*TM 5-852-6/AFR 88-19, Volume 6

CHAPTER 4

TWO-DIMENSIONAL RADIAL HEAT FLOW

4-1. General.

Radial flow of heat is considered in
thermal problems involving the design
of pile foundations in permafrost (TM
5-852-4/AFM 88-19, Chapter 4), the con-
struction of utility supply lines for the
transportof waterand sewage in perma-
frost areas and seasonal frost areas
(TM 5-852-56/AFR 88-19, Volume 5), and
thedesign ofartificially frozen ground
for retaining structures during con-
struction. A number of the basic con-
ceptsand techniques used to calculate
radial heat flow from cylindrical sur-
faces are discussed below.

a. ThermalResistance. Inanalyzing
heat flow for areas with cylindrical
cross sections, the effective thickness
forradial flow fromaunitlength of the
cylinder is

1 r2 r2
2 -l:; or 0.387 log *q

where

r,=inside wall radius (ft)

r,= outside wall radius (ft).
The thermal resistance R is equal to
the effective thickness divided by the
conductivity of the material between
the tworadii. Asan example,aconcrete
conduit with a wall thickness of 6
inchesandan inside diameter of10 feet
is surrounded by 4 inches of cellular
glassinsulationand4feetofdry gravel.
Calculate the thermal resistance be-
tween the inside concrete wall and the
outer edge of the gravel material. The
following thermal conductivities are
given:

— Concrete, K =1.00 Btu/ft hr °F.

— Insulation, K = 0.033 Btu/ft hr

°F'.
— Gravel, K = 1.5 Btu/ft hr °F.

Let (see fig. 4-1 for values ofr, - r )
r, = radius to inner wall of conduit
r, =radius to outer wall of concrete

r; =radius to outer edge of insula-
tion
r, =radius to outer edge of gravel

K,, =thermalconductivity ofconcrete
K, 5 =thermal conductivity of insula-
tion
K; , =thermal conductivity of gravel.
1 ro 1 r

.

3
R=0367( — log — + — log — (eq 4-1)
k1.2 ry  Kag ry .
1 ry '
+— log — )
Kg.4 rg
1 5.5 1 583 1 0.83
=0.367 ( — lo — 4+ — lo - + — 1 .
{10 '°% 50 * 0033 °% 55 * 15 °%5as

=0.367 (0.041 + 0.787 + 0.151) =0.352 £t.2 hr °F/Btu.

If the temperature in the conduit were
45°F and the temperature at the outer .
face of the gravel were 35°F, the heat
flow per linear foot of conduit would
equal

1

(45 - 85) = 28.4 Btu/hr. (eq 4-2)

0.362

b. Temperature field surrounding
a cylinder. The sudden or step change
in surface temperature discussed for
semi-infinite slabs in paragraph 3-6a
has application to heat-flow problems
associated with pile foudations in’
permafrost. A mathematical solution
is available for the problem where the
surface temperature of a cylinder is"
suddenly changed from the uniform
temperature of the surrounding
medium, as long as there is no phase
change.Figure 4-2isused todetermine
the temperature T at a distance r from
the center ofacylinder ofradiusr,ata
time t after the surface temperature of
the cylinder is changed from T to T

- ThetemperatureT representstheuni-

form temperature of the medium prior
to the sudden change in surface

temperature.
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Figure 4-1. lllustration for example in paragraph 4-1a.

4-2. Pile installation in permafrost.

Atmany arctic and subarcticsites, pile
foundations are commonly placed in
preaugered holes, and the annular
space between the oversized hole and
pile is backfilled with a slurry of soil
and water. The tangential adfreeze
strength of the pile is principally a
function of the bond developed be-
tween the pile and the frozen slurry.
Dissipation of the sensible and latent
heat of the slurry into permafrost is a
major design factor because construc-
tionscheduling dependsupon the time
" required for slurry freeze-back. Pile
spacing is important as each pile adds
heat, i.e., piles spaced too closely may
increase permafrost temperatures,
with a reduction of pile adfreeze
strength and an increase in freeze-
back time. This is particularly true in
relatively warm permafrost (above
30°F'). The following discussion as-
sumes first that the slurry will freeze
back naturally because of heat transfer
between the surrounding permafrost
and the slurry, second that the time
required for freeze-back ata particular
depth is predominantly influenced by
the permafrost temperature at that
depth, and third that the permafrost
does not thaw. Under certain condi-
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tions, artificial refrigeration may be
required to ensure freeze-back within
a reasonable time. The volumetric
specificheatof theslurry and theeffect
of vertical heat flow are assumed to
have a negligible effect in computing
required freeze-back time. With proper
pile spacing, the slurry temperature
reachesthatof thesurrounding perma-
frost in time. Surrounding tempera-
tures, natural freeze-back time, proper
pilespacing,and heatremoval by refrig-
eration,as wellasheat transfer by ther-
mal piles, are discussed below.

