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A preliminary transient heat transfer analysis to aid in defining
operating limits for the 4000-fcot-long transite pip ne at the Raft River
geothermal test site has been completed. The heat transfer problem was to
determine the time required to cool down the line from a 285°F operating
temperature to 50°F and the time to heat up the line from 50°F to 285°F
such that the temperature differential across the pipe wall will not exceed
25°F. The pipe and the surrounding soil was modeled with a two-dimensional
heat transfer computer code assuming constant convective heat transfer at
the soil-atmosphere interface.

The results are sensitive to the soil thermal conductivity used in
the calculation and imply that measurement of soil thermal properties should
be made in order to refine the calculations. Also, the effect of variable

“convective heat transfer at the soil surface should be iﬂvnrt1outad However,
the results reported here and shown in Figure 1 indicate Lho order of
magnitude to be expected for cool-down and heat-up times when operating the
transite pipe at the stated condition.
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A preliminary transient heat transfer analysis has been completed for
the heating and cooling of the transite line from site 1 to site 2, at the
Idaho National Engineering Laboratory geothermal testing site in the Raft
River Area.

2.0 STATEMENT OF PROBLEM

The transient heat transfer problem was to determine the time required
to cool down the transite line from an operating water temperature of 285°F
to 50°F and the time required to heat up the line from an operating water
temperature of 50°F to 285°F such that the temperature differential across
the transite pipe wall did not exceed 25°F. The transite pipe line is a
12-inch class 150 A/C pipe, 4000 feet long, buried from 5 to 13 feet deep
carrying 300 gpm of water flow. It was originally proposed that the water
temperature could be changed in 25°F temperature increments allowing the
outside temperature to equalize with the inside wall temperature before
initiating the next temperature increment. The problem was to calculate
the time between temperature increments.

3.0 METHOD OF SCLUTION

The primary method of solution was a two-dimensional heat transfer
computer program named SIMIR which obtains a numerical solution of the
steady-state and/or transient heat conduction eguations. Analytical
approaches and one-dimensional approximations to this transient heat transfer
problem were fTound to be either inadequate drd/or overly complex.

4.0 MODEL RIPTION

The problem was modeled in SIMIR using the X-Y Conrﬁlnato system to
accommodate the ground surface level such that the circular pipe was
approximated with X-Y mesh points. This epproximation was adequate for

determining the transient heat transfer time.  The numerical solution of



the problem was difficult due to the semi-infinite earth medium surrounding

5

the pipe line which required that the model contain a very large volume

of earth enclosed on three sides by an adiabatic boundary and on the fourth
side by an atmospheric convection region. The volume of earth contained

in the model was about 7o feet on either side of the pipe Tine and about

90 feet deep (13 500 ft /ft) The pipe line was assumed to be buried by

5 feet of soil. The mesh spacing in SIMIR which is Timited to 100 by 50
nodes must therefore be quite fine (1/4 inch) around the area of the pipe
in order to model a circular pipe in X-Y coordinates and alsc quite rough
(10 feet) at the outer areas in order to contain the needed volume of
earth. The volume of earth needad was determined by comparing the steady-
state temperature distributions of different size velumes, i.e., the volume
was increased until the boundary temperatures were reduced to acceptable
levels. A disadvantage of this model type is that some mesh areas are much
Tonger than wide (as much as 10 feet by 1/4 inch) which does cause problems
“with number rounding using IBM single precision accuracy when the temperature
gradients are small and the heat transfer is siow. '

4.1 Thermoproperties

Transient heat transfer requires the input of the thermal conductivity,
the density, and the specific heat capacity. These properties were assumed
uniform and temperature independent. The manuf ‘c'urers specified properties
for the transite pipe are 0.46 Btu/hr-ft°F, 110 1bm/ft , and 0.027 Btu/1bm°F
for the thermal conductivity, the density, and the specific heat, respectively.
The soil thermal properties have not been experimentally measured for the
soil covering the transite pipe line and therefore had to be estimated.
Published data for the thermal conductivity of soil ranges from 0.2 to
1.5 Btu/hr-Tt-°F depending upon the soil constituents and moisture content.

The two values of soil thermal conductivity of 0.3 and 0.9 Btu/hr-ft-°
were used in these calculations. The product of the soil density and

specific heat capacity probably ranges from 25 to 50 Btu/ftgmoF again
depending _upon the soil constituents and moisture content. A value of

32 bLu,FL -°F was used in these calculations.



4.2 Boundary and Initial Conditions

The model boundaries are atmospheric convection on the top surface

and adiabatic on the two sides and the bottom surfaces. The

ay)

rtmospheric
50°F and
-°F. The
convection heat transfer coefficient inside the transit pipe was assumed
at 2000 Btu/hr-ft°-°F.

