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CHAPTER 12
THERMAL CONSIDERATIONS

12-1. General considerations.

The thermal aspects of utility system designs are
among the most critical elements for cold regions
systems. The potential problems are failure of pipes
dueto freezing of water, thaw settlement or heaving
of foundation soil, thermd strains and the associated
stresses, the cost-effective selection of materials and
insulation thicknesses, and economical operation.
This chapter presents criteria and design examples
for the most critical thermal calculations that might
be required for design of pipes, utility structures and
appurtenances.

12-2. Freezing of pipes and tanks.

Damage or failure occurs due to the expansion of
water changing to ice. The hydrostatic pressure on
the still-unfrozen liquid can reach several hundred
atmospheres and it is this pressure, not the contact
of theice, that typically causes pipe failure. Preven-
tion of freezing is accomplished via the most cost-
effective combination of insulation, heat trace, cir-
culation, etc., using the methods presented in this
section. Insulation done will not necessarily prevent
freezing. It reduces the rate of heat loss and extends
the freeze-up time. Smal diameter service
connections may have a freeze-up time measured in
minutes or afew hours. These are the most vulnera-
ble portion of the system and will usualy freeze
first. Thawing capability is mandatory for these
small diameter pipes.

12-3. Thawing of frozen pipes.

Remote electrical thawing methods that can be
incorporated in the origina design include skin
effect, impedance, and various resistance wire and
commercia heating cable systems. Frozen wells
have been thawed by applying a low voltage from a
transformer to a copper wire located inside the riser.
Once a smal annulus is melted, the flow can be
restarted and it will thaw the remaining ice. Chapter
6 contains details on thawing of frozen pipes.

12-4. Heat loss from pipes.

The total heat loss and the freeze-up time are
dependent on the ambient and internal temperatures
in the pipe system. Above-ground piping systems
must be designed for the lowest expected air

temperatures, which range from -40 to -75 degrees
F. These extreme surface temperatures are attenu-
ated by buria depending on the thermal properties
of the soil. For example, the air temperature at the
surface might have an annual range of 150 degrees
F. At adepth of six feet the temperature may vary
dightly with the season, and at 30 feet seasond
temperature fluctuations are negligible. Frost
penetration will be greatest in rock or bare, dry
soils. A snow cover will typically reduce the depth
of frost penetration by an amount equal to the snow
depth. Locating utility lines away from snow-
plowed surfaces will take advantage of this poten-
tid. Thereisatime lag involved with frost penetra-
tion so that maximum depth of frost penetration will
occur long after the extreme winter temperatures.
At adepth of six feet the lag time may be one to five
months after the onset of freezing conditions at the
surface. The specific time depends on soil properties
and moisture conditions.

a. Direct burial. Water and sewer mains are typi-
caly buried below the maximum depth of seasonal
frost. In cold regions, the frost penetration is often
greater than the common pipe buria depths of 6 to
10 feet, and may be 20 feet or more in exposed dry
soil or rock. Deep frost penetration, high ground-
water, hilly terrain, rock or other factors will make
it more practical and economical to install all or
portions of the utility system within the frost zone.
In these cases, the degree of freeze protection
necessary will depend upon the ground temperatures
at the pipe depth. Where pipes ae only
intermittently or periodicaly within  frost,
conventional bare pipes will be adequate, provided
a minimum flow can be maintained by circulation,
bleeding or consumption. Frost-proof
appurtenances, stable backfill and some heating will
also be necessary. Heat loss and freeze danger are
sgnificantly reduced by insulating the pipes.
Insulated pipes can be ingalled in shallower trenches
or within berms at ground surface. In these cases,
the minimum depth of cover would be 1.5 to 3.0
feet for exposed ground surfaces. Greater depths
will be necessary if heavy surface traffic is expected.

b. Insulation barrier far buried pipes. Buried
pipes within seasonal frost can also be protected by
placing alayer of insulation board, usually polysty-
rene, above the pipe (fig 12-1). This method, using
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bare pipes and fittings and board insulation, is often
less expensive (for materials) than use of prefabri-
cated insulated pipe; however, the construction cost
will be higher and the effectiveness of the insulation
is lower than direct insulation on the pipes. The
board method has been used where the soils under-
lying the pipe are frost-susceptible, since frost
penetration beneath the pipes can be prevented by
the insulation board. The necessary thickness and
width of the board increases for shallower pipes and
deeper frost penetration, such as dry soils or rock.
The relative economics, compared to that for insu-
lated pipes, isimproved when pipes are placed in a
common trench under a board and when warm
sewer or central heating lines are included. Gener-
ally, the insulation should be a minimum of 4 feet
wide for a single pipe, and the thickness will be
determined by the proposed depth of burial and the
expected or cdculated frost penetration. In terms of
reducing frost penetration, two inches of polysty-
rene foam insulation (k = 0.02 BTU/hrefteF) is
roughly equivalent to 4 feet of sand or silt or 3 feet
of clay cover over the pipe. The heat loss and trench
width will be reduced by placing the insulation in an
inverted U. The design example in paragraph 12-9c
illustrates frost penetration cal culations beneath an
insulation board.

: G ]/— Expanded polystyrene board

Rigid board insulation
placed horizontally

Rigid board insulation
placed as an inverted-U

Insulation
placed around pipe

B x Pre-foamed insulation

U.S. Army Corps of Engineers

Figure 12-1. Methods of insulating buried pipe.
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c. Deep burial. Deeper pipes will experience less
extreme ambient temperatures, lower maximum
rates of heat loss and alonger safety factor time for
freezing. However, the heating period will be
longer, and pipesingaled in permafrost will require
freeze-protection al year.

12-5. Physical methods for reducing heat
loss.

The primary physical method of reducing heat loss
is insulation. It is impractical to prevent gound
moisture, humidity or water from pipe failures from
reaching the insulation and, since moisture content
is a key fctor in determining the thermal
performance of insulations, only near-hydrophobic
insulations will be used. Even these insulations will
usuadly require some physical and moisture
protection.

a. Amount of insulation. An economic andysisto
balance heating and insulating costs must be per-
formed to determine the minimum amount of insu-
lation that is required (see para 12-9i) and will
include factors, such asthe freeze-up time, the max-
imum rate of heat loss and practical dimensiond
congderations. Hest |oss estimates for pipe systems
must consider exposed sections of pipes, joints and
appurtenances, and thermal breaks such as at pipe
anchors. For example, a 5-inch gate valve has a
surface area equivalent to 3 feet of bare pipe. If this
vave were left exposed it would lose as much heat
as about 200 feet of 5-inch pipe insulated with 2
inches of polyurethane insulation and freezing would
occur a the valve first. To ensure a safe design, the
thermal resistance around appurtenances must be
1.5 times that required around the adjacent pipe
sections.

b. Location of insulation. Heat loss and the
volume of materias will be reduced by minimizing
exposed surface area. This is most important for
above-ground pipes and facilities. Insulation is most
effective when it is placed directly around the source
of heat. These characteristics are illustrated by the
ample shapesin figures 12-2 and 12-3. Where there
isan ar space, the thermal resistance of the pipe air
film can be quite Sgnificant and must be considered.
For a single pipe, insulation is best applied in an
annulus directly around the pipe. Heat loss from
severa pipesin acompact utilidor is less than that
of the same number of separate pipes insulated with
the same total volume of insulation. Heat loss will
also be reduced and freeze protection improved by
installing one water pipe inside of a larger one,
rather than using two separate pipes. This technique
isapplicable for freeze protection of small-diameter
recirculation pipes used to maintain aflow in supply



lines, or dead ends within a water distribution
system.
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Figure 12-2. Relative heat loss from single pipes insulated with

same volume of insilation.
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Figure 12-3. Relative heat loss from two pipes insulated ivith
same volume of insulation.