a. Surrounding temperatures. The
increase in permafrost temperatures
during slurry freeze-back is deter-
mined using the technique described
in paragraph 4-1b.. For example, a
preaugered hole for a pile installation

. is18 inches in diameter and the slurry

is placed at a temperature of 32°F. The
surrounding permafrosthasathermal
diffusivity of 0.06 ft2/hr and an initial
temperature of 28°F., Calculate the
ground temperature at adistance of 3
feet from the center of the pile after an
elapsed time of 48 hours. Given

r, = 0.667 ft t = 48 hr
r = 3.00 ft T, = 28°F
a = 0.08 ft>/hr T, = 32°F
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Figure 4-2. Temperature around a cylinder having received a step change in temperature.

therefore, From figure 4-2,
ry 0.667 T-T,
— = ——————— =039 (eq 4.3) —— =0.18 (eq 4-5)
Var VY (0.06)48) Tg-To
r 3.00 T = 0.18(Tg - T )+T, = 0.18 (32-28)+28
— = ——— =450. (eq 4-4)
ry 0687 = 28.7°F. (eq 4-6)
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This technique is also used to predict .

theincrease in permafrosttemperature
during slurry freeze-back. Since it as-
sumes a constantsurface temperature
for a cylinder, it is applicable only to
the timeof freeze-back. After theslurry
has frozen, the permafrosttemperature
decreases and the model is not valid.

" b. Natural freeze-back time. This
heat transfer problem assumes a slur-
ried pile tobeafinite heatsourceinside

asemi-infinite medium,withasuddenly
applied constant temperature source
(32°F) that dissipates radially into
frozen ground ofknowninitial tempera-
ture. The general solution for the
natural freeze-back problem, based
upon the latent heat content of the
slurry, is shown in figure 4-3.

(1) For example, calculate the time
required to freeze back a 12.5-inch
diameter timber pile placed in an 18-

Figure 4-3. General solution of slurry freeze-back.
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inch hole preaugered in permafrost
and backfilled with a slurry for the
following conditions:

Silty sand

Initial temperature = 27°F
Dry unit weight = 84 1b/13
Water content = 25%.

— Permafrost

— Slurry backfill: Silt, water

' Placement tempera.

ture = 33.5°F

Dry unit weight = 72 lb/n3
Watcer content = 45%.

In figure 2-3, the thermal conductivity
of the permafrost is determined to be
1.1Btu/ft hr°F.The volumetricheatcapa-
city is calculated to be

-

25 3
[94 (017 + 0.5 5= )] = 27.7 Btu/ft=°F (eq 4-7)
and the thermal diffusivity to be
11
= 0.0397 tt%/hr. (0q 4-8)

27.7

The volumetric latent heatof theslurry
is
(144 X 72 X 0.45) = 4670 Blu/ft3 °F (eq 4-9)

and the latent heat per linear foot of
backfill is

m
Sy (152 - 1.042)] 4670 = 4280 Btu. (eq 4-10)

When figure 4-3isentered withavalue
of :

4280 ;
. 1 =56 (eq 4-11)
Cr3at 27.70.752)5)
then,
at
=12.4. (eq 4-12)
rs

The time required to freeze back th
slurry backfill is :

12.4 X 0.752

= 176 hours or about
0.0397 7.3 days. (eq 4-13)
At this time the slurry temperature is

32°F. Subsequent to freeze-back, the

temperature of the slurry will continue

to decrease and will approach the
permafrost temperature. Ninety per-
centof the temperature difference will
disappear in about twice the time re-
quired for freeze-back to 32°F. In this

example, after a period of [7.3 + (2
x 7.3) =] 22 days, theslurry temperature

would be approximately [32 - 0.90 (32 -
27) =] 27.5°F.The time (22 days) should
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be increased by B0 percent to permit
an element of safety in the design.
(Note: the sensible heat introduced by
the pile and slurry was negligible in
comparison to the latent heat intro-
duced by the slurry and was not con-
sidered in calculations.)

