Determine the climatic conditions at the site. The Environmental
Atlas of Alaska, Hartman and Johnson (1978), contains the following

required data:

A.T.I. --- air thawing index, °F-Day
A.F.I. --- air freezing index, °F-Day

Tm --- mean annual air temperature. °F
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Step 2

Determine the soil conditions at the site. The required geotechnical
data is soil types, dry densities and moisture contents. Calculate the
volumetric specific and latent heats of the soils.

—
1]

1.44pr, Btu/Ft3 volumetric latent heat
C, = pD(.18 + .010W), Btu/Ft3-°F volumetric specific heat--thawed

= pD(.18 + .005W), Btu/Ft3-°F volumetric specific heat--frozen

The thermal conductivities of soils based on dry densities and moisture
contents are given in graphical form in Sanger (1963).

Step 3

Estimate the radius of the talik that would be formed in the roadway
embankment without an air duct device. Appendix A contains several thermal
contour plots for different surface conditions that can be used as guidance
in making this estimate. Calculate the freezing index vrequired to
freeze-back this talik using equation [8]. As a first approximation, use a
value of hc equal to 2 Btu/Hr-Ft2-°F, If the required freezing index is
greater than the air freezihg index, consider using two air ducts placed in

parallel.
Step 4

Determine the average air temperature, Tad’ leaving the air duct
based on the required freezing index calculated in Step 3. t]c is the
length of the freezing season based on the air freezing index taken from
Sanger (1963).

AT, = F‘.I./tf

ad

Tad = Te T4
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Step 5

Calculate the average air temperature, Ted’ entering the air duct
based on the site air freezing index and the length of the freezing season,
Sanger {(1963).

ATed = I\.F.I./tf

T

1
—
1
>
—

ed = 'f “'ed

Step 6

Correct the talik radius used in equation [8], step 3 using equation
[9]. Calculate the Stefan number, equation [10], using AT, 4 and AT .

R' = R/(1-.125te)?

Recalculate the required freeze index and mean air temperature leaving the

air duct using R* for R.
Step 7

Calculate the total energy removed from the talik to freeze it back,

Q" = a[R'2 - (D/2)2] Ls

where 2 is the estimated length of the buried portion of the air duct.
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Step 8

Calculate the minimum required average air speed in the air duct

using equation [14]. AT is the average inlet-outlet temperature
difference.
Step 9

Solve equation [5] for the theoretical average air speed in the air
duct based on the equivalent iength of the air duct. The total equivalent
length is calculated by adding the equivalent length of the elbows, the
inlet length and the vertical outlet length to the length of the buried
section. Equation [5] should be corrected with a chimney efficiency factor
of 90% which reduces the air speed calculated by 10%. If the actual average
air speed is less than that calculated in Step 8, either extend the length
of the vertical outlet stack, enlarge the duct diameter, or shorten the
length of the buried horizontal section. '

Step 10
Calculate the Reynolds number of the flow and check the accuracy of

estimated heat transfer coefficient, Figure 9, and Darcy Friction Factor
Figure 2. Redo calculations using improved values of these parameters.

Sample Calculation

A talik 3 feet in radius is to be frozen-back in the Fairbanks,
Alaska area using a 1 foot in diameter corrugated metal pipe air duct. Soil
conditions at the site are silts with a‘dry density of 100 1b/Ft3 and
average moisture contents of 10%.
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Step 1

From the Environmental Atlas of Alaska, the site climatic data are:

A.T.I. = 3,000 °F-days
A.F.I. = 5,500 °F-days
Tm = 25°F

Step 2

The soil thermal properties are:
L = 1.44pD W= 1.44(100)(10) = 1,440 Btu/Ft3

= pD(.18 + .01W) = 100 [(.18 + ,01(10)] = 28 Btu/Ft3-°F

Ct =
Cc = pp(.18 + .005W) = 100 [(.18 + .005(10)] = 23 Btu/Ft3-°F
kp = .6 Btu/Hr-Ft-°F
ke = .6 Btu/Hr-Ft-°F
Step 3

Talik radius given at 3 feet. Assume hC equals 2 Btu/Hr-Ft2-F,
calculate the required freezing index using equation [8]

F.I.

L{[RZz - (D/2)2] [1/(hCD)-1/(4K)] + R2In(2R/D)/(2K)}

F.I. = 1,440 {[9-.25] [1/(2.0) -1/(2.4)] + 9In(6.0/1.0)/(1.2)}

20,400 F-Hrs = 850 F-days
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Step 4

The length of the freezing season, te is 210 days, Sanger (1963).
The maximum average air temperature leaving the duct is

- - o]

T 32 - 4 = 28°F

ad

Step 5

The average air temperature entering the duct is

AT

od A.F.I./tf = (5,500)/210 = 26°F

T 32 - 26 = 6°F

il

ed

Step 6
The Stefan number leaving duct:
Ste = CAT /L = (23)(4)/1,440 = .06
The Stefan number entering duct:
Ste = CoAT /L = (23)}(26)/1,440 = .42
Average Stefan number is .24

Calculate the effective talik radius including specific heat effect:

-

1
R' = R/(1-.12 Ste)?

R' = 3/[1-.12(.24)]F = 3.04 feet
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Using equation [6], calculate new freexing index required and air
temperature leaving duct.

F.I. = 21,200 F-Hrs = 882 F-days
AT, = 882/210 = 4F
T 4= 32-4 = 28F

Step 7

Calculate total energy removed from talik:

Q' = w[R2-{D/2)2] 4L = =[3.042-,52]2(1,440) = 40,700 & Btu .