12-6. Heat loss replacement.

If ambient temperatures are below 32 degrees F,
freezing Will eventually occur in the pipe unless heat
is added to the fluid. Heat can be added either
continuously or at point sources.

a. Fluid replacement. Freezing will not occur if
the liquid residence time in the pipeline is less than
the time necessary for it to cool to the freezing
point. The quantity and temperature of the
replacement water must be sufficient and the flow
must be reliable. Operation without additiond
heating is restricted to situations where relatively
warm water supplies, such as ground-water, are
used or where the flow rateisreliable and high, such
asin some water supply pipelines or mains. Bleeding
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of water has been used to maintain or enhance the
flow in service lines, dead ends and intermittent
flowing pipdines, but the wasting of large quantities
of water isinefficient and resultsin water supply and
wastewater treatment problems. Recirculation will
maintain a flow and a uniform temperature within
the system, and prevent premature freezing at loca-
tions with lower-than-average ambient temperatures
or a poorly insulated sections. However, the water
temperature will till decline unless warmer water is
added or the recirculating water is heated.

b. Point sources of heat. Water may be heated at
the source, treatment plant, pumping stations, or
along the pipeline or within distribution systems as
required. Heat is commonly obtained from oil-fired
boilers;, however, smple electric water heaters have
been used where the heat requirements are very low.
The heating of water can be practical with low-
temperature waste heat, such as from electric power
generation. There must dso be sufficient flow within
the piping system to distribute the heat. If the
norma water demand is too low or is intermittent,
then bleeding or recirculation is necessary. A
minimum water temperature will be maintained with
the piping system by increasing either the flow rate
or the input water temperature while keeping the
other parameters constant, or by adjusting them
simultaneoudly. As a genera rule, the temperature
drop along a pipeline must aways be kept to less
than 10 degrees F, and preferably less than 5
degrees F, by insulation, higher flow rates, or
intermediate heating along the pipeline. Velocities
greater than 0.3 foot per second for 6-inch pipes
and 1.5 feet per second for 2-inch pipes are of little
benefit in reducing total energy input to maintain a
specified minimum water temperature. Higher
velocities must be balanced with the electrical
energy requirements for pumping and are not usu-
ally practical for large diameter mains.

c. Heat tracing. Replacement of heat losses and
maintenance of a minimum temperature can aso be
accomplished with hesat tracing systems. Circulation
of warm air has been used in large, open utilidors
but the most common heat tracing systems are
either separate fluid or electrica lines as the heat
source.

(1) Fluid tracers. For pipe heat tracing, hot
water, generally between 175 and 200 degrees F, is
much ssimpler to use than either steam or higher
temperature water. The use of an antifreeze solution
protects the heat trace piping, alows start-up during
winter and provides a means of thawing frozen
pipes. The viscosity of low freezing point glycol and
water mixtures is greater than that of water;
therefore, the required pumping capacity and
friction losses will be higher. The heat transfer
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characteristics are also poorer than for water. For
example, a 50% mixture of glycol and water would
require a 15% increase in flow rate to achieve the
same heat transfer. Design information on these
heating systems is available from the American
Society of Heating, Refrigeration and Air-
Conditioning Engineers (ASHRAE) (ethylene glycol
iIs toxic and cross-contamination must be
prevented). Propylene glycol, which is non-toxic,
but more expensive, can be used. Glycol solutions
are corrosive to zinc and can leak through joints and
pump sedlsthat will not leak water at the same pres-
sures. Some boiler manufacturers void their war-
ranty if glycol solutions are used. Mechanical sed
pumps should be utilized to prevent leakage. Special
organic fluids can aso be used instead of water-
glycol solutions.

(2) Electric heat tracing. Electric heat tracing
sysems arereaivey easly installed and controlled.
They can be installed continuously on water and
sewer pipelines, or only at freeze-susceptible
locations, such as road crossings, service connec-
tions or at appurtenances such as fire hydrants.
Because of the relatively high cost of electrica
energy, these systems are usudly installed for
freeze-prevention or system restoration in the event
of operating upset, such as a prolonged no-flow
condition, rather than as the primary method of
maintaining a minimum operating temperature in the
system.

() Types. A variety of eectric heat tracing
systems and products are available from a number of
manufacturers. Res stance-type cables and wires are
available for installation with pipes or for exterior
tracing. Smdl-diameter metal pipes, such as service
lines, can be heated or thawed by induction heating
from an dternating current in a wire wrapped
around the pipe which induces eddy currents within
the pipe. The most common electric heat tracing
systems used are zone-parallel and self-limiting
continuous parallel heating cables and strips. Since
they contain separate conductor and resistance buss
wires or conducting material in the same casing,
they produce a constant heat output per unit length,
and can be conveniently cut to the desired length.
Maximum lengths are usually 250 feet to 650 feet.
One type has a carbon-filled polymeric heating
element with saf-adjusting properties that decreases
heat output as the temperature increases. This cable
will not burn itself out or overheat plastic pipes, and
the heat output modulates, to some extent, with
temperatures along the pipe.

(b) Location. Maximum heat transfer effi-
ciency will be obtained if the heating cables are
installed inside the pipe. However, the coating and
joints of only afew cables, such as mineral insulant
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(M.1.) resstance cable, are approved for installation
within water pipes or for submerged conditions. In-
line cables are more practical for long water supply
transmisson mains, but are impractica in the
distribution network because valves and other
fittings must be bypassed. They may be subject to
vibration damage when fluid velocity is greater than
4 feet per second, and the cables must be removed
to clean the pipes and when some types of pipe
repairs are made. Heating cables are more
conveniently and commonly located on the outside
pipe surface. The required capacity for heating
cables must be increased by a factor of 1.5 unless
flat or wide heating strips or adequate contact
between the cable and the pipe, preferably with heat
transfer cement, is maintained. Exterior cables for
pre-insulated pipe are commonly installed within a
raceway or conduit attached to the pipe surface,
which facilitates fabrication, installation, removal
and replacement. In this configuration, the air space
and poor contact of the heating cable with the pipe
can further reduce the heat transfer efficiency and
the heat input for plastic pipes may need to be two
to six times that for a heating cable within the pipe.
It is difficult to make the joints in the exterior
heating cable channel watertight, asis required for
most cables or their joints when used undergound.

(c) Overheat protection. Plastic pipes, insu-
lations and the electric heat tracing system itself
must be protected from overheating unless the self-
limiting heating cable is used. For conventional
cables, a high temperature thermostat cut-off is
usudly installed and set at about 85 degrees F and
the sensor is placed on the surface of the heat cable.