(2) Permafrost temperature varia-
tions with depth, as discussed in TM
5-852-4/AFM 88-19, Chap. 4, should be
considered in calculating freeze-back
time. Figure 4-4 illustrates the effect
of permafrost temperature on freeze-
back for the above example.Since heat
input is governed principally by the
latentheatofslurry backfill, whichisa
function of slurry volume, moisture
content and dry unit weight, a family
of curves relating volumetric latent
heat of slurry, permafrost tempera-
tures and freeze-back time may be de-
veloped for a specific site to account

~ Figure 4-4. Specific solution of slurry freeze-back
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for varying pileshapesand preaugered
hole diameters. To minimize the heat
introduced by the slurry, the water
content should be the minimum re-
quired for complete saturation. This
canbebestaccomplished by backfilling
with the highestdry unitweightmate-
rial that can be processed and placed,
i.e.,a well-graded concretesand witha
6-inch slump.

c. Pile Spacing. The effect of pile
- spacing on the overall rise of perma-
frosttemperatureresulting from instal-
lation of piles in preaugered holes is
found by equating the latent heat of
slurry backfill with the allowable sen-
sible heat (temperature)rise of thesur-
rounding permafrost. For example,
calculate the minimum allowable pile
spacing in the preceding example so
that the permafrost temperature will
notriseabove31°F.The following equa-
tion, equating the latent heat of the
slurry tothe change ofsensible heatin
apermafrost prismofsideS, is used to
determine the pile spacing:

- Q
S = J(le‘%)d» C AT
where
S =grid pile spacing (ft)
r, =radius of augered hole (ft)
Q =latentheatofslurry perlineal foot

(eq 4-14)

o (Btu/ft) A
C =volumetricheatcapacity of perma-
frost (Btu/ft3 °F)
AT =temperature rise of permafrost
°F).

Substitution ofappropriate values from
theaboveexampleand amaximumallow-

able permafrost temperature rise AT
of 4°F give aminimum pile spacing S of

\/ (3.14)(0.75)° + -
(27.7)(4)

This spacing may not keep local tem-
perature fromrising tomore than 31°F;
however,itwillkeep the entire mass of
permafrostfromreaching thattempera-
ture.

(1) Numericalanalysis ofanumber
of pile installations indicates that pile
spacing should be at least five diam-
etersofthedrillholesize. A plot,similar
to that shown in figure 4-4, may be
prepared to relate pile spacing and

4280

6.4 ft. (eq 4-15)
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permafrost temperature rise for the
volumetric latent heat of the slurry
backfill introduced into the drill hole.
A family of curves may be developed to
accountforvariation ofslurry volumet-
ric latent heat.

(2) In this example the slurry back-
fillwas placed atatemperatureslightly
above freezing (33.5°F) and, theoreti-
cally, the sensible heat of the slurry
should be considered. The volumetric
capacity of the unfrozen slurry was
[72(0.17 + 1.0 x 0.45) =] 44.6 Btu/ft3 °F,
and with a temperature difference of
(33.5 - 32 =) 1.5°F, this represents a
sensible heat of (1.5 x 44.6 =) 87 Btu/ft3.
A comparison of this quantity with the
volumetric latent heat of the slurry
(4670 Btu/ft3) shows that its heat may
be considered negligible, as long as it
near the freezing point.

d. Artificial freeze-back time. If per-
mafrostis temperatures are marginal,
it may be necessary to refrigerate the
pile to accelerate slurry freeze-back
timeand tohaverefrigeration available
if permafrost temperatures rise after
construction. The following example
shows calculations required to deter-
mine theamountofheattobe extracted
from the ground. The average volume
of slurry backfill for a group of piles is
3lcubic feet each. The slurry is placed
atanaverage temperature of 48°F and
must be frozen to 23°F. A silt-water
slurry of 80 1b/ft3 dry weight and 40
percent water contentis used as back-
fillmaterial,and an available refrigera-
tionunitiscapable of removing 225,000
Btu/hr. Calculate the length of time
required to freeze back a cluster of 20
piles.