The initial temperature conditions for the heating up problem were

convection conditions were assumed to be ambient tﬁmperatu of
a surface convection heat transfer coefficient of 1 Btu/hr-

assumed at 50°F throughout the entire model. The initial conditions for the
cooling down problem were assumed at the steady-state heat transfer temperature
distribution with 285°F water temperature inside the pipe.

6.0 RESULTS

The transient bulk fluid temperature of the water was calculated as
a function of time for both the heating up and cooling down problems each with
thermal conductivities of 0.3 and 0.9 Btu/hr-ft-°F. These results are
shown in Figure 1. These calculations assume that a relatively constan
temperature differential across the pipe wall of 25°F is maintained by
continuously adjusting the water temperature each time step as the outer
pipe wall temperature changes. This condition ylelds the shortest transient
times. Since most of the time steps were on the order of one hour in
duration, these calculations are the rough equivalent to adjusting the water
temperature once each hour to the outer pipe wall temperature plus or minus
25°F depending upon whether the pipe line is being heated up or cooled
down.

The results in Figure 1 show that it takes longer to heat up the

pipe Tine than to cool it down. The figure also shows that the transient

times are greater for the higher thermal conductivity. The calculated

times are shown in Figure 1, however, the 0.9 Btu/hr-ft-°F thermal conductivity
heating up calculation was not completed due to a long computer running time

and had to be extrapolated.
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6.0 DISCUSSION OF RESULTS

The pipe line is able to cool down faster than it can heat up because
when it is cooling down the heat energy can conduct from the soil surrounding
e pipe line in two directions instead of the one direction for heating up.

That is, when cooling down, the heat conducts both from the soiil into the

po}

=

pipe water flow and from the soil to the atmosphere but, when heating up,
the heat conducts from the pipe water flow into the soil only and in fact
some of this heat is Tost to the atmosphere. ’ ’

The effect of the soil thermal conductivity on the transient heat
transfer time is that the time increases with increasing soil thermal
conductivity. As the thermal conductivity increases, a larger effective
volume of soil i¢ involved in the calculation, that is, more heat energy
must be conducted into or out of the soil. In understanding the heat
transfer mechanics involved, it is instructive to think in terms of the
transite pipe thermal conductivity relative to the soil cenductivity. For
instance, when heating up with a soil conductivity of 0.9 Btu/hr-ft-°F which
is approximately two times as large as the transite pipe thermal conductivity,
the soil is capabie of conducting the heat away from the pipes faster than
the pipe is able to conduct it away from the water. This means the temperature
differential through the soil is going to be relatively gentle and a large
volume of soil must be heated gradually as the pipe comes up in temperature.
Further more, the transite pipe is a relatively good thermal insulating
material and conducts heat only stowly. On the other hand, if the soil
thermal conductivity was small compared to that of the pipe, the soil
would act as an insulator to the pipe allowing the pipe to rise in temperature
much more rapidly. In fact a metal pipe weould be of a much better design

from the standpoint of performing fast temperature transients on the pipe
Tine.

The initial conditions assumed in these calculations may not be realistic
especially if several temperature transients are carried out in a relatively
rapid succession. That is, the pipe line is cooled down before the soil
has approached the hot steady state condition or heating up is initiated
before the soil has cooled to 50°F. This also brings into question the

variable ambient conditions. Since the atmospheric temperature and convection



heat transfer coefficient vary constantly or at Teast a faster time scale
than the scil heat transfer, the pipe Tine may not actually obtain a real
true steady state condition.

The calculations in Figure 1 are two-dimensicnal in nature and apply
to the beginning cf the pipe line, however, the longitudinal effect will
usually He minor. By assuming that; 1) the maximum temperature differential
across the pipe wall cannot exceed 25°F, 2) the pipe line is 4000 feet Tong,
3) the water flow rate is 300 gpm, and 4) neglecting the thermal hea
capacity of the transit pipe material, the water temperature drop going
through the pipe line is Timited to a maximum of about 12°F. The thermal
heat capacity of the transit pipe material can be safely neglected here in
that if the pipe temperature was dropped uniformly by 25°F in a one hour
period, it would raise the water temperature of a 300 gpm flow rate by the
order of only 0.2°F. A 300 gpm flow rate flows at a velocity of 0.85 fps
and requivres about 1.3 hours of time to flow through 4000 feet of pipe line.
This argument implies that when the water temperature is initially changed
by 25°F at the beg1nning of the pipe line, the water temperature at end of
the pipe line will change by a minimum of about 13°F approximately 1.3 hours

nges. The

end result of this argument is that water temperature exiting the pipe will

later and then change gradually as the beginning temperature chan

lag the entrance temperature by a few degrees requiring additional time
for the exit temperature to reach 285 or 50°F depending upon whether it is
heating up or cooling down.