(d) Controls. To provide freeze protection,
automatic control systems must activate the electric
heet tracing system at a set point above 32 degrees
F to provide some lead time and allow for variances
in the temperature detection sensitivity of the
thermostat and sensor. To provide economical
operation, the controls also cut off the power supply
when heating is not required. These controls are
often a magor cause of mafunction and wasted
energy. Mechanica thermostats with capillary tube
sensing bulbs are limited to about 16 feet in length
and temperature control is only possible within a
few degrees. Electronic thermostats are much more
sensitive but they are expensive. The resistance
sensors they use can be located any practica
distance from the controller and the system can be
selected to maintain fluid temperatures within 0.1
degree F. Thistype of system, which is commonly
used in Greenland, alows the utility system to be
reliably operated at near-freezing temperatures. The
sensors must be located with care to provide proper
control, freeze-protection, and prevent the waste of



energy. To accurately measure the fluid
temperature, they should be put in a pipe well or
attached to the pipe surface with heat transfer
cement, particularly for plastic pipes. They should
be located where the lowest pipe temperatures
within the section being controlled are expected,
such as at exposed windswept areas or shallow bur-
ied sections.

(3) Pipe friction. Friction heating is negligible
for smooth pipeswith fluid velocities less than 6 ft/s
(feet per second), which is aout the desirable upper
limit for flow in pipes. At high velocities frictiona
heat is significant, but deliberately increasng the
velocity for this purpose is an inefficient method of
heating since the energy is supplied by pumping.
The equations for frictional heat input are presented
in figure 12-4.

12-7. Insulation materials.

Common insulating materials are plastics, minerals
and natural fibers, or composite materials. For
design purposes, the structural and thermal prop-
ertiesfor the worst conditions must be used. These
conditions occur after aging, compaction, saturation
and freeze-thaw cycles. Other selection consid-
erations are ease of installation, vapor transmission,
burning characteristics, and susceptibility to damage
by vandds, animds, chemicals and the environment.
The insulating value of a material depends more or
less directly on the volume of entrapped gas in the
material. If the material becomes wet and the voids
filled with water, the insulating properties are lost
gnce the thermal resistance of air is about 25 times
that of water and 100 times that of ice. In the past,
the lack of a near- hydrophobic insulation made the
design of piping in moist environments very difficult
and isamgjor reason for the development of above-
ground utilidors.

a. Polyurethane foam is used extensively in cold
regions to insulate pipes and storage tanks, and is
also used in some buildings and foundations. Ure-
thane will bond to most materials. Piping or other
components can be pre-insulated or polyurethane
can be applied on-site from the raw chemicals,
which are about 1/30th the fina volume. Field
applications are restricted by climatic conditions,
and the density and thermal conductivity will often
be higher than values attainable under factory con-
ditions. The foam must be protected from ultraviol et
radiation. A metal skin has proven effective to
prevent the loss of entrapped heavy gas which can
increase the thermal conductivity by about 30%
above the theoreticd minimum vaue. Densities over
6 pounds per cubic foot are essentialy impermesble,
but lighter foams, which are better insulators,
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require coatings to prevent water absorption, since
freeze-thaw cycles of the moisture can lead to
deterioration of the insulation.

b. Extruded polystyrene, particularly the high
density products (3 pounds per cubic foot), suffer
the least from moisture absorption and freeze-thaw
but the outer 0.25 inch of unprotected buried insula-
tion should be disregarded in thermal analyses.
Molded polystyrene will absorb some moisture and
should not be used in moist conditions. Polystyrene
isavalablein board stock or beads. The former has
been extensively used to reduce frost penetration.
Beads are useful for filling voids in utilidors while
retaining easy access to pipes. Although the thermal
conductivity of polystyrene is higher than that of
urethanes, the volumetric cost is usually lower.

c. Glassfiber batt insulation is the most common
building insulation, primarily because it is fire-
resistant and relatively inexpensive. Its insulating
value is gignificantly reduced when wet, and is
reduced by half if 8% by volume is water. For this
reason, glass fiber should not be used underground
but may be considered wherever dry conditions can
be ensured. Cdlular glassis very water-resistant but
is seldom used because it is brittle and difficult to
work with. Lightweight insulating concrete made
with polystyrene beads, pumice or expanded shale
can be formulated with relatively high strength and
therma resistance. It can be poured in place around
piping but must be protected from moisture to
prevent freeze-thaw deterioration.

12-8. Thermal calculations.

The analytical therma equations presented below
use a number of simplifying approximations. The
user must determine their applicability for particular
problems and consider the various models and a
range of values for physical and temperature condi-
tions. This chapter includes time-independent
steady-state heat flow procedures as well as calcula
tions to determine ground temperature and the
depth of freezing and thawing. The symbols used
are defined in table 12-1 and the thermal conductiv-
ity of common materials in table 12-2. Solutionsto
typicdl utility system problems are given to illustrate
the procedures involved.

a. Seady-date pipeline heat loss. These include
typica casesfor bare and insulated pipes, and single
and multiple pipes in above- and below-ground
configurations. These methods are presented in
figures 12-5,12-6 and 12-7.

(1) Figure 12-5 dedls with heat flow from a
bare pipe, an insulated pipe, a single pipe in an
insulated box, and autilidor carrying multiple pipes.
In each case, some of the magor approxima
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Heat Loss and Temperature Drop
in a Fluid Flowing Through a Pipe

Freeze-Up Time For a Full Pipe
Under No-Flow Conditions (V

:o)

i Length. ¢ :

l

Fluid mearc/velocity.

ot

Fluid flow rate,

-

w Q Fluid volumetric heat capacny C Latent heat, L

Cutput fluid

q(=Vemr,?

Input fluid temperature, T,

xterlor (ambient) temperature. T,
Thermal resistance of unitiength. R

temperature. T,

Comments: The above sketch is schematic. R and T, appearing in these equations can be replaced by the
thermal resistance and corresponding exterior temperature for any shape or configuration

D= ar, V-C*R

Caiculate T, or T, ,Given R, T, or T,, T

T,: Ta- (T, Ta)' exp(-£'D)
- Ta - (T, Tu) (1-£D) itfD- 01
T,= T +(T, - T,) exp(-£/D)

Calculate R. Given T, T,, Ty

R=-{ ar,2-V+ C «In[(Ty- Ta) (0T, - Ta)]
J(T. T, mr2eR-C (T, -TyitkD- 0.1
Calculate V. GivenT,. T, T4, R
V== 31,2+R- C «In[(T, T (T, Ta)]
AT, T mrg2eVeC(T, Ty ffD- 01
Calculate Heat Loss (Q), GivenTyor T, . Ta, V. R
Q ORI Ty[1 exp( £D)]
({RT, Tn forfD- 01

= /R (1. -T4) [exp(£/D) -1]

Calcuiate Friction Heating. Given V. {

Q, FeorgieVet
Where Q, BTU h-ft
F 0.2515BTU H*
roft
vV ft h
t fncticn head loss. ft - ftlength
NotsignificantforV.. 23x10*ft h
or Q J s'm
F 3074x10*J m*
r m
V. om s
t  friction headtoss. m  mlength
NotsignificantforV. 2m s

Freeze-Up Times; Given R, T,, T

Assume that thermal resistance of the ice. as itforms.

and the heat capacity of the pipe and insulation are
negligible.