—Volumetric latent heat of back-
fill:
L = (144 x 80 x 0.40) = 4600 Btu/ft3.  (eq 4-16)
—Volumetric heat capacity of
frozen backfill:
Cp =80 [0.17 + (0.5X0.4)] = 29.6 Btu/ft3 °F.
(eq 4-17)
—Volumetric heat capacity of un-
frozen backfill:
Cy =80 [0.17 + (1.0X0.4)] = 45.8 Btu/1t3 °F.
(eq 4-18)
—Heatrequired tolower theslurry
temperature to the freezing point:
45.6 X 31 (48 - 32) = 22,6818 Btu/pile. (eq 4-19)

—Heat required to freeze slurry:
31 X 4600 = 142,600 Btu/pile. (eq 4-20)



—Heat required to lower the
slurry temperature from the freezing
point to 23°F; '

29.6 X 31(32 - 23) = 8258 Btu/pile. (eq 4-21)
—Total heat to be removed from

the slurry:
20 (22,600 + 142,700 + 8200) = 3,470,000 Btu.
(eq 4-22)
—Time required for artificial
freeze-back, excluding allowances for

system losses: ,
3,470,000/226,000 = 15.5 hours. (eq 4-23)

e. Heat transfer by thermal piles.
Artificial freeze-back may be accom-
plished also by use of two types of self-
refrigerated heatexchangers:asingle-
phase liquid-convection heat transfer
device and a two-phase boiling-liquid
and vapor convection heat transfer
device.TM 5-852-4/AFM 88-19, Chapter
4 presents heat transfer rates for the
two-phase system. There are few heat
transfer field data available for the
single-phase system.

4-3. Utility distribution systems in frozen
ground.

General considerations for the design
of utility systems in cold regions are
givenin TM 5-852-5/AFR 88-19, Volume
5.

a. Burying waler pipes in frozen
ground. Water pipes thatare buried in
frozen ground may be kept from freez-
ing by any one of the following
methods:1) placing the waterlineinan
insulated utilidor, which is a contin-
uousclosed conduitwith all lines,such
as water, sewage and steamlines, in-
stalled away from direct contact with
frozen ground, 2) providing a suf-
ficientflow velocity such thatthe water
temperatureatthe terminusof the pipe-
line does not reach the freezing point
or 3) heating the water at the intake or
atintermediate stationsalong theline.
A layerofinsulationaroundapipeline
willretard,butnotprevent, freezing of
standing water in a pipe. The thermal
analysis of a pipeline buried in frozen
ground iscomplicated by thechanging
thermal properties, ice content, sea-
sonal and diurnalchanges of tempera-
ture and the intermittent water flow.
Some calculation techniques applic-

able to the problem of buried utilities -

are presented below for standing and
for flowing water. Additional tech-
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niques are presented in TM 5-852-
5/AFR 88-19, Volume 5.

b. Freezing of standing water in a
buried pipe. Problems with freezeup
of stationary water must take into
account the initial time required to
lower the water temperature to the
freezing point and the amount of time
required to form an annulus of ice in
the pipe.In most instances the danger
pointisreached when water begins to
freeze.

(1) The time required to lower the
temperature of nonflowing water in
an insulated pipe to the freezing point
is given by the equation

aL2 ry T, -Tg
t= — (rpln r_ )1n

Ky p

eq 4-24
82T, (eq )

where
t =time (hr)
K; =thermal conductivity of in-
sulation (Btu/ft hr °F)

r, =radius of pipe (ft)
r; =radiustoouteredgeofinsula-

tion (ft)
T,, =initial water temperature (°F)
Ty = temperature of surrounding
soil (°F).
For example, a 12-inch diameter iron
Pipe containing water at42°F isburied
in 28°F soil. Determine the time re-
quired tolower the water temperature
to 32°F if the pipe is insulated with 3
inches of cellular glass (K; = 0.033
Btu/ft hr°F).

stz 7 o7 42-28

t= — (0.50%In — )1
0.033" n )in

—— =120h 5 days)
050 " 3228 ours (5 days)

eq 4-26

(2) Once the water temperature .
hasbeenlowered to the freezing point,
ice begins to form in an annular ring
inside the pipe. The followingassump-
tions are made to solve this problem:

—The water is initially at 32°F.