The actual operation of the transite pipe line will have to rely upon
experimental temperature measurements in order to assure that the Timiting
25°F temperature differential across the pipe wall is not exceeded.
Temperature measurements on both the inner and outer pipe wall should be
made at both the entrance and exit ends of the pipe Tine and at any other
lecation which has an anomaly that could produce an adnormaily large
temperature differential. The temperature of the inner pipe wall will
effectively be the same as the water bulk fluid temperature.

The maximum temperature differential in the pipe wall after the initial
25°F step change in water temperature for the cool down problem may not be

Il

“the difference between the inner and outer wall temperature. The highest

6



temperature almost immediately after the step change will be ins

pipe wall. It takes on the order of 10 minutes for the tempera
hrough the pipe wall to change so that is slopes inward throug

he water temperature in the calculations was continucusly
that a 25°F temperature differential was maintained acrcss the

was done in order to obtain the minimum time to complete the tr:
to facilitate the calculations. If the water temperature is va
instead of continuously the time to complete the transient incre
instance, if the water temperature was varied stepwise by 25°F

then the temperature gradient through the pipe wall must become
the next step change can be made. The heat transfer rate throu
wall is not very large even with a 25°F temperature differentia
say a 1°F or less temperature differential the rate is very sma

long transient times. In fact, the temperature gradient throug

wall cannot ever become flat during the heating up case, that 1is

“temperature gradient through the wall implies zero heat transfe
cannot be realistic if the water temperature is hotter than the
soil. Temperature increments of say 10°F require a considerabl

transient times than for 25°F increments but are still Tonger t

ide of the
ture gradient
thout the wall.
adjusted suc
pipe wall. This
ansient and
ried stepwise
ases. For
increments,
flat before

gh the pipe

1 but with

11 requiring

h the pipe

, a flat

r which
surrounding

e shorter

han the

continuously adjusted water temperature situation. Continuously adjusting

the water temperature facilitates the calculations in that ever
sLep change in temperature is made in the computer program, sma
steps are requived until the temperature gradient. smooths out
more gradual temperature gradient and then the time steps must
in order to complete the problem. Step change problems require
Tonger computer vrunning times.

Some model verification was accomplished by comparing comp
steady-state calculations to steady-state calculations made by
state hand calculations for the heat transfer rate can be ma

1)

state computer and hand calculations for the surface heat flux

; , ( C e ‘ .
called shape factors' '’ developed with the method of images
9% and 18% of each other for thermal conductivities of 0.9 and
respectively. Possible errors caused by assumptions implied in
calculations could account for the differences between computer

calculations, that is, the hand calculations could very well be

y time a

11 time

into a

be increased
considerably

uter program
hand. Steady-
using so
The steady-
agree within
0.3 Btu/hr-ft-°F,
the hand
and hand

in error by



these percentages while the computer calculations are correct. The hand
calculations assume that the soil surface is isothermal which in reality it
is not. Therefore, one must assume a width of surface heat transfer in the
hand calculations which will vary with the soil thermal conductivity and
could be enough to account for the disagreement in calculations. This
argument does not prove that the computer calculations are correct but only
that at least the steady-state calculations are at least approximately
correct if not accurate

Steady-state computer calculations were done at several water bulk
fluid temperatures ranging from 100 to 285°F to determine the integrated
surface heat fluxes and integrated stored energy. The results are shown in
Figure 2 and the temperature profiles for 285°F water temperature and
0.9 Btu/hr-ft-°F thermal conductivity case are shown in Figure 3. If a
thermal heat capacity of 32 Btu/ft3m°F is assumed, the integrated stored
energy (that is, the energy above 50°F in the system) is 6.5 and 5.2 million
Btu per foot of Tength for thermal conductivities of 0.9 and 0.3 Btu/hr-ft-°F,
respectively, when the water temperature is 285°F. The maximum assumed
temperature differential across the pipe wall is 25°F which implies that
maximum heat transfer rate out of the pipe is about 430 Btu/hr-ft. The
minimum time then to heat up the pipe and soil to a steady-state condition

n

with 285°F water temperature

e
1

rom uniform initial temperature of 50°F
obtained by dividing the stored energy by the maximum heat transfer rates
which yields 1.7 and 1.4 years. True steady-state condition may be a Tong
time in coming.

7.0 CORCLUSIONS

The results in Figure 1 show the order of magnitude of the transient
times for the heat up and cool down of the transite pipe Tine from site 1
to site 2. The dependence of the transient times upon the soil thermal
conductivity has been shown to be very significant which implies that it
could be worth while to measure the soil thermal properties. The results show
that the transient times are greater for larger thermal conductivities and

that the pipe line can be cooled down faster than it can be heated up.
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The calculations were

~esults
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around the pipe, however,

£

order of magnitude of transit times and
heat transfer around the pipe line. Acc

have to be determined experimen

e

tally ovr

due to the semi-inf

inite medium of soil
are expected to give the correct

help to understand the transient

urate transient times will probably
at least the soil thermal properties

will have to be measured before more accurate calculations can be made.
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