Design Time (Recommended)

tp ~ Time for the fluid temperature to drop to the
freezing point.

zer 2 R- C

-in[ (T

Safety Factor Time

tsr
temperature. Same as

to but with Tp
replaced by 270F

Complete Freezing Time
te = Time for the fluid at freezing point, 32
to completely freeze sohd

mer2eReLe (Tg Ta)

STa) (Tg=Tp) ]

Time for the fluid to drop to the nucleat.on

OF,

U.S. Army Corps of Engineers

Fligure 12-4. Temperamre drop and freeze-up time in pipes.
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Table 12-1. List of symbols used in thernial ecalewlations

Symbols
A = Amplitude
A = Thermal factor = T" arecosh Hl/rp
B = (nC/kp]
C = [Hz-r2]1/2 ft

@}

d&t

O avo O x~L>cmEY

"
n

- N

‘7
X

X

wonowon

n

Mass heat capacity, BTU/lb-°F
Volumetric heat capacity, BTU/ft3-°F

Thickness, ft

Scaling parameter, ft

Young’s modulus, 1b/ft?

arccosh (H/r)

Thermal film coefficient (or surface conductance), BTU/h-ft2°F
Depth of burial, ft

Freezing or thawing index, °F-h
Thermal conductivity, BTU/h-ft-°F
Length, ft

Volumetric latent heat, BTU/ft3
Period, sec, hr

Perimeter (mean), ft

Fluid flow rate, ft3/sec

Rate of heat loss per unit longitudinal length, BTU/ft-hr
Radius, ft

Thermal resistance of unit longitudinal length, hr-ft-°F/BTU
Time, sec, hr

Temperature, °F

(T, -TINT, - T

Coefficient of thermal expansion, ft/ft-°F

Moisture content of dry weight, %

Velocity ft/hr
Depth
Depth to freezing (82°F) plane, ft

a = Thermal diffusivity, ftz/hr
vy = Unit weight (density), 1b/ft3

a, u, A = Coefficients in modified Berggren equation

Subseripts

A - refers to air

« = thermal diffusivity, ft¢/hr

Py

unit weight (density), 1b/ft3

a, u, Ao ground freezing index

G

B

b

t

refers to ground

refers to heating index

refers to insulation

denotes 1,2,3, . . ..

refers to thermal lining (of utilidor)
refers to mean

refers to (zero) freezing point of water
refers to pipe

refers to soil

refers to thawed soil

refers to utilidor

refers to water (fluid) within a pipe
refers to depth

refers to zone of thaw
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Table 12-2. Thermal conductivities of common materials

Unit
Weight Specific
(dry) Heat BTU/
Material Ib/ft3 Capacity ft-h-°F

Air, no convection (32°) 0.24 0.014
Air film, outside, 15 miles-hr wind (per air film) 0.50
Air film, outside (per air film) 0.14
Polyurethane foam 2 0.4 0.014
Polystyrene foam 1.9 0.3 0.020
Rock wool, glass wool 34 0.2 0.023
Snow, new, loose 5.3 0.5 0.05
Snow, on ground 19 0.5 0.13
Snow, drifted and compacted 31 0.5 04
Ice at -40°F 56 0.5 1.54
Ice at 32°F 56 0.5 128
Water at 32°F 62.4 1.0 0.34
Peat, dry 16 0.5 0.04
Peat, thawed, 80% moisture 16 0.32 0.08
Peat, frozen, 80% ice 16 0.22 1.0
Peat, pressed, moist 71 0.4 0.40
Clay, dry 106 0.22 0.5
Clay, thawed, saturated (20%) 106 0.42 1.0
Clay, frozen, saturated (20%) 106 0.32 1.2
Sand, dry 125 0.19 0.06
Sand, thawed, saturated (10%) 125 0.29 19
Sand, frozen, saturated (10%) 125 0.24 24
Rock typical 156 0.20 1.3
Wood, plywood, dry 37 0.65 0.10
Wood, fir or pine, dry 31 0.6 0.07
Wood, maple or oak, dry 44 05 0.10
Insulating concrete (varies) 12 0.04

to 94 to 0.35
Concrete 156 0.16 1.0
Asphalt 156 042
Polyethelene, high density 59 0.54 0.21
PVC 87 0.25 0.11
Asbestos cement 119 0.38
Wood stave (varies) — 0.15
Steel 486 0.12 25
Ductile iron 468 30
Aluminum 169 0.21 115
Copper 550 0.1 220

(1) Values are representative of materials but most materials have variable properties.
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Figure 12-5. Steady-state thermal equations for above-surface

pipes.

12-9



TM 5-852-5/AFR 88-19, Volume 5

‘(8) ursez/( + by = Sy 1o

-2/ (" + by) = S asn asimaeyl0

+by - Sy asn sso 188y wo Hwy saddn
ue J04 "Yyadep sixe achd ayl 1e
asmesadwal punaiB paqinisipun
ays *IH | Aq paoeides aq Aew D)

4, z< nI pue |10 3ys ut Juatpesb

*paiinbas 10u a1€ by _ Sy asn "pasinbal Jou 2. siajawesed auoz Mey) pue “UONDIS-5501D Ut 312110 € 51 BUOZ PaMEY) YL asmeieduwal B I 2141 UIYM wwc QEEOO
Sy pus ty 'Y 1oy suoissaadxa anoqe Byl U3 L = Z1 sojpue ¥y = ¥ 31 (p) 21ewixosdde 01 pasn 3q Aew $50] JB9Y JO SUOHE|NI|B Jog
-g-z 1 ainbry wosy 9711 40 peay
‘anOOR WOy
1y Aqg paoerdas Iy s ang (3) urse % - L by pue 1y waniny 10 ssauyoIy |
V/N VIN y
Yy uz/({ly9H) ysooose + (, 1/v)] = 'y (11 -ty Iy 2 2) dxa) dy=9- 1 Co;.m_jwc—
1AQ U3AIB 51 $33UNDIYL UOIIEINSUL
wnwwiw ay) uoije|nsw syl apimno Buimeyl ou so4
*g-z( anbiy asn Sy senjens 01 IO
Tyt + Su o Sy lu o az Sy Sy .o S$SO7 leoH
=~ D,_-M; ~ s ‘ Dy -Mm
9,-M L-My =Sy ssoym =D L-M O ale
1-%L _n» nz_ ysoaoue 9 - z.:. u— u T_
‘4t =Sy
-4, Aq peosdes L yum 1nq
Py Ut uaniB se (}y - Yy <) Sy puw fy Yy
vyoso o = 23 wvwor2< 7y
iz« 2y ugiuZs Zugy w) = )
by 27 ((Z1211) wsosose) = My Sy 2L 0L iy 2y uc-hx 103 Q1-Z L *Bid 95N UBYL 'Y O} BAJOS 6. _d Syug
Zor e 2 ) 2, 1,2, 9 0) M) uayy *(%37H) ysodase jjo pess 01 6-Z | "Big AN 2<% pn .=
21z < 21 a2 L2 S ) - % v siajaweled
W1 7/ (12321 usooose] (LTH) usoooue) - ' Aq uanB s (O] = 1) "o'1) meyl 1esaaid 01 ssauxarg Yze % 1 (%% g L= s U7 MB
051y voneinsul wnwiww oy ‘Sy pue 'Y "M} umouy oy (919) ysooose 1 = v \\pf ul = uoyz yl
o _ - %% s @0 pue
Wit eSy g H+H oL PIATE PRI T T Ty )
8w sl Sy e TR T W aoue)s!
(91 - Mply (O1-Myly Syug S 3 m~ MOQE
9, -M; a,9 N uw
Tty 2 2 + (9399) ysooase) L=V 15 Aq paoeyaas 9 yum 1nq () w1 usaB se Sy 5 .,u -1 (91 91y ysoaoie _ Cn_v
1-%
_Bursn pue Ls Aq peoejdes 9, *(G) G-Z 1 anBig ui uan se Iy
wmang (q) ut se Sy pue 207 a1 My 0y .01 -My) b My
{q) G-z 9snBiy ur uaniB se Iy o
“110s U204} pue Ay -9, L -jewsayos: "
. 1105 UBZ0J} PUE PBMBY) JO 5913IARINPLOY 1108 ay1 30 18Y1 1080
Paasey] jO SA1PALIDNPUO) |BUWIIBY] JUBI3Y ) o) UINSSE UOIIR|NSUL JO 3IBJINS J3IN; uoijgnsul pue t
o ) anpuO3 [ousneyy JussREP 2q 03 pawnsse uonEINSUL JO 398}, 0 insut p sasuRrsise, eusay) (19 15915 mCOCQ_.LDwm,Q