—Theheatreleased by the freezing
of water does not affect the sur-
rounding ground temperatures.

—The volumetric heat capacity of
the ice may be ignored.

—The thermal resistance of the
pipe wall is negligible.
Thesolution predicts the time required
to form an annulus of ice around the
inner wall of the pipe. Knowledge of .
pipe radius, insulation thickness and

4-7
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and thermal properties, thermal con-
ductivity of ice, latent heat of fusion of
water, and surrounding ground tem-
peratures are necessary to solve this
problem. The temperature of ground
surrounding the pipe and the time
during which the ground remains
below freezing is difficult to estimate.
Therelationshipbetweentimeand the
radiusofice formed inside an insulated
pipe is given by the expression

2 2 . &
b B I« L —+v2)0 i~~H —'——-fln -r—'?-'l
2K AT Ky 7 orp rp ’
(eq 1-20)
where

t =time (hr)
L =latent heat of water (9000
Btu/ft3)

r, = radius of pipe (ft)
K =thermal conductivity of ice

(1.33 Btu/ft hr °F)

AT =temperature difference be-
tween water and surround-
ingsoil (°F,assume water tem-
perature is 32°F)

K; =thermal conductivity of in-
sulation (Btu/ft hr °F)

r; =radiustoouter edgeofinsula-
tion (ft)

r =inner radius of ice annulus
(ft).
If the pipe is not protected by insula-
tion, the equation is
er r2 r r
R wea- — )= — )21n —;‘?— I. (eq4-27)

A 2
2 KAT rs P

t=

This expression for an insulated pipe
may be simplified by rearrangement
and substitution of numerical values
forthelatentheatand thethermalcon-
ductivity of ice. This yields

re
P
t=1690 —— {y} (eq 4-28)

AT
where
r2 I'2

y=il-— (1-1n — )]. (eq 4-29)
7

The relationship between y and r/r is
given in figure 4-5.

Followingisanexample. A12-inchiron
pipe,insulated with 3inches of cellular
glass (K, = 0.033 Btu/ft hr °F), is placed
in 28°F soil.Calculate the time required
to reduce the bore of the pipe to 6
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inches and the time required to com-
pletely freeze the water. Assume the
rateof flowdoesnotinfluence freezing.
The time required to reduce the bore
to 6 inches will be

9000 (0.5)° 133 075

21393238 | coss'™ oso TP

0252 0252 050

1o ) — ) In —
4- 5502’ 550’ Moas

= 26840 hours. (eq 4-30)

Thetimerequired tocompletely freeze
the water in the pipe will be

9000 (0.5)2 1.33 0.75
t= e — 1 + 0.
20333238 ' 0o03s3™ om0 T O
0 o _ 050
1- n —
a-6502" om0 2 5 ]

= 3550 hours. (eq 4-31)

The calculation is simplified since the
term"r” for theinnerradiusofthe pipe
goes to zero. For an uninsulated pipe,
the calculations assume the simplified
form of

(1690)(0.5)2
———{y (eq4-32)

(32-28)

where r/r, =0 and y =10 (fig. 4-5).
Therefore,
t =106 hours.

This example illustrates the effective-
ness of insulation in retarding the
freezeup of water in pipes,butas stated
above,theassumptionsused todevelop
these equations are conservative and
theactuallength offreezing time would
be greater.

c. Thawing of frozen soil around a
suddenly warmed pipe. In the pre-
ceding example it was assumed that
water initially at 32°F was placed in
frozen ground and the time relation-
ship for freezing of the water in the

-pipe was determined. If the water was

maintained above freezing, the frozen
soil surrounding the ppe would thaw.
To formulate a mathematical expres-
sion relating the time with the radius
of thaw, it is assumed that: 1) the volu-
metric heat capacity of the soil is neg-
ligible, 2) both the surrounding soil
and pipeareinitially at 32°F, and 3) the
pipe temperatureissuddenly raised to
atemperature above 32°F.The formula
for an insulated pipe is
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Figure 4-5. Freezeup of stationary water in an uninsulated pipe.