Step 8

Calculate minimum air speed

=
1

= Q'/pACpAth = 40,7004/(.083)(.257)(.24)(28-6)(210)(24)

23.5¢Feet/Hour
.007 2Feet/Sec

Assume ¢ is 100 feet, then

V = .7 Feet/Sec
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Step 9

Assume an entrance length of 10 feet at a 45 angle and a vertical
stack of 20 feet. The loss coefficients, ASHRAE (1981) are:

Loss Coefficient

Sharp Edge Entrance K=1.0

45 Miter Elbow’ K= .48 Re = 10,000
K = .43 Re = 20,000

90 3 Piece Miter Elbow K= .59 Re = 10,000
K= .53 Re = 20,000

90 2 Piece Miter Elbow K=1.7 Re = 10,000
K=1.5 Re = 20,000

To calculate the equivalent length of the fittings,
Le/D = pK/f

Assuming a 45 Miter Elbow at the inlet end and a 3-piece 90 Miter Elbow at
the outlet end will be used, then:

Le/D = (1.0 + .43 + ,53)/.09 = 22

where the friction factor, f, was chosen at .09 at a Reynoids number of
20,000, Figure 2. Then, the total equivalent length is:

Le = 10 + 100 + 20 + 22 = 152 Feet

Inlet Duct + Horizontal Duct + Stack + Minor losses
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The theoretical air speed in the duct given by equation [3] is

-
[}

o= (Lagh/ (1+L /D)) [T,y - T/ (T gt T )1

{[4(32.2)(20)/(1+.09(152)/1)] [(488-466)/(488+466)]}

-
It

where Tad = 460 + 28 = 488 R and Ted = 460 + 6 = 466R

<
i

2.01 feet/sec

This theoretical value of the air speed must be reduced by 10% for stack
efficiency, or

Vy = eV = .9(2.01) = 1.8 feet/sec
The actual air speed of 1.8 feet/sec is greater than the required air speed
of .7 feet/sec, so duct should work.

Step 10
Check Reynolds Number,

R, = VD/v = l(1.80)(1.0)/12X10_5 = 15,000

From Figure 2, f = .11 and from Figure 9, hC = 1.20 Btu/Hr-Ft2-°F, Redo
calculations starting at Step 9 using these new values yields an actual air
speed of 1.6 feet/second. A second iteration yields an actual air speed of
1.5 feet/second. The system still works. (In fact, the stack height could

be shortened or horizontal section Tengthened.)
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Summary and Conclusions

Highway designers in Alaska have traditionally had few tools to
combat degradation of permafrost beneath embankments. Several active and
passive devices have been used in recent years to protect underiying
permafrost from thermal degradation. While insulation has proven successful
in reducing embankment thickness, it has proven ineffective in protecting
the permafrost beneath the embankment sideslopes. This vresults in
Jongitudinal cracking in the roadway surface.

A system of air ducts were installed on the Parks Highway at Bonanza
Creek approximately 40 kilometers west of Fairbanks in 1974. However, no
design methodology was available at that time to size the system.
Consequently, the system was too small to provide long term thermal
stability.

This report provides a design procedure by which the system can be
sized to insure the zone beneath the sideslopes remains frozen. The
development of the design methodology has necessitated the determination of
f%iction factors for low velocity air through a corrugated metal pipe,
heat transfer coefficents, relationships between stack height and air
velocity etc. These parameters have been determined and reported here.

, The optimum Tlocation of the air duct system has also been

determined. Ideally, the system should be placed in the center of the thaw
bulb or talik beneath the embankment sideslopes. This can be estimated
using the information in Appendix A. The center of the thaw zone can also
be computed using one of several computer modeling .systems presently
available. This will generally give a better prediction of the size of the
talik for the particular environment in question than Appendix A.

In conclusion, the design procedure given here allows the design
engineer to properly size an air duct system to meet a particular
application.
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[mplementation

Theoretical analysis shows the use of air ducts can greatly reduce
or eliminate shoulder rotation above thaw sensitive permafrost. A system of
air ducts was installed at approximately mile 1240 on the Alaska Highway
near the Canadian Border. This installation was heavily instrumented to
provide a check for the design procedure developed under this project.

Air duct stabilization systems should be considered whenever
embankment shoulder rotation is expected. The design methodology developed
and reported here should be used to size the system to meet site
requirements. While current costs seem high, as contractors become more
familiar with such systems, the costs will be reduced.

It is therefore recommended that whenever air ducts are used, that
they be designed in accordance with the procedure given here.
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List of Symbols

stack efficiency, 0 - 1

lag time, days

density of air, kg/m

dynamic viscosity
cross-sectioned area of duct
area of heated duct surface
specific heat of air

volumetric specific heat

inside duct diameter, m
Darcy-Weisback friction factor
freezing index, °C-day
gravitational acceleration, m/s?
effective height of stack, m
convective heat transfer coefficient, W/m? °C
cold air

soil thermal conductivity, W/m°C
hydraulic loss coefficients
length, m

volumetric latent heat kJ/m3
equivalent length of duct, m
mass flow rate, kg/s

warm air

pressure, N/m?

average pressure between warm and cold air
frictional pressure drop

stack effect pressure difference
velocity pressure

heat flow per unit length, W/m
heat flow, W

total energy, kd

radius of frozen annulus, m

gas constant
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List of Symbols (cont.)

Reynolds number

Stefan number

time, s

length of freezing season, days
average air temperature leaving duct
average air temperature entering duct
average air temperature in duct, °C
average temperature of heated duct surface, °C
temperature at the freezing point, °C
temperature 0.3 m from duct surface
ground surface temperature, °C

mean annual ground surface temperature

seasonal temperature variation

change in temperature of air flowing through duct
average air velocity, m/s

2w/ 365

moisture content, %
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APPENDIX B

Environmental Factors
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