ay1 103 Bununodoe ing () se auseg

1105 3y 30 asouy 1dadxd seouelsise . jew syl je BunoaiBeN

uaapp ayy 105 BuUNOIE 1nQ "(€) 5@ IWeS

’ v N ]
¢ RIVIS PN W02z
M™e._ pameyj uazoly

VN »
11—, m»o~/.. 302
/ /uwz_%:k \ uazoi4
L N, J S
\ - ] w
SR
[ 1N !
;.M ///, - | :

! A X

TIENS

aUO7 MEY L UIAA ‘Pa1EINSyY] ()

mey L ON ‘palensul (o)

8UOZ MeY] Uim ‘aieg (q)

Mmey | ON ‘aleg (e)

Figure 12-6. Steady-state thermal equations for below-surface
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Fligure 12-7. Steady-state thermal resistance of various shapes
and bodies.
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tions, in addition to the implied time-independent
steady-state assumptions, are indicated. Some
comments intended to facilitate application of the
equations are also included. Where applicable,
procedures are given for relevant thermal resistance,
rates of heat flow and insulation thicknesses.

(2) Figure 12-6 gives similar information for
uninsulated and insulated buried pipes. In each of
these two cases, the presence of thawed ground
around the pipe is considered, and equations are
included to determine the dimensions of the result-
ing thaw cylinder.

(3) Figure 12-7 presents procedures for cal-

culating the therma resistance of typical shapes and
bodies. Equations are given in figure 12-4 for
estimating the temperature drop (or gain) along a
pipdine system, and Smple procedures to determine
freeze-up times under no-flow conditions are
included.

(4) To facilitate computation, numerical
values for certain variables in some of the calcula-
tions may be read directly from figures 12-8, 12-9
and 12-10. These curves present a partial solution
for some of the heat loss equations. Their use is
demonstrated in paragraphs 12-9d and f.

= o

R, Thermal Resistance (hr-ft-°F/8TU)
®

i,/ 1, (outer/inner radius ratio}

U.S. Army Corps of Engineers

Figure 12-8. Thermal resistance of a hollow cylinder, solution to
the equation R = In(r,/r )/2nk.
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Figure 12-9. Arccosh (H/r) versus H/r | for solution of thaw
zone equations.
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Figure 12-10. (H | /¢) and (7 ,/c) versus A factor for solution of

thaw zone equations.

(5) Steady-state therma influences in iso-
tropic, homogenous soils can be summed and geo-
metric modifications and approximations can be
made to the basic steady-state equations. For
example, a layered soil can be represented by an
“effective’ soil thickness with the same total thermal
resstance asthe layered soil. When pipes are buried
below the area influenced by short-term air
temperature fluctuations, the ground temperatures
around the pipeline resemble a dowly changing
series of steady-state conditions. The heat 1oss from
deeply buried pipes can be calculated from steady-
state equations for a cylinder of material around a
pipeif the fluid temperature and the soil temperature
at a known distance from the pipe are measured,
and the soil and insulation therma conductivities are
known. Heat loss from deep pipes can adso be
conveniently estimated by replacing the ground
surface temperature in the steady-state equations
with the undisturbed ground temperature at the pipe
depth. Heat loss from a buried pipe over a time

period can be calculated from the heating index
during that period (see paragraph 12.9h):

Heatloss = (eq 12-1)

R

3 (Pipe temperature - Ambient temperature)
Thermal resistance

(eq 12-2)

or =

where

I
R

heating index °F (time period).
thermal resistance hrefte°F/BTU.

b. Depth of freezing or thawing. The depth of
freezing or thawing of soil and the ice thickness on
water bodies are best obtaned by fied
measurements, but they can be estimated using one
of the many analytical solutions available. Because
of the assumptions necessary in these andytica
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solutions, such asassuming astep changein surface where
temperature or neglecting the soil temperature _ . _
changes, they generally overestimate the maximum k = ;%%\%ilhzof?gh‘gﬁgag‘fnfng?gﬂm <

freezing isotherm depths for the given conditions . -
: o penetration and k, for thawing calcula-
and are, therefore, conservative for engineering tions, BTU/hrefts°F.

goplications. They are generally Neumann or Stefan-

based solutions which have the basic form: L = volumetric latent heat of the material
) undergoing phase change, BTU/cf (for
X =m(l,)” (eq 12-3) water L =[(144 BTU/Ib) (62.4
pcf) ] = 8986 BT U/cf)
where _ . . :
C = volumetric heat capacity of the material
X = depth of freezing or thawing, feet above the freezing isotherm, C, or C,.
o o For thawed soil: C,=y [ C,;+ C,
m = coefficient of proportionality (w/100) ] and for frozen soil: C; = y[ C,
, + C(w/100)]
|, = ground surface freezing (l;) or _ _ _
thawing (1,) index, °Fehr y = dry unitweight of soil, pcf
. . . . C, = mass heat capacity of mineral matter in
The following equations incorporate various as- soil: assume avalue of 0.2 BTU/Ib

sumptions, and are useful for specific conditions: i
C, = mass heat capacity of water = 1.0
BTU/Ib

ok-I. \ % C, = mass hesat capacity of ice, assumed value
X = - L (eq 12-4) of 0.5BTU/Ib

W = moisture content of soil, %

2k-1 Y% T, = mean annual site temperature, °F
X = u (eq 12-5)

t = freezing or thawing period, consistent
units

& - L, Y T, = freezing point, 32°F for water
< K, . 21, - 2k, > d = thicknessof layer of material, feet
(—d,) +

k, Lz A = acorrection coefficient which takesinto

consideration the effect of temperature
K change in the soil, and primarily
221y (a)) (eq 12-6) accounts for the volumetric specific heat

K, effects. It isafunction of two
parameters. the thermal ratio (a) and the
fusion parameter (1), and is determined
from figure 12-11:

o2k -1 \ % C- I, (T -T.) (T,-T,) t
- g ; 12-7 Rl R m- "o
X-( > (1-—=r—) (eq12:7) 8= — I
I

1
L+C(Tm-T0+§’_)

t

m g

g

C -
w=

L-t
2k - I, € (eq 12-8)
X = A a T. = I Jt, surface freezing or thawing index

Ivided by the time period t, °F.

Subscriptsf and t refer to freezing and thawing, and
subscripts 1 and 2 refer to the surface layer and the
underlying material (all symbols are dso defined in
table 12-1).
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Fligure 12-11. Correction coefficient X, for use in Berggren
equation.