Lr? Ku r, K, = thermal conductivity of un-
Tk ar T 008 frozen soil (Btu/ft hr °F)
“ 2 i AT = temperature difference be-
[1- "_21 )+1n - ] (eq 4-33) tween pipe and surrounding
! " soil (°F, assume soil at 32°F)
where K, =thermal conductivity of in-
t =time (hr) sulation (Btu/ft hr °F)
L =latent heat of soil (Btu/ft3) r; =radiustoouteredgeofinsula-
r =radius toouter edge of thaw- tion (ft)
ing soil (ft) r, =radius of pipe (ft).
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If the pipe is not protected by insula-
tion, the expression is

L rz rg r
t= ~———— [[0561- — )+1In — ]. (eq4-34)
2K, AT ro T

For example, a 7- by 7-foot concrete
utilidor has 9-inch concrete walls with
anoutercoveringof6inchesofinsula-
tion (K, = 0.033 Btu/fthr °F'). The frozen
soil around the utilidor is a sandy
gravel with a dry density of 115 1b/ft3
and a water content of 7.8 percent at a
temperature of 32°F. Neglect the ther-
mal resistance of the concrete, and
determine the time required to thaw 1
foot of soil when the temperature of
the utilidor walls issuddenly raised to
BO°F.

K, =12 Btu/ft hr °F

L. =1290 Btu/ft3

K, =0.033 Btu/ft hr °F.
For calculation, square sections may
be treated as cylinders of the same
perimeter.

Dimension-square  Equivalent radius

Symbol (ft) (ft)
r 9.5+ 24/12 =11.5 7.33
ri "85+ 12/12= 9.5 6.04
o 7.0+ 18/12 = 8.5 . 5.42
(1290)(7.33)2 12 6.04
I( in -0.5)
2(1.2)(50-32) 0.033 5.42
8.042 7.33
- 7332 '™ goa )
= 2060 hours. (eq 4-35)

d. Practical considerations.

(1) The above-mentioned formulas
indicate therelationship between time,
radius of freeze or thaw, and tempera-
ture difference between the water in
the pipe and the ground. In sufficient
time, standing water in the pipe will
freeze or frozen ground will thaw,
depending on temperature differen-
tials. For practical problems the as-
sumed constant temperature differen-
tials will not exist for a long time but
will vary with season and even with
the hour at shallow depths. The freez-
ing and thawing index concept con-
siderstheintensity of temperature dif-
ferential from freezing (32°F') and the
duration of this differential. In the
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preceding equations, the time t can be
multiplied by the temperaturedifferen-
tial AT to give either a freezing or
thawing index, and the radius of ice
formation or thawed ground radius
can be determined by trial-and-error.
It was shown that a temperature dif-
ferential of (32-28) = 4°F lasting for 3150
hourswouldresultin complete freeze-
upofthewaterinthe pipe;thisisequiva-
lenttoafreezingindexof [(4 X 3150)/24
=] 524 degree-days. If the freezing
index at the depth of pipe burial were
less than 524, thestanding waterinthe
pipe would not completely freeze in
that time. Thus, the freezing indexata
particular depth can be used to fore-
cast freezeup of stationary water in
pipes located in the annual frost zone.

(2) Even insulated water lines
located in frozen ground usually re-
quire an inlet water temperature sig-
nificantly above freezing. Whether the
water lines are insulated or not, this
may thaw some of the surrounding
frozen ground. This thawed annulus
will retard water freezeup in the pipe
if and when flow conditions change.
The situation is practice is generally
complicated by the intermittentcharac-
ter of water demand.Insome northern
communities the problemsofirregular
water demand are solved by con-
structing the water lines in a contin-
uousloop with provisions for periodic
flow reversals. Water temperatures
should be closely monitored and water
usage patterns considered in esti-
mating water freezeup.

e. Freezing and flowing water in
buried pipes. Problems involving freez-
ing of flowing water in buried pipes
require knowledge of the distance the
water will flow before the temperature
of the water lowers to the freezing
point. By providing enough above-
freezing water, the loss of heat to the
surrounding frozen soil can be
balanced to provide an outlet tempera-
tureslightly above freezing. The prob-
lems of freezing of flowing water in
insulated and bare pipe are illustrated
below.