(1) Equation 12-4 is the Stefan solution for a
homogeneous materid with astep change in surface
temperature (see example 12-9a). Thisis modified
in equation 12-5 to account for the temperature
changein the freezing or thawing soil. Equation 12-
6 isatwo-layer solution of the Stefan equation that
is useful for calculations involving snow cover, a
gravel pad or aboard of therma insulation, in which
the surface layer has no latent heat and the equation
issmplified (see para 12-9b and c). Equation 12-7
is a close approximation of the Neumann solution
when the ground temperatures are near freezing.
Equation 12-8, the modified Berggren equation, is
perhaps the most commonly used approach for
determining thermal responses of soils. When the
soil has a high moisture content the X coefficient
approaches unity, and the equation isidentical to the
Stefan approach (equation 12-4). In climates where
the mean annua temperature is near or below
freezing, the thermal ratio approaches zero and the
[A] coefficient is greater than 0.9. In very dry soils,
the soil warming or cooling can be significant and
should be included. Multilayered soil systems can be
solved by determining that portion of the surface
freezing or thawing index required to penetrate each
layer. The sum of the thicknesses of the frozen or
thawed layers whose indices equal the total index is
equal to the depth of freeze or thaw. The E)artial
freezing or thawing index to penetrate the n" layer
is

TM 5-852-5/AFR 88-19, Volume 5

L,-d, n-l .
I, = > R+ (eq 12-9)
Al 1 2
where
1, = thepartia freezing or thawing index
required to penetrate the n™ layer,
°Fehr
L, = volumetric latent heat in the n™ layer,
BTU/ft
d" = thickness of the n™ layer, ft
A = the coefficient based on the weighted
average values for i down to and
including the n™ layer (see figure 12-
13)
nil R+ R, = the sum of the thermal resistances
1 2  of the layers above the nt" layer
R, = d/k, thethermal resistance to the n"

layer, hr « ft « °F/BTU.

(2) The solution for multi-layered systemsiis
facilitated by tabular arrangement of the interme-
diate values. The penetration into the last layer must
be solved by trial and error to match the tota
freezing or thawing index at the site. It is necessary
to determine the temperature condition at the
ground surface to determine subsurface therma
effects, including the depth of freezing and thawing.
Since air temperatures are readily available, but
surface temperatures are not, a correlation factor
which combines the effects of radiation, and
convective and conductive heat exchange at the air-
ground surface is used:

(eq 12-10)

ly=nel,

where

ground surface freezing or thawing
index, °F e hr

air freezing or thawing index, °F < hr
n-factor, ratio of the surface and air
temperature indices.

Q
I

The n-factor is very significant in analytical ground
thermal considerations. It is highly variable and is
usualy estimated from published observations such
asthevaueslisted in Table 12-3.
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Table 12-3. Typical values of the n-factor for correlation of air temperature with surface temperature of various materials (see eq 12-10).

n-factors

Surface Thawing Freezing
Snow e e 1.0 General application
Pavement free of snow andice i 0.9 General application
Sand and gravel 2.0 0.9 General application
Turf 1.0 0.5 General application
Spruce 0.35t0 0.53 0.55to 0.9 Thompson, Manitoba
Spruce trees, brush 0.37 to 0.41 0.28 Fa%rbanks, Alaska
Above site, cleared, moss surface 0.73t0 0.78 0.25 Fairbanks, Alaska
Stripped, mineral soil surface 1.72t0 1.26 0.33 Fairbanks, Alaska
Spruce 0.76 e Inuvik, NWT
Willows 0.82 e Inuvik, NWT
Weeds 0.86 e Inuvik, NWT
Gravel fill slope 1.38 0.7 Fairbanks, Alaska
Gravel road 199 Fairbanks, Alaska
Concrete road 203 e Fairbanks, Alaska
Asphalt road 1.74t02.70 .. Fai.rbanks, Alaska
White painted surface 0.76t01.26 ...l Fairbanks, Alaska
Peat bales on road 1.44t02.28 ...l Fairbanks, Alaska
Dark gravel 1.15401.78 ... .. Fairbanks, Alaska

(3) Icethickness on water bodies can be esti-
mated from the previous depth of freezing equations
or from equations 12-3 with the m values in table
12-4 (see example 12-9a8). Snow cover has a
significant insulting effect and can significantly
reduce the maximum ice thickness (see example 12-
9b). Theice formation can be greater than calculted
if the weight of snow or the lowering of the water
level causes cracks in the ice and water overflows
onto the surface. This water is drawn into the snow
and the mixture refreezes and bonds to the original
ice.

Table 12-4. m-factors for ice thickness estimation

m-factor

inch [°F-d] 12 Conditions

0.9-0.95 Practical maximum for ice not covered with
snow

0.8 Windy lakes with no snow

0.7-0.8 Medium-sized lakes with moderate snow cover

0.6- 0.65 Rivers with moderate flow

04-05 River with snow

0.2-0.4 Small river with rapid flow

12-9. Design examples.

Eight typical examples are given below to illustrate
the utilization of the calculation procedures des-
cribed above.

a. Egimate the practical maximum ice thickness
on awater reservoir with no snow cover when the
annual air freezing index (l,) is 3000 °F » d. Use
eguation 12-3:

x= m(ly)¥

12-16

—From table 12-4, m = 0.95 inch/(°F)¥2(d)Y2

x = (0.95)(3000)v2
=52 inches
= 4.33 feet.

—The Stefan equation (equation 12-4) can also be
used:

c= |2k )%
L

where

= thermal conductivity of materia above
the freezing isotherm, ice in this case, 0
from table 12-2:

Kice=1.28 BTU/ft e hr s °F

L = volumetric latent heat of material
undergoing phase change, in this case
water, So:

Latent heat of water at 32°F =
144 BTU/Ib
Density of water at 32°F = 62.4 |b/ft3

L = (144 BTU/Ib)(62.4 Ib/ft?) =
8985.6 BTU/ft®

l,= (3000°F « d)(24 hr/day) = 72,000 °F « hr

(2)(1.28 BTU/ft * hr - °F * hr)(72,000 °F+ hr)] Ve
8986 BTU/ ft*

=45ft.



b. Edimatetheicethickness on the reservoir when
there is an 8-inch snow cover on top of the ice and
l,=3000 °F « d.

—From equation 12-3, and Table 12-4:

X m(lg)¥2
0.7(3000)v2
38 inches

3.2 ft.

—Or, use the Stefan equation (equation 12-6) for
atwo-layer system:

[ L @k - ——-—‘d;’;fL‘)] &
X = (Tl dif + | )

ke
-(—kl- 1)(di)

—Thefirst layer is snow, d, = 8 inches = 0.667
feet, assumed to be drifted and compact. From
table 12-2, k, = 0.4 BTU/ft « hr « °F. Since no
phase change occursin the snow, L, = 0.

—Ilce: k,=1.28 BTU/fte hre °F

L, = (144)(62.4) = 8986 BTU/ft*

_ 1.28 2(1.28)-(3000)(24)] Z
X = [ [(W ) (0.667) I + 8986

-(128 . 1) (0.667)

0.4

= /4.55+20.5 - 1.47

= 3.5 ft (includes the 8 in. of snow).

c. The Stefan equation (equation 12-6) can also
be used to estimate the depth of frost penetration
beneath agravel pad or an insulation board. The L,
in either case would be zero. The L, in this example
would be the latent heat of fusion for the soil and
would be dependent on the moisture content in the
soil.

TM 5-852-5/AFR 88-19, Volume 5

—Assume: sandy soil, dry density 125 pcf, mois-
ture content 6% and afreezing index (l,) = 3000 °F
«d

—Find depth of frost penetration under 3-inch-
thick polystyrene board. From table 12-2:

k, =0.020 BTU/ft » °F » hr (for polystyrene),

k, =1.0BTU/ft » °F « hr (for sand) and thus

d, = 3/12 = 0.25 feet. The moisture content in the
soil = (0.06)(125 pcf) = 7.5 |b water/ft* soil.

Latent heat of water = 144 BTU/Ib

L, = (144 BTU/Ib)(7.5 Ib/ft*) = 1080 BTU/ft* of

soil
ke 2k [ %
X = [ —di )2 + g]
(4 Tz

L,=0
(2 1)
Tk H)

_ - 1.00 (2)(1.00)(3000)(24) | %
X = [“ 0.020)(0'25) o 1080 ]

1.00

—— - 1)(0.25).
0.020 )" )

-(

156+133 - 12.25

4.75 ft.

—The depth of frost penetration would be 11.5
feet in the same soil, under the same conditions, if
the insulation board were not in place.

d. Determinethe rate of heat loss per linear foot
of above-ground pipe from a 5-inch-ID (wall
thickness ¥z inch) plastic pipe encased in a 2-inch
thickness of polyurethane insulation. Water inside
the pipe is maintained a 40°F, ambient ar
temperature is -40°F, and wind speed is 15 mph.
Therma conductivity of pipe materia s
0.208BTU/°F e ft « hr and thermal conductivity q of
the insulation material is0.0133 BTU/°F « ft « hr.

— Use equations aand b from figure 12-4:

ln(roquin)
(2)(m)(k,)

Thermal resistance of pipe R, =
Insideradius =r,, = 2.5 inch

Outsideradius=r,, =25+ 0.5=3.0inch

12-17
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R = In(3.0/2.5) - 0.182
° (2)(3.14)(0.208) 1.306
= 0.139hr ft F/BTU

— Thermal resistance of insulation
R, = In(r,/ri,)27k;:
Inside radius, r,, = 3 inches
Outside radius, r,,, = 5 inches

R = In (5/3)

' T(2)(3.14)(0.0133)

= 6.115hr«fte °F/BTU.

— To determine the thermal resistance of the air
film (R,) it is necessary to estimate the surface
conductance (h,). From figure 12-4a:

Ts

“Ta yw.

r,

— From figure 12-4a, N = 0.23 and w =
(12.5V+1)* where V + windspeed, mph:

h,=N [

W = ((12.5)(15)=1)"
=13.73

— In this case R, is to the outer surface of the
insulation = 5/12 = 0.417 ft. For the first iteration
one must assume a surface temperature (TJ). This
will be close to air temperature. Assuming T, =
-39°F, then:

h o= (023 [239-(-497(13.73)
0.417

a

= 7.573 BTU/hr « °Fsft

— Then, to calculate thermal resistance of air
film:

- 1
R, = — =~
A 2rrph,

- 1
(2)(3.14)(0.417)(7.573)

0.0504 hr-ft-°F/BTU

1l

— Then, check the assumed air film tempera-
ture:
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R
T. =T +[T, -T - A
S A [w A] [RAIRI|RP

0.0504
0.504 + 6.116 + 0.1396

=-40+[40 - (-40)](

= -40 + (80)(0.00799)

= -39.4 vs assumed -39.0, which is close
enough.

— If the values did not check it would be
necessary to repeat the calculation with another
assumed T, until areasonable check is attained. The
combined thermal resistance (R,) is

R. = R,+R+R,

0.0504 + 6.116 + 0.1296

6.306 hrefte°F/BTU.

—Therate of heat loss (Q) is
(T,-T,
R

c

Q:

- (40-(-40)
6.306

12.7 BTU/hr-linear foot of pipe.

—Figure 12-8 can be used to obtain an estimate
of heat loss if it is assumed that the thermd
resstance of the air film and of the pipe materid are
negligible:
= 1.667

out =

W,

K, =0.0133 BTU/fe°Fshr.
—Then, enter figure 12-8 with these values and
R =6.4.

- [40-(40) ]
6.4

—So: Q

=125 BTU/hr linear foot (LF) of pipe.

e. Compare the heat |osses for the water pipein
the example above if installed at Barrow, Alaska,



above ground or at a depth of 4 feet. Assume the
minimum air temperature is-58°F, and the minimum
mean daily soil temperature at a depth of 4 ft is
1.4°F. Therma conductivity of soil is 1.2
BTU/ftehre°F.

(1) Above-ground installation. Assume a 5-inch
ID plastic pipe, with 2 inches of polyurethane
insulation:

R, = 6.306 hrefte°F/BTU (from previous
example).

—The water insde pipe will be maintained at
40°F, so that the maximum rate of heat loss

(Tw - TA)
R

Q =
[40 - (-58) ]
6.306

= 15.5 BTU/hreLF pipe.

(2) Buried ingtallation. Assume that the top of the
pipe is 4 feet below the surface, the radius to the
outer surface = 5 in. = 0.416 feet, the depth to
center of the pipe H, = 4.416 ft, and the radius of
pipe = 0.416 feet (see equations, fig 12-5a) and H,
is> 2rp. So the thermal resistance of the soil (RY) is

- 1n(2Hp/rp)
2 kk

j=e}
|

1n [(2)(4.416/0.416)]
(2)(3.14)(1.2)

~
I

= 0.405 hr-ft-°F/BTU.

—Theair filmis not afactor for a buried pipe of
this type so the combined resistance R, equals

R.=R,+R +R,

=0.1396 + 6.116 + 0.405 (R, and R, from
previous example)

= 6.66 1 hr~ft~OF/BTU.
—S0, the heat loss Q equals

w (T, in this case is soil
R, temperature 1.4°F)

Q =

- (40-1.4)
6.661
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=5.79 BTU/hrelinear foot (LF) of pipe.

—This is about one-third the heat loss rate
calculated for an above-ground installation in the
same location. The responsible factor is the
attenuation of the extreme surface temperature at
the 4-foot depth.

f. Determine the mean size of the thaw zone and
the average rate of heat lossfrom a 6-inch sted pipe
buried 4 feet below the surface in a clay soil, where
the soil thermal conductivities are k; (thawed) =
0.60 BTU/hrefte°F and k; (frozen) = 1.0
BTU/hrefte°F. Mean soil temperature at the ground
surface is 27.5°F and the water in the pipe is
maintained at 45°F. (See figure 12-sb, for
schematic, symbols and equations.) A bare steel pipe
has negligible thermal resistance so

R,=0.
—Outer piperadiusr, = 6 inch/(2)(12) = 0.25 ft
—Depth to center of pipe H, = 4.0 ft.

T, = é(TW—TOHTO

f

where
T, = water temperature inside pipe
T, = soil temperature at interface of
thawed zone
= 32°F

T, = (28)45-32)+32=398°F
1.0

T’ = To - TG
T, -Tg
T, =temperture and ground surface

- (82-27.5) - 4.5 _( 366°F.
(39.8-27.5) 12.3

—Depth to center of thawed zone, H,:
H, = (c)(coth A)

—Radius of thawed zone, r,:
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r, =(c)(cschA)
c=(H% =r?)*=[(f)*- (0.252]"* = 399 ft
A =T arccosh (H/r,)
—If H, > 2r,
A =T1In(2H/r,)
= (0.366)(1n 8/0.25)
= (0.366)(3.466)
= 1.268
H, = (3.99)(coth 1.268)
= (3.99)(1.172)
= 4.68 ft
r, = (3.99)(csch 1.268)
= (3.99)(0.5215)
= 2.08 ft.