(1) Insulated pipe. It is assumed
that 1) the temperature of the frozen
ground surrounding the pipe is con-
stant for the period of flow over the



entire length of pipe, 2) the effect of
friction heat developed by water flow
is negligible, 3) the thermal resistance
and heat capacity of the pipe wall are
negligible, and 4) the temperature dis-
tribution of the water in the pipe is
uniform at each cross-sectional area.
The velocity required to preventfreeze-
up of flowing water in a pipe is given
by

s Ki
V=
ry Ti -T
112,000 rg (In — )In ) (eq4-36)
I"p T2 - TS
where

V =velocity of flow (ft/s)
s =length of pipeline (ft)
K,; =thermal conductivity of in-

sulation (Btu/ft hr °F)

r, =radius of pipe (ft)

r; =radiustoouteredgeofinsula-
tion (ft)

T, =inlet water temperature (°F)

T, =outletwater temperature (°F) '

Tg = temperature of surrounding
frozen soil (°F).

For example, an 11,000-ft long, 6-inch-
diameter pipe is buried in 10°F soil.
The pipeiscovered witha2-inchlayer
ofinsulation (K, = 0.03 Btu/ft hr °F)and
the inlet water temperature is 39°F.
Calculate the velocity of flow required
to keep the water from freezing.

(11,000)(0.03)
V =
0.417 39-10
112,000 (0.25)3(1n )Nin )
0.25 32 -10

= 0.33 ft/s (20 ft/min). (eq 4-37)
To provide for temporary reductions
in flow and in recognition of the un-
certainties concerning the manner of
ice formationwithin thepipe,itisrecom-
mended that the velocity of flow be
doubled in design.

(2) Uninsulated pipe.

(a) When flowing water is first
introduced into a bare pipe buried in
frozen ground, the heatloss from water
is greater than it is after the system
has been in operation for a period of
time. The initial heat loss is greater
because the pipe wall and the soil im-
- mediately adjacent to the pipe are
colder than they are after water has
flowed over a time. Soil temperatures
surrounding the pipe increase and
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eventually become reasonably stable
with time. Anexpressionrelating these
variables is

T]. - TS s h 1
=exp = X = X ———— eq 4-38
Ty - Tg P 2r, v fexiod (©1459)
where

T, =inlet water temperature (°F)

Tg =frozen soil temperature (°F)

T, =outletwater temperature (°F)

s =length of pipeline (ft)

er= diameter of pipe (ft)

h =heat transfer coefficient
(Btu/ft? hr °F)

V =velocity of flow (ft/s).

A nomogram of this equation is shown
in figure 4-6.

(b) Limited field experiments in
clay and sandy clay soils suggest
values of h for metal pipelines subject
to normal use (conditions or intermit-
tent flow) of 6.0 for the initial period of
operation an 2.0 thereafter. These
values are not applicable for pipes
smaller than4-inchesin diameter. The
hvalueisdependentuponthe thermal
properties of the surrounding soil, the
diameter of the pipe, the type of pipe
materialand the temperature gradient
inthe ground around the pipe’sradius.
The value for h given above provides a
reasonablebasis for design of pipelines
in which the total quantity of water
consumed perday isatleasteight times
thevolume of pipesin theentiresystem.
The time of operation required for the
temperature distribution in the water
to stabilize is approximately.

S

t, = 0.005 ——

eq 4-39)
v (eq

where
t, =time (hr)
s =length of pipeline (ft)
V =velocity of flow (ft/s).

(c)Forexample,water ataninlet
temperature of 40°F flows at2 ft/sin a
12-inch iron pipeline, 2.2 miles long.
The ground temperature surrounding
the pipe is 25°F. Estimate the outlet
water temperature during the initial
period of flow (h = 6.0) and after sur-
rounding temperatures have stabilized
(h = 2.0).
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—Initial period (see fig. 4-6): —Stabilized period:
s 2.2 X 5280 s
= = 1.18x104 (eq 4-40) — =116x10%
2r 1 2r
P P
V = 2 ft/s. V =2ft/s .
h = 6.0 Btu/ft2 hr °F h= 2.0 Bu/ft® hr °F
thus thus
Tr-1g 40-25 T, - Tg 40 -25
— T - 177= —— (eq 4-41) — =122= — (eq 4-42)
Tz-Ts - T2-25 T2-TS T2‘25
Ty = 33.5°F. Ty = 37.3°F.

Figure 4-6. Temperature drop of flowing water ir: a pipeline.
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To operate on the safe side, the outlet
temperature T, should remain at or
above 35°F.The calculated initial water
temperature of 33.5°F would be con-
sidered unsafe and either the flow velo-
city should be increased to approxi-
mately 3ft/sor theinletwater tempera-
ture should be raised to about 43°F.
These_ precautions would be needed
only for an initial period, i.e.,

11,600

S
to, = 0.005= =0.005
A%

= gpproximately 29 hours. (eq 4-43)

J. Design constiderations. The cal-
culation techniques presented above
indicate the principal factors to be con-
sidered indesign of water distribution
lines placed infrozen ground.The use
ofthese techniquestogetherwithrecog-
nition of the complexities of actual in-
pipe ice formation and sound engi-
neering judgment provides a basis for
design ofpipelinesin areas ofseasonal
frostand permafrost.Changing thesur-
face cover over an installed pipeline
will affect the distribution of tempera-
tures with depth and may result in
depressing the temperaturesadjacent
tothe pipe.Thisis particularly trueifa
naturalvegetative coverisstrippedand
replaced by asnow-free pavement. The
influence of new construction above
an existing pipeline may require a
change in operating procedures for
the system, such as an increase in the
velocity or flow or additional heating
at the inlet.

4-4. Discussion of multidimensional heat
flow.

a. The relatively simple analytical
techniques discussed in this manual
are not always sufficient for consider-
ing the concurrent thermal effects of
multidimensional temperature change
and soil water phase transformation.
The one-dimensional and radial heat-
flow computation techniques pres-
ented in this manual were based on
field observationsand the use ofreason-
ablesimplifyingassumptions.The tech-
niques are intended to facilitate ana-
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lysis and to promote adequate design.
The assumptions involved and tech-
nique limitations have been em-
phasized.

b. Heat flow beneath heated struc-
tures is multidimensional because of
the finite boundaries of such struc-
tures. The ground surface temperature
adjacent to the south side of the build-
ing is generally higher than that on
the northside,and the ground surface
temperature on the west side is gen-
erally higher than on the east side; in
addition to this influence, the three-
dimensional temperature distribution
beneath the building will be affected
by the plan dimensions of the floor.
Three-dimensionalsolutionsareavail-
able to the problem of heat flow in
homogeneous materials beneath the
surface of a heated finite area sur-
rounded by an infinite area subject to
adissimilarsurface temperature condi-
tion; however, the solutions consider
only the effects of temperature change
and notthe effects of phase transforma-
tions. Such solutions tend to be rather
complex and unwieldy, and their
neglectoflatentheat generally results
in an over-estimation of the depth of
freeze or thaw. The magnitude of this
over-estimation is dependent on the
quantity of moisture in the frozen or
thawed soil.

c. The example given in paragraph
3-8a for calculating the depth of thaw
beneath a heated slab-on-grade build-
ing considered only one-dimensional
vertical heat flow and excluded lateral
heat flow from the soil beneath the .
building to the surrounding soil mass
in the winter. The amount of lateral
heatflowwoulddepend on the building
dimensionsand the wintertime soil tem-
perature gradient. Slab-on-grade,
heated structures usually prevent
frost penetration under the center of
the building and result in a thaw bulb
in the foundation soil that may cause
permafrostdegradationwith time. This
type of construction is discussed in
T™ 5-852-4/AFM 88-19, Chapter 4.
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