—The thaw zone, under steady state conditions
will be a cylinder of soil enclosing, and paralld to,
the pipe. Theradius of this zone will be about 2 feet
and the axis will be about 5 inches bel ow the bottom
of the pipe:

Theaxis=H, - (H, +r,)) =4.68 - 4.25=0.43ft =
5.2in. below pipe

The heat loss (Q) from this pipe would be

- T.-T

Q _—R—S—l

R = arccosh(hp/rp)‘

) (2)(k ()
If H, > 2r,;
r' = In(2hp/rp)
(2)(k)(m)

— 1n (8/0.25)

(2)(1.0)(3.14)

= 3.466 - (552 hrft-°F/BTU
6.28
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(39.8 - 27.5)

N

= 22.3BTU/hr LF of pipe.
—Figures 12-9 and 12-10 can be used to assist in

calculations of thistype:
H, _ i = 16, From figure 12-9, arccosh (ﬂ)
=3.48 r
r 0.25

A =T (arccosh (E_".) )
r
(0.366)(3.48)

1.27.
—Then from figure 12-10, with A = 1.27

H, _ 118
C
> =06
C
e =[(H)2-(r,)?]/2=[16-0.0625]'/
= 3.99 ft.
—So:
H, = (1.18)(3.992) = 4.7 ft
r, =(0.6)(3.992) = 2.39 ft
and
R = arccosh(H /r)
] @)(k)(m)
- 3.48 _
(2)(1)(3.14)
—So:
_  (39.8-217.5)
< 0.554

= 22.2 BTU/hr LF of pipe.

This agrees closaly with the 22.3 BTU/hr vaue
determined previoudly.



g. Determine the design time, the safety factor
time and the complete freezing time for the pipe
designed in paragraph 12-9d if the water stopped
flowing. From paragraph 12-9d, assume a 5-inch 1D
plastic pipe with 2-inch polyurethane insulation,
constructed above ground. Water temperature t,, =
40°F, air temperature T, = -40°F, and wind speed
15 mph. Use equations from figure 12-4.

—Dedgn time = time for water in pipe to drop to
freezing temperature (32°F); see figure 12-4 for
definition of terms.

to= anW-R-C-ln [(Ty-TA)(T,-THl

Design time = (3.14)(0.208)(6.306)(62.4)
[1n (0-(-40));
32 - (-40)

= (53.5)(0.105)
=56hr

—Safety factor time = time for water in pipe to
reach nucleation temperature for ice formation.
Assume 27°F.

Substitute 27°F for T, in previous equation:
Safety factor time = (3.14)(0.208)%(6.306)(62.4)
[1n (40~ (-40));

27 - (-40)
= (53. 5)(0.177)

=9.5hr.

— Complete freezing time = time for water at
32°F in pipe to freeze completely solid.

(m)(r AR L)
(T,-Ty

L = volumetric latent heat of water
= (144 BTU/Ib)(62.4 1b/ft3)
= 8986 BTU/ft>.

Other factors are as defined above.

—Complete freezing time
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(3.14)(0.208)%(6.306)(83986)
[32 - (-40) ]

_ 7698
72
107 hours.

h. Estimate the total annua heat loss from the
above-surface pipe design described in paragraphs
12-9d and e if it were located at Barrow, Alaska
The maximum rate of heat loss (Q) was calculated
in paragraph 12-9e for extreme winter conditions.
Extrapolation of that rate to an annual value would
serioudy overestimate the total heat losses. An
estimate is possible by determining the annud
heating index (equation 12-1). Mean monthly
temperatures (°F) for Barrow, Alaska, are:

J FMAMJJ ASOND
-9 -13-11 2 11 30 40 37 32 16 5 -6

—The temperature of water in pipe T,, = +40°F
—Heating index = X(T,, - T,) (equation 12-2)
—Tabulate heating index by months:

Jan (40 - (-40)] =80
Feb [40-(-13)] =53
Mar [40-(-22)] =62
Apr (40- 2) =38
May (40- 11) =29
June (40- 30) =10
July (40- 40) = 0
Aug (40- 37 = 3
Sept (40- 32) = 8
Oct (40- 16) =24
Nov (40- 5 =35
Dec [40-(- 6)] =46

—Heating index = 388°Femonth

= (388°F-month) (30.4 2veragedays )
month

(24 hr/day)
= 283,0850Fhr

R, = 6.306 hrefte°F/BTU (see example 12-
9d)

—Annual heat loss = heating index/R,
= 44,891 BTU/yrelinear foot
of pipe.
This is considerably less than extrapolation of the
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maximum hegt loss rate calculated in paragraph 12-
9e (134,904 BTU/yr LF pipe).

i. Determinethe economical thickness of insula
tion for an above-ground 6-inch-OD water main to
be located at Barrow, Alaska (temperature
conditions as defined in paragraph 12-9f). Assume
fud ail cost (140,000 BTU/gallon) at $1.05/gallon,
and an 85% efficient heating plant. Assumed
installed costs of polyurethane foam are tabulated
below for various available thicknesses. Thermal
conductivity  for  polyurethane is 0.014
BTU/ftehre°F. Assume a 20-year design life at an
interest rate of 8%.

—Neglecting air film and steel pipe materia, the
combined thermal resistanceis

1n (r,,/0.25)
(2)(m)(k)

- 1n (r/0.25)
(2)(3.14)(0.014)

R

c

= (11.37) [In(r/0.25)

—The heating index for Barrow, Alaska, would
be 275,059° Fshr (see example 12-9g).

—The cost of heat = $1.05/gal.
(140,000 BTU/gal)(0.85)

= $0.0000088/BTU

—The economical thickness will have the lowest
total cost for construction plus the present worth
of the annual heating costs:

Present worth factor

(PWF) = [A+)"-1]
DA+

wherei = interest rate (as adecimal)
n = design period
for 1=08andn=20
[1.08)® - 1]
(0.08)(1.08)2°
—Present worth of heating costs = heating
index/R, x (PWF)(cost of heat)
- 275,059
(11.37) [1n (r/0.25)]

PWF = = 9.818.

(0.0000088)(9.818)
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- 2.09 $/ft
1n (r/0.25)

at an insulation thickness of 1 in., r = (/12 in.) +
(0.25 ft) = 0.33 ft. Therefore, the present worth of
heating costs

- 2.09
1n (0.33/0.25)

= $7.53/linear foot.

—Repeat calculations, and tabulate, for typica
insulation thickness:

Insulation thickness Present worth of heat
{in.) (3/ft)

7.53

4.09

3.02

2.47

2.13

QU O DN =

—Ingtalation costs for polyurethane insulation
(assumed for this example only, obtain from
suppliersin actual case):

Insulation thickness Installation Costs

(in.) (3/1)
1 3.60
2 4.70
3 5.40
4 6.20
5 7.10

—Combining heeting and construction costs give:
Insulation thickness Total Present Worth of Costs
(in.) ($/ft)
11.13
8.79
8.42
8.67
9.23

O O N =

—Plot these results on arithmetic graph paper to
determine the lowest cost. Then select the available
nomind thickness of insulation that is closest to the
graphical value. In this case a 3-inch thickness
would be the most cost effective for the conditions
assumed.



